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Abstract

The activation of cyclic AMP-dependent protein kinase (PKA) in rat dorsal mot

ganglion (DRG) cultures, treated concomitantly with low concentrations of okadaic acid

that selectively inhibit protein phosphatase-2A, enhanced the disassembly of neuronal

intennediatefilaments (IFs). The latter disassernbly 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 32p were

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

disassembly. These findings indicate that phosphorylation of the latter protein is oot

directly involved in the fragmentation of neuronal IFs. Phosphopeptide mapping of the

mid-size NF subunit (NFM) revealed that 3!P-labelling of one of its many phosphopeptides

is correlated with neuronal IF fragmentation.

The expression and Triton X-1OO (Triton) solubility of neuronal IF proteios were

detennined in the developing rat cerebral cortex. The level of expression of a-intemexio

was unchanged from embryonic day 15 (EI5) to postnatal day 15 (PIS), whereas

expression of NF subunits increased duriog this time interval. NFL was largely insoluble

in Triton from the lime, PS, when there were sufficient amounts for ilS solubility 10 he

assayed. There was a continuai reduction in the Triton solubility of NFM and a-intemexin

during the EI5-PI5 developmental period. Similarexpression patterns and Triton solubility

profiles were obtained for neuronal IF proteins in cultured neurons from E15 cerebral

cortex. These resu)ts suggest that a-intemexin is expressed earlier than NF proteins to

provide a more plastic network in the early developing brain.

Correlative studies and direc~ in vivo activation of stress-activated protein kinases

(SAPKs) were used to demonstrate that SAPKs are involved in aberrant phosphorylation

of the perikaryal bigh molecular mass NF subunit (NFH). It was also shown that

hyperphosphorylatioo of perikaryal NFH is a reversible process that does Dot 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 ceU 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
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causes the aberrant hyperphospborylation of perikaryal NFH reported in Many neurological

diseases.

Résumé

L'activation de la protéine kinase dépendante de l'AMP cyclique (PKA) dans des

cultures de ganglions dorsaux chez le rat, traitées simultanément avec des concentrations

d'acide okadaïque qui inhibitent sélectivement la protéine phosphatase-2A, augmente le

désassemblage des filaments intennédaires (As) neuronaux. Ce désassemblage coïncide

avec la phosphorylation du "domaine de tête" de la périphérine et un nouveau site de PKA,

sérine-2, dans la sous-unité des neuroftlaments (NFs) de faible poids moléculaire (NFL).

Par ailleurs, des niveaux non-significatifs de 32p sont incorporés dans l'a-intemexine sous

des conditions de contrôle et des conditions expérimentalesqui induisent le désassemblage.

Ceci indique que la phosphorylation de l'a-intemexine 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 32p d'un de ses

nombreux phospbopeptides augmente simultanément avec la fragmentation des FIs

neuronaux.

L'expression et la solubilité au Triton X-lOO (Triton) des protéines des FIs

neuronaux ont été détenninées dans le cortex cérébral en développement chez le rat. Le

niveau d'expression de l'a-intemexine n'a pas changé du jour embryonnaire 15 (EIS) au

jour postnatal 15 (PI5), mais l'expression des sous-unités des NFs a augmenté durant cet

intervalle. NFL était en gande partie insoluble au Triton à partir du temps, PS, où sa

solubilité pouvait être détenninée. Une réduction continuelle de la solubilité au Triton du

NFM et de l'a-intemexine durant la période déve(oppementaJe E1S-P15 a été observée.

Des patrons similaires d'expression et de solubilité au Triton ont été obtenus pour les

protéines des F1s neuronaux dans des cultures de neurones de cortex cérébral E15. Ces

résultats suggèrent que l'a-intemexineest expriméeavant les protéines des NFs pour offrir

un réseau filamenteux plus flexible durant le développement du cerveau.

Des études corrélatives et l'induction in vivo des protéines kinases activées par le

stress (SAPKs) ont été utilisées pour démontrer que les SAPKs sont impliquées dans la

phosphoryIation de la sous-unité de NFs de haut poids moléculaire (NFH) dans les corps

cellulaires. U a aussi été demontré que l'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 préfèrent phosphoryler les motifs KSPXE du NFH. Il

a aussi été démontré que SAPKy 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 l'activation des SAPKs cause l'hyperphosphorylation aberrante du

NFH dans les corps cellulaires, rapportée dans plusieurs maladies neurologiques.

Preface

Candidates bave the option of including, as part of the thesis, the text of one or

more papers submitted or to he submitted for publication, or the clearly-duplicated text of

one or more published papers. Tbese texts must he bound as an Integral part of the thesis.

If this option is chosen, connecting texts that provide logieal bridges

betweeD the different papen are mandatory. The thesis must he written in such a

way that it is more than a Mere collection of manuscripts; in other words, results of a series

of paper must he integrated.

The thesis must still confOnD to aIl other requirements of the "Guidelines for Thesis

Preparation". The thesis most include: A Table of Contents, an abstract in English and

French, an introduction which clearly states the rationale and objectives of the study, a

review of the Iiterature, a final conclusion and summary, and a thorough bibliography or

reference list..

Additional material must he provided where appropriate (e.g. in appendices) and in

sufficient detail to allow a c1ear and precise judgement to he made of the importance and

originalityof the research reported in the thesis.

In the case of manuscripts c<rauthored by the candidateand others, the candidate

is required to make an expHcit statemeDt in the thesis as to who contributed

to soch work and to what extent. Supervisors must attest to the accuracy of such

statements at the doctoral oral defense. Since- the task of the examiners is made more

difficult in these cases, it is in the candidate's interest to make perfectly clear the

responsibilities of aIl the authors of the co-authored papers.
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Chapter2: 1) Revealed that the antagonistic activities of PKA and PP-2A can regulate the

assembly state of NFs in cultured DRG neurons.

2) Identified Ser-2 in NFL as a PKA phosphorylation site. To my knowledge,

this is the first PKA phosphorylation site identified that does not bave a

positively charged amino acid residue upstream from the modified Ser or Thr

residue.

3) Demonstratedthat the phosphorylation of Ser-2 in NFL correlates with NF

disassembly in cultured ORG neurons.

4) Demonstrated that phosphoserine-2 and phosphoserine-55 in NfL are

substrates for PP-2A, although phosphoserine-2 is a better substrate.

Chapter3: l) Demonstrated that peripherin and a-intemexin follow the same disassembly

profile as NF subunits during simultaneous activation of PKA and inhibition

PP-2A in cultured DRG neurons
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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-intemexin is not involved in the

fragmentation of neuronal IFs caused by PKA activation and PP-2A

inhibition in cultured DRG neuroDS.

Chapter4: l) Demonstrated that a-intemexin is highly soluble in Triton X-lOO when it is

the predominant neuronal IF subunit expressed in cerebral cortical neurons.

2) Demonstrated that the upregulation of NF subunit levels in the developing

cerebral cortex gives rise to a more stable IF network.

3) Provided the first experimental evidence to support the notion tbat Œ

intemexin is expressed earHer 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

carboxyl-tenninal domain of NFH and activation ofSAPKy in PC12 ceUs.

2) Demonstrated that ERKs were not involved in the stress-induced

hyperphosphorylation of NFH in Pel2 celIs.

3) Demonstrated that treatments causing hyperphosphorylation of NFH in

PCl2 cells have a similar effect on perikaryal NFH in cultured DRG

neurons.

4) Demoostrated that SAPKy preferentially phosphorylates KSPXE motifs in

the tail demain of NFH.

Chapter 6: 1) Demonstrated that direct activation of SAPKs by their upstream activator,

MEKK-l, causes NFH tail domain hyperphosphorylation in vivo.

2) Demonstrated that p38 kinases are not involved in the hyperphosphorylation

of perikaryal NFH.

3) Demonstrated that SAPKy is found in eeU bodies and neurites of cultured

DRG neurons. This finding implies that SAPKs also have a cytoplasmic role

ratherthan acting solely on transciption factors.

4) Demonstrated that hyperphosphorylation of perikaryal NFH is reversible,

thereby suggesting that a phosphatase (s) is likely to he involved in

maintaining perikaryal NFH in a hypophosphorylated state.

S) Demonstrated that neuritic NFH is highly phosphorylated in DRG cultures

devoid of Schwann cells. This observation indicates that induction of NFH
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phosphorylation when it enters axons is not due to eues stemming from

Schwann cell-axon contacts.

6) Demonstratedthatcdk-5 is inactive in cultured DRG oeurons. Since neuritic

NFH is highly phosphorylated in these neurons, these findings provide the

first evidence indicating that cdk-5 activity is oot required for NFH to attain a

highly phosphorylated state.

7) Results presented in chapters 6 and 7 strongly suggest that activation of

SAPKs 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 eukaJ)'otic

cens. Mierofilaments, intennediatefilaments and microtubules are the three major types of

polymerie filaments which, in association with nunlerous binding proteins, eonstitute the

cytoskeleton. The term eytoskeleton is undoubtedly appropriate since these filamentous

elements forro the supporting internai framework of ceUs. However, inclusion of the word

"skeleton'" in this term has an unfortune connotation since it implies that the cytosketeton is

a statie structure. It is aetually a highly dynamic matrix involved in intracellu1ar transport~

detennination of eeU shape, cellular motility, cell division and many other essential

funetions.

The following sections will highlight only the major characteristics of

mierofilaments and rnierotubules. The remainder of this introduction will be dedicated ta 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 Mf subunit, known as tubulio, is a heterodimer containing

one a-tubulin and one ~-tubulin polypeptide. Tubulin assembles with a specifie

direetionality which endows MTs with a defined polarity, sucb tbat the two ends display

different assembly kinetics (Kirschner and Mitchison, 1986). In most higher eukaryotie

cells, the majority of MTs are nucleated at their so-called minus or slow growiog end by

MT organizing eenters 50 that ooly the rapidly growing, plus end is iovolved 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 lenrunus (Burton and Paige, 1981; Heidemann etai., 1981).

In mammals, six a-tubulin and six Jl- tubuIin genes have been identified

(Villasanteetal., 1986; Littleand Seehaus, 1988). The six a-tubuHn genes are more than

94% homologous (Little and Seehaus, 1988). Rve of the P-tubulin genes {P2-P6}, are

1.1
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more than 90% bomologous, with the greatest variability occurring in the C-terminî

(Burgoyne et al., 1988; Little and Seehaus, 1988). The expression of tubulin isogenes

varies between different tissues. Noteworthy is the findiog that the expression of IW is

restricted to the brain aIthough this organ also expresses f32, ~3, ~5 and f36 (Lewis et aL,

1985; 1987; Lewis and Cowan, 1988). The functional differences between the different

tubulin isotypes are poorly understood, although biochemical differences have beeo

reported(Luduena etai., 1985; BaneJjeeand Luduena., 1987; Joshi etai., 1987).

a-tubulin and ~-tubulin are both modified post-translationally by two rare, if not

tubulin-specific, processes, polyglutamylation and polyglycylation. Polyglutamylatioo

occues at Glu 445 in a-tubulin (Eddé et al., 1990) and Glu 438 in ~-tubulin (Alexander et

al., 1991). In the latter modification, the first glutamic acid residue is attached to the y

carboxyl group, but more distal units may he 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 fl-tubulin (Alexander et al., 1991) in the brain are polyglutamylated.

Polyglycylation is a potentially bulky modification wherein 3 to 34 glycl uoits can he

convalently attached to the y-carboxyl group of Glu 445 in a-tubulin or Glu 437 in ~

tubulin (Redeker et al., 1994).

a-b1bulin is modified by two additional, relatively unusual post-tnmsIational

modifications. The C-tenninal tyrosine is subject to cyclical removal and religation by

tubulin carboxypeptidase and ligase enzymes, respectively (Barra et al., 1988). Based 00

the enzymatic properties of tubulin ligase (Beltramo., 1987) and carboxypeptidase (Kumar

and Ravin, 1981), a model bas been formulated whicb proposes that a-tubulin is

detyrosinated following its assembly into MTs and re-tyrosinated when tubulin is released

during the course of Mf disassembly (Barra et al., 1988). The physiological mie of

tyrosinationldetyrosination 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 round 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). Acetylationoftbes amino group of lysine-40 is another post-

translational modification that occurs on a-b1bulin (L'Hemalt and Rosenbaum, l~;
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LeDizet and Pipemo, 1987). Acetylated a-tubulin is frequendy co-Iocalized with

detyrosinated a-tubulin (Cambray-Deakin, 1987) and MTs containing the former may also

tum overmore slowly (Webster and Bori5Y, 1989).

The latestaddition to the tubulin gene family is y-tubulin. It was discovered in the

fungus Asperil/us nidulans as a suppressor of a temperature-sensitive mu~tion in the fJ

tubulin gene (Oaldey and Oaldey, 1989). y-tubulin is localizedat the centrosome and is not

detected within the MT latticeitself(Steams et al., 1991; Zheng et al., 1991). It is involved

in the initation of Mf assembly and in the anchorage of Mfs to Mf organizing centers

(Stearns etai., 1991; Baas and Joshi, 1992).

Mfs are involved in Many types of movement, including chromosome segregation

and ciliaryorflageliarmolility. They a1so serve as tracles 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 involved in

anterograde transport (Lasek and Brady, 1985; Yale et al., 1985). Cytoplasmic dynein,

a1so known as MT associated protein (MAf}-1C is the protein motor involved in retrograde

transport (Paschal and Vallee, 1987; Pascbal et al., 1987).

MAPs are a heterogeneous group of molecules that co-purify with Mfs and are

particularlyabundant in the brain. Tau MAfs 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 oftubulin polymerization in vitro <Oeveland etai., 1977a, b). Tau was initially

reported to he present only in axons (Binder et al., 1985), although it was subsequently

shown to a1so he found in the neuronal œIl body and dendrites (Papasazomenos and

Binder, 1987). Tau molecules fonn side-arms that project from the MT surface and appear

to cross-liok adjacent Mfs (Hirokawa et al.. 1988). Tranfection studies with tau cDNA

demonstrated that tau caused bundling ofMfs (Kanai et al., 1989).

Other MAPs expressed in the nervous system include MAPs-IA, -lB, -IC, -2a, 

2b, -2c, -3, -4 and -5. MAPs-2a, -2b and -2c are proteins with approximate moIecular

masses of 280 kD, 280 kD and 70 kD, respectively, which are generated by alternative

splicing ofa single gene transeript (Garner and Matos, 1988). MAP-2, MAP-IA and MAP

lB are expressed in neurons, although MAPs-lA and -lB are also present in neuroglia

(Bloom etai., 1984; 1985). MAP-lA and MAf-18 are found in axons, œil bodies and

dendrites (Bloom et al., 1984; 1985) wbile MAe-2a and MAP-2b are localized to œU

bodies and dendrites (Bernhardt and Matus, 1984; Burgoyne and Cumming, 1984; De

CarnjlJi ct al., 1984). In contrast to the other MAf-2 species, MAe-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 mentioDed above. They were identified following the production of antibodies

using MTpreparationsforimmunization(Parysek etai., 1984; HuberetaI., 1985; Riederer

et aL, 1986). Most of the MAPs have been shawn to promote tubulin polyrnerization in

vitro (Sloboda et al., 1976; Oeveland et al., 19n~ b; Kuznetsov et al., 1981; Huber et

al., 1986; RiedereretaI., 1986).

1.1.2 Micromaments

Microfilaments{MFs) are~ Dm diameterfilaments present in all eukaryotic cells

(Pollard and Cooper, 1986). These filaments play major raies in many basic cellular

functions snch as cytokinesis (Schroeder, 1973), endocytosis (Larsen et al., 1979),

secretion (Cheek and Burgoyne.. 1986; Bernstein and Bamburg, 1989), motility

(LauffeDburger and Horwitz, 1996; Mitchison and Cramer, 1996) and œil adhesion

(Jones, 1996). In neurons, MFs are especially important for guidance ofaxonaI elongation.

They are by far the major cytoskeletaI companent at the leadiog edge of the neuronal

growth cone since only occasiooaI MTs enter this MF..rich domain (Letoumeau, 1983;

Bridgeman and Daily, 1989). Experiments with the inhibitorof MF assembly, cytochalasin

B, demonstrated the importance of MFs in axonaI guidance. Cytochalasin B causes a

cessation offilopodial activity, accompanied by the withdrawal of ftlopodia (Forscher and

Smith, 1988). Neurite outgrowth continues in the absence of filopodia, although it

becomes undirectional (March and Letoumeau, 1984; Bertley and Taroion-Raymond,

1986).

MFs are assembled from monomeric, globular (G)-actin (Kom, 1982). The

structure of MFs bas been detennined based on image reconstruction from crystalline aetin

sheets (Egelmanand DeRosier, 1983) and X-ray crystaIIographic analysis (Holmes et aL,

1990). Actin monomers have a dumbbell structure and they interact to rorm a helical

ïtlament. Decoration of MFs with proteolytic fragments of myosin bas demonstrated tbat

they bave a defined polarity (Huxley, 1963), which is due to the head-to-taiI polymerization

of subuDÎts (Kom, 1982).

At lease six differentactin 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 p and y non-muscle actins which are

expressed in the nervous system. The ratio of P10 Yactin isoforms varies from 1:1 ta 6:1
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depending 00 the tissue (Otey et al., 1987). The functionaI basis for the existence of

multiple actins isoforms is not clearat present.

Many types of posttranlational actio modification have been reported. Removal of

the N-tenninal Methionine residue and acetylation of the resulting N-tenninaJ aspartate

residue (Vanderckhove and Weber. 1984; Salomon and Rubenstein, 1985) as weil as

methylationof a single histidine residue (Garrels and Gibson, 1976; Saborio and Palmer,

1981) appearto occurin ail nonmuscleactins. PhosphorylatioD and ADP-ribosylation bave

aIso been observed (Dunldey and Robinson, 1983; Ohishi and Tsuyama. 1986). The

functional significance of most of these post-translationaI modifications in not known,

although ADP-ribosylation increases the monomeric actin concentration in ceUs and

disorganizes the MF network (Reuneret al., 1987).

A large nomber of proteins bind to G-actin and ta MFs. For example, myosin, the

thick-fI1ameot protein of m~le, is responsible for energy transduction in muscle

contraction (Warrick and Spudict., 1987). N\lrnerous accessory proteins have been

reported to affect MF dynamics by sequestering actin monomers, or by severing, capping,

stabilizing, or bundling MFs. Actin bioding proteins are aIso involved in anchorage of MFs

to the plasma membrane (see PoUard and Cooper, 1986; Bamburg and Bernstein, 1991 for

reviews).

1.2 Intermediate filaments

Intermediate filaments (IFs) are 10 nm-wide fibers expressed in alI higher

eukaryotic eeUs. TheÎr name derives from their intennediate diameter, which falls between

those afMFs (4-6 nm) and MTs (23-24 nm). IFs are composed of subunits belonging to

the superfamily of IF proteins. IF subunits are expressed in a cell-type specifie manner and

they have been divided inta different types based 00 sequence homologies in their a-helical

rod domain (Table. lXSteinertand Roop, 1988; Fuchs and Weber, 1994). Not included in

Table 1 is filensin, a novel IF-lite protein (Gounari et al., 1993). Filensin is a component

of the membrane-skeletonexpressed during diiferentiationof vertebrate lens epithelial ceUs

(Merdes et al., 1991).. It can fonn short 10 nID fibrils in vitro and it binds ta vimentin

(Merdes etai., 1991).

The functions of IFs are poody onderstood, although they are believed ta regulate

œil shape, affect cell adhesion and provide intraceUular mechanical strength (Goldman et

al., (996). ft bas also been proposed that IFs May target specifie mRNAs to speciflC

iotracellularcompartments (Skalli and Goldman, 1996).
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Sequence
Name Size (kDa) CeU-type specifie

Type expression

1
Acidic Keratins

40-70 Epithelial cells
(-16 proteins)

Il Basic Keratins 40-70 Epithelial cells
(-12 proteins)

Vimentin SS Mesenchymal ceUs

Desrnn 53-54 Muscle cells

III Glial fibrillary 50 Glial cells and
acidic protein astrocytes

Peripherin 53(56-57) Neurons with peri-
pheral projections

Neurofilament-H 110-115 (200) Most neurons

IV
Neurofilament-M 95-100 <'50) Most neurons

Neurofilament-L 62 (68) Most neurons

Q-fntemexin S5 (66) Most neurons

Lamins
Nuclear lamina

V (A, Bl, B2 and C)
60-70 of ail higher

eukaryotes

Neuronal and glial

VI Nestin 220 progenitors of the
~ and developing
skeletal muscfe

Table 1. The IF protein family. IF proteins have been divided iota different types

according to sequence homologies in the a-helical rod domain (Steinen and Roop., 1988).

The sizes correspond ta the predicted molecularmasses of the subunits deduced from their

cDNA sequences. The sizes of neuronal IF proteins indicated in parentheses correspond ta

the apparent molecular masses detennined by SOS-PAGE. The information in this table

was obtaiDedCrom Fuchs and Weber, 1994 and Leeand Oeveland t 1996.

1.6



•

•

1.2.1 IF protein structure

AlI IF proteins have a higbly conserved central a-helical rad domain which is

flanked by nonhelical amino-tenninal head and carboxy-tenninal tail domains (Fig. lA).

Tbese proteins differ from each other biochemical1y and antigenically mainly due ta

differences in the sequence and length of their head and tail domains. The rod domains of

types (-IV and type VI IF proteins are approximately 310 amine acids in length, while the

corresponding domains of type V IF proteins are 42 amine acid longer (Steinert and Roop,

1988; Fuchs and Weber, 1994). Filensin has a shorter rod domain consisting of 281 amino

acids (Gounari et al., 19(3). The rod domain posseses a heptad repeat sequence pattern of

the form (a-b-c-d-e-f-g)D (Pany et al., I9Tl; Steinert and Roop., 1988), important for IF

assembly (see section 1.2.2). In most IF proteios, the rod domain is intemJpted by tbree

short linkers designated as LI, L12 and L2. LI and L12 are noo- a-helica1; L2 is a-helical

but does oot confonn to to a heptad sequence and usually contains a tryptophan residue

(Schneidneretal., 1988; Steinertand Roop, 1988). These three interuptions divide the rad

domain iota four a-helical tracts designated as lA. lB, 2A and 28 (Steinert and Roop.,

1988; Fuchs and Weber, 1994). The heptad repeats in the mid-sized and heavy molecuJar

mass neurofilament(NF) subunits, NFM and NFH. respectively, are in phase across their

Lllinker(Levy et al.,1987; Myers et aL, 1987; Napolitano et al., 1987; Lees et al., 1988;

Schneidman etaI., 1988; Chin and Liem, 1990). These two subunits also Jack the proline

residue which is round in the LI linker of many IF proteins (Scheidman et al., 1988).

Consequently, the lA and 18 a-helical tracts of NFH and NFM are continuous.

1.2.2 IF assembly

The first step in IF assembly involves the left-banded intertwining of the rod

domains of two subunits to produce a coiled-coil dimer. Coiled-coil dimer formation was

originally predicted from ~-ray diffraction data (Cric~ 1953; Pauling and Corey, 1953).

Predictions based on computer analysis of partial IF protein sequences CODcluded that the

most favourable polypeptide interactions would lead ta the formation of an in register.

parallel dîmer (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 (NR.) in intact IFs have

also been interpretedas supporting the in register, parallelmangement(Quinlan and
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Figure 1. (A) Schematic diagram of IF protein domain organization. Head, rad and tail

domains are indicated. The a-helical rad damain is subdivided ioto ~ segments (lA, 1B,

2A and 28) due to the presence of 3 linter regions. The aDÙno- and carboxy-termini are

labelled N and C, respectivel)·. (8) End-on ,·iew of two a-helices interlocking to fonn a

coiled-coiJ dîmer. The sequences have a heptad repeat pattern of residues of the fonn (a-b

c-d-e-f-g)ll; a and d are usuallyapolar, wlule e and g are frequently of opposite charge and

cau form a salt bridge•
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Franke,. 1982; 1983; Cardeo and Eagles, 1983; Parry etai, 1985). The ability ta cross-link

homodimeric desmin, vimentin and NFL,. dissolved in 3 M guanidine hydrochIoride, via

tbeir unique cysteine residue a1so supported this dimer arrangement (QuinJan etal., 1986).

The types of interactions driving coiled-eoil dimer fonnation pertain to the nature of

amino acid residues in the heptad repeats. Positions! and!! are usualIy occupied by apolar

residues, whiIe!!, ~ ~ f, and 1 often contain polar or charged residues (Parry et al., 1m;
Steinert and Roop, 1988). The ! and g residues in two adjacent polypeptides fonn

hydrophobie strips, while ~ and & residues on adjacent polypeptides and of opposite

charge may fonn salt bridges to further stabilize dimers (Fig. lB) (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 hydrocIoride (Quinlan et al.,. 1984; Ward et al., 1985) and

tetramericGFAP and NFL in Iow ionic strength solutions (Ruegeret al., 1979; Cohlberg el

al., 1987). Furthermore, a small pool of tetrameric vimentin is observable in eeUs lysed

with near-physiological buffer (Soellner et al., 1985). The stnleture of IF protein tetramers

is still controversial. Dimer units have been reported ta fonn parallel (Hisanaga et aL,

199Oa) or anti-parallel associations (Geisler et al., 1985a; Coulombe and Fuchs, 1990;

Steinert and Patry, 1993; Steinert et al., 1993a, b) with each other. Furthennore, two

dimers cau fonn tetramers by associatiog in a close to register arrangement (Coulombe and

Fuchs, 1990; Hisanaga et al., 199Oa; Steinertand Parry, 1993a, b; Steinert et al., 19(3) or

in a staggered arrangement (Ip et al., 1985; Coulombe and Fuchs, 1990; Potschka et al. 9

1990; Steinertand Parry, 19938, b; Steinert et al., 1993;).

Information cooceming higher-order interactions iovolved in IF structure bas been

obtained by electron microscopy• Two- to three-nm wide protofJ1aments are believed ta

coosist of tetramers associated end to end (Aebi et al., 1983; Ip et al., 1985). Two

protofl1aments 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 fonn the mature IF

(Aebi etai., 1983).

Cytoplasmic IF proteins such as purified cytokeratins, desmin, vimentin, GFAP

and NF subunits are capableof fonning morphologically nonnal IFs in the absence of other

proteins or~factors(Steinert et al., 1976; Huiattetal., 1979; Ruegeretal., 1979; Geisler

and Weber, 1980; 1981a, b; Zackroffet al., 1982; Uem and Hutchison, 1982; Aebi et al..

1983). Keratin subunits cao fonn homodimers, but they appear to be incapable of fonning

homo-poIymericfilaments(Hatzfeldand Franke, 1985; Hatzfeld and Weber, 1990; Steînert

1990). Rather, keratin polymerizationrequires al:1 ratio of acidic (Type 1) to basic (fype
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• II) keratio subunits (Hatzfeld and Franke, 1985; Coulombe and Fuchs, 1990; Hatzfeld and

Weber, 1990; Steine~ 1990). Type III IF proteins such as vimeotin. GFAP and desmin

can Conn homopolymers in vitro and in vivo (Huiatt et al., 1979; Rueger et al., 1979;

Geislerand Weber. 1980; 1981a; Sarrïa et al., 1990; Raats et al .• 1991). Type III IFs do

oot coassemble with keratins as evidenced by the finding that two distinct IF networks are

formed io cells expressing both vimentin and keratins (Osborn et al.• 1980; Tolle et al.,

1985).

1.2.3 IF dynamics

IFs are generally presumed to he the most stable component of the mammalian

cytoskeleton. Oneof the major reasons for this notion was the fmding that IFs are largely

insoluble when cens are lysed in buffets containing non-jonie detergents. However, a

variety of biophysical methods have been used ta demonstrate that IFs are actua1ly 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-labeUed vimentin, NFL or NFH also demonstarted that IFs can accept and

exchange subunits along their entire suJface (Vikstrom et al.,I992; Okabe et al., 1993,

Takeda et al., 1994). finally, experiments with peptides derived from the helix lA tract

demonstrated their capacity to exchange and cause the disassembly of vimentin IFs both in

vitro and in vivo (Goldman et al., 1996).

1.2.4 RegulatioD of IF assembly

The finding that IFs rearrange during ceU division (Aubin et al., 1980) gave rise ta

the notion that IF assembly must be regulated. Some of the earliest studies implicating

phosphorylation in the regulation of IF assembly were performed in vitro using purified

type III IF proteiDS and protein kinases. Phosphorylation of vimentin with protein kinase

AlcAMP-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 evcnts occurred within the head domain ofvimentin (Evans 1988; Ando et

al., 1989; Geisler et al., 1989). Furthermore, direct injection of PKA into fibroblasts

caused the coIlapse and tight bundling of vimentin IFs around the nucleus (Lamb et al.,

1989). Pbosphorylation of the head domain of desmin and GFAP was aIso shown ta
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regulatetbeassemblyof these filaments in vitro (Geisler and Weber, 1988; lnagaki et al.,

1988; 1990; Kitamuraetal., 1989).

P34cde2 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

a&,aregatesin vivo (Chou etai., 1989) and with vimentindisassembly in vitro (Chou etaI.,

1990). Ser 41, Ser S5 and Ser 6S within the head domain of vimentin were identified as the

amino 8Cid residues phosphorylated by p34cdc2 kinase (Chou et al., 1991). The

phosphorylation of GFAP at Ser 8 by p34c:dc2 kinase has also been implicated in the

rearrangement of the glial IF network during the G2-M phase (Matsuoka et al., 1992).

P34cdc2 kinase phosphorylates nuclear lamins in vitro at sites comparable ta those

phosphorylated in vivo during mitosis (Peter et al., 1990; Ward and Kirschner, 1990).

Modification by the latter kinase aIso induces lamin network disassembly in vitro.

Furthennore, 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 phospbatases in the regulation of IF dynamics became

evident with the availabilityof specifie.. cell penneable phosphatase inhibitors. Treatment of

cells with okadaicacid or calyculin A., two potent inhibitors of protein phaspbatase (PP)-l

and PP-2A (Cohen et al., 1989; Ishihura et al., 1989) caused hyperphosphorylation and

fragmentation of vimentin IFs (Yatsnnami et aL, 1991; Lee et al., 1992; A1mazan et al.,

1993).

1.3 Neuronal IFs

The earliest IF proteins expressed in and associated with development of the

mammaliannervous 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 mayexpress sorne or all offive other IF proteins. Three of these comprise the NF

triplet., consisting ofNFL, NFM and NFH (Hoffman and Lasek, 1975; Liem et al., 1978;

Schlaepferetal., 1978). a-intemexinand peripherin are theothertwo IF proteins round in

neurons (see Table 1 and below).

NFs were first detected as thin fibrous stnlctures in siIver stained preparations of

many types of neurons. Tbese structures, initially called neurofibrils, were regarded by
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many physiologists as an artifact of fixation. OnIy after the midcentury, when they were

observed by electron microscopy as 10 Dm diameterfilaments, were NFs acknowledged to

he real organelles (Schmitt, 1968).

NfM is the first NF subunit to he expressed in many types of neurons during

development (Bennett and Dilullo, 1985a; Szaro et al., 1989; SchIaepfer and Bruce,

1990). The expression of NFL reportedlyoccurs simultaneously or soon after NFM (Shaw

and Weber, 1982; Willardand Simon 1983; Pachter and Liem, 1984; Carden et al., 1987;

Schlaepferand Bruce, 1990; Athlanet al., 1997). On the other hand, Nf}{ expression has

been consistently reported ta oceur later than the other neuronal IF proteins during

development(Shaw and Weber, 1982; Willard and Simon 1983; Pachter and Uem, 1984;

Carden et al., 1987; Athlan et al., 1997). In large myelinated axons, NFs acccumuJate to

becorne the rnost abundant fibrillar element, outnumbering MTs by as much as 10 to 1

(Hoffman et al., 1984).

a-intemexin was originally purified as a NF binding protein (Pacbter and Liem,

1985). It was lateridentified as a true neuronal IF protein (Chiu et al., 1989; Kaplan et al.,

1990; Aiegneretal., 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; Aiegner et al., 1990; 1994). a-intemexin appears to he found in most, if oot ail,

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 seosory neurons, but not in nonneuronal cells or in several

brain regioDs, it was named peripherin (Portier et ai., 1984a,b). Based on its

immunoreactivtywith IF-specifie antibody, fIlamentous staining patternand single œntrally

located tryptophan residue, peripherin was proposed ta he 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 S7-kOa Triton-insoluble

protein that could form 10 Dm filaments in vitro (Parysek and Goldman, 1987) and they

eventuallycloned 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 cballengedwith nerve growth factor(NGF) (Leonard et al.,

1988). This novel IF protein was subsequently shawn to he peripherin (AIetta et aL,

1988). Peripherin is expressed in neuroos of the peripheral nervous system as weil as in

CNS Deurons which e~d axons to the periphery (Leonard et al., 1988; Parysek and

Goldman, 1988; Escurat et al., 1990).
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1.3.1 Distinctive reatores of NF suboDits

The main distinguishing feature of NF subunits compared to other IF proteins is

theirtaildomain. For Na, this regioD is highly aeidie, with many glutamie acid residues

(Geisler et al., 1985b; Julien et al., 1986; 1987; Chin and Iiem, 1989). NFM and NFH

have unusually long tail domains. The N'FM tail domain cootains many glutamic acid-rich

and glutamic acid/lysine-rich segments (Levy et al., 1987; Napolitano et al., 19f57; Myers et

al., 1987). Lysine-serine-proline (KSP) repeats are a feature of both NFM and NFH tait

domains, which contain 4 to 13 and 42 ta 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 leDa, respectively, on sodium dodeeyl sulfate

polyactylamidegel electrophoresis (SDS-PAGE), (Hoffman and Lasek, 1975; Liem et aL,

1978; Schlaepferand Freeman, 1978) as compared to 95-100 kDa and 110-115 calcuJated

from from theirdeduced amino acid sequences. The anomalous electrophoretic mobility is

partiy due to the high content of phosphate moieties in the œil domains of bath proteins

(see section 13.4). The high content of carboxylic amino acid residues in the tail domain

aIso contributes to the aberrant mobility of tbese proteins on SOS-PAGE (Georges and

Mushynski, 1987).

1.3.2 NF oltrastructure

NFs are composed of a longitudinal core structure with many short protrusions

(Hirokawa, 1982; Hisanaga and Hirokawa, 1988). Many stlldies support the notion that

these side-arms are the tail domains of NFM and NFH extending laterally from the

filamentcore. Homopolymeric NFL filaments are smooth-walled, without the protrusions

characteristicofoativeNFs. Reassembly of NFL in the presence of NFH or NFM restores

the side-arms (Hisanaga and Hirokawa 1988; 1990; Gotow et aI., 1992). In addition, the

side arms are decomted ooly by antibodies directed agaiDSt the tail domains of NFH and

NFM (Hirokawa etai., 1984; MuUiganetal., 1991). However, itis unlikelythatNFH and

N'fM are located solely at the periphery of NFs. N'fM and NFH preferentially pair with

NFL toformdimers(Carpenterandlp., 1996; Leung and Liem, 1996). In 2 Mu~ they

can fonn stable tetramers ooly in the presence of stoichiometric quantities of NFL

(Cohlberg et al., 1996). Furthennore, the ratio of N'fM plus NFH to NFL in vivo has
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been reported ta he within the range ofOS: 1 ta 1.25:1 (Shecketand Laselc, 1980; Moon et

al... 1981; Chiu and Norton, 1982; Scott etai., 1985). Taken together, these results support

the idea that all three NF subunits are integral componeots of NFs.

Axonal NFs run parallel ta each other and side-arms appear to fonn cross-bridges

between adjacentNFs (Hirokawa, 1982; Hirokawa et al., 1984; Nakagawa et al., 1995).

Side-anns also appear to contact Mfs and membranous organelles (Hirokawa 1982:

Nakagawa et al., 1995).

1.3.3 Neuronal IF assembly

Purified NF triplet proteins can reassemble iota 10 nm filaments when dialyzed

from denaturing solutions iota solutions of physiological ionie strength (Uem and

Hutchison, 1982; Zachroff et al., 1982; Carden and Eagles, 1983). NFL atone can also

reassemble iota smooth-walled 10 nm filaments in vitro (Geisler and Weber, 1981b; Uem

and Hutchison, 1982; Zachroff et al., 1982; Hisanaga and Hirokawa, 1988: 1990).

Combinations of NFL and NFM or Na and NFH also reassemble into 10 Dm filaments

(Geisler and Weber, 198Ib; Liem and Hutcbison, 1982; Hisanaga and Hirokawa, 1988;

BaIin and Lee, 1991). NFM and NFH alone or in combination are incapable of fOnJÙng

completefilaments (Geislerand Weber, 1981b; Liemand Hutchison, 1982; Zachroffet aL,

1982). However, NFM self-assembles ioto short, irregular 10 Dm filaments under optimal

conditions (Balin and Lee, 1991; Gardner et aI.~ 1984).

Although NFL cao fonn bomopolymeric filaments in vitro. NFs are obligate

heteropolymers in vivo. DNA transfectioo studies in a œil Hne 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 ceUs

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 nonnally devoid of IFs,

extended fùamentous anays were observed ooly when bath NFL and NFM transgenes

were co-expressed. IFs were not observed in oligodendrocytes expressing ooly one of

these transgenes (Lee et al., 1993). Furthermore, because a hybrid NF subunit composed

of the NFH tailfused to the NFL head and rad assembled with NFM, it was concluded that

sterie hindrance involving the unusuaIly long tail domains of NFH and NFM was Dot

responsible for their inability to fonn homoplymers (Lee et aI., 1993). Co-expression of

the NFHINFL hybrid protein with Na produced nonftlamentous aggregates, indicating

that polypeptide sequences in the head and/or rad domain of NFH are required for
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heteropolymericassembly. The preferencefor heterologous assembly was also observed in

Sf9 insect cells (Nakagawa et a1.y 1995). Although bigh expression levels of NR can lead

to assembly in these cells, most of the NFL was round in nonfilamentous aggregates.

Coexpression of NFM and NFL eliminatednonfilamentuous aggregates and produced long

bundles offilaments.

The stage of NF assembly at which heterologous subunit interactions are essentiaI

is still unclear. Analysis of assembly intermediates in 2M urea., showed that NFL can

associate with a stochiometricamount of NFM or NFH to from stable tetramers. Under the

same conditions, NFH and NFM are monomers or perhaps, monomers in equilibrium

witb dimers (Cohlberg et al., 1996). Studies using the yeast two hybrid system

demonstrated that NFL can interaetwith itself, with NFM or with NFH (Carpenter and 1pt

1996; Leung and Liem, 1996). No homologous or heterologous NFM and NFH

interactions were detected in this system. These studies suggest that NFUNFL, NFL'NFM

and NRlNFH dimers are more stable than dimers containiDg ooly NFM or NFH.

Unlike the other type IV IF subunits, a-intemexio can assemble into an extended

homopolymeric network bath in vivo and in vitro (Chiu et aI. y 1989; Kaplan et al., 1990;

Ching and Liem, 1993; Balin and Miller, 1995). a-intemexin can also coassemble with

eitherof the NF subuoits (Ching and Liem, 1993; Balin and Miller, 1995).

Peripherin, like other type III IF proteins (see section 1.2.2), cao fonn

homopolymeric 10 nm filaments in vitro and in vivo (Parysek and Goldmany 1987;

Parysek et al., 1988; Cui et al., 1995). Double-label immunofluorescence and

immunoelectron microscopy studies in mammalian neurons and neuron-like cultured cells

thatexpress NF subunits demonstrated thatNF subunits and peripherin colocalizedin sorne

IFs (Pa1ysek et al., 1991). Also noteworthy is the observed co-immunoprecipitation of a

intemexin, peripherin and NF subunits from extracts of okadaic acid-treated sensory

oeurons, suggesting that these proteins fonn a highly integrated network: in these cens
(Athlan et al., l 'R7).

1.3.4 Neuronal IF phosphorylatioD

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

WlIliams, 1982; Julien and Mushynski, 1982; the reported values have been corrected-to

reflect more recent detenninalioDS of the moIecular masses of the subunits). The
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developmentof monoclonal antibodies that could distinguish between phosphorylated and

unphosphorylated epitopes in the tail domains of NFM and NFH led ta the discovery that

bath proteinsare nonnally more highly phosphorylated in the axon than in the perikaryon

(Stembergerand Stemberger, 19KJ; Lee et al., 1987).

NfH is synthesized and maintained in the œIl body as a hypophosphorylated

isofonn (8) \\'Ïth an apparent molecular mass of 160 kDa. on SDS-PAGE. When NFH is

transported from the œIl body to the axan, it is pbosphoryIated within the proximal region

of the axon and its apparent molecular mass on SOS-PAGE increases to 200 kI>a

(Glicksman et al., 1987; Nixon et al., 1989; Oblinger et al., 1989). The majority of NFH

pbosphorylation occurs at KSP repeats in the tail domaio (Julien and Mushynski, 1983;

Lee et al., 1988; Elhanan)r et al., 1994). The gel electrophoretic mobility of axonal NFH

can he increased ta thatof perikaryal NfH by depbosphoryJation of the taiI domain in vitro

(Julien and Mushynski., 1982; Carden et aI., 1985). This shift cau be reversed by

pbosphorylatianatKSP repeats(Hisanagaetal., 1991, 1993b; Miyasakaetal., 1993).

Severa! neuronal proIine.directed proteio kinases have been shown to

phosphorylate the KSP repeats in NFH. ExtraceUular signal-regulated kinases (ERKs)

(Roder and Ingram, 1991; Roder et al., 1995) and tau protein kinase 1 (Hisanaga., 1993b),

later identified as glycogen synthase kinase-3p (GSK-3~) (lshiguro et al .• 1993), were

able to phosphorylate NFH in vitro, but not to levels sufficient ta reduce its mobility on

SDS-PAGE ta that ofaxonal NFH. C~transfection studies with NFH and GSK-3a or

GSK-3p caused ooly a partialsbift in NFH mabilityon SDS-PAGE(Guidato etaI., 1996).

ln vivo and in vitro phosphorylation by cyclin--dependentkinase-S (cdk-S), aIso known as

tau protein kinase II (Kobayaski et al., 1993), has being shown to cause a reduction in the

mobility of NFH on SDS-PAGE to levels seen for axonaI NfH (Hisanaga 1993b;

Miyasaka et al., 1993; Guidato et al., 1996; Sun et al., 1996). However, cdkS has been

reportedto addonly3-S (Miyasaka et al., 1993) or 10 (Hisanaga et al et al.,1993b) moles

of phosphate per mole of NFH, presumably at KSffPXK motifs, where X is DOt an acidic

residue (Beaudetteet al., 1993). P34cdc2 kinase cao also phosphorylate NFH in 'r'itro ta the

extent that it reduces its mobility on SDS-PAGE (Hisanaga et al., 1991; Ouan et al.,

1992;). However, sinee the latterenzyme is not expressed in post-mitotic neurons it cannot

be involved in the phosphorylation of NFH in vivo.

Mutine NFM is synthesized in the ceU body as a polypeptide with an apparent

moleculacmass on SnS-PAGEof 139 kOa. It appears in the axon as many isofonns with

apparentmolecularmasses of 140-145 kDa (WlXon et al., 1989). Chicken, NFM exhibits

an eveo gœaterchange in mobility betweenbath œUularcompartments: 130 lcDa in the œU
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body as compared to 160 kDa in axons (Bennett and DiLullo., 1985b).This reduction in

mobility has been attributed to phosphorylation since it cao he reversed by in vitro

dephosphorylation (Carden et al., 1985; Georges et al., 1986; Nixon et al., 1(89). 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

damain 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, respcctively (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 Ser666 in vitro (Yang et al., 1995) .. GSK-3~, cdk-5 and p34t"dc1 kinase aIso

phosphorylate NFM in vitro, but only ERKs have been shown to phosphoryJate il to an

e>ttent that reduces ilS mobilityon SOS-PAGE (Hisanaga et aL, 1991; 1993b; Roder and

Ingram, 1991; Guan et al., 1992; Roder et al., 1995). Ser 538 is the ooly 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 1

(Hollander et 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 et al., 1996). These sites are phosphorylated

by a cascin kinase-l-like enzyme thatco-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., 19(6).

The head domain of NFM is aIso phosphorylated in vivo, but to a much lower

extent than the lail 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 (Sihag and Nixon, 1990). It was recently detennined 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 aIso phosphorylated to a lesser extent (Sihag 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 Iocated within an Il 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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majorphosphorylation site, modifiedat 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 Il kDa NFL polypeptide are phosphorylated by the NF-associated kinase (s)

(Sihag and Nixon., 1989; Xu etai.• 1990), which is mainlya CIQ-like activity(Linketal..

1993; RolIander 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

identifiedas Ser-55 in the head domain (Sihag and Nixon, 1991). This serine residue is a

substrate for PKA and its phosphorylation displays rapid turnover immediately following

NFL synthesis in nenrons (Sihag and Nixon, 1991). These characteristics of Ser-55

phosphorylation raise the possibility that it may he involved in regulation of assembly prior

to NF transport into neurites(Sihag and Nixon., 1991).

Peripherin is phosphorylated in PCI2 cells and this process is enhanced upon

additionofnervegrowth factor{Alettaetal., 1989). Peripherin is also phosphorylated in a

neuroblastoma cell line and in cultured sympathetic neurons. Phosphorylation occurs

almast exclusively within the amino-terminaJ half of the protein in the latter two œil types

(Huc et al., 1989)

1.3.5 RegulatioD of neoroDal IF assembly

The in vitro phosphorylation of NFL by either PKA or protein kinase C can black

its polymerization or cause disassembly of homopolymerie NfL (Gonda et al., 1990;

Hisanaga et al., 1990b; Nakamura et al., 1990). Incorporation of 1 ta 2 moles of phosphate

per mole of NFL polypetide was sufficient to black assembly (Hisanaga et al., 199Ob;

Nakamura et al., 1990) at the octomeric intermediatestage (Hisanaga et al., 1990b). The

sites preferentially phosphorylated by either PICA or protein kinase C are Iocalized within

the head domain of NFL (Gonda et aL, 1990; Hisanaga et al., 1994). The inhibition of

NFL assembly due to PKA phosphoryJation cao he reversed by in vilro dephosphorylation

with the catalytic subunit of PP-2A (Saito et aL, 1995). It is interesting to note in this

regard that the catalyticsubunit of PICA and a PP-2A-like enyzmeare associated with native

NFs (Dosemeei and Pant, 1992; Saito et al., 1995).

There is also in vivo evidenee to support the proposai that NFL phosphorylatioD

plays a role in regulating NF assembly. TreatmentofcuItured dorsal root ganglion neurons

with the protein phosphatase inhibitor, okadaic acid, caused a reversible disruption of the

NF networlc (Sacher etal., 1992). This disruption was associated with phosphorylation of

serineresidues in theheaddomainoCNfL (Sacheretal., 19(4)•
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NFs composed of ail three subunits are more resistant to phosphorylation-induced

disassembly than are NFL homopolymers (Hisanaga et al... 1994). Only limited

disassembly of NFs was observed even after extensive phosphorylation with PKA.

Phosphorylation ofNFL or NFM with PKA can inhibit NFlJNFM coassembly (Streüel et

al., 1996). This phosphorylation had no effect on NRJNFM heterooligomer formation,

indicating that the modification was affecting later stages of assembly. Phosphorylation of

purified NfM or NFH with PKA preveoted aggregate formation in vitro (Streifel et aL,

1996). The latter observation suggests that this reversible process may he important for

regulating the first step of assembly followiog synthesis of the proteins. PKA can a1so

phosphorylate and reguIatethe assembly of a-intemexin in vitro (Tanakaetal., 1993).

The amino-tenninal 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 wbether these modifications

have any effect on the assembly of NFs.

1.3.6 bonal transport of NFs

NFs are synthesized in the perikaryon and move down the axon in the slow axona!

transport compartment (Hoffman and Lasek, 1975) untif they reach the nerve tenninal,

where theyare degraded (Roots, 1983). The axooal transport of NFs bas been reported to

occurat a rate ranging from .25 to 3 ounIday (Hoffman and Lase~ 1cns; Black and Lasek,

1980; Komiya, 1980; Hoffman etai., 1983). NFs are transported more rapidly in immature

than in mature axons (Komiya, 1980; Hoffman et a!., 1983; Willardand Simon" 1983) and

the velocity is further reduced in 8ging animais (McQuarrie et al." 1989). The slowing of

axooal transport during development correlates with an increase in the expression of NFH

(Willard and Simon, 1983). The rate of NFaxonal transport is also dependent on the

metabolic state of the animal. Most notably, the rate of transport decreases in diabetic

animals(Medorietal., 1985; 1988).

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

down the axon, remains unsettled. Experiments with the neurotoxin, ~, ~'

iminodipropiooitrile (lDPN), suggests that association with Mfs is involved.IDPN causes

NFs and MTs to segregate; NFs become localized almost exclusively at the perimeter of

the axon wbiIe the M'Ts are locatedat the center(Grifîm etal., 1978; Papasozomenos et al..,

1981). At appropriate doses, IDPN blocks the movement of NFs but has ooly a modest
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effect on tubulin transport (Griflin etal., 1978). This treatment causes NFs ta accumulate

in large masses at the proximal end of the axon near the cell body (Chou and Hartman,

1965). Within this contex~ the finding that NFH interacts with MTs ooly when its tail

domain is hypophosphorylated (Hisanaga et al., 1991; 1993a, b; Miyasaka et al., 1993),

suggests that NFH tail domain phosphorylation may he important for regulating NF

transport from the cell body to the axan, and perhaps along the axon.

NFaxona! transport studies remain controversial. Initial studies were interpreted ta

suggest thatall three NF subunits are transported together in a single wave (Hoffman and

Lasek, 1975; Black and Lasek. 1980). More recent reexamination of NF transport revea1ed

the existence of two pools ofaxonal NFs, one moving at the traditionally slow rate and the

other being essentially statiooary (Nixon and Logvinenko, 1986). Furthermore, highly

phosphorylated NFH was demonstrated to he preferentially associated with the stationary

pool, suggesting that tail demain phosphorylation may regulate its distribution between

stationary and mobile phases (Lewis and Nixon, 1988). However, the proportion of uona!

NFs contained in the statiooary phase remains controversial and unresolved. Nixon's

group estimated that approximately one-third ofaxonal NFs are in the statiooary phase

(Nixon and Logvinenko, 1986), while Lasek and co-workers argued that this phase is

negligiblein size« 0.1%) (Lasek etaI., 1992). It has also been observed that NF subunits

cau movealong axons as fast as 72 to 144 mm/day (Lasek et al., 1993). This finding has

100 to the proposaI that NFs may he transported in alternative periods of short, fast strides

and relativelylong pauses (Laseketal., 1993).

The question of whether NFs are transported as filaments or as oligomers is aise a

controversial issue. In the classic paradigm, NFs are thought to be transported as polymers

thatslide past each other as they move down the axon (Lasek, 1986; Lasek et al., 1992).

On the other band, photobleaching studies with fluorescently tagged NFL or NFH reveaJed

that bleached zones cao recoverwithout translocation (Okabe et al., 1993; Takeda et aL,

1994). These studies suggest that NF subunits can exchange betweeofilaments and a small

oligomer pool. Furthennore., studies of NFM transport in mice lacking axonal NFs

demonstrated that NFM couId he transported down axons in an unpolymerized fonn

(Teradaetal., 1996).

1.3.7 NFs are an importallt detenninant of Donal caHber

Many correlativestudies bave implicatedNFs as an importantdetenninantofaxonal"

caliber. Tbese studies showed a IiDeacrelationship between axonal cross-sectional area and
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NF number(Friedeand Samorajski9 1970; Weiss and Mayr, 1971; Hoffman et aI.9 1984;

1985a. b; 1987). The importance of NFs in specifying axonal caliber has recently beeo

proven unequivocally in two different animal species.. The expression of a NFH-beta

gaIactosidase fusion protein in transgenic mice caused a total inhibition of NFaxonal

transport coupled with severe inhibition of the radial growth of large myelinated axons

(Eyer and Peterson, 1994).. A reduction in axonal caliber was aIso observed in large

myelinated axons from mice deficient in axonal NFs due to the targetted disroption of the

gene encoding NFL (Zhu et ai., 1Wl). The Japanese quail quiver (quv) mutant is deficient

in axonal NFs due ta a lack of NFL stemmingfrom a nonsense mutation in the NF-L geoe

(Yamasaki et al., 1991; Ohara et aL.. 1993). The axons in tbese quail have a smalJer

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

unsenled. Overexpression of NFL leads to an iocrease in axonal NF density and a slight

reduction in axonal caliber (Monteiro et al., 1990). Overexpression of NFL together with

eitherNFM 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 individuallyappears ta

change the ratio of NF subunits and cause reductions in NF transport and axonal caliber

(MarszaIeketal., 1995; Wongetal~ 1995;Xu etaI., 19(6).

1.3.8 Possible role of neuronal IF proteins in nonal elongatioD

Several reports suggest the possible involvement of neuronal IF proteins in axooal

elongation. Noteworthy is the upregulation of two atypical neuronal IF proteins, referred ta

as plasticin and gefiltin, following axotomyof the goldfish optic nerve which has Icd to

speculation that these proteins may he involved in plasticity and regeneration (Glasgow et

al., 1992; 1994; Fuchs et ai., 1994). More direct evidence comes from the microinjection

ofanti-NFM antibodies into single blastomeres of two œil-stage Xenopus laevis embyros..

This procedure caused neuronal IF accumulation, retardation of peripheral nerve growth

and reduction in neurite outgrowth of cuJtured 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 ofNF expression in regeneratingspinal axons of the primative fisb, sea lamprey,

suggests tbat NFs May he involved in the Corward movement of some regrowing axons
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following spinal transection (Jacobs et al., 19'J7). In addition, there is a delayed

regeneration of myelinated axons following axotomy of peripheral nerves in mice deficient

in NFs due to the targetted disnJption of the gene encoding NFL (Zhu et al., 1997).

1.3.9 NFs ÎD disease

Abnormal accumulations of NFs have been associated with several neurological

diseases. In Pick's disease and Parkinson's disease certain neurons contain characteristic

cytoplasmieinclusions which areknown, respectively, as Piek's bodies and Lewy bodies.

Pick's bodies are round stnJctures found in the central cortex and basal ganglia and are

composed of granularmaterial together with a heterogeneous collection of filaments with a

diameterof 10 to 20 nm (Rewcast1e and Bail, 1968). Immunocytocbenùcal studies have

revealedthe presence of NF antïgeos in Pick's bodies (Probst et al., 1983; Munoz-Gareia

and Ludwin, 1984). Lewy bodies are spheroidal inclusions composed of fl1aments similar

in diameterto NFs (Ouffy and Tennyson, 1965) and are recognized by antibodies directed

againstNFs (Goldmanetal., 1983; Fomo etaI., 1986; Pollanenetal., 1994).

Immunocytochemica1 studies had suggested that NFs were a eomponent of

neurofibrilluy tangles in Alzheimer'sdisease (Stemberger et al., 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 round in these structures (Kondo et al., 1988; Wischik et al., 1988).

Whether NFs are present in Alzheimer's neurofibrillary tangles is still a cootroversial issue,

although at least one study still supports the notion that they are (Zhang etal., 1989).

The role of NF inclusions in the diseases meotioned above remains unsettled,

although an increasing body ofevidenee supports the notion that NFs are directly involved

in the etiology of amyotrophie lateral sclerosis (ALS). ALS is a neurodegenerative disease

that targets large, NF-rich motar neurons predominandy and large sensory neurons to a

lesser degree (Tsukagoshi et al., 1979; Kawamura et al., 1981). Large proximal axonal

sweUings filled with NFs are a ballmarlc of the disease (Carpenter, 1968; Hirano et aL,

1984; Manetto et al., 1988; Munoz et al.,1988; Sobue et al., 1900) and abnonnal

hyperphosphorylation of perikaryal NFH has also been reported in these neurons (Manetto

et al., 1988; Sobue et al., 1990). Severa! 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 (Côté et al., 1993; Xu et al., 1993; Lee et al., 1994)•

Overexpression of the homan NFH gene in tmnsgenic micehas been shown to cause mator
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neuron degeneration (Côté et al., 1993) due to a reduction in NF transport and eventual

interference with the axona! transport of other components such as actin, tubulin and

mitochondria (CoUard et al., 1995). The notion that NFs are directly involved in the

etiology of ALS is aIso supported by the discovery of a small percentage of sporadic ALS

cases with mutations in the KSP repeat domain ofNFH (Figlewicz et al., 1994).

1.4 Rationale and objectives of the presented work

The objectives of the work presented in the following five cbapters were: 1) te

identify the neuronal IF subunits, protein kinase (s) and protein phosphatase (5) involved in

neuronal IF dynamies, 2) to localize the pbosphorylated amine acid residues responsible

for neuronal IF disassembly, and 3) to detennine the identity of kinase (s) involved in

phosphorylation of the KSP repeats in NFH under bath nonnaI and stressful conditions.

The rationale that guided experiments described in the next five chapters is outlined below:

1) Severa! studies reported that homopolymeric filaments composed of either NFL

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

the respective proteins (see section 1.3.5). However, there was a Jack of infonnation

concerning the role of the other neuronal IF proteins in the assembly/disassembly process.

It was also unclear whether head domain phosphorylation couId regulate neuronal IF

dynamics in vivo. The ooly compelling studies suggesting that phosphorylation couId

regulate neuronal IF assembly in living eeUs was performed by challengiog cultured DRG

neurons with the protein phosphatase inhibitors, okadaic acid and calyculin A. The latter

treatmentscaused NF fragmentation with a concomitant increase in phosphorylation of the

head domain of NFL. (Sacher et al., 1992; 1994). lnitially, experiments were designed ta

determine which protein kinase and phosphatase activities could modulate NF assembly in

cultured ORO neurons. Subsequently, 1set out to detennine whether the phosphorylation

of specifie amine acid residues in NFL, the key subunit in NF assembly, could he linked ta

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-intemexin and

peripherin (Athlan et al., 1997).

2) a-intemexin is the first neuronal IF protein expressed foUowing neuronal

•diffentiation. Due to its early expression, it was speculated that the function a-intemexin

may he to form a more flexible neuronal IF network which may he required during
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development of the nervous system (Nixon and Shea, 1992). 1 studied the expression and

assembly of a-intemexin and NF triplet proteios in the cerebral cortex to test the latter

hypothesis. These studies were performed with neurons from cerebral cortex instead of

DRGs since the fonner do nol express peripherin and have a delaycd onset of NF

expression. The delay io NF expression provided a larger developmental lime frame ta

correlate the assembly status of the different neuronal IF proteins with their expression

patterns. The presence of ooly four neuonaI IF proteins in the cerebral cortex, as compared

ta five in DRGs, made it easier ta intepret the results.

3) Axonal NFH is one of the most highly phosphorylated proteins due ta the

presence of an extensively phosphorylated KSP repeal domain (see section 1.3.4). Il is

also knowo that perikaryal NFH is hypophosphorylated under normal conditions, and

becomes highly phosphorylated in certain neurologica1 diseases (Forna et al., 1986;

Manetto et al., 1988; Zhang et al., 1989; Sobue et al., 1990; PaUanen et al., 1994) and

following exposure to certain neurotoxins (Bizzi and Gambetti, 1986; Gold et aL, L988;

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 (el), a calpain and proteasome inhibitor, caused the hyperphosphorylation of

NFH (Jayaraman et al., 1995). Based on this finding, 1 proceeded to show that CI also

caused the hyperphosphorylation of perikaryal NFH in cultured DRG neuroos. 1 then

assessed different experimental approaches to ideotify the kinase(s) responsible for the CI

induced phosphorylatioo of NFH. 1methodically eliminated the involvemeot of previously

identified NFH-kinases and detennined that novel members of the mitogen activated protein

(MAP) kinase family, known as stress-activated protein kinases (SAPKs)(Cano and

Mahadevan, 1995; Kyriakis and Avruch, 1996), are involved in aberrant phosphorylation

of perikaryal NFH.
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Activation of Cyclie AMP-Dependent Protein Kinase in
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Abstract: The activatfon of cycllc AMP~ependent pro
tein kinase (PKA) in rat dorsal root ganglion (DRG) cul
tures rncreased phosphorylatlon of the low-mo/ecu/sr
mass neurofllament subunlt (NFL) at a site prevlousfy
Identlfled as Seras but had no effect on neurofllament
Integrîty. When PKA was activated ln DRG cultures
treated w1th 20-250 nM okadaic ac/d, neurofllament
fragmentation was enhanced, and there was a corre
sponding inerease ln phosphoryfatron of NFL at a novel
site. This site was alsa phosphorylated by PKA ln vitro
and was determlned to be Ser2 by mass spectrometrie
analysis of the purlfled chymotryptlc phosphopeptide.
The PKA sites ln NFLwere dephosphoryfated by the puri
f1ed cataJytJc subunlt of proteln phosphatase-2A but not
that of proteln phosphatase-1, and phosphoserine-2 was
a better substrate than phosphoserine-55. The phosphor
ylatlon and dephosphorylatfon of Ser2 and ser55 in NFL
may therefore be Involved in the modulation of neurofil
ament dynamlcs through the antagonistic effects of PKA
and proteln phosphatase-2A. Key Wards: Neuroflla
ment-Proteln kinase A-Phosphatase-Phosphoryla
tion-OkadaJc acid.
J. Neurochem.68. 1207-1213 (1996).

Mammalian neurofilarnents (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
tennined by sodium dodccyl sulfate (SOS) -poly
acrylamide gel elcctrophoresis (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 Lie~ 1990)J•AlI thrce subunits
are phosphoproteins (Julien and Mushynski. 1982).
and the major phosphorylation sites of NFM and NFH
are in their carboxy-tenninal 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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electrophoretic mobilities of bath proteins to increase
(Julien and Mushynski. (982). indicating mat their
anomalous migration is in pan due to phosphorylation.

NFs are known to be relatively stable structures.
although they also appcar to have certain dynamic
propenies. For example, an exchange of subunits be
tween NFL filaments and a soluble pool of NFL has
becn reponed (Angelides et al.. 1989). The in vitro
phosphorylation of NFL by either cyclic AMP
(cAMP)-dependent pralein kinase (PKA) or pratein
kinase C can black its polymerization or cause the
disassembly of preexisting filaments (Gonda et al..
1990; Hisanasa et al•• 1990; Nakamura et aI.• 1990).
Sihag and Nixon (1991) identified Ser" of NFL as an
in vivo PKA phosphorylation site. and they praposed
mat 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 assaciatcs with NFs (Do
semeci and Pant. 1992).

Treatment of dorsal root ganglion (ORG) neurons
with micromolar concentrations of okadaic acid (OA)
bas been reponed to cause the fragmentation of NFs
(Sacher et al., 1992). OA inhibits bath protein pbos
phatase-2A (PP-2A; KI =0.2 nM) and pratein phos
phatase-l (PP-l; Ki = 20 nM). aJthough in the low
nanomolar range it inhibits PP-2A more efficiently
(Cohen et aI.. 1989; Ishihara et al., 1989). It has also
been shown that PP-2A inhibition is at least panly

Rc:c:eived May 19. 1995; linal n:\'iscd manuscript received~
tember 25. 1995; acecpted Scptember 26. 1995.
Ad~ c:orrespondenc:e and n:print rcquests to Or. W. E.

Mushynski al Dcpartment of Bioc:hemisuy. McGiII University. 3655
Drummond. Montreal. Quebcc. Canada mG 1Y6.

Abbrn'itJliotlS /l.St!d: cAMP. cycüc A,'dP; DRG. dorsal root san·
glion; NF. neurotilament; NFH. SR... and NFM. bigh-. low-. and
middle·molecular-mass neurolilament subunit. respectively; OA.
oudak acid; PK;\. cyc:lic AMP-dependent proteill kinase; PMSF.
phenylmcthylsulfonyl fluoride; PP-I and PP-2A,. pmtein phospha
we·1 and .2A. n:spectiveJy; SOS. sodium dodeql sulfate.



B. 1. GIASSON E:r AL•

•

1208

responsible for the fragmentation ofNFs 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 Ibis swdy we show that the activation of PKA
in DRG ncurons treated with nanomolar concentrations
of OA potcntiated NF fragmentation and increased the
phosphorylation of NFL at a novel sile. SerI. This site
is not located within a recognized consensus sequence
for PKA and aIso serves as a substrate for PP-2A.

EXPERIMENTAL PROCEDURES

Materials
OA was purchascd from LC Services (Wobum. MA.

U.S.A.). ,vo,2'-O-Dibucyryl cAMP. 8-bromo eAMP. for
skolin_ me c:atalytic subunit of PKA. and the PKA inhibitor
protein (type m) were purchased from Sigma Chemieal Co.
(SL Louis. MO. U.S.A.). Hjghly puritied PKA eatalytie sub
unit was also purchased from Bochringer-Mannheim (Laval.
Quebec. Canada). Carrier-free 12p. and ['Y. l1p )ATP were
from ICN Biomedic:aIs (Mississauga. Ontario. Canada).
Monoclonal antibodies (anti-NFL. NR4; anti-NFM. NN18~
and anti-NFH. N52) were obrained from Sigma. Horseradish
peroxidase-e:onjugated sheep anti-mouse IgO was obtained
from Amersham. Texas Red-eonjugaled donJcey antj-mouse
(gO v..as obtained from Jackson (mmunoResearch Labora
lories (West Grove. PA. U.S.A.). The caULIytic subunits of
PP-1 and PP-2A (PP-le: and PP-2Ac. respectively) were puri
ficd from rabbit skelelaJ muscle following the procedure of
Cohen et al. ( (988).

Cell culture
Rat DRGs were dissec:ted. dissoc:iated. and maintained in

detined medium as previously described (Sachcr et al.•
(992). For Il1ClaboUc lobeling ecUs were incubated wim 0.25
rnCi of carrier-free J1p,lmI of P.-recluced medium [19: 1 of
P,-free medium (Aow Laboralories. McLean. VA. U.S.A.)
la nonnal medium) for 3 h before trentmenL CcUs were
t.realecf with 2 mM dibutyryl cAMP for 3 h. 2 mM 8-bromo
cAMP for 3 h. or 50 }lM foeskolin for 12 h before OA
t.reaunent for 5 h.

Protein pbospbatase and PKA treatment or NF
subunits

An NF..enriched fraction wu prepared from the white
malter of rat brain and spinal cord (Georges et al.. 1986).
and the NF subunits were funher purified using hydroxylapa
tile (Bio-Rad Laboratories) (Tokutake et 1l1•• 1983). The NF
proteins were dialyzed against 5 mM Tris-HC1 (pH 8.0).
0.1 m.W' fGTA. 0.1 mM pbenylmethyisulfonyl ftuoridc
(PMSF). and 14.3 mM p-mercaptoethanol. NF subunits
(0.2-1.0 mg/ml) were phosphorylated by incubating for 60
min at 300c with 60 units/ml of lhe calalytic subunit of
PKA. 05 mM [y-J::P1ATP (50 ~CiI~l). 1 mM MgCh.
20 mM PIPES (pH 7). and 0.1 mM dithiothreitoL The reac
tian was stopped by adding 1 M guanidine-HCJ. and the NF
proteins were dialyzed against 6S mM Tris-HO (pH 7). 05
mM fGTA. and 0.1 mM PMSF. The NFs were lre8ted for
2 h at 300C with or wilhout PP-Ic/PP-2Ac (15 pg/ml).
PP-2Ac (15 pg/ml). and OA in various combinations as
desc:ribed in the legend to Fig. 4.

Cell fractfonadon, gel electrophoresis, and
western blotting

Cells were harvested in phosphale-buffered salinc (137
mM NaC!. 2.7 mM KCI. 10 mM NalHPO•• and 1.8 mM
KH::PO... pH 7.4) and Iyscd in Triton buffer [l% Triton X
100. 50 mM Tris-HCJ (pH 7.5). 100 mM NaCl. 2 mM
EGTA. 2 mM levamisole. 50 mM NaF. 1 mM PMSf. 25
#lM leupeptin. and 40 units/ml of aprotinin). The extrllets
were cenaifuged at 13.000 g for 30 min. Pellets and supema·
lants were solubilized iD SOS sample buffer [50 mM Tris
Ha (pH 6.S). 1~ glycerol. 2% SOS. and 5% p-mercapto
ethanol]. Gel electrophoresis WllS performed as previous1y
described (LaemmJi. 1970) using 5 or 7~ polyaerylamide
gels. Proreins wcre clectrophoreticaJly ttansferred 10 Immob
iJon-P membranes (MiJlipore Corp.) in buffer containing 48
mM Tris. 39 mM glycine. and 20% melhanol. The mem
branes were blocked with 1% skimmed milk powder in Tris
buffered saline-Tween [20 mM Tris-HClC pH 7.7).137 mM
NaCI. and 0.1~ Tween-20]. inc:ubated with primat)' anti
bodies. and detected using the ECL Western Blotting Detec
tion Kit (Amersham) following the manufaclUrer's instruc
lion.

lmmunoOuoresc:ence microsc:opy
CeUs were stained with anti-NFL monoclonal antibody

(NR4) as previously described (Snc:her et al.. 1992).

Immunopredpitatfon
Cens were harvested in phosphale-buffercd saline and

Iysed in 2% SOS and 50 mM Tris-HC1 (pH 7.6) by boiling
for 2 min. The SOS was diluted to 0.1~ with Triton buffer.
rmmunopreeipitation was earried out as previously described
(Lindenbaum et al.. 1987) using Il polyeJomll rabbit ilntibody
raiscd against NFL

Phosphopeptfde mappfng
Following either inununoprecipitation of metabolicaJly

l:P-labeled NFL from ORO cultures or phosphorylation of
NFL in vitro. l~P-labeled NFL resolved by gel electrophore
sis WllS located by autoradiography and eJtc:ised. and the gel
slic:e was wnshed extensively with 20Cll methanol. Gel slices
were Iyophilized. and proteins were digested for 18 h at 37"C
in 50 mM ammonium bicarbonate containing 20 ~g/ml of
N"-p·tosyl-L.lysine chloromethyl kctonc-a-chymouypsin
(Sigma). After lhe gel slices were remo,·ed. peptides wcre
recovered br Iyophilization and dissolvcd in water. Equa1
amounts of :P counts from each chymoU')'ptic digest were
loaded onto 20- x 20-em cellulose sheets (MN-300. 0.1 mm
thick; Brinkman. Westbury. NY. U.S.A.). Phosphopeptides
were then resolved as desc:ribed (Sihag et al.. 1988) and
were visuaJizcd by autoradiography.

Purification and analysis or pbosphopeptfde 2
Following the chymouyptie digestion of NFL. peptides

were recovered by Iyophilization. dissol\'ed in 8C;& acetic
atid. and applied to an AG 50W-X4 column (Bio-Rad Labo
ratories). Phosphopeptide 2 (see Fig. S) was recovered in
lhe ftow-through. Iyophilized. and funher purified on a C
18 reverse-phase column (Vyda~. Hesperia. CA. U.S.A.).
The peptide was rcsolvcd wilh a O-SOCif gradient ofacetoni
lrile in 0.12% triftuoroac:etie acid. Each purificaüon stcp was
monitored by two-dimensional mapping (Sihag et al•• 1988)
10 verify the presence of phosphopeptide 2. Amino acid and
sequence analyses of phosphopeptide 2 \Vere perfonned at
the Harvard Mic:rochemistry Fac:ility (Cambridge. MA.
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FIG. 1. Western blot anaIysis of the effects of dibu
tyryt cAMP (db cAMP) on NFs in ORG neurcns
treated with incteasing concentrations cf OA. ORG
cultures wete fractIonated loto Triton X-1DO-inso1uble
(1) and -soluble (S) fractions by centrifugation at
13.000 g for 30 min. Samples were resolved bysos
polyacryfamide gel elec:trophoresis. and the NF sub
un/ts were detected by western b10tting as described
in Experimenta! Procedures. The OA concentrations
indlcslBd above each fane were in nanomoIar. Cul
tures were either pretreated (+) or not treated (-)
with 2 mM db cAMP. pH. M. and L referto the native
NF subunits. dpH refers to hypophosphorytated NFH.
and pL refers te a more tUghly phosphcrytated fcrm
ofNFL

•
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U.s.A.). Sequence analysis was detennined by collisionlllly
activated dissociation on a Finnigan TSQ triple quadrupole
mass spec:tromctcr.
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ruption of NFs in OA·rreated neurons is mostIy due
to the inhibition of PP-2A rather than PP·l.

The increase in Triton X-lOO solubility ofNFs seen
when PKA was activated in the presence of OA corre
lated with a disruption of the organization of NFs as
seen by immunof1uorescence microscopy ( Fig. 3). The
neuntes of unlfeated ncurons showed a smooth. contin
uous NF staining pattern (Fig. 3A). and addition of
dibutyryl cAMP alone (Fig. 38) or 20 nM OA aJone
(Fig. 3C) did not produce a significant change in NF
distribution. Minor levels of NF disruption heg:m to
appear wilh 50 nM OA (Fig. 3E). Pretreatment of cell
cultures with dibutyryl cAMP caused a total collapse
of the NF network in the presence of dther 20 (Fig.
3D) or 50 (Fig. 3F) nM DA. The NF staining pattern
in the perikaryon of DRG neurons was not altered by
these t.re1ltments. although the cell bodies of neurons
exposcd to sa nM OA and dibutyryl cAMP tended to
round up.

PP-2A dephosphorylates NFL and NFM lhat bave
been phosphorylated by PKA

NFL and NFM phosphorylated by PK A in vitro
were dephosphorylated by PP-2Ac (Fig. 4. lane 2).
and this activity was totally inhibited by 10 nM OA
( Fig. 4. lane 3 ). A prepar:1tion that contained bath pp.
2A.c and PP-I c also dephosphorylated NFL and NFM
that had heen phosphorylated by PKA (Fig. 4. lane
5). although this activity could he completeI)' inhibited
by IOnM OA (Fig. 4. lane 6). This concentration of
OA is sufficient [0 inhibit completely PP-lA but nO[
PP-I (Cohen et al.. 1989: Jshihnrn et al.. 1989). again
indicating chat PP-ZA., and not PP·l c was responsible
for the obscrved dephosphorylation of the two NF su~

units.

The augmentation in NF fragmentation due Co
PKA activation correlates "iCh the
phosphol')'lation of NFL at a novel site

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

1.-

pIIdp.-

.- i)§#tP&\iW;;;'31

Activation of PKA enhances Che rragmentaCion of
NFs in OA-CreaCed DRG neurons

The reversible fragmentation of NFs has been o~

served in cultured ORO neurons treated with DA
(Sacher et nI.. 1992). This fragmentation. which was
assessed by monitoring the solubility of 'Ill three NF
subunits in Triton X-lOO at 13.000 g. was increased
by pretreating the cultures with dibutyryl cAMP. an
activator of PKA. There was no significant increase
in the Triton X-lOO solubility of NFs when dibutyryl
cAMP was added without OA or with 10 nM OA
for S h. However. Olt OA concentrntions of ~20 nM.
addition of dibutyryl cAMP caused a significant in
crease in the Triton X-IOO solubility of ail three NF
subunits (Fig. l). Two other activators of PKA. 8·
bromo cAMP and forskolin. also enhanced the frag.
mentation of NFs in the presence of 20 nM DA (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 blot analysis of NF subunits in ORG cultures
lreatBd with OA and dlfferent aetivators of PKA. ORG cultures
trestBd wlth 20 nM OA were fractlonated mta Triton-insoluble
(odd-numbered Isnes) and -soluble fraetklns (8ven-numbered
lanes). The samples W8f'e analyzed as in rIO. 1. Cultures were
afso pretreated with 2 mM dibutyryl cAMP (ranes 3 and 4), 2
mM a-bramo cAMP (lanes 5 and 6), or 50~ fOtSkolin (Ianes
7 and 8). The cells analyzecl in Isnes 1 and 2 were treated with
OA only. The abbreviatfons used to label this figure are defined
in the legend to Fig. 1.

•
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FIG. 3. Immunoftuorescence microscopy of
OA· and dlbutyryl cAMP-treated ORG cul·
tures. ORG cultures wer8 untreated (A âI1d D).
or treated with 20 nM OA (C and D) or 50 nM
OA (E and F). B. D. and F were pretreated
wlth 2 mM dlbutyryl cAMP. The cells were
stalnld wlth an antI-NFL monoclonal antibody
as described in Experimental Procedures.

•

procedure. This peptide contains Ser~~. 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 1 was also phos
phorylated when ORO cultures were treated with Il

PKA activator (cf. Fig. SC and E). Phosphorylation
ofphosphopeptide 2 in NFL From DRG cultures treated
with dibutyryl cAMP (Fig. SC) or 50 nM OA (Fig.
5D) was barely detecrabIe. whercas combined treat
ment with bath OA and diburyryl cAMP increased
its phosphorylation dramaticaJly (Fig. SE). A simiIar
synergistic effeet on the phosphorylation ofsite 2 was
obtained with 20 nM OA and dibutyryl cAMP (data

J• •V~uTodnrL Vol. 66. No. J. 1996

nol shown). Sile 2 WilS also a better substrale than site
1 for in vitro dephosphorylalion by PP·2A.: (Fig. 6).
perhaps explaining why OA is required 10 obrain high
levels of phosphopeplide 2 in vivo.

Identification of the novel PKA phosphorylation
site in NFL

Phosphopeptide 2 shawn in Fig. 5 has unusuaJ elec
lrophoretic properties. The buffer used for electropho
resis was Olt pH 15, where carboxylic groups and phos·
phare groups have a greatly reduced negative charge
whereas amine groups have a full positive charge. Con
sequently. peptides normally migrate lowart1 the calh-
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FlG.4. Ge! electrophclfetic anaIysis
of NFL and NFM phosphorylated
with PKA and treated with PP-1e
and PP.2Ac. NFs We18 phosphory
Iated wIth PKA and treated with PP
1e and PP-2Ac: as described in Ex
perimentai Procedures. L.ane 1 of
the autoradTograph shows NFL and
NFM not treated with phosphatase. In Isnes 2. 3. and 4, NFs
were incubated with PP·2A.:. In Isnes 5, 6, and 7, NFs were
incubated with a preparation containing bath PP-1e and pp.2A".
OA was also added ta the reactlon at a concentration of 10 nM
(lanes 3 and 6) and 1 sJA (fanes 4 and 7).

ode at this pH. The fact that phosphopeptide 2 nùgrated
toward the anode. did not bind to the caùon exchange
cesin (AG SOW-X-l). and could not he N-terminally
sequenced suggested that its N-tenninal amino group
was blocked.

The phosphopeptide 2 used for eharactcrizaùon was
derived from chymoU'yptic digests of NFL mat was
phosphorylatcd by PKA in vitro. An average of -0.25
mol cf phosphate/mol of NFL was incorporated in
different experiments. and equivalent arnounts of }~p

wece incorpornted into phosphopeptides 1 and 2 (Fig.
SA), The same results were obtained with PKA cata
Iytic subunit purchased from two different sources and
the in vitro reaction was completely abolished by the
Walsh inhibitor (Walsh et al.. (971) of PKA (data
not shown). Phosphoamino acid analysis showed that
phosphopeptide 2 contained phosphoserine (data not

shown). Amino acid composiùon analysis of the pep
tide revealed mat it most likely contained 2 mol ofSer
and 1 mol of Phe/mol of peptide lTable 1). Chyme
tryptic digestion of NFL should produce a peptide from
the amine-tenninus with the sequence N-acetyl-Ser
Ser-Phe. which wouId have the propenies observed for
phosphopeptide 2. The calculated mass of 461.4 for
phosphopeptide 2 containing a single phosphate moi
cty was \'erified by mass spectrometrie analysis. which
yielded a value of461.0, The high confidence sequence
N-acetyl-Ser-Ser(PO..>·Phe was detennined by colli
sionally 3cti\'3ted dissociation.

DISCUSSION

The NF fragmentation that is induced by treatment
of ORO neurons with OA may he due to the trapping
of intennediate species involved in NF dynamics. The
OA·induced fragmentation is reversible up to a point
(Sachcr et al.. (992) and is due at Icast in pan to the
inhibition of PP-2A (Sacher et al.• (994). The results
presented in this report indicate that PKA is aise in
volvcd in this process as NF fragmentation is markedly
enhanced when this kinase is activated in neurons
treatcd with low concentrations of DA.

Thcre are severa! reasons why Ser! of NFL may
have becn overlooked as a PKA phosphorylation site
in the head domain at the time that phosphorylation of
Ser" was established (Sihag and Nixon. (991). Most
significant is that. the anomalous elcctrophoretic mi-

•
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FlG.5. Two-dimensionaf phosphopeptfde mapping of NFL A: Rat NFL WBS phosphorylated with PKA in vitro, resolved by SOS-PAGE,
and subjected ta two-dimensional phosphopeptIde mapping as described in Experimentai Procedures. ORG cultures were preincubated
with =P, and left untreated (B) or were treated with dibutyryl cAMP (e). 50 nM OA (D). or dibutyryt cAMP plus 50 nM OA (E), and
immunoprec:ipitaled NFL was mapped as described in Experimental Procedures. 0 represents the crigln. and the numbers 1 and 2
indlcate the two NFL peptides phosphorylated by PKA.

J. NNfDChnn.. VoL 46. No. J. 1996
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TABLE 1. Amino add composition alll1J~'sis of
p"osphop~pt;J~1

Phosphopeptide! ~:IS purifiai ilS desc:ribed in E\perimcnClI Pr0
cedures. :utd SO pmol of the peptide as deurminN from its .l!p

specifie: r:ldioacti\'iry ~3S subjceted to ounino ~;d composition iUlal
ysis.

.. This value is :ut underestirnation bcci1~ o-phosphoscrine is
Înefficienlly con\'encd 10 Sec br ac:id hydrolysis 1GI31cret aI_ (976),

7.7
~,O

~.I

~.I

61.0·
-W.6
13.3

Su
Phe
GI)'
GL't
~

AlOi
Ile

Amino ..cid

similarly does not contain il PKA consensus sequence.
Serl may be in a conlext where proximal basic amino
acids from a noncontiguous sequ~nc~ specify phos
phorylation (Kennelly and Krebs. 1991 ~. Of > 100
PKA phosphorylation sites reponed in the literature.
this appears to he the first not to have a basic amino
acid ta the N-terminal side of the site.

The changes in NF distribution scen in neurons
treated with OA and activators of PKA appear to in
volve a shift in equilibrium between the ilntagonistic
effeets of PP-2A and PK A. The phosphorylntion of
Ser2 of NFL may be directly involved in causing an
increase in NF fragmentation. This site is a subslrate
for PKA and PP-2A in vitro. and its in \'h'o phosphory
larion state appears to he regulated by these two en
zymes. Because Serj5 is phospharyl::ued wong with
Ser l under conditions that augment ~'F fragmentation.
bath sites may he involved in this process.

The limited fragmentation of NFs that occurred in
neurons treated with 50 nM DA aJonc: did not appear
10 he pnralleled by a significant increase in the phos
phorylation of NFL (Fig. 50), The low level of Ser2

phosphorylation seen under these conditions was ap
proximately the same as in neurons treated with dibu
tyryl cAMP alone. which did not cause SF frogmenta
tion. The reason for this apparent discrepancy is un
known at present. Perhaps these IWO s~stc:ms differ Olt
sorne other le\'el. such as the extent of ~~[ or NFH
phosphorylation.

The notion that phosphorylation of the amino-termi
nal head domain of NFL is invoh'ed in the fragmenta
tion of NFs is supponed directly by evidence that NFL
homopolymers can be disassembled b~' PKA treatment
in vitro (Hisanaga et aL. 1990; Nakamura et al .• 1990)
and indirectly by the results presented in this repon.
On the other hand. treatment of native ~rs with PKA
in vitro did not cause disassembly (Hisanaga et al..
(994). suggesling [hat other factors may he involved
or that the propenies of NFs may be altered dunng the
course of their isolation.

The chnnges in NFdistribution secn in DRG ncurons

H

H

A

1

FIG. 8. Two-dimensionaJ phosphopeptJde mapping of NFL de
phospharyiated by PP-2Ac. Rat NFL WU phosphorylated by
PKA ln vitro and left untreated (A) or further subjected ta de
phospharytatlon by pp.2A; (8) as described in Experimental
Procedures. FD/lawing chymotryptic cleavage. equal amounts of
radicaetlvlty were loaded. 0 represents the origin. and 1 8I'ld 2
dencte the Iwo NFL peptides phosphorylated by PKA.

gration of phosphopeptide 2 incl'Cnses 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 (Geisleret al.. (983). making it impossi
ble to sequence the N-terminal chymotryptic peptide
by conventional means. Phosphopeptide 2 does not
appear to carrespond ta 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 shawn to underga ra
dioiodinadan. indicating that it contains Tyr (5ihag
and Nixon. 1989).

Phosphopeptide mapping ofmouse and bovine NFL
phosphorylated with PKA in vitro showed them to he
phosphorylated Olt the same two sites as were seen for
rat NFL in Fig. SA (data not shown). The identifica
tion of Ser! as a phosphorylation site in the head do
main of NFL agrees with srudies reponing that bovine
NFL treated with high levels of PKA could he phos
phorylated ta the extent of 2-3 mol of phosphate/mol
of polypeptide (Hisanaga et al.. 1990: Nakamura et
al.. (990). In addition. a recent report suggested the
existence ofa PKA site within the firsr 14 amino acids
of porcine~ a region that does not contain a con
sensus PKA phosphorylation site (Hisanaga et al..
(994). Secause the amino-tenninal tripeptide of NFL

J. NtUrrJCMnL. Vol.. 66. No, J, /996•
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trealed wim DA and a PKA activalor appear to involve
a shift in the equilibrium between the antagonistic ef
(ects of PP-2A and PKA. These [Wo enzymes thus
appear lo be involved in modulating the dynamic prop
enies of NFs. Dcfining the varioas components m
volved in modulating NF dynamics may provide sorne
insight into mecbanisms underlying the aberrant aggre
gation of NFs in certain neurological disorders.
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Intermediate Filament Disassembly In Cultured

Dorsal Root Ganglion Neurons Is Associated With

Amino-Terminal Head Domain Phosphorylation Of

Specifie Subunits

Abstract

We previously reported that activation of protein kinase Ain cultured rat dorsal mot

ganglion neutoos, treated concomitaotly with low concentrations of okadaic acid tbat

selectively inhibit protein phosphatase-2A t enhanced the Triton X-lOO solubility of

neurofilamenttripletproteins(Giasson etai., 1996). We now show that peripherin and Q

intemexin follow the same fragmentation profile as the neurofilament subunitst consistent

with the notion that aIl five cytoplasmic intennediate filament proteins in these neurons

fonn an integrated ftlamentous network whose assembly can he modulated by protein

kinase A. Simîlar ta the situation previously observed for the low molecular mass

neurofilament subunit (NFL)t there was a strong correlation between phosphorylation of

the amino-terminal bead domain of peripherin and filament fragmentation. On the ather

band, insignificant levels of 32p were incorporated iota a-intemexin under conditions

promoting disassembly, indicating that phosphorylation of this protein is not direcdy

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 tait

domain phosphorylation sites . However. changes in NfM head domain phosphorylation

under conditions promotîng filament disassembly were not as pronounced as for

peripherin.
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Introduction

The intermediate filament (IF) network in cultured embryonic dorsal root ganglion

(DRG) neurons is composed of live cytoplasmic intennediate filament (IF) proteins. They

include the neurofilament (NF) triplet proteins, NFL, NFM and NFH. together with

peripherinand a-intemexin(Goldstein etai., 1996; Athlanetal., 1997). These neuronal IF

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

rod domain tlanked by amin<rtenninal head and carboxyl-terminal tait domains (for a

review see Fuchs and Weber, 1994). IFs in different cell types also display a dynamic

behavior that is at least partIy modulated by phosphorylatiooldepbosphorylation (for

reviews see Skalli and Goldman, 1991; Nixon and Shea, 1992).

Evidence that phosphorylation plays a role in NF dynamics is particuJarly

compelling in tJle case of NFL, the key subunit in NF assembly (Ching and Liem, 1993;

Lee et al., 1993; ûbara et al., 1993). The in vitro phosphorylation of NFL by eitber cyclic

AMP-depende~tprotein kinase (PKA) or protein kinase C affects homopolymer assembly

(Gonda etai., 1990; Hisanaga etaJ., 1990; Nakamura et al., 1990). Pbosphorylation sites

affecting NA.. assembly are located in the head domain (Sihag and Nixon. 1989; Sacher et

al., 1994), where Ser-55 was initiaJly identified as a PKA site likely to he involved in NF

dynamics{Sihag and Nixon, 1991). A second PKA site in the head domain ofNFL, Ser-2,

was identified in a study involving DRG neurons (Giasson et al., 1996). The latter study

aIso demonstrated that NF assembly in DRG neuroos can he 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 Jess compelling, although in vitro studies suggest that

phosphorylation of NFM (Streifel et al., 1996) and a-intemexin (Tanaka et al., 1993) may

he similarly involved in modulating filament assembly. The ooly evidence Iinking

peripherin phosphorylation with assembly/disassembly suggests that in PCI2 ceUs highly

phosphorylated peripherin is more stably associated with the cytoskeletal network (Aletta et

al., 1989).

eurrent knowledge concerning the phosphorylation of a-intemexin and peripherin

in vivo is very limited. Peripherin has been shawn to he phosphorylated in PC12 ceUs,

NIE 115 cells and sympathetic neurons (Aletta et al., 1989; Huc et al... 1989) and its

phosphorylation in the two lattercell types is largely restricted to the head domain (Huc et
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al., 1989). On theotherhand, nothing is known about the in vivo phosphorylatioD state of

a-intemexÏn.

The IF cytoskeleton in cultured DRG neurons is a highly iotegrated network

(Athlan et al., 1997). It was therefore of interest to determine whether other neuronal IF

components show a correlation between head domain phosphorylation and IF

fragmentationsiInilar 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-l

inhibitor, okadaic acid (DA) (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 phosphorylatioo and filamentdisassembly for peripherin and a lesser one for NF-

M. a-intemexin did not appearto be involved in this process, since extremelylow levels of

32p were incorporated into the protein under conditions prornoting filament fragmentation.

Experimental Procedures

Materials

DA was purchased from LC Services (Wobum, MA). N6~'-O-Dibutyryl cyclic

AMP (db cAMP), the eatalytic subunit of PKA, anti-mouse IgO. antibody-agarose and

monoclonal anti-NFL antibody (NR4) were from Sigma Chemical Co. (St. Louis, MO).

Carrier-Cree 32Pi and [y_32p]_ATP were from lCN BiomedicaJs (Mississauga, ON).

Monoclonal anti-peripherin (MAB 1527) and anti-a-intemexin (MABI525) antibodies

were purchased from Chemicon International (Temecula, CA). F.nhanced

chemiluminescence reagents were from NEN (Mississauga, ON). Protein A-Sepharose

was obtained from Pbannacia Biotech(Baie D'Urfé, PQ)

Cell culture

Rat DRGs and cerebral cortex were dissectedy dissociated and maiotained in culture

for 20 days and 5 daysy respectively, as described previously (Giasson and Mushynski

1996; 1997). For metabolic labelling celIs were incubated with 0.25 ma of carrier-free

32Pi Iml of Pj-reduced medium [19:1 of Perree medium (Flow Laboratories, McLean, VA)
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to normal medium] for 3 h before treatmenl CeUs were treated with 2 mMdb cAMP for 3h

before the addition of GA for 5 h.

CeU fractioDation, gel electrophoresi~ aDd westem blotting

CeUs were harvested in phosphate-buffered saline (137 mM NaCI, 2.7 mM KCl.

10 mMN3zHP04 , and 1.8 mM Kf4PO.., pH 7.4) and lysed in Triton buffer [1% Triton X

100.50 mMTris (pH 7.5), 100 mM NaO, 2 mMEGTA, 2 mM levamisole, 50 mM NaF,

1 mMPMSF, 25 JolM leupeptin, and 40 unitslml aprotinin]. The extracts were centrifuged

at 13,OOOxg for 30 min. Pellets and supematants were solubilized in sodium dodecyl

sulfate (SOS) sample buffer [50 mM Tris (pH 6.8), 10% g1ycerol, 2% SDS and 5% p
mercaptoethanoI]. Gel electrophoresis was perfonned 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%

methanoI. The membrane was blocked with 1% skimmed milk powder dissolved in Tris

buffered saline-Tween [20 mM Tris (pH 7.7), 137 mM NaO and 0.1 % Tween-20],

incubated with primary antibodies and visualized by enhanced cbemiluminescence as

described by the manufacturer.

ImmuDoprecipitatioD

Cells were harvested in phosphate-buffered saline and lysed in detergent buffer (ISO mM

NaCl, 1% Nonidet-P40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris (pH 8.0),

20 mM NaF, 2 mM EGTA, 05% levamisole, 1 mM NaVO,,_, ImM PMSF, 25 fJM

leupeptin and 40 units/ml aprotinin). Cellular debris was removed by centrifugation al

13,OOOxg for 30 sec. and 1% SOS was added to the supematant. Sampies were boiled for

5 min. and diluted 100foid in Triton buffer. The proteins of interest were

immunoprecipitated for 3 h at 4QC with either a polyclonal rabbit antibody raised against

NFM bound to protein A-Sepharose, or anti-peripherin or anti-a-intemexin antibodies

bound to anti-mouse IgG. antibody-agarose beads. The immunoprecipitates were washed

repeatedly with Triton buffer and eluted by boiling for 5 min in SOS sample buffer.

Chemiad cleavale of peripheriD
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Immunoprecipitate«l 32p-labelled peripherin was resolved by SOS-PAGE in the

presence of 2 mM thioglycolicacid. 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-chlorosucciniDÙde (NCS) buffer (1 g urea, 1 ml H10 and 1 ml acetic acid)(Lischwe

and Ochs, 1982) and incubated at room temperaturefor 1.S h in the same buffer containing

2 mg/ml NCS. The slices were washed with H20, equilibrated in SDS sample buffer and

resolved by SOS-PAGE.

PhosphorylatioD of NFM with PKA in vitro

An NF-enriched fraction was prepared from rat brain stem and spinal card

(Georges et al., 1986), and the NF subunits were furtber purified using hydroxylapatite

(Bio-Rad Laboratories)(Tokutake et al., 19&3). The NF proteins were dialyzed against 5

mM Tris (pH 8.0), 1 mM EGTA, 0.1 mM PMSF and 14.3 mM (J-mercaptoethanol. NF

subunits were phosphorylated by incubation for 60 min at 300C with 60 uoits/ml of the

catalyticsubunit of PKA, 0.1 mM [y-32pJ-ATP (.50 ~Cu'f.lM), 1 mMMA, 20 mM PIPES

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

sample buffer.

Phosphopeptide mapping

Following either immunoprecitation of metabolicalIy 3~-labelled proteins or

phosphorylation of NFM in vitro, the proteins were resolved by SDS-PAGE, visua1ized by

autoradiography and excised from the gel. The gel slices were wasbed with 20% methanol

and lyophilized. Peripherin and NFM were digested for 18 h at3~C in 50 mM ammonium

bicarbonate containing 10 J.lglml of NCS-p-tosyl-L-Iysine chloroketooe-treated Q-

chymotrypsin (Sigma). NFM was further digested with 1°J.lglml trypsin (Sigma) for 6 h at

37C. Mterthe gel slices were removed, peptides were lyophj1jU1f and dissolved in HzO
and loaded onto cellulose TLC sheets (MN-300; EM Science, Gibbstown, NJ).

Phosphopeptides were resolved as described (Sihag and Nixon, 1990) and were visualized

by autoradiography.
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Resalts

In a previous study we had shown that an increase in the Triton solubility of NF

subunits in cultured DRG oeurons correlated with phosphorylation of two PKA sites in the

head domain of NFL (Giasson et al. 9 19(6). It was subsequently shown that two additional

IF proteins, peripherin and a-intemexin. formed a highly integrated oetwork together with

the NF tripletproteios in these neurons (Athlan et al.. 1997). The question therefore arose

as to whethera-intemexin and peripherin followed the same PKA-dependeot fragmentation

pattern as the NF triplet proteins. Fig. 1 shows a Western blot analysis of Triton-insoluble

and Triton-soluble fractions from ORO neurons treated with DM concentrations of okadaic

acid in the presence or absence of the PKA activator. db cAMP. Treatment with db cAMP

or 20 DM DA alone &d oot significantly iocrease the levels of Triton-soluble NR... Q

iotemexin or peripherin. Roughly halfofeach IF protein was rendered Triton-soluble when

neuroos were treated with db cAMP and 20 nM OA together. Higher levels of

solubilization were achieved when PKA v.-as activated in the presence of 50 nM DA.

PKA and OA increased the Tritoo-solubility of aIl five neuronal IF proteins in DRG

neurons (Fig. l and Giasson et al., 1996)9 indicating that phosphorylation sites were being

targetted ta promote filamentdisassembly. We had alreadydemonstrated that fragmentation

of neuronal IFs correlated with phosphOF)-lation of Ser residues in the head domain of NFL

(Giasson etai., 1996). We therefore pnxeeded to determine the phosphorylation status of

other IF proteins in DRG neurons under conditions promotïog filament fragmentation. Fig.

2 shows that db cAMP or 50 DM OA alooe increased the 32P-labelling of peripherin,

although the bighest lever of 32p-labelling was achieved in neurons treated with both

compounds together. The 32P_label in peripherin was Jocated predominaody in the N

tenninal32.5 kDa polypeptide (Fig. 3). The phosphorylation sites in this polypeptide are

most probably in the head domain, sinec it is highly unlikely that the a-helica1 rod segment

is phosphorylated (Steinert et aI.. 1982).

Fig. 4A shows that peripherin from untreated DRG neurons contains one major

chymotryptic phosphopeptide (phosphopeptide 1) as weIl as severa! minor sPeCies. sorne

of which become more prominent following activation of PKA and/or phosphatase

inhibition. Tbese phosphopeptides cao he grouped in three categories: those that becorne

more prominent upon PKA activation (4 and 5 in Fig. 48) or with OA treatment (4-9 in

Fig. 4C), as well as species that become even more prominent when neurons are treated

with both OAanddb cAMP(4, 5, 10 and Il in Fig. 4D). Whetherthe 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 cAMPstrongly supports this notion.

Previous work (Sihag and Nixon, 1990; Sihag et al., (995) revealed two classes of

phosphorylation sites in NFM: sites in the head domain phosphorylated by PKA and/or

protein kinase C, and tait 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 shawn 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, (990). The phosphopeptide map of NFM from db cAMP

treated neurons contained head domain phosphopeptides 2, 4, Sand 8 (Fig. SC),

illustrating tbat 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. SE) did not resu[t in

any outstanding changes in the phosphopeptide map compared to that seen with eitheragent

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 ftlament

disassembly, these results make it difficult to decide whether head domain phosphorylation

in NFM plays a significant role in the fragmentation process.

a-intemexin bas been shown ta undergo head domain phosphorylation by PKA in

vitro (Tanaka et aL, 1993). However, metabolic 3!P-Iabelling studies demonstrated that Q

intemexin immunoprecipitated from DRG cultures contained insignificant levels of 3!p_

label (Fig. 6A, lanes 1-4), even under conditions promoting filament fragmentation. In

contrast, a-intemexin from cultured cortical neurons, where it is the major neuronal IF

protein (Giasson and Mushynski, 1997), showed sorne 3!P-labelling in OA-treated cultures

(Fig. 6A, lane 7). The autoradiograms of immunoprecipitated ':l-intemexin (Fig. 6) and

peripherin (Fig. 2) were exposed for 168 h and 12 h, respectively. Sînce western blots of

the immunoprecipitates indicated that approximately equal amounts of the two proteins

were present, these results demonstrated that insignificant amounts of 3!p were

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

SOnMOA.
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Discussion

We recently demonstrated that PKA activation and DA had a synergistic effect on

increasing the Triton solubility of NF tripletproteins in cultured ORG neurons (Giasson et.

al., 1996). The present report shows that under the same conditions the increase in Triton

solubilityof peripherin and a-intemexin paralleled that of the NF subunits. This finding is

consistent with the notion that IFs in ORO neurons fonn a highly integrated network

(Athlan et al., 1Wl) and indicates that neuronal IF dynanùcs are modulated by mecbanisms

shared with other types of IFs (SkaIIi and GoJdman, 1991; Nixon and Shea, 1992).

Analysis of~ 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., 19(6) and tail domain phosphorylation probably occuning

mainly at Ser-473 (Sihag and Nixon, 1989; Xu et al., 1990). We had aIso 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 ceUs treated with db cAMP

and DA combined, four peripheriD phosphopeptides, including the two that contained PKA

sites, were more highly J2p-labeUed compared to the corresponding species from neurons

treated with eitheragentalone. These 4 sites, perhaps acting synergistieally with other sites

phosphorylated in the presence of db cAMP or DA aloDe, are likely to he iDvolved in

disassembly of the IF network in DRG neurons.

The essential mie of DA in achieving significant levels of IF fragmentation further

illustrates the key mie of protein phosphatases in maintaining cytoskeletal integrity. Q\

inhibits bath PP-l and PP-2A, although it is a more potent iohibitor of PP-2A (Cohen et.

al., 1989). In view of the low concentrations of DA employed in this study, PP-2A

appears to be the phosphatase involved in preventing neuronal lF fragmentation. It has

been demonstrated that 100 DM DA had tittle effeet on the intracelluIar activity of PP-l,

while 30-100 nM of the same compound significandy inhibited PP-2A (Favre et aL,

1997). It is interesting to note in this regard that PP-2A is associated with and may he

involved in preserving NFs (Saito et al., 1995).

The presence of second messenger dependent protein kinase sites in the head

domain of NFM had 100 to the suggestion that they may playa mie 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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1 and 2 (cf. Figs. SC and SO). Wbether 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 matterof conjecture. Perhaps filament fragmentation is

due to the cumulative effeet of head dom~n phosphorylation in the different subunit

proteins, exceptinga-intemexin, 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-intemexin blocked its ability to polymerize (Tanaka et al., 1993). The

lack of a-intemexin phosphorylation in DRG neurons under conditions causing IF

fragmentation was therefore quite unexpected. The possibilty was considered that head

domain sites in a-intemexin were occluded as a result of its coassembly with the other four

neuronal IF proteins in DRG neurons (Athlan et al., 1997). However, phosphorylation of

a-intemexin in cultured cortical neurons was also exceedingly low (Fig. 6) despite the fact

that it is the major IF protein in tbese neurons (Giasson and Mushynski, 1997).

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

cAMP and DA, suggests that tbis IF subunit is not directly involved in fragmentation

mediated by phosphorylation. However. a recent study suggests that this protein May he

involved in fonning a more flexible IF network (Giasson and Musbynski, 19'.11). The

presence of a-intemexin in the neuronal IF network of cuItured embryonic DRG neurons

may thus renderthese IFs more responsive to the effects of bead domain phosphorylation.

Our findings clearly indicate that bath PKA and PP-2A can he involved in

modulating the dynamics of the highly complex IF network present in cultured DRO

neurons. The phosphorylation of sites in the head domains of NFL, NFM and peripherin

may he Iinked with this process. It remains to he detennined which and how Many of these

phosphorylation sites are actually involved in promoting IF disassembly, aIthough such an

undertaking would requite the prior identification of those sites that have not yet been

characterized. Even though extensive cytoskeletal reanangements such as that cau.sed by db

cAMPand OA treatmeot{see also, Giasson et al., 1996) are unlikely to occur in ontreated

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 blot analysis of the effect of db cAMP on neuronal IFs in DRG

neurons treated with increasiog concentrations of DA. DRG cultures were fractionated ioto

Triton X-IOD-insoluble (1) and -soluble (5) fractions by centifugation at 13,OOOxg 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 CA

concentrations are indicated above each lane. Cultures were either pretreated (+) or Dot

treated (-) with 2 mM db cAMP. L, f, and P refer to NFL, a-intemexin and peripherin,

respectively.
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Figure 2. Pbosphorylation of peripherin in DRG cultures treated with db cAMPand OA.

DRG cultures were preincubated with J2Pi and left untreated (lane 1), treated with 2 mM db

cAMP(1ane 2) , treated with 50 nM OA (1ane 3) or treated with 2 mM db cAMP plus 50

nM DA (1ane 4). Peripherin was immunoprecipitated as described in Experimental

Procedures. (A) Peripherin was visua1ized by western blotting. (B) Mter western blotting,

the membrane was rinsed with water, dried and J1P-labened peripherin was visuaiized by

autoradiogmphy.
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Figure 3. 32pclabelling of the amio~ and carboxy-tenninal halves of chemically c1eaved

peripherin from DRG cultures treated with db cAMP and DA. (A) Diagram showing the

structure of peripherin. The position of the unique tryptophan residue is indicated by the

arrow and the predicted molecularmasses of the polypeptides following chemicaI cleavage

at this amino acid residue are indicated above the schematic. (B) DRG cultures were

preincubated with 32pj and left untreated (lane 1), or were treated with 2 mM db cAMP

(1ane 2), 50 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

peripherio protein, as detennined by western blotting, was loaded in each Jane. The

numbers on the right indicate the positions and molecuJar masses in kDa of proteio

standards. F, N and C refer to full-Iength peripherin and the N- and C-tenninal segments,

respectively.
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Figure 4. Two-dimensional phosphopeptide mapping of peripherin. DRG cultures were

preincubated with 32Pi and left untreated(A), or were treated with 2 mM db cAMP (B), 50

nM DA (C) or 2 mM db cAMP plus 50 nM CA (D). Immunoprecipitated peripherin was

digested and phosphopeptides were resolved on TLC sheets as described in Experimental

Procedures. An equal amount of perpherin, as detennined by western blotting, was used

for each map. 0 represents the ongin, and the spots numbered l to Il indicate the major

peripherin phosphopeptides.
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Figore S. Two-dimensional phosphopeptide mapping of NFM. A: Rat NFM was

phosphorylated with PKA in vitro, resolved by SOS-PAGE, and subjected to two

dimensional phosphopeptide mapping as described in Experimental Procedures. B-E:

DRG cultures were preincubated with 32Pj and left untreated (B), or were treated with 2

mM db cAMP (C), 50 nM OA (D) or 2mM db cAMP plus 50 nM OA (E).

ImmunoprecipitatedNFM 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. 0 represents the ongin,

and the spots labelled with Dumbers 1 to 9 and asterisks indicate the major NFM

phosphopeptides.
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Figure 6. Phosphorylation of a-intemexin in DRG and cerebral cortex cultures. DRG

cultures (Ianes 1-4) and cerebral cortex cultures (1anes 5-8) were preincubated with 3~Pi

and left untreated (lanes l and 5), or were treated with 2 mM db cAMP (lanes 2 and 6), 50

nMOA(Janes 3 and 7) or 2 mM db cAMP plus 50 DM DA (Ianes 4 and 8). a-intemexin

was immunoprecipitated as described in Experimental Procedures. (8) a-intemexin was

visualized by western blotting. (A) After western blotting, the membrane was rinsed with

water, dried and 32p-labelled a-intemexin was visualized by autoradiography. 1 refers to a

intemexin. The numbers on the right indicate the positions of molecular mass markers and

their masses in kOa.
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Abstract

The expression and Triton X-lOO (Tritonl solubili~' of neuronal intennedialc filamenl proleins were dctennincd in the de\'cloping rat
cerebral c:ortex. The level of expression ofQ-int~un '435 unc:hanged From embryonic day IS (ElS) 10 postnalal day IS (PIS). whereas
expression of the mid-sized neurotilamenl subunit inc:~ conlinLUÙly during this inlCrval concomitanl with a reduction in Trilon
solubility of the [wo prolcins. The low molecular wcighl neurotilament subuniL tirsl barely dctectcd Olt P2. was largely insoluble in Trilon
from the initial lime point Ihat its solubiUty could be ~~'cd. 3t PS. 10 PI S. Similar expression panerns and Triton solubility profiles were
obtained for neuronal intennediale filament proleins in c:ultured neurons from ElS cerebral cortex. These results 5Uggesl mat Q·inteme:tin is
expressed earlier lhan neurofilamenl proleins to pl'O\'ide Ol more plastic network in the carly developing brain. The incorporation of
ncurofilamcnt proleins apparently n:sults in the fonm.tion of the more stable intermediate filamenl nctwork found in mature ncurons. rt
1997 Elsevier Science Ireland Ud.

KI!~m'ords: cr·Intemexin: Cerebral c:onex: De\elopment: Seurolilament

0304-39401971$17.00 Cl t997 Elsevier Science lrel:md Led. AU righlS n:sem:d
PU S0304-3940(97)00425-4•

The 8-10 nm filaments found in most mammalian ceIls
are composed of subunits belonging to the large family of
iÎltermediate filament (IF) proteins [7}. The carliest IF pro
teins expressed in and associated with de\'elopment of the
mammalian nervous system are vimentin H} and nestin
[14}. However. the expression of bath proteins is silenccd
when neuronal precursor ceUs become posunilotic. Postmi·
lotic neurons may express sorne or ail of fi "e other IF pro
teins [1.71. Three of these comprise the neurofilament (NF)
triplet. consisting of the low molecular weight (~'FLJ. mid
sized (NFM) and high moIecular weight (~"FH, ~"F subunits
[9). a·lnternexin (a-Int) and pcripherin are the other two IF
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). white peripherin is expressed mainly in the
pcripheraJ nervous system {S].

DNA transfection studies with cells deficient in cndogen
ous cytoplasmic IFs demonstrated that ~"Fs are obligate
hcteropolymers in vivo [3.13}. The co-expression of either

·Corresponding aulhor. Tel.: +15143981286: fa.'\: -1 5t4 39S73U:
c·rnail: mushynsl:i@mcdalr.rncgillJ:lL

NFM or NFH with NFL is required for the fonnation of an
IF nctwork. UnIike NF subunilS. a·lnt cao assemble into an
extended filament network in the absence of othc=r IF pra.
teins and can a(so co-assemble with NF subunits both in
"i..'o [3} and in vitro [2}. This apparent vcrsatility of cr-Int
in fonning homo- and hetcropolymcric networks confonns
with thc suggestion that il forms a transitional IF network
that sef'\'CS as a scaffold for the incorporation of NF subunits
[6.15}.

This repon details our study of how the slabilization of
the neuronal IF network is affc=cted by devclopmental
changes in expression of neuronal IF proteins in rat ce~bral
corte't. as weil as in rat cerebral conex cultures from
embryonic day 15 (EI5) embryos. A progressive stabiliza
tion of the neuronal IF network was observed which coin
cided with an upregulation in the levels of NF protcins.

Embryos were obtained (rom Sprague-Dawley filts that
were anesthetized with ether and sacrificed by ccn;ca! dis·
location. Cerebral comees dissecled from EI5 fill embryos
wcre dissociated with ttypsin and cells wcre maintained in
defined medium NI containing 30 ~g mr l bovine apo.uans
ferrin. with added 0.9% bovine serum albumin (8}. 1~ fetaI
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for SDS-polyacrylamide gel electrophoresis (PAGE,. cere
bral conices were rinsed in PBS and lysed in 2Cl- SOS. 625
mM Tris (pH 6.8). and protein concentration was dcrer
mined using the bicinchoninic acid (BCA) assay (Pierce
Chemical Co.). Polypeptides were resolved on slab gels
by SOS-PAGE [12) and neuronal IF proteins were detected
by Western blot analysis [8) using an enhanced chemilumi
nescence (ECL) detection kit (Arncrshanll. Monoclonal
antibodies (anti-NFL. NR4: anli-NFM. NN 18: :mti-NFH.
NS2) were oblained (rom Sigma Chemical Co. Anti-a-fnt
(MAS (525) and anti-peripherin (MAS 1527) monoclonal
antibodies were (rom Chcmicon Int. For quantitath"e Wes
tern blotting. [llS[Jrnbbit anti-mouse IgG was used as a sec
ondary antibody and the proleins were quantified using a
Fujix BAS 2000 Bio-Imaging Analyzer (Fuji Bio-Imaging).

a-Int was present in the cerebral cone:< as a major com
panent as early as EIS. and its level ofexpression remOlined
constant up to postnatal day 15 (PIS) (Fig. 1). In contrnst.
NFM was barely detectable Olt EIS but its le\'el increased
continually up to Olt least PIS. which was Ihe last lime point
analyzed. NFL was not detectnble before ~. :md ~'FH

before PS. after which thcir levels increased up to al Icast
PIS. Peripherin was not detected in the cerebml cone.'t from
EI5 10 PIS (data not shawn).

The Triton solubility of NFM and a-Int decreased with
increa'iing age of the rats (Fig. 2). In contrnSt. mo~t of the
NFL wns Trilon-insoluble fmm the time fP5) whtn suffi
cient amounts were present to assay ilS solubility. The Tri
ton solubility of NFH could not he quantified by image
analysis. because the I:!$I-based procedure uscd for quanti
tative Western blouing is not a'i sensitive as the ECL detec
tion procedure in Fig. 1nnd running higher le\'els ofprotein
extract on gels cau~d NFH to smear. Howe\'er. experiments
perfonned on PlO and PIS extrncls using the ECL proce
dure revealed thilt the more slowly migrnting. h~1~rpho

sphorylated isofonns of NFH [101 were predominantly
Triton-insoluble. wherens the hypophosphorylatcd isofonns

100 __-----------....--.

-_ ...... -NFL

_. _ ..__ -NFM

-pNFH

-dpNFH

Ln co oin
....... NLI) ......
WWa.o.o.o.

_______ -u-fNT

AGE:

100....-------------,

calf serum (Gibco BRL) and antibiotics. Culture dishes
wcre conted with cros~linked collngen (8].

For the Triton X-IOO (Triton) fractionalion of freshly
dissectcd cerebral conices. the tissue was rinstd in phos
phalc-buffered saline (PBS) and disruptc:d in la volumes
of Triton buffer (1~ Triton. sa mM Tris (pH 7.5). 100
mM NaCI. 2 mM EGTA. 2 mM Ic....amisole. sa m~f NaF
and protcase inhibitors} using a Dounce homogenizer (la
strokes). The extrncts were centrifuged at 1J 000 x g for 20
min. Pellets and supemntants were solubifizcd in sodium
dodccyl sulfate (SDS)-sample buffer [121. Cerebral conex
cultures were harvested in PBS. Iysed in Triton buffer by
\'ol1exing and centrifuged as described abo\'c.

For experiments requiring Ihe equal loading of proteins

Fig. 1. Expres.'ion of neuronal IF proleilb in ~ de\c1opint l:e:n:bral
conu. The: age of !he rab 31 Ihe Ii~ of disS«lion is indk31.:d :lI the
lop of e:lch I.me:. Equal amounlli of protein wen: loa&:d in ~h l:lIle OUld
ncure:10l1 IF prou:ins ..,;re ~t«lc:d by ECL on W~lem blob. pSFH and
dpSFH refc:r 10 hypc:r· illld hypophosphol)13led ronn, of !hl: hl!h mole:
cular wc:ighl NF \ubUnil. l'eSp«tively. SF\I. SFL and Q'·I~T refer 10 the
mid·'izN and lOIN molc:cular wcight SF 'ubunilli.md Q·inlemc:<in. ~pec'
11\'l~ly.

O.J...."""T""---..--T----r----..--'O.....'T""""-.,.--"T""'""'-r--r--r-'
EIS EI8 P2 PS PlO PIS

AF
EI8 Pl P:; PlO PIS

Ace

•
fig. !. Changes in Triton solubililY or nc:uronal IF prol.:iru. in &hl: de\eloping ct:rcbraf coneA. ProlC:in.~ wen: S4...paraled inlo Triton'solubl~ anl! -1R"Oluble
fractiolL'- ~l«lr:d by ':."'I·!Ja.'ICÜ Western blouin~ and quanlih~ b~ irna~~ :lI1:lfy\i\. The Olga orthe r.Ils 31~ Ii~ or lhe di\S«lions are indïC3lcd on tœ .t

3.\0. ~P.\1. NFL and a·INT an: dcfined in rh.: I~end 10 Fig. 1. If = 5-8.
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fig. 3. Ex~lon o( ncuroll4f IF prolCins in cullu~s of dïssocilllCd EIS roll

~br:1I c:oncx. Protcins wcre dcccctro by ECL on Wesœm blou. The
number of days thallhc: cultures were maintaincd liner plating is indic:lted
i&bove tllCh 14nc:. Cullu~ wcte harveslcd in the wne yolume o( SOS
QITIple buffer:and cqUlÛ volumes o( sample we~ loadcd in e:lCh Iane. IF
subunil dc:sigll3lions Me provided in the legcnd 10 fig. 1.

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

ln cultures ofEI5 cerebral cortex. the expression ofa-Int
was constant throughout the 20 <fays thal ncurons were
maintained (Fig. 3). NFM could also be detecled throughout
this interval. allhough ilS expression increased with time.
NFL was detected only lÛter 15 days and ilS expression
increased from day 15-20. white a band corresponding to
hypophosphorylared NFH was first detectcd al day 10.

The Triton solubililY of bolh NFM and a-Int decreased
throughOUl Ihe lime Ihal cerebral cortex neurons were main
tained in cuhure (Fig. 4). Agnin. NFL was mosdy Trilon·
insoluble from the lime it could firsl be delected. Il was nOl
possible to assess the Triton-solubility of NFH in the cul
tures because its level of expression was too low.

The expression patterns described here for a-Int and the
three NF subunits in developing rat cerebral cortex are
essentially similar to those reponed in previous studies
[6.11). a·lnt was by far the predominant neuronal IF protein
at E15. the earliest age lestcd. In addition. the expression of
NFM c1early preceded that of NFL balh in vivo and in
cuhured cortical neurons. The carly expression of NFM
has also becn reported for other types of neurons [17.191.
contrary to the nOlion that the expression of NFL and NFM
are always tightly Iinked [15.16.18).

The functional significance of the sequential appearance
of different IF proteins in neurons is unknown. It has becn
suggested that the expression of a-Int prior to the other
neuronal IF proteins in poslmitotic neurons may he of
help 10 maintain plasticity during neurite outgrowth [151
and to provide a SCôlffold for subsequent incorporation of
NF subunits [6.151. We show in the present study that the
latterevent coincides with a decrease in the Trilon solubility
of neuronal IFs.

At early developmental stages (EIS). when it was the
major IF protein expressed in conical neurons. a·lnt was
largely Triton-soluble. The relative increase in NF subunit
levels with continued development was accompanied by a
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stabiliz:ltion of the neuronal IF network. as judged by the
decrease in Triton solubiIiry of the various c:omponents
(Figs. 2 and 4). It is Înteresting ro note that NA.. was largely
insoluble in Trilon whenever there were suffident amounlS
to be assayed. indicaling that it was rapidly incorporated
into a stable [F nctwork.

Our proposa! that stabilization of neuronal IFs in devel
oping cerebral cortex is due to the incorporation of increas·
ing levels of NF subunilS into a network fonned initially by
a·lnt is based on two assumptions: that a-[nt and the NF
triplet are co.expressed in the same nc~urons and that they
can ca.polymerize. There is a great deal of e\'idence sug·
gesting mat bath of these assumptions are in raet correct. a·
Int is round in most. if not ail. central nervous system (eNS)
neurons. Ils expression precedes that of NF triplet proteins
in the embryo and its distribution in the adult CNS c10sely
parailels that of the ~1= subunits [6.11 J. Smali cerebellar
granule cells appear to represent one of the rare c;liccptions
10 the co-Iocalization of these neuronal lF proleins. as they
contain only a-Int [6J. There is also considerable evidence
indicaling that a-Int and NF subunilS can ca.polymerize
bath in vivo [3) and in vitro [2). Also notewonhy is the
observed co-immunaprecipitation of a·[nt ",'ith NF subunits
from exlraclS ofokadaic acid·crealed sensory neurons. sug·
gesling Ihat these proleins fonn a highly inrcgrared structure
[1].

a-Int is unique among the cype IV IF proteins in (hat il
can also fonn a homopolymeric filarnc:nlous nelwork in
transfecled. IF~efident 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
polymerie IFs would ~nable a-Int to form a more plastic.
transient IF nelwork in develaping ncurons and ta panici
pate with the NF ~ubunilS in fanning more stable IFs in
mature CNS neUron$ [151.
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Fig. 4. Ch:mg.:s in Tnt(ln ~lubÎIÎty f>la:~roIl31 IF prol~ilb in cullun:d
nc:urons from dil''lOCt;u'.oJ EI5 cc:~br:ù Cllnc:(.~ p:n;.:nta!!~ of ellch IF
prolcin dult i.\ Triton-in"h;l'I~ \\Ob dclCnnin~3.\ ~ribN in Fig. 2. The
numbcrs of d:lys lhal ~ ...,dtun.~ \\ere lMintllined afler platinI! :R indi·
c;ll~ on the ,t'-lllt~ SF\L ~FLmd a-I:'\T are dctin.:d in th~ l~!c:nd 10 Fig.
1.
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It is not clear at present whether the effcct of NF triplet
proteins on the stability of the IF network incortical neurons
is direct or indirect. Stabilization may be the direct result of
co-polym~rizationof NF subunits with a-mt. Alternatively.
NF subunits integrated into the IF network may stabilize it
by interac:lÎng with other cellular components. Resolving
this issue will provide new insights mta the dynamics of
neuronal IFs and their raie in neuronal development.

This research was suppol1ed by a grant from the Medical
Rese:m:h Couneil of Canada. B.LG. \\tas the recipient of a
studentship from the Fonds de la Recherche en Santé du
Québec. We would Iike to thank Dr. G. Almazan for her
help in sening up cerebral cortex cultures.
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The aberrant phosphorylaUon of the neuromament
b1(h molecular wei,hl lubunit (NFII) iD. the neuronal
perikaryOD la a common feature of severai neurolociea1
cfbeases. We demonatrated a Itron,correlation between
hyperphosphorylatiOD ofthe NFH carbozyl·termiDal do
main and activation of stresa.activated protefn kinase
<SAPK> -'Y in PeU cella. Arenta that activated SAPKy iD
PC12 cens alao C8used the hyperphosphorylatfon of
perikaryal NFH in eultured dorsal root ganglion neu
l'Ons. The NFH earbozyl·terminal domafD wu ph=pho
rylated by SAPKy ln. oi/rot and the use of peptide sub
strates incUeated that this event oeeurred preferentiaDy
at KSPXE motifs. We propose that SAPKYt perhaps iD
concert with other SAPKs, is fnvolved in the abnormal
pbosphorylatfOD of perikaryal NFH. Thla ftndfnlr couJd
lead to new insf,hts into the etiololY of severa! neuro
logical cUaeases.

Neurofilamenta (NrS)1 are major componenta orthe c:ytoskel
etan in many types or mature neuroDS and are particuJarly
abundant ln large, myelinated axons (l). Mammalian NFs are
obUgate heteropolymers (2-4) composed orthree type IV inter
mediate filament proteins, NF!.. NFM. and NFH, with appar
ent moleeuJar masses oC68, 150, and 200 kD~ respectively f5t
ln common with other intermediate filament proteina, each NF
aubunit containa a highly conserved a·beüeal rad domain. in
volved in eoiled-œü dimer ronnation. flanked by an amln~

terminal head domain and a c:arboxyl.tenninaJ taU domain c6),
The size differences between NF subunits are due ta variations
iD the length oC the tail domains (6), which project. lateraUy
from the filament axis (7, 8) and appear ta form cross-bridges
between NFs and with other uonal structures (9).

The tai1 domains oC NFM and NFH display complex subdo
main patterns with several distinct motifs (l0). One 8uch motif,
the Lys-Ser.Pro (KSP) sequence, is especially abundant ln the
taU domain or NFH, with numbers ranging from 43 in human
NFH (11) ta over 50 iD NFH from mouse (12) and rat fl3).

• This felearch wu supported br a graDt from the Medical Reaearcll
CounciJ oCCanada. The coats ofpubliœtion ofthù article were def'ra)'ed
in part by the payment of page marges. nu. article must thererore be
bereby marked ·cul~rtiurMnt'" in ace:ordance with 18 U.5.C, Section
1734 sote1y ta indicate this faeL*Recipientoh Studentahip !rom the Fonda de la Recherche en Santé
du Quebec..

f TG wham reprint requ~ahould be addreaaed: Dept. ofSioc:hem·
îstry. McGill University, 3655 Drummond. Montreal. Quebee H3G lY6.
Canada. Tel: 514-398-7286; Fu: 514-398-7384.

1 The abbreviationa gJed are: NF. neurofilament; CI, N·acety[·Leu.
Leu-DOrleucinal; en.N-eœtyI·Leu.Leu·methicminaJ; DRG. dorsal root po
BIia; ERK. extracel1uJa.r sïgnal.regulated kinaae; OST, glutathione s.trans
renie; MAP. mitopn-acûvated protein; NFL. N'FM.. and NFH. Iow.
medium. and bich molec:ular m.aaa neumfltament suhunita. n!SpeCÔ\'e1y;
NOF. nene growth fiIctor; KSP,l.y&-Sero.Pro; PAGE. polyacrylamide gel
eJectropboresis; SAPK ItreIHCtivated prot.ein lcinaIe;TNFa.tumor~
lis factor.a; Tricine, N-l2-hydrozy-l,l-lühydrœymetbyl)ethyllPyçiœ.

These KSP repeats represent the major phosphorylatioD sites
in NFH and NFM (14, 15), which ac:count ror the high phos
phoserine content of the two proteins (1, 16). The electro
phoretic mobilities of NFH and NFM on SDS.pol)-acr~..lamjde
gels are retarded significantly by phosphorylation of the KSP
repeats (16).

The knowledge that KSP repeats eontain the major phospho
rylation sites in NFM and NFH bas focused efforts to identify
the relevant kinases within the superfamily ofproline-directed
proteiD kinases. Severa! neuronal enzymes in this c:ategory
have been shawn ta phosphorylate NFH in uitra. These inc:lude
glyeogen synthase lcinase-3 (17), extraceUular signal-reguJated
kinases (ERKs) U8, 19), and c:yc:lin-dependent~ 120,
21>. Sinee KSP motifs located iD di1Terent sequenœ CQntexts are
phosphorylated in uiua (15), severa! kinases may partil:Ïpate in
tail demain phosphorylation, perhaps through a hierarchic:al
mechanism (22).

The development or monoclonal antibodies that could distin
guish between ph08phorylated and unphosphorylated KSP re
peata in the tail domains ofNFH and NFM led ta the di.sc:overy
that axenal NFs are normally more highly phospbor)'lated
than those loc:ated in the perikaryon and dendrites 123, 24).
This normal phosphorylation pattern is characteristiealJy al
tered in a variety of neuropathologies. where peri~-aJNFs
become byperphosphorylated (25. 26).

We recently showed (27) that N·acetyl·Leu·Leu·norleuclnaJ
(cn. a potent caJpain (28) and proteasome inhibitor 129, 30),
stimulated phosphorylation or the tail domain of~TH in neu
ron·like PC12 ceUs and iD ceU bodies of dorsal root ganglion
«DRG) neurons. We have now found that ageots knO\\"D ta
ae:tivate stresa response pathways have an effect similar to that
or cr. These pathways involve proline-directed kinues oC the
mitogen·actïvated protein rMAP) kinase family, which include
the ERKs. the stress-actïvated protein kinases .SAPKs,. and
p38. (31). The MAP kinases are related stn.lI:turaU~·and are
activated by simiJar cascades in responae ta diverse external
stimuli. The SAPK pathway responds ta inua· and enraœllu
lar stress stimuli and may promote inhibition of œU growth
132, 33). There is a degree of cross-talk between the different
MAP kinase signaJing cascades as evidenced by the ae:tÏ\-ation
of ERKs, SAPKs, and p38 by hyperosmolarity (34, 35•. How
ever, the various MAP kinases aIso respond differentl~·ta cer·
tain stimuli. one example belng the activation b~· arsenite of
p38, but not. the ERKs. in PC12 cells (36).

We report here that cr caused the prolongeci ae:tÏ\]tion or
ERK-l/2 and SAPKy. The stimulation of NFH tall'domain
pbosphorylation in PC12 cel1s by various stress response ac:ti
vatan c:orrelated witb the degree orSAPK'Y activation and the
kinase phosphorylated recombinant NFH tail domain in cÎtro.
These resulta suggest that stress-ae:tivated protein kinases
may- he responsible for the hyperphosphorylation ofperikaryal
NFs seen in various neuropathologies.



Fla. 1. NFH carboxyl-tenllinal tan dODWn pboepboryladon Ùl
PCl2 ceu.. Western blot analysia of protein esttacta from PC12 œlls
treated with variOUI agenta and probed with 8Dti·NFH 8Dtibodies :'\52.
SM! 31, 8Dd SMI 34. 'The agent and duntion oftreatment are iIldicated
aboL'*! each lane. pNFH and dpNFH mer to hyper· and bypopbospho
rylated NFH, respec:tively. Equal amounta of protein were loaded in
each Jane.
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-pNFH
·dpNFH

....•
••

N52

SMI 34

SM1 31

15 CllmmoJ). The reactiona were terminated after 20 min at 30 'C bv
boillnS (or 5 min in SOS sample butTer. The phOlpborylation oC myellil
baic protein wu quantilied by liquid scintillotion countingofCoo~
sie Blue R26o-staining protein banda exciaed from SOS-PAGE gels.
~l El«trophortst. and Waltm Blolti1l/l- For the separate analrm

ofneurite and perikaryal fractions., diaocia.ted DRGa were plated on a
smaU area at the center of a diah as dete:ribed above. This allowed for
tbe manua1 separation of a central zone rich in neuronal cell bodies
from the halo of neUTite. by using a cin:ular punch with a diameter
lliahtly latpr than that of the neuronal coll body ID.... Tbe DRG
fractions were IOJubUized in SOS sample butTer. PC12 cella Were b.v.
ve.ted in 2~ SOS, 50 mM Tria, pH 6.8, 8Dd protein concentration su
detennined uaing the bicinchoninic acid lBCA) usay (Pierce). Equal
amounta of protein were resolved on Ilab pla by SDS-PAGE '41J.
Proteina were elec:trophoretic:ally tranaferred to InunobiJon-P mem·
brane (Millipore Corp.) in bufi"er c:ontaining 48 mM TN, 39 DUlsb-cine.
and 5~ methanol. The membrane wu thon blocked with III stimmed
mille powder iIl Tria·buffered saliDl!II'ween (20 mM Tria. pH 7.7,137 ln.Y

NaCl, and O.l~ Tween 201, incubated with primary antibodies. and
developed W1ing the ECL We.tem blotting Detection Kit IAmersbam
Corp.).

Immuno/luoraœ,," !rlù:TDICOPY- Di.persecl DRG cultures .,·ere
grown on coUagen-eoated glUI covenlipa. The cella were fixed with
3.7Cl phosphate-butrered formaJdeh)1fe, then with methanolat -20 ·C.
rinaed, blocked with SO«;i ggat serum in TBS no au.t Tria. pH 7.4. ISO
mM NaC1), 0.3'* Triton X-l00. and incubated for 30 min with 5.\U 34
monoclonal antibody (Vl000t in TBS, O.3Cl Triton X-100 containing
10~ goat serum. After extensive wahing, the ceUs were inc:ubated vrith
Texas Red-conjugatA!d domy anti·mouae [sG rJackaon Immunof'l!-'
search Laboratories, West Gro.."e. PA) in TBS, 0.3c:f Triton X·l00 con·
taining 1()ll. goat serum.

RESULTS

Effect ofDifferent Agents on NFH Phosphorylation in PC12
Cells-The effects on NFH phosphorylation of agents tbat are
known to ae:tivate members of the MAP kinase family were
asseBSed by Western blotting using three difTerent monoclonal
antibodies. N52 ia a NFH.specific, pbosphorylation-independ.
ent antibody (42) that wu used ta assess increases in SFH
phosphorylation by detec:ting species with a reduced mobility
on SOS-PAGE US}. SM! 31 and SM! 34 antibodies bind t&~

difTerent phosphoepitopes invo1vinr KSP repeata in the tail
domains ofNFH and 80metimes NFM (43).

Treatment ofPC12 œlls with. CI (30 l'Jill fol'" 10 h caused all

Aberrant Phosphorylation ofNeurofilaments

EXPERIMENTAL PROCEDURES

MaœriGU -CI. N-acetyl·Leu-Leu-methioninaJ (Cm, anisomycin, and
anti-NFH monoclonal antibody N52 were purchased from Sigma. Hu
man recombinant tumor necrosis factor-cr ITNFld wu from Collabora·
tive Biomedical Producta (Bedford. MAI. Nerve growth faetar (NGF)
(2.55) wu purdtued from Prince Labontoriea (Toronto, ON). Anti-NF
monoclonal 8Dtiboeües SM! 31 8Dd SM! 34 were obtained from Stem
berger Monodonals. !ne. (Baltimore, MD). Anti-SAPKy (C-ln, anti
ERK-l (C-16), and anti-ERK-2 (C-141 polydonal 8Dtibodies as weil as
glutatbione S-tranaferue (GS'l'k.Jun (amino adda 1-79) were pur·
chued fiom Santa CnI% Biotedmolocy. Inc. (Santa Cru, CA). Myelin
basic protein and bovine serum aJbumin were from Lire Technolosiet,
[ne. CBurlington. ON). Bovine apotranaferrin wu l'rom [CN (Miaais-o
18uga. ON)' GST-NFH fusion protein cantaining the entire tait domain
of murine NFH (amino acida 412-1087; Rer. 12) wu expresaed as a
recombinant protein in ElcMrichia coli W1ing the bacterial expraaion
vec:tor pGEX·2T(Pharmacia Biot«b. Baie D'Urfé, PQ) and wa purified
by aftinity chromatosraphy Uling glutAthione-Agaroee.

OU Cu/tlUY-Embryos were obtained from Sprague-DawJey rata
that were previoualy aneathetized with ether and sac:riftc:ed by cervical
dialocation. ORe. (rom El5 rat embryos 'Nere cliasected, dissociated
with trypsin. and maintained in defined medium NI (31) c:ontaining 30
~ml-' bovine apotranaferrin. with addedO.~ bovine serum albumiJl.
6 PB ml-& 2.5 S NGF, and antibiotics. Culture diahes were c:oated with
croaa-Iinked collapn (38) in a procedure involvi.ng ovemight precipita.
tian or 50 ". ml-& collagen followed br crou-linking for 2 h at room
tempenture witb 130 14 ml-a or 1-eyclohex:yI-3-t2.morpbolinoethyl)
carbodiimide-p-toJuennulfonate. Diasociated DRGs were plated either
CÜllperse1y or in a volume oC 10 ,ù at the center ofa 35-mm dilh. [n the
latter eue, the cella were allowed to attach Cor 30 min beCore Dooding
with defined medium. The loc:alizaûon o!neurona1 perikarya in a small
centrally located region allowed tbem to be separated manually Crom
the surrounding halo ofneurites. Loc:aJized and cn.persed ORO cultures
were maintained for 19-20 daya before beinl wed Cor experimenta.

'The PC12 cella were obtained from the Americ:an Type Culture
CoUection (Rockville, MD) and maintained aec:onling to publilhed pro
cedures (39, 40).

PC12 eelb were grown in 85'1- Dulbecco'. modified Eagle'. medium
(hiSh Biucoae), 1~ heat-inactivated horse serum, 5t,t, fetaI bovine se
rum (Lüe Tec:hnolosiu, Ine.), and antibiotiCl.

lmmunoprrripÜGtion KinaH AAoy ofSAPKy-The cella were bar
veated in phosphate-buft"ered saline (137 mM NaC1, 2.7 mM Ket, 10 mM
Na:.HPO., 1.8 mM KH~.)and lysed \\ith 200 IÙ ofSAPKy lysia buffer
(20 mM Tria. pH 7.4, 1$ Triton X-l00. lOCi glycerol, 137 mM Naet.2 OUI

EDTA. 25 mM ~g1yœrophoapbate_ 1 aw sodium orthovanadate, 2 mM
pyropboapbate, IID11 pbenylmethylaultonyl Ouoride, 10 14 ml- 1 leu·
peptin). Cell debn. wu removed br centrifugation at 13,000 x , Cor 5
min at .. ·C. An aJiquot ofeach sUPfmatant wu uaed to detennine the
proteiD c:oncentntion and equaliu the amount ofprotein uaed in eac:h
set ofexperimenta. SAPKyw.. immunoprecipitated ûom 100 to 160 14
ortotal protein Uling 10 ,J of anti-SAPK., polyclonal antibody (C-17)
1100 ". ml-l ) and 20 fÜ of protein A-5epharose CL-4B luspeMlon
(Pharmacia Blotec:b, Baie D'Urfé, PQ' Cor 3 h at" ·C. The immunocom
pleses were washed four times with SAPKy lyaia bulTer and once with
SAPKykînaae buffer(25 mM Hepes. pH 7.4,25 &ml ~Slycel'Vphoaphate,

25 mM MgC~ 2 mM dithiothreitol. 0.1 lJUl sodium orthovanadate). The
usays were initiateci by adding to the sedimented beada 10 fÜ ofSAPKy
kinase buffer l:Ontaining 0.5 J&I ofGST-c.Jun and 50 j.&.M [.,.:!2pjATP (S
Cilmmol). The reactions were inc:ubated at 30 ·C for 20 min and then
tenninated by boillng for fi min in SDS sampJe butTer (50 lI1M Tria, pH
6.8, 1~ glycerol.~ SOS, S'Il ~mercaptoethanol). Phosphorylation of
the sublltrate protein wu viaualized derSDS-polyacrylamide gel elec:-
trophoresia (PAGE) (41) by autoradiography and quantified IlIÏDg a
Fujix BAS2000 Bio-Imaging AnaJ)"Ur 1Fuji Bio-[maging).

lmmlUU1prrdpilation KiJuzu AAoy of ERK-llEJlK.2 - The auay
wu similar to that for SAPKy except for the foDowing changea. The
lyaia buJfer conaWted or50 mM NaCl. 5 lJUl EGTA. 10 mil Tria, pH 7.6,
O.2t;i Nonidet-P40, 1 mJl aodium onbcn-anadate, 10 ID)( sodium pyro-
phosphate, 20 mM NeF. 1 mM pbenylmetbylaulfonyl Duoride,51&11m1
aprotinin. and la I&Ifmlleupeptin.. The kinaaes were immunoprecipi.
tated witb 5 ,d eacb orantï-ERK-l (C·16) (100~) and anti-ER!C-2
(C-14)(loo I&ifml) polyclonalantibodies. ERKkinue buJrercooaiated of
30 mM Kepa, pH 7.2. 10 mMM~ and 1 mM ditbiothreitoL Auays
Wete initiated by adding to the sedimented beacla 20 fÜ oCER!{ kinaIe
buffercontaining 10 l&I'0fmye11n basic protein and 50 p.M [')'-3ZpIATP
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FIa. 2. Activation ofSAPKy ID. PC12 lU
cellL Time course afSAPKy activation in ?>
PC12 cella tnated with 0.4 wNaCllAl or :E
0.5 m.w sodium araeDite (8). The lane in B c: 10
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v.;th that of NGF, a knO't\'l1 ERK activator. NGF caused a
prolonged activation of ERK·1I2 (Fig. 4) similar to what bas
already been reported r44. 45). Prolonged ERK activation wu
also seen foUowing cr treatment, but at a lower level than wU
obtained with NGF. The lowest level of ERK activation wu
observed with en treatment.

Increased Phosphorylation ofPeriltaryal NFH in DRG Neu·
rons-As shown in Fig. 5. cr treatment ofDRG cultures pro
duced a complete shift. in the mobüit.y ofperikaryal NFH. to a
level nonna1Iy seen only in axona! NFH. cn, which did not
cause an observable increase in NFH pbosphorylation in PC12

Fla. 3. Activation olSAPKy ln PC12 ecUs. Time course ofSAPKy
activation ln PC12 ceUs. CeUs were treaced with either 10 Ilg ml- I

aniaomyàn CA), 10 ng aü- I hwolUl. recombinant TNFct IS), 30 Idf Cl
(Cl. or30 Iàt CU (D). Otherdetaila arc the same .. in the legend 10 Fig.
2. 5ïmi1ar ruu1ts were obtained in two independent experimenta.

ofthe NFH to ahift. to a more slowly mignting form <Fig. 1) and
resulted in the greatest inc:rease in ~"FH immunoreactivity ta
SM! 31 and SMI 34 among the various agents that were tested.
Treatment ofPC12 œlls with CIl f30 lûC 1for 10 h did not cause
any detectable change in NFH phospborylation. NGF, an acti
vator of ERKs in PC12 œlls 144, 451, aJso bad no noticeable
effect on NFH phosphorylation (Fig. 1J. Seither did treatment
with anisomycin or TNFa, two SAPK ac:tivators (46-48).

Arsenite and osmotic shock. which ba,,·e been shown ta acti
vate stress response pathways in PC12 œlls (36, 49), each
caused a partial shift in the mobUityof~r'HCFig. 1). Increased
osmolarity rendered NFH immunoreacti\'e with both SM! 31
and SM! 34, whereas arsenite treatment produced NFH that
wu more immunoreactive with SM! 31. PC12 cells were
treated with 0.4 M NaCl or 0.5 lIUf arsenite for no longer than
4 h. as they began detaching from the substratum beyand this
time point. Treatment with 0.05 lD.\I 8l'5enite far 10 b yielded
results sunilar to those with 0.5 DUr 8l'5enite for 4 h. The band
slightly above NFH that wu wealdy reactive with SMI 31
antibody did not appear ta be a slower migrating form ofNFH,
since it was not detected by N52 antibody,

SAPK.., Actillation Parallels the InctYCUe in NFH Phœpho·
rylation -Sînce ooly certain of the agents known ta activate
SAPKs caused an increase in NFH phospborylation. we deter
mined whether the diacrepanc:ies were due to variation in the
extent of enzyme activation. Hyperosmolarity produced a rel
atively strong activation ofSAPK.., in PC12 cells. and the high
level ofaetivity was maintained for approximately 1 h (Fig. 2A).
Arsenite produced appreximately the 58me level of activation
as hyperosmolarity. although the acth-ation wu more pro
longed CFig. 28). The increase in NFH phosphorylation was
neverthelesa comparable in the two cases rFig. 1). suggesting
tbat toxicity may have dampened the effect of more prolonged
activation by arsenite. Anisomycin produced a very modelt
level of SAPK.., activation whic:h peaked at 0.5 h CFig. M).
TNFa also caused only a modest and transient activation of
SAPK.., CFig. 3B), similar ta that reponed in Hela cells (48). CI
produced a very streng and prolonge<! activation of SAPK..,
which lasted. for at least 10 b (Fig. 3CI. CIl aise caused a
prolonged activation of SAPK.., but at a lower level than ob
tained with cr (Fig. 3D).

Activation ofERK·112 by NGF, Cl. and Cll-Since ERK-2
has been implic:ated in the phosphorylation ofNFH in uilro (l8.
19), we compared the effects ofCr and cn on ERK-lI2 activity•
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FIc.. 4. AcUvatioD o!ERK·lJ2 in PCU ce1IL TUne cnurse otERK·
112 activity in PC12 c:e1ll treated with CI (30 IIJ.I>. CIl (30 liN), or 2.5 S
NGF (50 Dg ml- l ). Immunoprecipitation kinue USll)'l with myelin
buic protein U subatrate were performed u described under -Exper.
iment.a1 Procedures." Similar reaulta were obtained in thn!e independ·
ent experimenta.
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FIG. 5. Perikaryal NFB pbOlpborylatfOD iD DRG Deurona.
Western blot anal)'lÎJco(NFH Crom neuronal perikarya orDRG culturel.
Locallzed DRG cultures were prepare<! sa ducribed under "Experimen
tal Procedures"Tbe aùtures were maintaiDed for 19-20 days and then
treated sa indicated aboL't! eam lane. The neuronal ceU bodies were
manually aeparated from the neurite. sa desc:ribed under -Experimen.
tal Procedures" and .ubjected to Western blot analysia Uling the anû
NFH monodonal antibody. N52. pNFH and dpNFH refer to byper. and
bypophOlpborylated NFH. respectivel)'.

cens, effected a partial decrease in the mobility of perikaryal
NFH in DRGa. Hyperosmotic shock caused a more extensive
shift in the mobility oC perikaryal NFH. Arsenite treatment
caused a broadening oC the NFH band. wbereas anisomycin
treatment bad no etrect.

CI treatment and hyperosmotic shock promotecl the staining
oC neuronal perikarya with SMI 34 <Fig. 6. B and D. respec·
tively). Treatment with cn <Fig. 6C>, anisomycin. or arsenite
(data not shown) did not enhance the staining of neuronal
perikarya with SM! 34.

Since hyperphosphorylation oC perikaryal NFH and NFM
has been observed following uonal damage (50). we tested
whetber this effect could be reproduced in uitro. The neurites oC
DRG neurons in localized cultures were severed mm their œll
bodielJt and the latter were barvested at. diffcrent. times after
injury. The mobility oCNFH on SDS-PAGE was unchanged at.
2 and 5 h CoUowing 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 phospborylation state oC
perikaryal NFH that occurs in both mechanically damaged
cultures and in cultures ezposed ta other stres8îng agents is
due ta the activation of the same or reJated kinase<s).

Phosphory(onon ofNFHand PeptÎb4 by SAPK'Y-GST·NFH
is a recombinant fusion protein that œntaina the entire taU
domain oC moUle NFH (amino acids 412·1087; Ref. 12) in a

Fla. 6. And-8MI 34 immunoreactivfty of DRG aeuronal ceU
bodies. ImmunofIuorescence mic:rograpba orcontrol DRG c:u1tures (Al
or culturu treated for 10 b with 30 pJi Cl lB), 10 h with 30 lùI cn IC).
or " h with 0.4 W NaC) (1». The cultures were nained with SM! 34
anûbody. Anow$ point to neuronal perikarya.

nm. (1\): 0 Z 5 12 24 48

d::::: ï ailIII
Fla. 7. Western blot &D&Iyaia oC perikaryal NFH lA DRG cul·

turu &!ter mecbanical clam.... The neuritell were manually sev·
ere«! from the œil bodies ualng a punch with a diameter Ilightly luger
that the œU body mus. and the cell bodies were barvested at dilrerent
time. indicaCfd abow eacb !ane. The samples were subjec:ted to West·
ern blot anal)'li. Ulmg the anti·NFH monoclonal antibody, N52. pNFH
and dpNFH refer te byper· and bypophOlphorylated m1f. reapectively.

completely unphospborylated state.:l GST·N'FR WU pbospbo
rylated by SAPK'Y in an immunoprecipitation kinase assay
<Fig- SA), whereaa GST alone wu not phospborylated under
the same conditions <data not shown). GST·NFH was not as
good a SAPKy substrate as GST-c.Jun; 30-35 times more:np
was inc:orporated inta GST-c.Jun than GST·N'FR when the
immunoprecipitation kinase assays were done in parallel.

The KSP repeats in NFH contain düferent motifs. Three of
the Most abundant motifs are KSPXE. KSPEK. and KSPXK.
where X is an uncharged amino acid residue, usually an Aja, a
Gly, or a Val. Peptide-<601-615) CEAKSPAEAKSPAEAKl and
peptide-<854-867l <VKSPAKEKAKSPEKl correspond ta the
amino Beid sequence in murine NFH (121. Peptide-<601-6151
contains 2 KSPXE motifs, and peptide-<854-867) contains bath
KSPXK and KSPEK motifs. Immunoprecipitation kinase as
saya oCSAPK'Ydemonstrated that peptide-t601-615) was phos
pborylated at a markedly bigher level than peptide-<854-867)
<Fig. SB).

DISCUSSION

In this study we have shown that treatment of PC12 «:eUs
and DRG neurons with agents that activate stress response
pathways <:aD promote the pbosphorylation of KSP repeats in
the taU domain oCNFH. The extent ta whith NFH phosphoryl·
ation in PC12 œUs wu increased correlated Ylith the degree of
SAPK'Y activation by variOUIJ agents. The strongest: activatar,
cr. as weU as hyperosmotic shock. also increased the pbospbo
rylation oC perikaryal NFH in DRG neurons. Although other
stress-activated kinases. in addition ta SAPK'Y. mayalso par
ticipate in this process. the ERKs did not appear ta play a

2 M. G. Sacber. unpublilbed rault...
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FIG. 8. Pbolphoryladoll of NFR and IIUbBtrate peptide. by
SAPKy. A. PC12 cella wen either Dot treated ([aM 1) or treated 'l4M
2) with 0.4 if NaCl for 30 min. Immunoprecipitation kinase assays of
SAPKy uaing GST·NFH u subatrate wen perfonned as deteribed
under MExperimental Procecfuns.- 8. PC12 cella were either bot trutecl
(/a~8 1 ~d 3) or tntated with 0.04 if NaCl for 30 min. Immunoprecipi.
tauon kinue 8uaya of SAPKy wen performecf as describecf under
"Experimental Proœdurea.- Peptide-<601-615) (EAKSPAEAKSPA·
EAK) (/ana l and 2) and peptide.l854-861) (VKSPAKEKAKSPEKI
Clana 3 and 4) at a concentration of0.4 mM -en uud as submata iD
the kinase ....y_ The peptides we:e retICIlved on a 16.Sc:i acrTlamide.
6% biaacrylamicfe pl uaing Tricine-polyacrylamide gel electto·pboresis
(77) and wen visualizecf br at:tJ)radiography.

significant role in view ofthe failure ofNGF treatment to cause
a detectable inc:rease in the phosphorylation state of ~TH
(Figs. l and 4). ln addition. tJ'eatment of PC12 ceUs with
arsenite. which activates SAPKy <Fig. 2). but not ERKs '361.
caused an increase in NFH phosphorylation.

The evidence linking SAPKy to the hyperphosphorylation'of
NFH is compelling. There was a strong correlation between the
extent ofKSP repeat phosphorylation and the degree ofSAPK)'
activation in PC12 cella. Qnly when SAPK)' was &tronglr arti·
vated. as in the case oftreatment with 30 llM CI. 0.4 M NaCI. or
0.6 mM arsenite. wu there a detectable inc:reue in phosph~

rylation of the tait domain of NFH. More modest inereases in
SAPKy aetivity caused by TNFa. anisomyc:in. or 30 ~ cn
were without apparent efTect. However. lower leveIs of phos
phorylation in the latter cases could have gone undetected
since multiple ph08phorylation eventa are required 10 cause the
extensive shifts in gel electrophoretie mobility (16). and ~n·

current appearance of phosphoepitapes (14). that were moni·
tored in the present atudy.

rn addition ta these suggestive ~rrelations. we han shown
that SAPKy phosphorylates recombinant NFH tail domain in
uitro. as well as a peptide with KSPXE sequence motif.s that
occur in NFH. Recombinant NFH was not as good an in r:itro
substrate for SAPKy as c..fun. This could explain the need for
strong activation ofSAPKy in PC12 ceJls ta obtain detectable
shifts in NFH mobllity and the concurrent appearance ofpbos
phoepitopes. The SAPK phosphorylation sites in the amin~

tenninal domain ofe..fun consist ofa Ser followed bya Pro and
an aeidie residue CSPD or SPE> (SU. Similar although not
identicaI sequences (SPXE) in the tail domain of murine and
rat NFH are relatively frequent (12.13). and SAPKy phosph~
rylated the Ser in these sequences in peptide-<601-615 1 rFig.
88). Peptide-{854-867) was a poorer SAPK)' substrate; per
haps the Lys residue that immediately follows Glu in the
KSPEK motifhas a neutralizing etrect that renders the site an
unsuitable substr&te.

The wideapread distribution of SAPKs and ERKs in the
nervous system (52) provides further support for our proposai
that the byperphosphorylation ofperikaryal NFs is due ta the
activation ofstress response pathways. Other members of the
MAP kinase fl1D1ily in addition ta SAPKy may be similarly
involved. Differential responses ta a given stressing agent
might occur in difrerent types of neurona, depending on the

prominence ofappropriate seasing mechanisms and on relative
levels of the various MAP kinases. This may be why cn stim
ulated NFH phosphorylation in DRG neurons but not in PC12
ceUs. CU also inhibits caJpains and proteasomes. although the
rC5Q value is approximately ~1o-rold bigher than for cr (28.
30).lfMAP kinases otherthan SAPK)' are also involved in the
neuronal stress response. they would augment the action of
SAPKy, the end resuJt being aberrant NF phosphorylation.

ERKs and SAPKs bave also been implieated in the neuronal
düferentiation of PC12 cells c44. 53). The activation by cr of
both ERK-lI2 and SAPKy (Figs. 3C and 4) could expIain ita
ability ta induce neurite outgrowth in PC12 ceUs (54).

The finding that stress-artivated kinases œn phosphorylate
perikaryal NFs bas obvious clinica1 implications. Abnormal
phosphorylation and accumulation of perikaryal NFs occur to.
gether in severa! neuropathologies. suggesting that the two are
somehow linked (25. 26). These NO charaeteristics are seen in
neurodegenerative diseases such as Alt.heimers (55). Parkin·
son's (56), and amyotrophie lateraI selerosis (57-59). It is pos
sible that a stress response activator. such as oxidative stress
(60). causes the prematu:e phosphorylation ofperikaryal NFs
leading ta their accumulation. Other forms of stress could
produce similar effecta. which ""ould he consistent with the
multifaetorial nature of amyotrophie: lateraI sclerosis (61). NF
accumulations in the perikaryon or pro%Ïmal axon of mater
neurons have been sho\\"tl to bloc:k uonal transport of NFs.
tubulin. aetin. and mitochondria and could eventually cause
uonal degeneration (621.

NF subunita are synthesized in the perikaryon and move
down the uon in the slow uona! transport compartment (5)

until they reach the nern 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 mey cause NFs ta accumulate in
the perilcaryon (25. 261 ia supported by axonal transport stud
ies. There are severaI reports of an apparent correlation he
tween extensive tail domain phosphorylatioD and a reduetion
in the rate of NF transport (6;-691. The premature phospho
rylation of KSP repeats in the perik3lj·on might interfere with
the usociation between NFs and components involved in theil"
axonal transport. Sinee the latter may include microtubules.
the observation that NFH tail domain phosphorylation favors
the disaoc:iation of NFH &am microtubules (701 could explain
how aberrant NF phosphorylation mïght promote perikaryal
accumulation.

Several rcœnt transgenk mouse studies indicate that per·
turbations in NF homeostasis brought about by mutation, or
overexpression ofindividual ~T subunits. can cause patholog
ical neurofilamentous accumulations in neuronal cell bodies
t71-74l. Whether there is a similar causal relationship be·
tween hyperphosphof)·lation and accumulation of perikaryal
NFs remains 10 be determined. The finding that some sporadie
amyotrophie: lateraI selerosis patients have NFH alleles with
deletions in the KSP repeat domain suggest! that altered pb08·
phorylation may indeed he a cause of neurofilamentous ac
cumulations (75. 76). Our demonstration that meehanical
disruption orneurites in DRG cultures cause<! the hyperphos
phorylation orperikaryal NFs reproduœd the effects ofuonal
injury seen in animal studies 150,. Again this finding impli
c:ates stress·aetivated pathwa~·s. this time in response ta me
chanical injury of axons.

The demonstration that a SAPKI sI is În\-ol...ed in the phos·
phorylation ofperikaryal NFs pro\ides the basis ror studies to
determine whether aberrant phosphorylation has deleterious
effects on neuronal integrity. Our findings suggest that the
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presence of hyperphosphorylated NFs in the Deuronal
perikaryon can serve as a marker for SAPK activation. This
type ofbasic: infonnation may lead ta a better understanding of
the etiology oC severa! neurological diseases.
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Study of Proline-directed Protein Kinases Involved

in PhosphorylatioD of the Heavy Neurotilament

Subunit (NFH)

Abstract

The high molecular mass neurofilament subunit (NFH) is nonnally

hypophosphorylated in the neuronal perikaryon and uodergoes extensive phospborylatioD

upon entering the initial axon segment. Aberrant hyperphosphorylation of perikaryai NFH

is a common feature of many neurological diseases. In a previons 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 repo~ we present

direct evidence showing that the in vivo activation of SAPKs by an upstream activator

(MEKK-l) causes extensive NFH phosphorylation. Wealso show thatstress activated-p38

kinases are oot involved in the phosphorylation of perikaryal NFH in cultured dorsal mot

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

the œil body and neurites of the cultured neurons, suggesting that it is Iikely to he involved

in the phosphorylatioD of cytoplasmic substrates. These could include neuritic NFH, whieh

is highly phosphorylated despite the demonstrated lack of cyclin-dependent kïnase-S

activity in these neuroos. Neuritic NFH is also highly phosphorylated in neuronal cultures

devoid of Schwann cells, indicating that this fonn of post-translational modification does

Dot require eues stemming from Schwann œll-axon contacts. Col1ectively, these fmdings

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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Introductioa

Neurofilaments (NFs) are the principal intennediate filaments (IFs) found in many

types of mature neurons. They are the most abundant stIUcture in large myelinated axons

(Hoffman et al., 1984), and are an important detenninant ofaxonal caliber (Yamasaki et

al., 1991; Dbaca 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 Lase~ 1975). In common with other IF proteins, each NF subunit contains

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

amino-terminalheaddomain and a carboxy-terminal taildomain (Fuchs and Weber, 1994).

NFH from myelinated axons is highly phosphorylated in vivo (Julien and

Mushynski, 1982), predominantlyat Lys-Ser-Pro (KSP) repeats in the tait domain (Julien

and Mushynski, 1983; Lee et al., 1988; E1hanany et al, 1994). The role of NFH tail

domain phosphorylation is not fully understood although it bas been shawn to inhibit

interaction between NFH and microtubules (Hisanaga et al., 1991. 1993a, b; Miyasaka et

al. 1993) and to protectNFH 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

Dorma1ly more bighly phosphorylated than that located in the ceU body and dendrites

(Stembergerand Stemberger, 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 etai., 1987; Oblinger, 1987; ~1Xon et al., 1989). The gel electrophoretic

mobility ofaxonal 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 pbosphorylation atKSP repeats(Hisanaga etai 1991. 1993b; Miyasaka et al.,

1993). Of the neuronal proline-directed protein kinases that can phosphorylate NFH oo1y

tau protein kinase llIcyclin-dependent kinase-S (cdk-5) bas been shown unequivocally to

cause a reduction in its mobilityon SOS-PAGE to levels seen for axonal NFH (Hisanaga et

al., 1993b; Kobayashi et aI., 1993; Miyasaka et al., 1993; Guidato 19968; 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 {Fomo et al..
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1986; Pollanen etai., 1994), and amyotrophie lateralsclerosis (AlS) (Manetto etai., 1988;

Munoz et·aI., 1988; Sobue et al., 1990). We previously presented correlative evidence

indicating that stress-activated protein kinase y (SAPKy) could he 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 extracellularsignal-regulated kinases (ERKs), p38 kinases (Cano and

Mahadevan, 1995; Kyriakis and Avroch, 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 kïnase-l (MEKK-l) induces

pbosphorylation of the NFH tail domaine Wc aIso show that p38 kinases are not involved

in the hyperphosphorylation of perikaryal NFH and that this process is completely

reversible. These findings provide basic infonnation that enhances our understanding of

mechanisms causing aberrant NF phosphorylation in neurologicaI diseases.

Materials and Methods

Materials

Nerve growth factor (NGf) (2.58) was purchased from Prince Laboratories

(Toronto, ON).. Anti-NF antibodies SMI 31 and SMI 34 were obtained from Stemberger

Monoclonals, Ine. (Baltimore, MD). Anti-SAPKy (C-l1), anti-ERK-l (C-I6), anti-ERK-2

(C-14), anti-p38a (C-20), anti-cdk-5 (C-8) polyclonal antibodies, anti-cdk-5 (DC17)

monoclonal antibodyand glutathione S-transferase (GST)-c Jun (amino acids 1-79) were

purcbased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Histone Hl was

obtained from Life Technologies, Ine. The pRClCMV eukaryotie expression vector was

purchased from Invitrogen (San Diego, CA). Anti-NFH (N52) and anti-~ (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.

Cell Culture
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Embryonic day 15-16 dorsal root ganglia (DRGs) were dissect~ dissociated and

maintainedin cultureas previously described (Giasson and Mushynski, 1996). In arder to

allow for the manuaI separatioo of ceU bodies from neurites, the diSSOCÎated DRGs were

plated in a small area at the center of a 35 mm culture dish.. Neurites exteoded radiaIly ta

fonn a halo surrounding the cell body mass.. For cultures treated with anti-mitotic agents,

the cells were cycled between urs M 5-fluoro-2'-deoxyuridinel 1er M cytosine ~-I).

arabino-furanoside and SxUrM5-fluonr2'-deoxyuridinel5xUr7 M cytosine p-D-arabino

fucanoside every 4 days for 16 days, starting24 h afterplating..

NIH 31'3 ceUs were obtained from the Ameôcan Type Culture Collection

(Rockville, MD) and cultured in 85% Dulbecco's modified Eagle's medium (higb glucose),

10% heat-inactivated horse serum, 5% fetaI bovine serum (ilie Technologies, Inc.) and

antibiotics. The cells were transfected using lipofectamine reagent (Life Technologies, Inc..)

according to the manufacturer's instructions..

Immunoprecipitation Kinase Assays

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

1996). Briefly, following œil lysis in the presence of Triton X-l00, ceU debris was

removed by centrifugation at 13,OOOxg, and the protein concentration of each supematant

was detennined to equalize the amount of protein used in each immunoprecipitation.

SAPKy was immunoprecipitated, the immunoprecipitates were washed extensively, and

activity was assayed using [r~]-ATP and OST-cluo as a substrate.. Phosphorylation of

GST-clun was visualized after SDS-PAGE (Laemm1i, (970) by autoradiography of dried

gels and quantified using a Fujix BAS2000 Bio-Imaging Analyzer(Fuji Bio-Imaging).

Cdk-S activity was assayed by immunoprecipitation kinase assay, as previously

described (Tsai etai., 1993), using an anti-cdk-5 polyclonal antibody{C-B) and histone Hl

as the substrate. Visualizatioo of the phosphorylated substrate was achieved as described

forSAPKy.

Gel Electrophoresis and Westem BlotAnalysis
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Cells were harvested in phosphate-buffered saline (137 mM NaCl, 2.7 mM KCl,

10 mM N~HP04' l.8 mM K~P04)' lysed in 2% SOS, 62.5 mM Tris, pH 6.8, and

proteio concentration was determined using the biCÎDcboninic acid (BCA) assay (Pierce).

Glycerol and p-mercaptoethanol were added to cooœntrations of 10% and 5%,

respectively. The œil extracts were diluted to the appropriate concentrations with SOS

sample buffer(2% SOS, 62.5 mMTris, pH 6.8, 10% glycerol and 5% p-mercaptoethanol)

and the proteins were resolved 00 slab gels by SOS-PAGE (Laemmli, 1970). Proteins

were electrophoreticallytransferred 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!fween (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-IA induces NFH taïl domain phosphorylation.

MEKK-IA, a constitutivelyactivefonn of MEICK-l which serves as an activatorof

theSAPK cascade (Minden etai., 1994; Yan et al., 1994; Xu et al., 1995), was tested for

its ability ta induce NFH phosphorylation in vivo. NIH 3T3 cells transfected with the

expression vector pRClCMV aIone did not express NFH (Fig. lA, 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 predominandy hypophosphorylated isoform(s), judging

from its mobility on SDS-PAGE and from its failure ta bind monoclonal antibodies SMI 31

or SM! 34 (Fig. lA, lanes 2). Monoclonal antibody N52 can detect both hypo- and

hyperphosphoryIated fOnIlS of NFH (Shaw et al.• 1986), although the relevant epitope can

he blocked by cdk-5 phosphoryIation (Guidato et al., 1996b). SM! 31 and SM! 34 are bath

phosphorylation-dependent monoclonal antibodies that react with different epitopes in the

tail domain of NFH (Stemberger and Stemberger, 1983; Lee et al., 1988; Shea and

Beennann, 1993). Co-transfection of NIH 3T3 ceUs with pRClCMV vectors expressing

NFH and MEKK-IA yielded hyperphosphorylated NFH, as detennined by its reduced
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mobility 00 SOS-PAGE and by its reactivity with both SM! 31 and SMI 34 (Fig. lA, lanes

3). The expression ofMEKK-lA also resulted in the activation of SAPKy (Fig. lB).

P38 kinases are not iDvolved in stI'ess-indueed NFH phoSj)hoQ'lation.

Proline-directedp38 kinases are often aetivated 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 specifie inbibitor, SB

203580 (ICso=O.6 pM), which does not inhibit SAPKs (Cuenda et al., 1995). Cultured

DRG neurons were treated with 30 f.lM CI, a ealpain (Saito and Nixon, 1993) and

proteasome inhibitor (Tsubuki et al., 1993; Rock et al., 1994), whieh has been shown to

activate SAPK and induce hyperphosphorylation of perikaryal NFH (Giasson and

Mushynski, 1996) (fig. 2, fane 2). The addition of 20 f.lM SB 203580 had no effect on

the O-induced reduction in mobility, and hence phosphorylation, of NFH (Fig. 2, lane3).

Distribution of MAP kinases in DRO 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- (Ianes 1) and cell body- (Ianes 2) entiched

fractions as described in "Materialsand Methods". The anti-mitotic agents eliminated a1l of

the Schwann cells nonnally found in DRG cultures and prevented the proliferation of

fibroblasts. However, the cultures still contained a population of quiescent fibroblasts

resistant to anti-mitotic treatmenl To compensate for contamination by these fibroblasts,

we prepared DRG cultmes treated with anti-mitotic agents and maintained without NGF ta

eliminate neurons (Giasson and Mushynski, 1997). Laue 3 in Fig. 3 was loaded with an

amount of protein from fibroblast cultures equal to that for neurite- (Ianes 1) and ceU body

(Ianes 2) enriched fractions. Lanes 4, 5 and 6 were respectively loaded with two-, four-,

and eight- fold less fibroblast protein than lane3. The inclusion of lanes 3-6 allowed us ta

detennine whether the proteins detected in lanes 1 and 2 were neuronal in origin or from

contaminatingfibroblasts. VlDlentinand NFL were used as specifie markers for fibroblasts

and DRG neurons, respectively. There were equ~valent amounts of NFL in the neuronal

ceU body- and neurite- fractions, and NFL was not detected in cultures maintaioed without

NGF. Two other DRG neuronal markers, peripherin and a-intemexin (Athlan et al.,

19fT!), were a1so not detected in the fibroblast cultures (data not shown). There were

6.6



•

•

approximatelyequallevels of fibroblast contaminationin the neuronal œil body and oeurite

fractions as determined by their vimentin content, and tbese fractions contained less than

12% fibroblast protein. P38a was expressed at low levels in DRG neurons and oo1y in the

œil body fraction.. ERK-1/-2 and SAPKy were equally distributed between the celI body

and neurite fractions.

The hypemhosphorylation of perikaryal NFH is reversible

Cultured DRG neurons were treated with 30 ~ a 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 halfof the protein had retumed to its normal mobilty on SDS-PAGE within

2 days (Fig. 4, lane 3); by 4 days almost aIl of the NFH had retum to a nonnal

hypophosphorylated state (Fig. 4, lane 4).

Axonal NFH in DRG nenTOns is hmembO§Phorylated despite the inactivity 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 that in the neurite-enriched fraction

was mostly hyperphosphorylated. The small amount of hypophosphorylated NFH in the

neurite-enriched fraction originates from neuronal œil bodies localized outside of the

circumference of the circular punch used to separate the two neuronal compartments. The

hyperphosphorylated NFH in ceU body- enriched extracts derives (rom the initial segment

of neurites and from neurites criss-crossing the area occupied by the œU body mass. The

slowly migrating, highly phosphorylated isoforDlS of NFH reacted with bath

phosphorylation dependent antibodies, SM! 31 and SM! 34. Renee, NFH in cultured DRG

neurons demonstrated the normal phosphorylation pattern (Stemberger and Stemberger,

1983; Gliclcsman etat, 1987; Lee et al., 1987; Oblinger, 1987; Nixon et al., 1989), which

was also observed in ORO cultures treated with anti-mitoticagents and devoid of Schwann

ceUs (Fig.. 58).

The activity of cdk-S in cuItured DRG neurons was determined by

immunoprecipitatioD kinase assays using rat brain extract as a positive control (Fig. 6A,

lanes 1 to 6)(fsai etai., 1993). Since the relative amounts of immunoprecipitable cdk-S in

brain extractas compared to extract from DRG cultures were unknown, different amounts

of rat brain extract were used in the immunopreclpitation kinase assays, and levels of

immunoprecipitatedcdk-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 Jlg of DRG

extract and 100 J.lg of brain extract (Fig. 6B, Janes 4 and 8), no histone HI

phosphorylating activity was detected in DRG samples (Fig. 6A, lane 8). Western blot

analysis of total protein extracts from rat braio and DRG cultures revealed that 00 an equal

protein basis, rat brain contained approximately twice as much cdk-S as did the DRG

cultures (data not shown).

Discussion

This study presents direct evidence that SAPKs can phosphorylate the tait demain

of NFH, as retlected bath in the reduced mobility of NFH on SOS-PAGE and in its

immunoreactivitywith the phospborylation-dependent monoclonal antibodies, SM! 31 and

SMI 34 (Fig.1). SAPK activation was accomplished by transfection of a vector expressing

coostitutivelyactive MEKK-IA, which activates JNK kinase (JNKKMKK4ISEK4), the

upstream regulatOf of SAPKs (Yan et al., 1994; Dérijard et aL, 1995; Lin et al., 1995).

Although MEKKl can also activate the ERK pathway (Lange-Carter and Johnson, 1994;

Xu etai., 1995) itis a more efficient acnvatorof 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, 19(6) and others bave shown that the in vitro phosphorylation of NFH by

ERKs did not cause a significant reduction in its mobility on SOS-PAGE (Roder and

Ingram, 1991; Roder et al., 1995). Use of a specificinhibitor of p38 kinases, SB 203580,

demonstrated tbat 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 aetivated phosphorylation of perikaryal NFH is completely reversible

(Fig. 4), indicating that a protein phospbatase(s) in the neuronal perikaryon cao maintain

the protein in a hypophosphorylated state. A protein phospbatase-2A-like activity bas been

reported to dephosphorylate KSP repeats in NFH (Veeranna et al., 1995). However,

attempts to depbosphorylate NFH in vitro to an extent that would alter its electrophoretic

mobility using eitherof the majorneuronal protein phosphatases, 1, 2A, 2B and 2C, were

unsuccessful (Hisanaga et al., 1993a). This discrepancy may he due ta 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), orto the involvementof a different protein phosphata.se 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 he absent from or less

active in axons, where NFH is highly phosphorylated.

We have also demonstrated tbat ERKs and SAPKy are equally distributed between

the cell body and neurite compartments of DRG neurons. The loca1ization of ERKs in

neurites is consistent with a recent study demonstnlting the axonal transport of these

enzymes (Johanson et al., 1995). Although SAPKs have been reported to pbosphorylate

transcription factors primarily (Cano and Mahadevan, 1995; Kyriakis and Avruch, 1996),

the axonal localization of SAPKy suggests that it may also he involved io the

phosphorylation ofcytoplasmicsubstrates, snch as NFH.

Cdk-5 is the only neuronal kinase (Hisanaga, 1993b; Miyasaka et al., 1993), other

than SAPKs, tfult has been shawn to phosphorylate NFH to the point of reducing its

mobility on SOS-PAGE to that ofaxona! NFH. Cdk-S bas 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 oot an

acidic residue) (Beaudette et al., 1993). We have observed that neuritic NFH in cultured

ORO neurons is bigbly phosphorylated despite the demoostrated lack of cdk-5 activity

(Fig. 6), which is Iikely to he due to the fact that its activator ligand, p351p25 (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 animais are adversely affected (Ohshima et aI., 1996).

Consequently, it is possible tbat KSPXK motifs are not phosphorylated in DRG oeurons,

as is suggested by the finding that NFH is more highly phosphorylated in ventral root

mator neurons than in dorsal mot Deurons (Saussan et al., 1996). Cdk-S is likely to be

active in and required for mator neuron SUtVival since the latter show a number of

abnonnalities in mice lacking the enzyme, including balloooed perikarya, dispersed Nissl

substance and eytoplasmicvacuoles (Ohshima et al., 1996).

NFH is reported to undergo high levels of phosphorylation in the initial axon

segment, atthesite where myelinationbegins (Hsieh etai., 1994, Nixon etai., 1994a). We

bave demonstrated tbat NFH follows the nonnal pattern of phosphorylated isofonn

distribution in cultured DRG neurons despite the lack of myelinatioo (Fig. SA).

Furthennore, cultures devoid of Schwann cel1s a1so exhibited the normal NFH

phosphorylation profde (Fig. 58). These experiments clearly demonstrate that

phosphorylation of neuritic NFH is oot initiated solely by eues stemming from Schwann
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œll-axon interactions. As mention above, there may he ditTerences 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 accur 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 differenœs in tail

domain phosphorylation within myelinated axons have also been reported. Tbere 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 axooal

properties, including NFH phosphorylation, are modulated by signais transmitted from

myelinating Schwann cells to axons. NFH phosphorylation in myelinated regions may thus

he augmented through the activation of proline-direeted kinases such as ERKs and SAPKs.

There is evidence suggesting that aberrant NF metabolism may be involved in the

etiologyofALS (Côté etaI., 1993; Xu et al., 1993). Motor neurons containing abnonnaIly

hYPerphosphorylated perikaryaI NFH and proximal axona1 enIargements fiUed with NFs

are characteristicof the disease (Carpenter, 1968; Hirano et al., 1984; Manetto et al., 1988;

Munoz et al., 1988; Sobue et al., 1990). Furthermore, ALS is a neurodegenerative disease

that targets the large, NF-rich motor neurons predominandy and large sensory oeurons 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 ofaxonal transport rather than

simple accumulation of NFs in the perikaryon (CoUard et al.., 1995; MarszaJek et aL,

1996)..

The mechanism underlying the axonal transport of NFs remains unsettled, although

experiments with the neurotoxin, p,p'-iminodipropionitriIe (lDPN), suggest that

microtubules may he involved. rOPN causes NFs and microtubules to segregate (Griffin et

al., 1978; Papasozomenos etai., 1981) and atappropriatedoses, blacks NF movement but

has onlya modest effect on the transport of microtubules (Griffin et al., 1978). This causes

large masses of NFs to accumuIate in the proximal axon (Chou and Hartman, 1965). It is

interesting to note in this regard that NFH interacts with microtubules ooly wben its tail

domain is hypophosphorylated (Hisanaga et al., 1991; 1993a, b; Miyasaka, 1993),

suggesting that tail domain phosphorylation may be important in regulating the transport of

NFs from the œilbody to the axoo. Aberrant hyperphosphorylation of perikaryal NFH in
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neurons subjected to some form of stress may thos he responsible for the fonnation of

neurofilamentous accumulations tbat characterizemany neurological diseases.
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Figures

Figure 1. Transient transfection with constitutively active MEKK-IA

indaces NFH tan domaiD phosphorylation. NIH 31'3 cells were transfected with

the pRClCMV eukaryotic expression vector (Ianes 1), with the manse NFH gene cloned

into the pRClCMV vector Oanes 2) or bath the mouse NFH gene and MEKK-lA cDNA t

each cloned inta pRClCMV (1anes 3). (A) NFH was detected by Westem blot anal)Isis

using monoclonal antibodies N52~ SMI 31 or SM! 34. pNFH and dpNFH mer to hyper

and hypophosphorylated NFH t respectively. Equal amounts of protein were loaded in each

lane. (B) The activityof SAPKy was determined by immunoprecipitation kinase assays as

described in "Materials and Methods". 32p-phosphorylation of GST-cJun was visualized by

autoradiography and quantified by image analysis. The relative activity of the

immunoprecipitatedkinase is indicatebelow each lane•
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Figure 2. P38 kinases are not ÎDvolved in perikaryal NFR

hyperphosphorylation. Localized DRG cultures were prepared as described under

"Materialsand Methods". The cultures were maintained for 20 days (lane l, control) and

treated with 30 pM CI for 10 h (Jane 2). A culture was pretreated with 20 J.lM SB 203580

for 2 h7 priar to the addition of30 pM CI for 10 h Oane 3). The neuronal ceU bodies were

manually separated from the neurites and subjected to Western blot analysis using anti

NFH monoclonal antibody, N52. pNFH and dpNFH mer ta byper- and

hypophosphorylated NFH, respectively.
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Figure 3. SAPKy and. ERKs are loc:atecl in both perikaryOD and Deoriies 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 iota neurite

(1anes 1) and cell body- (Ianes 2) enriched fractions.. Protein extracts from DRG cultures

maintained with anti-mitoticagents and without NGF were loaded in lanes 3 to 6.. Lanes l,

2 and 3 were loaded with 5 Jlg of protein, while lanes 4, 5 and 6 were loaded with 2..5 IJ.g,

1..25 fig, and 0.62 ",g of protein, respectively. The proteiDS were detected by Western blot

analysis. NFL, Vim, SAPKy, ERK 1,2 and p38 refer to the low molecular mass

neurofilamentsubunit, vimentin, SAPKy, ERK-1I-2.. and p38a kinase, respectively..
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Figure 4. AbelT8Dt phospborylatioD of perikaryal NFH is reversible.

Localized DRG cultures were prepared as described under "Materials and Methods". The

cultures were maintained for 20 days (Jane 1) and treated with 30 pM CI for 10 h Oanes 2

6). Followiog treatmentwith CI the cultures were maintainedin CI-free medium for 2 days

(Jane 3), 4 days (Jane 4), 6 days (Jane 5), and 8 days (Jane 6). The neuronal œil bodies

were manually separated from the neurites and subjected to Western blot analysis using

anti- NFH monoclonal antibody, N52. pNFH and dpNFH mer to hyper- and

hyplphosphorylated NFH, respectively.
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Fipre S. DistributioD of phosphorylated NFH isoforms in DRG DeorODa•

Localized DRG cultures were prepared as described under "Materials and Methods" and

separated into œil body- (C) and neurite-enriched (N) fractions. The two subcellular

fractions were subjected to Western blot analysis using anti-NFH monoclonal antibodies

N52, SM! 31 and SM! 34. pNFH and dpNFH refer to hyper- and hypophosphorylated

NFH. respectiveLy. (A) DRG cultures were maintained for 20 days. CelI body- and

neurite-enricbed 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 "Materia! and Methods". Cell body- and neurite

enriched fractions were lysed in 2% SOS. 62.5 mM Tris. pH 6.8. protein concentrations

were detennined and equal amounts of protein were loaded in each Jane.
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Figure 6. Analysis of 8nti-cdk-S-immoDoprecipitable histone BI Dnase

activity rrom DRG cultures and adult rat brain. (A) FLfty (Janes 1 and 2), 100

(Ianes 3 and 4) and 200 (Ianes 5 and 6) fig of proteÎn from brain and 200 fig of proteiD

from DRO cultures maintained for 20 days (Ianes 7 and 8) were immunoprecipitated with

nOD-immune serum (lanes l, 3, 5 and 7) and anti-cdk-S (C-8) polyclonal antibody (lanes 2,

4, 6 and 8). The activity of cdk-S was assayed with [y_32p]_ATP and histone Hl. (B) The

cdk-S immunoprecipatedfrom (A) was detected by Western blot analysis using anti-cdk-5

monoclonal antibody (OC17).
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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 p34t"dt"1 kinase was

involved in the rearrangement and disassembly of types III and V IFs during cell division

(see section 1.2.4). On the other hand, in vivo evidence that neuronal IF assembly could he

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 perfonned in vitro with

purified a-intemexin and PKA (Tanaka et al., 1993), or with NFL and PKA or protein

kinase C (Gonda etaI., 1990; Hisanaga et al., 1990; Nakamura et al., 1990). The in vitro

phosphorylalion of Cl-intemexin or NFL by these respective kinases blocked Lheir

polymerization and caused homopolymeric filaments to disassemble.

The relevance of phosphorylation experiments performed with purified NFL

became somewhat questionable, when it was shawn that NFs are obtigate heteropolymers

in vivo (Ching and Liem, 1993; Lee et aL, 1993). The in vivo assembly of NFs requires

NFL and a substoicbiometric 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 concem was further substantiated when it was shown that

native NFs or reassembled NFs are much more resistant to disassembly due to PKA

phosphorylation than~ homopolymers (Hisanaga ct al., 1994).

The results presented in Chapters 2 and 3 of tbis thesis clearly demonstrate that the

assembly state of neuronal IFs cao he modulated by phosphorylation in vivo. These results

also indicate that, at least in DRG neurons, PKA and PP-2A cao 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 weiL Due to

the large number of phosphorylation sites in peripherin and NFM, it is difficult ta

detennine which ones are responsible for the disassembly process. Site-directed

mutagenesis will no doubt help in this detennination once a suitable neuronal system for

transfection studies become available.

The simu1taneous 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

thatof 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.

Furthennore, even though extensive cytoskeletaI rearrangements such as those reported in

Chapter 2 and 3 are unlikely ta accur under nonnal circumstances, more moderate and

localized changes of a similar nature are likely takîog place during the normal course of

neuronal IF metabolism.

The results in Chapter 3 demonstrate that phosphorylatioD of a-intemexin is

insignificantwhen neuronal IF fragmentation is induced by the simuItaneous activation of

PICA and inhibition of PP-2A in ORO neurons.The low level of phosphate incorporation

iuto a-intemexin contrasts with the levels observed in peripherin and NF proteins. The lack

of any correlation between a-intemexin phosphorylation and PKA-induced IF disassembly

sheds doubt on the physiological relevanceof the in vitro results obtained with purified a

intemexin 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.

Cbapter 4 provides the first experimental evidence supporting the notion (Nixon

and Shea, 1992) that a-intemexin is expressed earlier than other neuronal IF proteins ta

provide a more flexible IF network during development. As mentioned eartier,

phosphorylatioD of a-internexin is not involved in neuronal IF dynamics in DRG neurons,

although its presence as an integral constituent of this IF network (Athlan et al., 19f17) may

reoder it more flexible and perhaps more susceptible ta phosphorylation-induced

disassembly. The latter possibility mayexplain the difference in sensitivity of purified,

native NFs (Hisanaga et al., 1994). and the neuronal IFs in ORO neurons ta

phosphorylation-induced disassembly. Experiments performed with native NFs prepared

from adult animaIs are likely to contaia a much lower ratio of a-intemexin to NF proteins

than the IF network in cultured neurons from El~E16 DRGs since a-intemexin is down

regulated and NFs are upregulated with age (see section 13). 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 cannat he ruled out.

Furthennore, it is possible that the structure and/or properties of NFs may he a1tered by the

procedures used in theirpurification•
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The results presented in Chapters 5 and 6 demonstrate that activation of SAPKs

causes hyperpbosphorylation of perikaryal NA·I. These findings stroogly support the

notion that aberrant phosphorylation of perikaryal NFH reported in many disease states is

due to the activation of SAPKs and oot to a NF transport problem. It had been specuIated

that9 because NFH is nonnaIly hyperphosphorylated at the initial axonal segmeot9
impainnentof NF transport may lead to the accumulation of hyperphosphoryJated NFH in

the œil 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 he demonstrated. Howevery in the case of ALS there are good reasons to believe that

abnonnal phosphorylation ofNFs may be directly involved in the etiology of this disease.

ALS is a neurodegenerative disease that targets the Jarge, NF-rich matar neurons

predominantlyand large seDSOry Deurons to a lesser degree (Tsukagoshi et al., 1979;

Kawamura et aL, 1981). Motor neurons containiog proximal axonal enlargements filled

with NFs (Carpenter91968; Hirano etal., 1984; Manetto et al., 1988; Munoz et al., 1988;

Sobue et aI.9 1990) and abnonnal hyperphosphorylation of perikaryal NFH (Manetto et

al.9 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-<me-half-fold

overexpression of murine NFH in transgenic mice did not cause an overt phenotype or

neuronalloss, aIthough perikaryaI accumulation of NFs and proximal axonaI swelling do

occur in motor oeurons (MarszaIek et al.9 1996). On the other han~ a twO-fold

overexpression ofhuman NFH resulted in mater neuran degeneration (Côté et al., 1993),

due ta a reduction in NF transport and eventual interference with axonal transport of other

camponents such as actin, tubulin and mitocboodria (CoUard et aL, 1995).

The main differences between murine and human NFH are seen in the KSP repeat

damain. Murine NFH bas 52 KSP repeats while human NFH bas 43 (Lees et al., 1988;

Julien et al.9 1988). However, the majorityof KSP repeats in mutine NFH (42/ 52) are of

the KSPXE type, which is the preferred SAPK consensus sequence in NFH (sec Chapter

5), while only 5 have the consensus sequence for cdk-S 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 importanceof the KSP repeat domain in the normaI metaboüsm 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 bad a 34 amino acid

deletion that included 5 KSP repeats. The other 4 patients identified in this study bad 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. Il is therefore possible that human NFH causes

neurodegeneration in mouse neurons due to inappropriate phosphorylation in the axoual

entry zone, which could impair NF transport. The mechanism underlying the axonal

transport of NFs remains unsettled9 a1though it is likely that NFH taiI domain

phosphorylation through its regulation of NFHIMT interactions is importantin the transport

of NFs from the œIl body to the axon (see section 1.3.6). Premature phosphorylation of

perikaryal NFH due to SAPK activation may cause an impainnent in axonai transport of

NFs similar to that seen in transgepie miœ overexpressing human NFH (CoUard et al.,

1995).

Sînce the phosphoryIation of perikaJyal NFH is reversible (sec Chapter 6),

blockage ofaxonal 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 pbosphatase activity.
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