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Abstraet

Treatment of dissociated cultures of rat dorsal root ganglia with 1 }lM

okadaic acid (OA), a serine/threonine protein phosphatase inhibitor, caused a

decrease in the eleetrophoretic mobilities of all three neurofilament (NF) subunits,

indicating an increase in their phosphorylation levels. In addition OA treatment led

to the asynchronous solubilization of the subunits in Triton X-l00 (Triton). This

fragmentation corresponded with striking changes in the immunofluoreseent

staining pattern of. NFs. Short-term OA treatment was Cully reversible within 10

hrs. upon removal of the inhibitor from the culture medium.

Based on the response to varying concentrations of both OA and calyculin

A, another serine/threonine protein phosphatase inhibitor, fragmentation of Nl-""s

was inferred to he due to the inhibition of protein phosphatase-ZA activity while

the reduction in electrophoretic mobility of subunits was due to the additional

inhibition of protein phosphatase-l. The OA-induced phosphate moieties on the

low molecular weight NF subunit (NF-L) were localized, by chemical c1eavage

analysis, to the arnino-terminal head domain and were removed in vitro by the

catalytic subunit of protein phosphatase-ZA but not by the catalytic subunit of

protein phosphatase-l.

Two-dimensional phosphopeptide mapping of the rnid-sized NF subunit

(NF-M) revealed that the OA-induced phosphate moieties on this subunit were

also in the arnino-ierminal head domain. The Triton-soluble NF fragments were

found, by immunoprecipitation under non-denaturing conditions, to he beteromers

composed of NF-L/NF-M and NF-Lfhigb molecular weight NF subunit. Similar

heteromers were found in the small, naturally occurring Triton-soluble NF fraction

from dorsal root ganglion cultures indicating that OA treatment amplifies a

natural, dynamic process involving NF assembly/disassembly.
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Résumé

L'acide okadaïque (AO) et la calyculine A sont des inhibiteurs de

phosphatase de protéines qui agissent sur la sérine et la thréonine. Lorsque l'on

utilise l'AO (1 )lM) sur des cultures dissociées de ganglions dorsaux chez le rat,

la mobilité électrophorétique des trois Sous-'Jnités des neurofilaments (NFs)

diminue, indiquant une augmentation de leur état de phosphorylation. e plus, le

traitement à l'AO solubilise les sous-unités dans le Triton X-l00 (Triton) de

manière non synchronisée. Cette fragmentation s'r-ccompagne de changements très

évidents dans le patron de marquage des NFs par immunofluorescence. Le

traitement à l'AO à court terme était complètement réversible dans les dix heures

suivant le retrait de l'inhibiteur du milieu de culture.

En se basant sur l'effet de l'AO et de la calyculine A à des concentrations

différentes, la fragmentation des NFs a été attribuée à l'inhibition de la

phosphatase 2A (PP2A) tandis que la diminution de la mobilité éleetrophorétique

était attribuée à l'inhibition additionnelle de la phosphatase 1 (PPl). Suite au

traitement à l'AO et à un clivage chimique, les molécules de phosphate liées à la

sous-unité de faible poj~ moléculaire (NFL) étaient situées sur le terminal

nitrogéneux de la protéine et pouvaient être enlevées in vitro à l'aide de la sous

unité catalytique de PP2A plutôt qu'avec PPI.

Le profil bidimensionel de phosphopeptides a révélé que les molécules de

phosphate liées à la sous-unité de poids moléculaire moyen (NFM) suite au

traitement à l'AO étaient aussi situé sur le terminal nitrogéneux.

L'immunoprécipitation sous conditions non-dénaturante des NFs solubles dans le

Triton a démontré que ceux-ci étaient composés d'hétéropolymères de NFLfNFM

et NFLfNFH (sous unités de haut poids moléculaire). De tels hétéropolymères ont

aussi été trouvés dans la fraction de NFs soluble dans le Triton que l'on trouve

naturellement dans les cultures de ganglions dorsaux indiquant ainsi que le

traitement à l'AO amplifie un processus dynamique naturel lié à l'assemblage et

au désassemblage des Nfs.
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1.1 The cytoskelelOD

The term eytoskeleton is misleaè,ing as it implies a static, unchanging

structure. In fact the eytoskeleton is known to be composed of many dynamic

proteins capable of quickly respollding to an everchanging external environment.

The major filamentous eomponents of the eytoskeleton are the actin

mierofilaments (MFs), mierotubules (MTs) eomposed of tubulin subunits

eontaining a- and P-tubulin and intermediale filaments (IFs), which are expressed

in a tissue specifie fashion. In addition to these eomponents there is a plethora of

associated proteins, sorne weil defined others not. The following sections will

describe the structure and funetion of the proteins which make up filamentous

elements of the eytoskeleton ooly briefly touehing upon the wealth of information

on the associated proteins.

1.1.1 Microfllaments

MFs are composed of a 43,000 Da subunit referred to as g10bular (G)-actin

(Korn, 1982). These G-aetin subunits assemble into 4-6 nm wide filaments referred

to as filamentous (F)-actin or MFs. The decoration of MFs by heavy meromyosin

in an arrowhead pattern (Huxley, 1963) has led to the designation of the !WO ends

of the MF as the pointed, or minus, end and the barbed, or plus, end. The rate of

monomer addition at the barbed end is greater than at the pointed end.

Aetin was fust isolated from muscle œlls (Straub, 1942) from whieh it was

extensively studied. It was therefore assumed that its role was 1imited to muscle

contraction. However a more geneT3l role of MFs was assumed when aetin was

subsequently isolated from non-muscle tissue (Hatano anè Oosawa, 1966). In

higher mammaIs six actin genes are expressed (Vandekerehove and Weber, 1984)

including a-actin in muscle œlls and P- and y-aetin in non-muscle œlls. The ratio

of P- to y-actin in nervous tissue varies from 1:1 to 2:1 and deereases postnatally

(Choo and Bray, 1978; F1anagan and lin, 1979; Pardee and Bamburg, 1979; Otey

et al, 1987). The need for the various isoforms of aetin is unclear.

Aetin bas been shown to undergo a variety of post-translational

2
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modifications including methylation (Saborio and Palmer, 1981) aI.!! removal of the

amino-terminal Met with subsequent acetylation of the resulting Asp residue

(Solomon and Rubenstein, 1985). ADP-ribosylation of actin increases the G-actin

concentration whieh leads to MF disassembly (Reuner et ai, 1987). Actin can also

be phosphorylated (Dunkley and Robinson. 1983) but the significance of this form

of modification is not known.

Actin binding proteins are numerous and reg-.J1ate various properties of MFs

or the subunits. Several proteins including profilin. depactin and vitamin-D binding

protein bind preferentially to G-actin and prevent MF elongation (Stossel et al,

1985). A 19,000 Da protein isolated from porcine brain called actin depo/ymerizing

factor binds G-actin and also severs MFs (Bamburg et ai, 1980; Giuliano et al,

1988). In addition villin and gelsolin have also been shown to sever MFs as weil

as bind to the barbed end of MFs thus preventing further addition of G·actin

(Stossel et ai, 1985). The actions of the latter two actin binding proteins seem to

be regulated by the calcium ion concentration (reviewed in Bamburg and

Bernstein. 1991). Proteins which crosslink MFs, such as a-actinin and spectrin, also

interact with other eytoskeletal proteins, such as vinculin. talin and ankyrin which

help link the MF network to the plasma membrane allowing for cell shape

regulation and response to mechanical changes (Stossel et ai, 1985; Lazarides and

Woods, 1989). The abundance of actin binding proteins illustrates the complexity

of this eytoskeletal component.

1.1.2 Microtubules

MTs are composed of tubuJ.in, a heterodimeric subunit containing two

c10sely related polypeptides referred to as a- and ,8-tubulin. The tubulin subunits

combine to form a tubule which contains 13 laterally associated protofiJamenl~

(Ledbetter and Porter, 1964; Tilney et al, 1973) and is -20-25 nrn in diameter.

Both a- and ,8-tubulin bind 1 mole of GTP although hydrolysis of the nucleotide

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

3
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growing (Plus) end and a non-growing (minus) end. Since GTP hydrolysis lags

behind polymer formation (Carlier and Pantaloni, 1981) it has been suggested that

a GTP cap consisting of GTP-eontaining tubulin subunits is present on the gr()\loing

ends of MTs and only MTs with sueh caps are capable of incorporating tubulin

subunits (Hill and Carlier, 1983; Mitehison and Kirsehner, 1984).

Ali mammalian species possess multiple genes encoding the a- and tl-tubulin

polypeptides (Oeveland et aI, 1980). Six classes of bath a- (Lewis et aI, 1985;

Villasante et aI, 1986; Heeht et aI, 1988) and tl-tubulin (Lee et aI, 1983,1984; Hall

et aI, 1983; Lewis et aI, 1985; Wang et aI, 1986; Sullivan and Oev=land, 1986) have

been identified. The differences between the isoforms are not clearly understood

although severa! biochemical differences have beell reported (Ludeiia et aI, 1985;

Banerjee and Ludeiia, 1987; Joshi et aI, 1987) and the œll seems to be capable of

distinguishing which isoform to polymerize (Joshi and Oeveland, 1988).

Post-translational modifications of tubulin include tyrosinylation

detyrosinylation of the a subunit (Barra et aI, 1973). Removal of the carboxy

terminal tyrosine residue exposes a glutamie acid residue. Developement of

anbbodies specifie for modified (Glu) or unmodified (Tyr) tubulin (Kilmartin et aI,

1982; Wehland et aI, 1984) have shown that high Giu-tubulin MTs are more stable

than high Tyr-tubulin ones (Gundersen and Bulinski, 1986; Sherwin et aI, 1987;

Wehland and Weber, 1987; Kreis, 1987; Schulze et aI, 1987). Acetylation of Iysine

f-arnino groups in tubulin (L'Hernault and Rosenbaum, 1983,1985a) simiJarly

contnoutes to MT stabilization (L'Hernault and Rose!lbaum, 1985b; reviewed in

Sullivan, 1988). tl-tubulin has been shown to undergo phosphorylation (Gard and

Kirschner, 1985) however the physiological significance of this modification is

unknown. Phosphorylation seems to occur in vivo since isoelectric focussing bas

revealed up to 12 isoforms of tl-tubulin whieh arise from the six isotypes (Field et

aI, 1984).

Many proteins are found associated with MTs prepared from brain including

the family of microtubule associated proteins (MAP) 1 and 2 (MAPIA, MAPlB,

4
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MAPIC, MAna, MAP2b and MAne) as weil as MAP3, MAP4, MAP5 and the

protein family referred to as tau (reviewed in Malus, 1988, Burgoyne, 1991). The

MAPs are very large proteins with molecular sizes ranging from 180,000-350.000

Da while the tau family comprise proteins of 55,Q00-62,000 Da and 110,000 Da

(Cleveland et ai, 1979; Georgieff et ai, 1991). Wilhin the neuron MAPIA and

MAPIB are enriched in the dendrites while MAna and MAP2b are found in the

dendrites and cell bodies. MAP2c, MAP3 and tau are found in the axons

(Bernhardt and Matus, 1984; De Carnil!i et ai, 1984; Huber and Matus, 1984;

Binder et ai, 1985; Huber et ai, 1985).

The expression of individual MAPs is developmentally regulated (see Matus,

1988, figure 2). AlI of these proteins are phosphorylated and their phosphorylation

states alter their MT binding capabilities (Murthy and Flavin, 1983). MAPs serve

to link adjacent MTs (Kanai et ai, 1989) thus stabilizing the MT network (Gelfand

and ~rshadsky,1991) as weil as determining spacing between adjacent MTs (Chen

et ai, 1992). In addition, MAPs link MTs to other eytoskeletal elements such as

neurofilaments (NFs) (Leterrier et ai, 1982; Heimann et ai, 1985) and MFs

(Nishida et ai, 1981; Selden and Pollard, 1983; Sattilaro, 1986). The functions of

tau and MAPIA, at least, may be similar since mice in which tau was knocked out

compensate for its loss by expressing higher amounts of MAPIA (Harada et ai,

1994).

One of the best descn'bed, and perhaps central, role of MTs in neurons is

their ability to mediate transport of membrane-bound organelles (Grafstein and

Forman. 1980; Koonce and Schliwa. 1985; Schnapp et al, 1985; Yale et ai, 1985a).

This transport is achieved in conjunction with 50 called motor proteins such as

kinesin and dynein (Vale et ai, 1985b; Paschel et ai, 1987; reviewed in Allan et al,

1991).

1.1.3 Intermediate fl1aments

IFs are found in most marnmalian cells and form filaments of -10 nm
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diameter (see Steinert and Roop, 1988, for review). IF subunit proteins, expressed

in a tissue specifie fashion (Table 1), vary in size from 40,000 Da to 200,000 Da

and share eommon structural features. The proteins consist of a highly conserved,

310 amino acid long a-helix-rich central rad domain, flanked by an amino-terminal

head domain and a carboxy-tenninal tail èomain with only IWO instances of

naturally occurring, tailless IF proteins known (Bader et al, 1986; Merdes et al,

1993). These end domains vary in length and can be further subdivided, based on

homology, into eharged (E) subdomains, variable (V) subdomains and high

homology (H) subdomains. The variable length of the !WO end domains gives rise

to the wide variance in IF subunit sizes.

The rod domain is highly conserved be!Ween ail IF proteins and conforms

to a so called heptad repeat pattern in which more than 75% of the first and fourth

amino acids in a group of seven are hydrophobie. In the context of an a-helix this

creates a strip of hydrophobie residues allowing for the hydrophobie interaction

be!Ween !WO subunits leading to coiled-coil dimer formation, which represents the

initial stage of IF assembly. The importance of conserving the structural features

of the rad domain is highlighted by the fact that mutations within this region in

keratin-14lead to the sJcin blistering disease epidermolysis bullosa simplex (Bonifas

et al, 1991; Coulombe et al, 1991; Rothnagel et al, 1992). The ends of the rad

domain are highly conserved (Pany, 1991) and are essentiaI for IF formation (Chin

et al, 1991; Hatzfeld and Weber, 1991; Letai et al, 1992). This high level of

sequence conservation is re6ected by the availability of a monoclonal antibody

which recognizes aIl IF proteins by binding to the carboxy-terminal portion of the

rad domain (Pruss et al, 1981).

AIl IF proteins have been shown to be phosphorylated in vitro by either

protein kinase A, calcium/calmodulin dependent protein kinase and/or protein

kinase C (Eriksson et al, 1992). In aIl cases studied there is a correlation be!Ween

phosphorylation of the head domain and IF disassembly. In sorne cases, these

correlations have been made in vivo (discussed below).

6



• Type Proteln nAme Main tlssue/cell distribution

Acidic keratin (about 15 proteins) Epithelia

Il Neutral-basic keratin Epithelia

(about 15 proteins)

111 Vimentin Fibroblasts. valCular smooth muscle cells

Desmin Muscle cells

Glial fibrillary acidic protein Glial cells

Peripherin Neurons of the peripheral nervous system

IV Neurofilament (three proteins) Most neurons of the central nervous sy~tem

a-Intemexin Some neurons of the central nervous system

V Nuclear lamins (two types: A and B) Nuclear lamina

VI Nestin Neuroepithelial stem cells

Table 1: Classification and tlssue-spec:ific expression or Intennediate filament

subunits Reproduœd from Skalli et al (1992)

•
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The role of IFs in the cell is unclear, a1though they are thought to he

involved in enhancing the rnechanical stability of cells. During mitosis both the

nuclear larnins and cytoplasrnic IFs disassernble and they reassernble after cell

division has taken place (Ottaviano and Gerace, 1985; Jones et aI, 1985; Dessev

and Goldrnan, 1988; Chou et aI, 1989; Nishizawa et aI, 1991; K1ymkowsky et aI,

1991). Since, in sorne cases, newly assernbled or reassernhling IFs aggregate around

the nucleus and grow radially frorn this location (EcJcert et aI, 1982; Maro et aI,

1983; Albers and Fuchs, 1987; Vikstrorn et aI, 1989; Chin and üern, 1989; Soifer

et aI, 1991) IFs rnay a1so transmit rnechanical sigr.a1s to the nucleus a1lowing Ùle

cell to respond to changes in its environrnent (Goldrnan et aI, 1986). However the

existence of a œil line devoid of any cytoplasmic IFs (Sarria et aI, 1990) and of

axons devoid of NFs (Yamasaki et aI, 1991; Eyer and Peterson, 1994) calI these

proposed roles of IFs into question. The tissue specifie expression of IF subclasses

(Steinert and Roop, 1988) may irnply that these proteins serve diverse functions in

different cells.
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1.2 NeurofilamenlS: Struclure anr.! functlon

Neurofilaments (NFs) are composed of lhree subunits of low, middle and

high molecular weight referred 10 as NF-L, NF-M and NF-H, respcctively.

Although generally found in neuronal cells, NFs have also been found in

myelinating Schwann cells (Kelly et al, 1992) and in adrenal chromaffin cells

(Georges et al, 1987) probably due to the chromaffin cells' neural crest origins

(Trifar6, 1982). The apparent molecular sizes of the subunits in NFs isolated from

spinal cord, as deterrnined by sodium dodecyl sulfate-polyacrylamide gel

electrophoresis (SDS-PAGE) are 68,000 Da (NF-L), 145,000 Da (NF-M) and

200,000 Da (NF-H). Il was later shown tbt these proteins migrated anomalously

on SDS-gels (Kaufmann et al, 1984; Georges and Mushynski, 1987).

The actual molecular masses were deterrnined following the direct

sequencing of porcine NF-L (Geisler et al, 1985) and DNA clones from different

species by severa! groups. NF-L was c10ned from mouse (Lewis and Cowan, 1985;

Julien et al, 1986), human (Julien et al, 1987), rat (Chin and üem, 1989) and rabbit

(Soppet et al, 1991). AlI sequencing studies predict polypeptides of approximately

62,000 Da which show homologies in the range of >90%. NF-M has bee~ c10ned

from mouse (Levy et al, 1987), rat (Napolitano et al, 1987) and human sources

(Myers et al, 1987). The rat and mouse proteins are 96% homologous at the amino

acid level and predict polypeptides of 95,000 Da in size. The human clone encodes

a slighùy larger product of 102,000 Da. NF-H has been c10ned from mouse (Julien

et ai, 1988), rat (Chin and üem, 1990) and human sources (Lees et al, 1988).

Mouse and rat NF-H show a higher degree of homology (88%) than do human and

rat NF-H (72%). 80th the rat and mouse clones encode polypeptides of 115,000

Da in size while tùe human clone encodes a polypeptide of 110,000 Da.

The availability of their arnino acid sequences has now made it possible 10

explain the anomalous migration of aIl three NF subunits on SDS-PAGE. The

carboxy-terrninai taiI domain, especially that of NF-M and NF-H, seems 10 he

responsible for the anomalous migration of these subunits since fusion proteins
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consisting of the tail domain of either NF-M or l\"F-H fused to the trp-E protein

migrated more slowly than expected on SOS-PAGE (Harris et al, 1991).l\"F-L, r-o"F

M and NF-H contain high levels of gIutamic acid residues in their carboxy-terminal

tail domains. Modification of these acidic groups by glycinamidation increased the

electrophoretic mobility of NF-L, l'i"F-M and !Io"F-H to 60,000 Da, 123,000 Da dl1d

148,000 Da. respectively (Georges and Mushynski, 1987). Bath !Io"F-H and NF-M

contain high amounts of lysine in their tail domains and modification of these

amino acids by trifluoroacetylation increased the electrophoretic mobilities of

native NF-M and NF-H. These results indicate that charged amino acids contribute

to the anomalous migration of NFs on SOS-PAGE. Another factor that contributes

to their anomalous migration is the high amounts of phosphate moieties round in

all three subunits (Julien and Mushynski, 1981). ?'oo"F-L, NF-M and !Io'F-H have been

found to contain 3, 8-25 and 14-50 moles of phosphate per mole of polypeptide,

respectively (Julien and Mushynski, 1982; Jones and Williams, 1982; Carden et al.

1985). Removal of these phosphate moieties by alkaline phosphatase increased the

electrophoretic mobilities ofthe NF subunits (Julien and Mushynski, 1982; Georges

et al, 1986).

While the function of NFs in neuronal cells is sùll unclear and may depend

on the location of the phosphate moieties on each subunit (see below), it has been

suggested that NFs regulate axon calibre (Lasek et al, 1983; Hoffman et al,

1984,1987). This hypothesis appears to be supported in the case of large,

myelinated fibres by the recent work of Oblinger et al (1989), Yamasaki et al

(1991) and Eyer and Peterson (1994). It is also thought that !'o"Fs serve a structural

role in the neuron. There is evidence to suggest that NFs and MTs interact either

directly (Hisanaga and Hirokawa, 1990; Miyasaka et al, 1993) or via MAP2

(Hirokawa et al, 1988) and/or tau protein (Miyata et al, 1986). JI,'F-L was ShOVo1l

to interact in vitro with brain spectrin (Frappier et al, 1987) thus possibly linking

!Io'Fs to the plasma membrane.

The importance of JI,'Fs in neuronal cell survival has been brought into
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question by sorne recent findings. Several repons have been published on the

existence of mutant Japanese quai! referred to as "quiver" mutants (Mizutani et al,

1992: Yamasaki et al, 1991,1992). These quail show no differences in fenility,

hatching ability and posthatching mortality as compared to non-mutant quai!.

Axons of the eentral and peripheral nervous system lack 10 nm filaments and axon

calibres are noticeably reduced (Yamasaki et al, 1991). The quail show a mile!,

generalized quivering. probably due to a reduction in the conductance velocity of

myelinated axons (Sakaguehi et al, 1993), and laek deteetable amounts of NF·L

(Yamasaki et al, 1992). It was subsequenùy shown that these quail contain a

nonsense mutation at the codon for amino acid residue 114 in NF·L thus

preventing the synthesis of an assembly-competent subunit (Ohara et al, 1993).

Eyer and Peterson (1994) produced transgenie mice expressing an NF-H/~

galaetosidase fusion protein. This fusion protein aggregated in perikaryal regions

and blocked the trartsport of endogenous NFs into the axon. These NF-deficient

axons were of a small calibre and s.l:lowed no increased degeneration relative to the

axons in nontrartsgenie littermates. These studies imply that NFs may be involved

in the determination ofaxon calibre but are not essential for survival. However,

mice and quai! are small in size and the high conductance velocities eharaeteristic

of myelinated axons may not be as important in small animais as in larger species.

ln a similar vein Sarria et al (1990) have established a cell line devoid of any

C)toplasmie IF, generalizing the question of the necessity for these proteins.

Interestingly two recent repons have shown that overexpression of either NF·L or

NF-H in transgenic mice lead te a condition resembling amyotrophie lateral

sclerosis (Coté et al, 1993; Xu et al, 1993). Therefore more work is needed to

determine the aetual function of and necessity for NFs.

1.2.1 Neurofilament assembly

The initial stage in NF assembly involves the formation of a coiled-coil

dimer by the interaction, paralle! and in axial register, of the hydrophobie strips in
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the a-helix-rich rod domains of two subunits (Pany et al, 1985; Quinlan et al•

1986). It remains undear as to whether these dimers are homo- or heterodimers

since NF-L can form homopolymers in vitro (Geisler and Weber, 1981) whereas

it cannot do so in vivo (Ching and Liem, 1993; Lee et al, 1993). The next stage in

assembly is generally agreed upon to involve the formation of a tetramer from two

dimers although the question of whether the dimers are in axial register or

staggered and parallel or antiparallel remains unresolved (Geisler et al, 1985;

Stewart et al, 1989; Coulombe and Fuchs, 1990; Hisanaga et al, 1990). While one

group reported the existence of soluble species of NF-M and NF-H in monomeric

form under restrieted conditions (Cohlberg et al, 1987) the existence of stable

tetramers consisting of only NF-L has been demonstrated (Tol..-utake, 1989;

Tokutake and Tanaka, 1989). The formation of octamers, or protofibrils, from two

tetramers is the next step in assembly but the arrangement of units remains

obscure. However one report suggests that the two tetramers are aligned in an

antiparallel fashion (Hisanaga et al, 1990).

Available evidence suggests that there are four oetamers, or 32 subunits,

spanning the 10 nm diameter of IFs (Steven et al, 1983; Ip et al, 1985). The

distribution of each of the three NF subunits within the filament is not known. NF

L is thought to form the core of the NFs for several rcasons. It is the only subunit

capable of self-assembling ioto long, 10 nm wide filaments (Geisler and Weber,

1981; Tol..-utake et al, 1984; Gardner et al, 1984; Hisanaga et al, 1990; Balin and

Lee, 1991). Furthermore, irnmunoeleetron microscopy revealed that antibodies

against the rod domain of NF-L failed to label NFs implying that this region is

buried within the filaments (Balin et al, 1991) whereas polyc\onal antibodies raised

against this same subunit labelled filaments uniformly (Sharp et al, 1982). Finally,

in IF cells NF-H and NF-M are incapable of assembling in the absence of NF-L

(Ching and Liem, 1993; Lee et aI, 1993) and in the mutant "quiver" quai!, which

fails to express fulliength NF-L, axons are devoid of NFs (Yamasaki et al, 1991).

In fac!, recent data suggest that the basic ~uilding blocks of NFs are composed of
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heterooligomers consisting of NF-L in association with either NF-M or NF-H

(Mulligan et al, 1991; Sacher,M.G., Athlan,E.S. and Mushynski,W.E., submitted).

Several electron and immunoelectron microscopy studies have shown that

the tail domains of NF-M and NF-H project laterally from the NF axis (Hisanaga

and Hirokawa, 1988; Balin et al, 1991; Mulligan et al, 1991; Gotow et al, 1992;

Gotow and Tanaka, 1994). These results are supported by the finding that mild

treatment of NFs with chymotrypsin selectively removes the tail domains of NF-M

and NF-H (Julien and Mushynski, 1983; Georges and Mushynski, 1987; Chin et al,

1989).

The influences of the head, rod and tail domains on NF assembly have been

studied both by in vlira reassembly and by expression of full-Iength and mutated

subunits in heterologous systems. One study, using fulliength and either amino- or

carboxy-terminally deleted NF-!., concluded that the amino-terminal head domain

promotes the lateral association of tetramers into octamers and, eventually, 10 nm

wide filaments while the carboxy-terminal tail domain assures the termination of

lateral assembly at the 10 nm level (Heins et al, 1993). In a similar study

Nakamura et al (1993) showed that proteolytic removal of the tail domain of NF-L

led to the formation of ribbon-Iike structures of greater than 10 nm diameter

following reassembly. The expression of arnino- and carboxy-terminal mutants of

mouse NF-M and NF-L in Ltk' cells showed the dispensibility of parts of these

domains in NF formation (Gill et al, 1990; Wong and Cleveland, 1990; Chin et al,

1991). In addition the ability of transfected NF subunits to co-assemble with the

endogenous IF network in non-neuronal cells (Chin and Liem, 1989,1990; Gill et

al, 1990; Wong and Cleveland, 1990; Chin et al, 1991; Soifer et al, 1991; Nash and

Carden, 1991) ilIustrates the universality of IF assembly processes.

1.2.2 Neurolilament phosphorylation and its roles

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

considerable number of phosphate moieties. The location of these phosphates
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seems to influence the interactions and assembly states of NFs (discusseè below).

Much effort, therefore, has been put into idenùfying the sites of phosphorylaùon.

Julien and Mushynski (1983) showed that most, if not all, of the phosphates on rat

NF-M and NF-H were localized to a proteolytic fragment encompassing their taiI

domains. 3Ip_NMR analysis revealed that the phosphates in NF-H were clustered

(Zimmerman and Schlaepfer, 1986) and sequence analysis of cONA clones ofooth

NF-M and especially NF-H revealed a preponderance of Lys-Ser-Pro repeats in

their tail domains with human (Lees et al, 1988), mouse (Julien et al, 1988) and rat

NF-H (Chin and Liem, 1990) containing 43, 51 and 52 such repeats, respectively.

Mouse (Levy et al, 1987) and rat (Napolitano et al, 1987) NF-M contain 5 copies

of this sequence while human (Myers et al, 1987) NF-M contains 6 tandem repeats

of a thirteen amine acid sequence each containing IWO copies of the Lys-Ser-Pro

moùf. The serine residues in these triplet repeats have been shown to be the major

sites of NF phosphorylaùon (Geisler et al, 1987; Lee et al, 1988; Xu et al, 1992).

Sihag and Nixon (1990) also showed low levels (5-15%) of phosphate in the head

domain of NF-M. NF-L, containing fewer phosphates, was shown to be

phosphoryl!!ted at one major site in both the tail domain (Xu et al, 1990) and the

head d'Jmain (Smag and Nixon, 1991).

The phosphate I"::!oieùes in NF-M and NF-H were shown to contnoute to

their anomalous nligraùon on SOS-PAGE since removal of the phosphates by

alkaline phosphatase increased the eleetrophoreùc mobility of the subunits (Julien

and Mushynski, 1982; Georges et al, 1986). Interestingly, the catalytic subunits of

protein phosphatases-1, -21., -2B and -2C were unable to elicit a similar change

in eleetrophoretic mobilitJ (Hisanaga et al, 1993) indicating perhaps that subunits

associated with these phosphatases may enhance their ability to aet on NF subunits.

Many invesùgators have tried to identify protein kinases that co-purify with

NFs or phosphorylate NFs ÙI vùro and ÙI vivo. Several regulator-independent

protein kinase activities co-purifying with NFs have been identified (Julien and

Mushynski, 1981; Runge et al, 1981; Shecket and Lasek, 1982; Julien et al, 1983).
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Further fractionation of the regulator-independent protein kinase preparation

revealed a casein kinase-l-like activity in rat spinal cord (Julien et al, 1983; Toro

Delbauffe and Pierre. 1983). bo\ine spir.al cord (link et al, 1993) and squid

axoplasm (Floyd et al, 1991). In addition a NF kinase capable of phosphorylating

severa! other proteins (Toru-Delbauffe et al. 1986) and a NF-specifie kinase which

phosphorylates only native. highly phosphorylated NF-H (Wible et al. 1989) have

been identified from this fraction. A NF :ISSOciated kinase was purified {rom

chieken spinal cord (Hollander and Bennett, 1992) which phosphorylated some, but

not all, Lys-Ser-Pro sites on the lail domain of NF-M (Hollander et al. 1993).

Calcium/calmodulin-dependent proteih kinase II was also round to co-purify

with NFs (Vallano et al. 1985; Caputo et al. 1989; Dosemeci et al. 1990) and may

be involved in their phosphorylation in vivo (Sihag and Nixon, 1989). Both cAMP

dependent protein kinase (PICA; Caputo et al. 1989; Dosemeci et al. 1990) and

protein kinase C (PKC; Dosemeci et al. 1990) have been shown to co-purify with

NFs. PKC phosphorylated NFs in vitro (Sihag et al, 1988) and may be involved in

their phosphorylation in vivo (Georges et al, 1989; Grant and Aunis, 1990). ln vilro

phosphorylation of NF-M and NF-L by PKA occurs in the arnino-terminal head

domain (Sïhag and Nixon, 1990.1991; Hisanaga et al. 1994) and some of these sites

are phosphorylated in vivo. An association between the catalytic subunit of PKA

and NFs was shown to be blocked by the addition of the regulatory subunit of PKA

and reversaI of the block was effected by the addition of cAMP (Dosemeci and

Pant, 1992) indicating that the interaction of PKA with NFs may be a second

messenger-regulated event. A novel 115.000 Da protein kinase was reœntly

identified by its ability to bind to a column composed of the taiI domain of NF-H

expressed in bacteria (Xiao and Monteiro. 1994). An in vivo association between

this kinase and NFs was shown by its ability to be co-immunoprecipitated with

NFs.

Severa! protein kinases which do not co-purify with NFs have been shown

to phosphorylate NFs in vitro inc1uding g1ycogen synthase kinase-3 (GSK-3; Guan
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t:I al, 1991), !wo novel protein kinases !rom bovine brain (Roder and Ingram,

1991) and edc2 kinase from both starflSh oocytes (Hisanaga et al, 1991) and a

mouse mammary carcinoma (Guan et al, 1992). Subsequently, cdc2-related kinases,

now known to he cdkS, were purified !rom neuronal tissue (Hellmich et al, 1992;

Lewet al, 1992; Kobayashi et al, 1993) and shown to phosphorylate the consensus

sequence SerfIbr-Pro-X-Lys (Beaudette et al, 1993; Hisanaga et al, 1993; Shetty

et al, 1993) that is found in both NF-M and NF-H. RecentIy a proline-directed

casein kinase activity from bovine brain was characterized whieh, Iike cdkS, showed

a requirement for a proline residue on the carboxy-tenninal side of the

phosphorylated residue (Angelov, 1994). Its size (45,000 Da) distinguishes it from

cdkS (33,000 Da), however its ability to phosphorylate NFs was not determined.

Since all of the protein kinases discussed above seem to phosphorylate

different sites on NF subunits and sorne, sueh as GSK-3 and NF-specifie kinase,

require prior phosphorylation of NFs, it is possible that complete phosphorylation

of NFs is aecomplished by the concerted effort of several protein kinases perhaps

in a hierarehica1 fashion (Roaeh, 1991).

The ability of protein kinases to co-purify with NFs may be artifactual due

to the highly eharged nature of NF subunits. Several studies have shown !bat the

expression of NF-H eDNA in non-neuronal cells yields an unpbospborylated

protein (Chin and Uem. 1990; Nasb and Carden, 1991; Seifer et al, 1991). On the

other hand, NF-M expressed in non-neuronal cells was indeed pbospborylated on

sorne Lys-Ser-Pro sites (Chin and Liem. 1989; Pleasure et al, 1990) indicating !hat

at least sorne of the protein lcinases acting on NFs are either active only in neurOns

or are neuron enriched sueh as cdkS.

Phosphorylated NF subunits are compartmentalized within the neuron with

axonal subunits being more highly phospborylated than their perikaryal and

dendritie counterparts (Stemberger and Stemberger, 1983). However following

a1urninum intoxication (Bizzi and Gambetti, 1986) and in certain

neurodegenerative diseases (Stc:mberger et al, 1985; Wiley et ai. 1987; Muiioz et
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al, 1988) perikaryal NFs are found to be in a hyperphosphorylated state. Whether

this is a cause or a consequence of the pathologica1 state is unknown.

The once obscure role of NF subunit phosphorylation is now starting to

c\ear. Available evidence indicates that amino-terminal head domain

phosphorylation of NF subuuits regulates their assembly states while

phosphorylation of the earboxy-terminal taïl domains of NF-M and NF-H regulates

the interactions of these projections with adjacent filaments and other cellular

components (Fliegner and Liem, 1991; Nixon and Sihag. 1991).

Severa! reports have shown that phosphorylation by either PKA or PKC

caused homopolymeric filaments composed of NF-L to disassemble and prevented

monomers from assembling past the octamer stage (Gonda el al, 1990; Nakamura

et al, 1990; Hisanaga et al, 1990,1994). In these studies PKA added 2-4 moles of

phosphate per mole of NF-L polypeptide. The residues in NF-L that were

phosphorylated by PKA were shown to reside in the amino-terminal head domain

with one site at serine-55 (Sihag and Nixon, 1991) and at least one each on amino

terminal peptides eomprising amino acid residues 1-14 and 37-53 (Hisanaga el al,

1994). One study examined the differences between native NFs and reassembled

NFs in terms of their ability to disassemble following phosphorylation by PKA

(Hisanaga el al, 1994). It was found that native NFs are relatively resistant to PKA

mediated disassembly as compared to reassembled NFs although the native NFs

showed a partial fragmentation as determined by differential centrifugation.

Electron microscopy showed regions of thinning along filaments which may be sites

where the NFs were severed after phosphorylation. These results are interesting

in that they show differences between reassembled and native NFs in addition to

their previously noted differences in lengtb (Balin el al, 1991). In addition the

result:; of Hisanaga el al (1994) imply that reassembly in vitro differs from that in

vivo iL either the structural arrangement of NFs or in factors which hold the

filament.; together. In tlJis respect it is noteworthy that many JF-associated proteins

(JFAP) have !:>t'.ea identified, sorne ofwhich seem to 1ink adjacent filaments (Yang
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et al, 1991). These include a neuron·specific protein called NAPA-73 (Ciment et

al, 1986). Interestingly, one of these IFAPs, which is found in BHK-21 cells, is

present at crossover regions along vimentin IFs (Yang et al, 1991) and may aid in

network stabilization. NF-M was also shown to be phosphorylated in the amino

terminal head domain by PKA both in vivo and in vÎJTO. The effeet of this head

domain phosphorylation on NF-M assembly has not been determined direetly since

self assembly of this subunit fails to produœ long, 10 nm wide filaments.

It is not clear whether head domain phosphorylation of NFs is

physiologically relevant although a correlation between NF fragmentation and head

domain phosphorylation of bath NF·M and NF-L has recentIy been shown (Sacher

et al, 1994). Since amino-terminal domain phosphorylation of other IFs correlates

with their disassembly both in vitro and in vivo (lnagaki et al, 1987,1988,1989,1990;

Geisler and Weber. 1988; Ando et al. 1989; Geisler et al. 1989; Chou et al.

1990.1991; Heald and McKeon, 1990; Nishizawa et al. 1991) it seems Iikely that

reversible head domain phosphorylation is a general mechanism in the regulation

of IF assembly/disassembly.

Whether there is a need to disassemble the IF network in a non-dividing

cell such as the neuron remains an open question. In dividing cells the disassembly

of IFs is correlated with mitosis (Chou et al, 1989) and phosphorylation is mediated

by effector·independent kinases such as cdc2 kinase (Rosevear et al. 1990; Chou

et al. 1991; Eriksson et al. 1992). In the case ofNFs head domain phosphorylation

is mediated by second messenger dependent kinases such as PKA and PKC (see

above). The dynamic nature of NFs has been demonstrated both in viJro (Angelides

et al. 1989) and in vivo (Sacher et al. 1992,1994; Okabe et al. 1993; reviewed in

Nixon and Shea, 1992). It is therefore possible that head domain phosphorylation

causes a local disruption of the NF network alIowing for an exchange between NFs

and a soluble. unassembled pool of oligomeric subunits. Such phosphQry1ated,

soluble. NF-H-containing oligomers have been identified in neuroblastoma

NB2a/dl cells (Shea et al. 1988) as weil as in Purkinje and anterior hom cells
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(Gotow and Tanaka, 1994). These NFs may represent a pool of oligomers in

equilibrium with NFs, as opposed to naseent polypeptides, sinee most phosphates

seem to be added to NF-H after incorporation into the filaments (Nixon et ai,

1989). However, the location of the phosphate moieties on these soluble NF-H

oligomers was not determined and may not involve the head domain sinee the

oligomers were assembly competent (Shea, 1994). In addition, NFs assume a less

random architecture at nodes of Ranvier as compared to myelinated regions of the

axon (Priee et ai, 1993). Perhaps differences in head domain phosphorylation of NF

subunits throughout the axon allow for such structural changes.

Phosphorylation of the taïl domain of both NF-M and NF-H seerns to be

effected by second messenger-independent kinases (Vallano et ai, 1985; Wible et

ai, 1989; Hisanagà et ai, 1991,1993; Roder and Ingram, 1991; Lew et ai, 1992;

Shetty et ai, 1992; Hollander et ai, 1993; Xiao and Monteiro, 1994) and may

regulate interactions with surrounding structures such as MTs. Phosphorylation of

the tail domain ofNF-H by either cdc2 kinase (Hisanagaet ai, 1991) or tau protein

kinase II (Miyasaka et ai, 1993) reduced its ability to bind to MTs in vi/ra and

dephosphorylation of NFs restored this interaction (Hisanaga et ai, 1993).

Interestingly, tau protein kinase II was shown to be identical to cdkS (Kobayashi

et ai, 1993).

It has been suggested that phosphorylation of the taïl domains of NF-M and

NF-H causes them to project laterally from the filament axis and thereby increase

the distance between adjacent filaments (Carden et ai, 1987). This notion is

compatible with the suggestion that NFs determine axooal calibre (see above),

although Hisanaga and Hirokawa (1989) showed that dephosphorylation of NFs by

alkaline phosphatase had no effect on the appearance of the projections nor 00

their ability to form crossbridges. Shaw (1991) proposed that phosphorylatioo of

the tail domains of NF-M and NF-H would influence axon calibre by causing a

repulsion between these projections thereby influencing their positions but not their

lengths.
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Several studies examined the interactions of the tail domains of NF-M and

NF-H in attempts to explain the reason for the projections and crossbridges seen

between NFs. Chin et al (1989) showed, by removal of the tail domains of the !Wo

subunits by chymotrypsin, that they do no: ;~teract in solution with each other nor

with native or dephosphorylated NFs. Gotow et aI (1992) take issue with this and

argue that the tails of NF·M and NF·H do interact to fonn crossbridges. This is

based on the fact that reassembled filaments containing NF-L and NF-H contain

the same density of crossbridges and projections as filaments reassembled from all

three subunits. Since reassembled filaments containing NF-M and NF-L only fonn

projections these investigators reasoned that in the presence of NF-H the tail

domain of NF·M must fonn crossbridges. In addition Eyer and Leterrier (1988)

show an increase in the viscosity of a suspension of NFs following phosphorylation

suggesting an increased interaction between filaments. Perhaps the discrepancy

between these studies is due to the use of proteolytically derived tail domains by

Chin et aI (1989) while the latter!Wo studies used the intact subunits. A later study

(Gotow and Tanaka, 1994) showed that the NF-H tail domain is highly

phosphorylated when it forms crossbridges with adjacent NFs (in the axon) but is

poorly phosphorylated when the filaments appear singly (in the perikaryon).

Interestingly, these authors point out that axonal MTs are segregated from NFs.

Perhaps phosphorylation of the tail domain of NF-H in the axon allows NF-NF

interactions to take place to the exclusion of NF-MT interactions. The opposite

would occur in the perikaryon since, as mentioned above, NF-MT interactions in

vitro are increased following dephosphorylation of NFs (Hisanaga et al, 1993).

Finally, NF phosphorylation bas been suggested to influence diverse

processes such as the protection uf NFs from proteolysis (Goldstein et al, 1987;

Pant, 1988) and influencing their structure (Otvos et al, 1988). The ability of native

and dephosphorylated NFs to bind calcium bas also been reported (Lefebvre and

Musbynski, 1987) but its significance is still unclear. However, Holly et al (1993)

reported that calcium binding influences NF-M secondary structure.
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1.3 Proteio phosphatases

The most common method for controlling the structure and funetion of

cellular proteins is reversible phosphorylation. The phosphorylation state of any

phosphoprotein is dietated by the balance between the activitics of protein kinases

and protein phosphatases. For a long time it was thought that protein phosphatases

comprised a relatively small group of proteins whose activity was not regulated as

tightly as that of protein kinases. Research in the protein phosphatase field

therefore lagged behind that of protein kinases. The recent discovery of various

isozymes of serine/threonine protein phosphatase catalytic subunits, targeting

subunits and associated proteins (for reviews see Cohen, 1989; Shenolikar and

Naim, 1991; Bollen and Stalmans, 1992) and the rapid expansion of protein

tyrosine phosphatase families (Charbonneau and Tonks, 1992) represents an

explosion of knowledge that bas aided in the answering of old questions and the

generation of new ones in this area of research. The following sections deal with

the major serïne/threonine protein phosphatases of eukaryotic cells, their

classification, functions and modes of regulation. Emphasis is placed on the type-l

and type-2A phosphatases (see below) due to their apparent involvement in NF

metabolism (Sacher et al, 1992,1994).

1.3.1 Classification and structure or protein phosphatases

The most widely accepted method for classifying protein phosphatases is

that of Ingebritsen and Cohen (1983). This method tests the ability of the

phosphatase to dephosphol}late the a and f3 subunits of phosphorylase kinase and

measures its response to the thermostable protein phosphatase inhibitors 1 and 2

(Il and 12, respectively; note that 12 is sometimes referred to as "modulator")

(Huang and Glinsmann, 1976). Protein phosphatases of the type-l (PP-l) class

preferentially dephosphorylate the f3-subunit of phosphorylase kinase and are

inhibited by Il and 12 whereas those of the type-2 (PP-2) class are resistant to

inhibition by Il and 12 and preferentially dephosphorylate the a-subunit of

phosphorylase kinase. The PP-2 class tan be further subdivided on the basis of
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requirement for divalent cations. The A subcIass (PP-2A) requires no cations for

aetivity, the B subcIass (PP-2B) requires calcium and the C subclass (PP-2C)

requires manganese. Furthermore, the non-phorbol tumour promoter, okadaic acid

(OA), has been shown to inhibit PP-2A (K; 0.2 nM) with a higber potency than PP

1 (K; 20 nM) (Bialojan and Takai, 1988) thus allowing a further means of

distinguishing between these two enzymes. An inactive species consisting of PP-l

and 12 is occasionally referred to as the A TP-magnesium dependent protein

phosphatase (Merlevede and Riley, 1966) or Fe (Goris et al, 1979), due to its

requirement for these two substances (discussed below). Since polycations such as

poly-Iysine and protamine stimulate PP-2A (Pelech and Cohen, 1985) this subclass

is often referred to as the polycation stimulated protein phosphatase or PCS. The

faet that PP-2B requires calcium and is localized predominantly in neural tissue

(Klee and Cohen, 1988) led to the neuronal species of this phosphatase being

named calcineurin.

A structural comparison of protein phosphatases reveals a high degree of

conservation of catalytic subunits througbout evolution indicating that the enzymes

play an essential role in cell viability. For example, the catalytic subunits of PP-l

(PP-IJ from fungi, fruit flies and humans share over 86% sequence identity while

PP-2A catalytic subunits (PP-ZAJ from fruit fliec and marnmaIs share 93%

sequence identity (Shenolikar and Nairn, 1991). PP-le and pp.2Ac share 41%

sequence identity (Berndt et al, 1987) which may explain the cross-reaetivity of

certain monoclonal antibodies with both proteins (Brautigan et al, 1986). In

addition, PP-lco PP-2Ac and the catalytic subunit of PP-2B (PP-2BJ share six highly

conserved regions which may fonn part of the catalytic domain. These enzymes are

thougbt to have evolved from a common lineage. PP-2Bc may haves arisen as the

result of fusion with a gene encoding a calmodulin binding protein (Ito et al, 1989).

The catalytic subunit of PP-2e shows Iittle homology with the aforementioned

enzymes and is thougbt to have diverged early in evolution. Recently five distinct

protein phosphatases termed PP-V, PP-x, PP-Y, PP-Z and PP-2B. were c10ned
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from a drosophila cDNA library (Cohen et al, 1990). pp.X and PP-V are more

similar to PP-2A (57-69% homology) than to PP·l (45-49% homology) white PP-Y

and PP-Z are more similar to PP-l (66-68% homology). PP·2B,. is a

calcium/calmodulin dependent protein phosphata.<>e with 54% homology to PP-2B

(da Cruz e Silva and Cohen, 1989).

1.3.2 Protdn phosphatase-l: Structure and properties

PP-le has a molecular mass of 37,000 Da. Two isoforms of PP-l, termed PP

Ip and PP-l.,8 have been cloned from rabbit skeletal muscle (Cohen, 1989; Barker

et al, 1994). The dis2 gene of the fission yeast shows strong homology with rabbit

skeletal muscle PP-lp. Screening of a mouse fetal brain cDNA library with a dis2

probe yielded two distinct clones, termed disônl and disôn2 which are 90%

identical (OhJ....ura et ai, 1989). These cDNAs were subsequently found in both rat

liver and testis and were called PP-ley1 and PP-leo, respectively (Sasaki et al,

1990). A fourth clone, called PP-ley2 and abundant in rat testis, was also identified

and found to be an alternatively spliced form of PP-ley1. The human forms of PP

Ip, PP-l.,8 and PP-ley have ail been cloned (Barker et al, 1990,1993,1994). Ali of

the isoforms of PP-le are sensitive to inhibition by 12 and okadaic acid (see below)

(Zhang et al, 1993).

PP-le is found associated with several regulatory components which

detennine subcellular localization as well as activity against various substrates. In

skeletal muscle, liver, brain and kidney more than 70% of the PP-l activity was

sedimented by centrifugation at lOO,()()()xg (Cohen, 1989). In rabbit skeletal muscle

3~'70 of the PP-l activity was associated with g1ycogen particles (IngelJristen et

al, 1983; Hubbard et ai, 1990) where PP-le was found in a 1:1 complex with a

161,000 Da protein called the glycogen binding subuniJ or G subunit (Strâlfors et al,

1985). The G subunit binds both g1ycogen and PP-le with high affinity (k., of 8 nM

and 4 DM, respectively) (Hubbard and Cohen, 1989). The G subunit is found in

skeletal muscle, heart and diaphragm but not in kidney, liver, lung or brain {Bollen
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and Stalmans, 1992). This indicates that these other tissues contain similar proteins

which link PP·1 activity with the particulate fraction. Interestingly, Wera et al

(1991) purified a 161,000 Da protein thought to be the rat Iiver homologue of the

G subunit.

Another form of PP·l termed PP·1M cao he found associated with skeletal

muscle myofibrils. This complex, with a molecular mass of 110,000 Da., binds

specifically to actomyosin (Chisholm and Cohen, 1988). The binding of the M

subunit to actomyosin is weaker than that of the G subunit to glycogen since 300

mM NaCI will release the former but not the latter.

The most extensively studied form of PP-l, first identified in bovine adrenal

cortex (Merlevede and Riley, 1966), has been termed the ATP-magnesium

Jependent form, since preincubation with these additives is required to generate

phosphatase activity. It is also referred to as Fe since an activating factor, termed

FA' was found to he required for activating the phosphatase (Goris et al, 1979).

The activating factor was found to phosphorylate the enzyme glycogen synthase

(Vandenheede et al, 1980) and was later shown to be glycogen synthase kinase·3

(GSK·3) (Hemmings et al, 1981). It was subsequently shown that Fe was composed

of a 1:1 complex between PP-le and 12 (Yang et al, 1981,1983) and phosphorylation

ofI2 led to the activation of PP·1e (discussed in detail below) (Ballou et al, 1983;

Jurgensen et al, 1984).

PP·1 activity has also been identified in the nucleus of rat Iiver cells (Kuret

et al, 1986), HeLa cel1s (Friedman, 1986) andXenopus oocytes (Jessus et al, 1989).

The concentration of enzyme in liver nuclei is S-fold higher than extranuclear

levels (Kuretet al, 1986). Between 40% and 80% of the nuclear PP·1 (PP-IN) is

particulate which may be explained by its apparent association with chromosomes

(Femandez et al, 1992). PP-le in nuclei is complexed with a 16,000-18,000 Da

polypeptide cal1ed Nuclear !nhibitor of PP'!, or NIPP-l.
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1.3.2.1 Regulation of protein phosphatase-l

It is now weil established that extranuclear PP-l activity is regulated by

second messengers. As mentioned above. ske!eta! muscle PP-le can be found

complexed to the G subunit thus binding the enzyme to glycogen. This form of the

enzyme. PP-lG. is active. However. several phosphorylation sites exist on the G

subunit which. when phosphorylated. cause the release of PP-le. Phosphorylation

by PKA (Caudwell et al, 1986; Hubbard and Cohen, 1989) causes PP-le to

dissociate from the G subunil, which remains bound to glycogen (Hubbard and

Cohen, 1989). Phosphorylation by insulin-stimulated protein kinase does not lead

to a sirnilar dissociation of the catalytic subunit but does increase PP-lG activity

toward certain substrates (Dent et al, 1990). GSK-3 phosphorylates IWO different

sites in vitro (Fiol et al, 1988; Dent et al, 1989) one of which is phosphorylated in

vivo as weil. In addition casein kinase-2 aets on the G subunit in vitro (Bollen and

Stalmans, 1992).

PP-le released into the cytosol by PKA phosphorylation of the G subunit can

be complexed to and inhibited by Il after the latter is phosphorylated by the same

protein kinase (discussed below) (Foulkes et al, 1983). Thus the dual action of

PKA on the G subunit and Il results in the inactivation of PP-le' Injection of

adrenalin into rabbits causes a reduction in PP-l activity by this mechanism

(Hiraga and Cohen, 1986). The injection of insulin leads to an increase in G

subunit phosphorylation by insulin-stimulated protein kinase which causes an

increased phosphatase activity toward glycogen synthase and phosphorylase kinase

(Dent et al, 1990). There is also a decrease in Il phosphorylation resulting in a

further increase in PP-1 activity (Chang and Huang, 1980).

Regulation of hepatic PP-1G differs from that of skeletal muscle PP-1G

since dissociation of liver PP-le from the glycogen binding subunit does not occur

in the presence of PKA nor has it been shown that the subunit can even be

phosphorylated (Wera et al, 1991). In addition rat and mouse liver are devoid of

Il and its brain homologue DARPP-32 (discussed helow) (Huang et al, 1977;
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MacDougall el al, 1989; Elbrecht el al, 1990). Instead the phosphorylation states

of phosphorylase and phosphorylase kinase regulate the aetivity of hepatic PP-1G

(Alemany and Cohen, 1986). Furthermore, agents which increase intracellular

calcium leve!~, such as vasopressin and angiotensin, aet to increase phosphorylase

a levels thus inhibiting PP-1G (Cohen, 1989).

Beullens el al (1992) showed that the activity of PP-IN is controlled by its

association with NIPP-1 and that an inactive complex of to.'1PP-1:PP-1e could be

isolated from bovine thymus nuclei (Beullens el al, 1993). This inactive species

could be activated up to 4-fold by phosphorylation with either PICA or casein

kinase-2 (Beullens el al, 1993; -'an Eynde et al, 1994) with an additive 8-fold

activation after treatment with both protein kinases (Van Eynde et al, 1994). It was

not determined whether phosphorylation caused a dissociation of PP-le from NIPP

1 or merely an activation of the complex as is seen with the ATP-magnesium

dependent form of PP-1 (see below).

Cytoplasmic inhibitory proteins of PP-le exist as weil. Two of these, the

thermostable and acid stable inhibitors Il and the dopamine and cAMP regulated

phosphoprolein (DARPP-32) are c10sely related (ShenolikllT and Nairn, 1991) and

inhibit PP-le in a similar fashion. Il and DARPP-32 have molecular masses of

18,700 Da and 22,600 Da respectively (Aitken et al, 1982; Williams et al, 1986).

While mouse and rat Iiver contain neither Il nor DARPP-32 (Huang et al, 1977;

MacDougall el al, 1989; Elbrecht et al, 1990) Il is found in mammalian skeletaI

muscle, heart, kidney, uterus and adipose ùssue (Huang and Glinsmann, 1976;

Huang et al, 1977; MacDougall et al, 1989). DARPP-32 is present in brain regions

with dopaminergic neurons, brown adipose tissue, adrenal medulla and pineal

gland (Hemmings and Greengard, 1986; Meister et al, 1988). Since the

concentration of Il is 3-4 ùmes higher than that of PP-le (Nimmo and Cohen,

1978; Ingebritsen et al, 1983) phosphatase aetivity cao he quickly regulated. Both

Il and DARPP-32 are inhibitory towards PP-le only after phosphorylation by PICA

(Hemmings et al, 1984a,b). Additionally, DARPP-32 cao be phosphorylated by
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casein kinase-2, whieh does not increase its potency as an inhibitor of PP-l. but

does promote phosphorylation by PKA (Girault et aI, 1989). The inhibitory domain

of both DARPP-32 and Il was determined to reside in their extreme amino

terminal portions (Aitken and Cohen, 1982; Hemmings et aI, 1990).

Dephosphorylation ofboth Il and DARPP-32 is catalyzed by PP-2A and PP

2B (Hemmings et aI, 1984a,b,e; King et aI, 1984). Activation of N-methyl-D

aspartate (NMDA) receptors counteraets forskolin-indueed DARPP-32

phosphorylation. NMDA increases intracellular calcium whieh may activate PP-2B

allowing it to dephosphorylate DARPP-32 (Halpain et aI,1990). This supports a

model of antagonism between calcium and cAMP (see Cohen, 1989, figure 1).

DARPP-32 phosphorylated by casein kinase-2 is a poor substrate for PP-2B but is

dephosphorylated by both PP-l and PP-2A suggesting a complex regulation of its

function (Cohen, 1989). Finally it is noteworthy that PP-l found in the particulate

fraction of rat brain bas a sigruficantly lower specifie activity compared to the

soluble form (Sim et aI, 1994). The basis for this observation is unclear since brain

specifie regulatory subunits of PP-l (other than DARPP-32 whieh is soluble) are

notknown.

ADother beat and acid stable inhibitor of PP-le was isolated together with

Il and is called 12 or modulator (Huang and Glinsmann, 1976). 12 has been found

in aIl tissues examined including those in whieb Il and DARPP-32 are laeking.

l.ike Il and DARPP-32, I2 is aIso phosphorylated althougb phosphorylation, by

GSK-3, abolisbcs the protein's inhibitory effeet (Vandenheede et aI, 1983). I2 is

aIso pbospborylated ÙI vitro by casein kinases-I and 2 as well as by PKA (DePaoli

Roacb, 1984; Holmes et aI, 1986; Agostinis et aI, 1987). Pbosphorylation by PKA

bas no effeet on the Fe complex and is probably not physiologically relevant. The

sites pbospborylated by casein kinase-2 also occur ÙI vivo and, wbile not

deinhibitory by themselv'=S, increase the rate of pbospborylation by GSK-3

(DePaoli-Roaeb, 1984).

A1tbougb initially it was thougbt that I2 phosphorylation by GSK-3 caused
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it to dissociate from PP-le this is now known to be faIse. U remains bound

throughout the enùre activation process. Phosphorylation of U by GSK-3 causes

a conformaùonal change in U exposing a metal ion binding site on PP-le (Li et al,

1985; Priee and Li, 1985; Priee et al. 1986). The subsequent binding of magnesium

to PP-le causes it to dephosphorylate the associated U polypeptide resulùng in the

formation of an active complex (Li et al. 1985; Priee and Li, 1985). Subsequent loss

of magnesium allows the complex to revert back to the ATP-magnesium dependent

form (Abeele et al, 1987). Reeently Villa-Moruzzi (1992) showed that cdc2 kinase

was capable of replacing GSK-3 in the activation of F("

Reeently the role of U was proposed to be that of a chaperone (Alessi et

al, 1993) assisting in the proper folding of PP-1(" The basis for this suggestion was

that three recombinant PP-le isoforms (PP-Ica, -fJ and -yI), expressed 1.'1 baeteria,

showed severa! striking differences to PP-le from rabbit skeletal muscle. Narnely,

the baeterially expressed isoforms were less sensitive to inhibition by okadaic acid,

Il and microcystin-LR and showed increased activity in dephosphorylating histone

Hl than di,;! muscle PP-1(" Association of these isoforms with U inhibited their

activity and subsequent phosphorylation of U by GSK-3 (see above) altered their

properties to those of skeletal muscle PP-1(" Furthermore, U was required to

restore the activity of PP-1eyl which was denatured in 6 M guanidine. The G

subunit was capable of displacing phospho-I2, but not unphosphorylated 12, from

PP-1(" These results led these authors to conclude that the formation of an I2:PP-Ie
complex may be an intermediate in the production of aIl forms of active PP-l("

Subsequently, PP-1ey2 was found to be associated with a 78,000 Da protein and a

55,000 Da protein. The larger protein was identical to the 78,000 Da glucose

regulated protein, a member of the 70,000 Da heat shock protein (HSP-70) family

(Chun et al, 1994) and a putative molecu1ar chaperone. It was suggested that the

78,000 Da protein may serve to target PP-ley2 to the nucleus sinee this

phosphatase has no nuclear localization signaI (Chun et al, 1994). However, it may

serve a function not unlike that described above for U sinee it was also shown in
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vitro that purified HSP-70 activates PP-1 in rabbit reùculocyte Iysates (Mivechi et

al, 1993). Recently Bollen et al (1994) purified a spontaneously active PP-1e:U

complex which could not be further activated by GSK-3. Therefore, while more

work is needed to clariCy the role of 12, it is clear that this protein has a role more

complex than as a PP-1 inhibitor.

1.3.2.2 Physiologlcal roles or protein phosphatase-l

PP-l activity was shown to be invoived in maintaining the structural

organizaùon of Mfs, IFs (Eriksson et al, 1992) and MFs (Fernandez et al, 1990),

thereby influencing proœsses such as organelle movement and phagocytosis.

In skeietal and cardiac muscle PP-lM has been impiicated in muscle

contraction because of its roie in controlling the state of myosin-p light chain

phosphorylaùon (Hoar et al, 1985).

The involvement of PP-l in protein synthesis has been suggested since it is

the major 56 phosphatase in mouse 31'3 cells (Olivier et al, 1988). A1so, addition

of U to rabbit reticulocyte Iysates increases the extent of phosphorylation of the

a-subunit of initiation factor eIF-2 and inlnbits peptide chain initiation (Ernst et

al, 1982).

Protein phosphatases in fission yeast and Aspergillus nidulans with high

homology to PP-lp are involved in chromosomal disjoining during rnitosis (Ohkura

et al, 1989; Doonan and Morris, 1989). In Drosophila the loss of one isoform of PP

le> representing 80% of PP-l activity, is lethal and larvae show defects in rnitosis

(Dombrâdi et al, 1990). A testis-specific isoform of PP-le> PP-leyl, was found to

localize to the nucleus of meiotic spermatocytes (immature spematozoa) and

spermatids (mature spermatozoa) (Shima et al, 1993) suggesting that it plays a role

in meiosis.

Severa! othl;r roles for PP-l have been suggested including calcium transport

(Klumpp et al, 1990; MacDougall et al, 1991) and, as described above, g1ycogen

metabolism. In addition, PP-l activity was shown to be significantly lower in
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A1zheimer's diseased brain than in control brain (Gong et al, 1993) and the

phosphatase was shown to depbosphorylate 4 sites on the microlubule-associaled

prolein tau which are abnormaIly pbospborylated in Alzheimer disease brain (Gong

et al, 1994).

1.3.3 Prolein phosphalase-2A: Slructure and properties

As mentioned above prolein phosphatases of the type 2 c\ass can be

subdivided based on their requirements for divalent cations. PP-2A sbows no

requiremenl for divalenl cations (Ingebritsen and Coben, 1983). Since its activity

is stimulaled by polycations sucb as poly-Iysine, histone Hl and prolamine

(Waelkens et al, 1987), il is also referred 10 as polycation stinwIaJed protein

p/wsphatase or PCS. PP-2A consists of a catalytic subunit with one or more

associaled subunits which presumably dietate localization and substrale specificity.

Prior 10 discussing the various holoenzyme forms of the pbosphatase the catalytic

subunit (PP-2A,) will briefly be described.

l'wo isoforms of PP-2A., termed PP-2A"a and PP-2AJJ, have been c\oned

from rabbit skeletal muscle and porcine kidiley (da Cruz e Silva et al, 1987; da

Cruz e Silva and Cohen, 1987; Stone et al, 1987). The 35,600 Da proteins show

97% amine acid identity. Most of the differences are located in the amino-terminaI

40 residues and ai the nuc\eotide level the 3' noncoding regions are completely

different. PP-2A"a from r-..bbit skeletal muscle and porcine kidney were identicaI

whereas PP-2AJJ differed at a single amino acid. PP-2A"a has also been c\oned

from bovine adrenaI cortex (Green et al, 1987), rat liver (Kitagawa et al, 1988) and

human liver (Arino et al, 1988). PP-2AJJ bas been c\oned from rabbit liver (da

Cruz e Silva et al, 1988) and human liver (Arino et al, 1988). AlI isoforms of PP

2A., are aImost complelely conserved at the amino acid level indicating an essentiaI

role for this phosphatase.

lbree forInS of the PP-2A holoenzyme can be purified from rabbit skeletal

muscle referred to as PP-2Ao, PP-2A1 and PP-2Az based on their elution from
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DEAE-cellulosc (Ingebr:tsen et al, 1983). Ail three forms contain a cataiytic (C)

and a 6O,()00.65,OOO Da (A) subunit but PP-ZAo and PP-2A1 each contained one

addiùonal subunit called B' (54,000 Da) and B (55,000 Da), respectively. The A

and C subunits are ùghtly bound to one another (Kobayashi et al, 1975; Imazu et

al, 1978; Imazu et al, 1981). Various other forms of high molecular weight enzymes

have been purified from marnmalian ùssue and shrimp (Table 2; Waelkens et al,

1987; Mumby et al, 1987; Usui et al, 1988; Hermann et al, 1988). Gcnerally

speaking the core of these PP-2A phosphatases consists of the catalytic subunit and

a 6S,OOO Da subunit which can associate with either 54,000 Da, 55,000 Da, 72,000

Da or 74,000 Da subunits (Hendrix et al, 1993).

The core structure of PP-2A1 consists of the catalytic subunit, the 60,000 Da

subunit and the B subunit (55,000 Da). Mayer et al (1991) cloned the B subunit

from human and rabbit fetaI brain and discovered two isoforrns called PRS5a and

PRS5p. These two isoforms showed 86% homology. Subsequently a third isoform

was idenùfied (pallas et al, 1992). Northern blot analysis showed high levels of

PRS5p in the neuroblastoma œil line LA-N-1 with much lower amounts in the

other œil lines examined. These results ~uggest that PRSSP may be part of a brain

specifie holoenzyme of PP-2A.

Hendrix et al (1993) cloned the 72,000 Da subunit of~ from severa!

tissue and œil line cDNA libraries. The human heart eDNA clone encoded a

protein with a deduœd molecular size of 62,000 Da. while that from brain

predicted, and in vitro transcription and translation yielded, a protein of 130,000

Da. This protein was identical ta the 72,000 Da heart protein from amine acid 45

to the carboxy-terminus with a unique 665 amine acid amino-terminai extension.

As the 3' noncoding region of bath clones are identical the two proteins are

thought to arise from the sarne gene by the use of different promoters. mRNA for

the 72,000 Da protein was fouw1 ortly in heart and muscle while that of the 130,000

Da protein was more widely distributed. The need for two isoforms of the 72,000

Da subunit is unclear aithough bath isoforms contain nuclear loca1ization signais
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• TABLE 2. Structure of type-2A. protBin phosptlstS$6S

Proposed
Name Tissue Rel. Subunit content M. structure

H-n Uver 376 0,-35 ~ 260
Il Uver 461 0,-35 ~9 160 o,~

Shrimp 470 0,-40 ~z-75 2~S o,llz
PCSoQ Skeletal muscle 513 35 65 109
2Az Skeletal muscle 484 e-36 A-60 107
IV Erythrocyte 490 «-34 ~ 104
PCSL Skeletal muscle 513 35 65 109
PT-2 Hear1 351 38 63 87

2A. Skeletal muscle 484 Cz-36 A-60 B-55 202
lB Uver 461 0,-35 ~9 'Y-58 260 o,ll'Y
PCSH• Skeletal muscle 513 35 65 55 136
III Erythrocyte 490 «-34 ~ y-53 177 «/l'Y
PT·1 Hear1 351 38 63 55 137

2A" Skeletal muscle 484 Cz-36 A-60 B'·54 181 o,lli
pcs.. Skeletal muscle 513 35 65 72 162
1 Erythrocyte 490 «-34 ~ 6-74 180 ~

Table 2: Structure or type :lA proteln phosphatases Reproduced from Shenolikar

and Naim (1991)
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(Hendrix et al, 1993) and PP-lA has been found in rat liver and Xenopus oocyte

nuclei (Jakes et al, 1986; Jessus et al, 1989).

Two isoforrns of the 65,000 Da subunit have also been identified (Walter

et al, 1989; Hemmings et al, 1990). It is therefore apparent that the possible

combinations between the many subunits can give rise to a large number of PP-lA

holoenzymes. The variation in subunit composition may influence subeellular

distribution and substrate specificity.

1.3.3.1 Regulation of protein phosphatase-2A

The ,"egulation of PP-lA is not weil understood. Generally speaking the

associated subunits mentioned above seem to inhibit the activity of PP-2Âc, For

example selective degradation of the 55,000 Da subunit from turkey gizzard by

trypsin increased phosphatase activity (Pato and Kerc, 1986). A reduction in

activity was noted upon the reassociation of a 60,000 Da subunit of reticulocyte PP

2A with the catalytic subunit (Chen et al, 1989). The 65,000 Da subunit was shown

to decrease phosphorylase a and histone H2B phosphatase activity but increase

histone Hl phosphatase activity (Imaoka et al, 1983; Tsuiki et al, 1985). The y

subunit of erythrocytes (Table 2) was shown to suppress phosphatase activity

towards ail substrates examined (Usui et al, 1988). PP-lAI was shown to have a

lower activity towards myosin and phosphorylase a than PP-2Az (Mumby et al,

1987; Tamura and Tsuiki, 1980). The activity ofPP-2~ is extremely low, indicating

that the B' subunit (54,000 Da) suppresses dephosphorylation more strongly than

the B subunit (Ingebritsen et al, 1983).

Contral'Y to most situations, histone HI, phosphorylated by cdc2 kinase, and

the microtubule associated protein tau, phosphorylated by p42 MAP kinase, were

found to be dephosphorylated more readily by PP-2A1 than by PP-2~ (Sola et al,

1991; Goedert et al, 1992). This result was unexpected because the presence of a

proline residue C-terminal to a phosphorylated residue prevents dephosphorylation

by ail serinejthreonine protein phosphatase catalytic subunits (Donella·Deana et
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aI, 1990; Agostinis et aI, 1990). Since this motif represents a part of the consensus

sequence for cdc2 and MAP kinase phosphorylation, the associated subunits must

make this dephosphorylatioD possible.

PP-2A is almost completely soluble following centrifugation at 100,OOOxg

(Cohen, 1989). However, Sim et aI (1994) recently showed significant amouDts of

the enzyme in the particulate fracùon of rat forebrain, indicating that the

associated subunits may serve to target the phosphatase to specifie subcellular

regions of the neuron and thus -egulate its acùvity.

Since PP-2A acùvity can be sùmulated in vitro by basic proteins and

polyamines, Comwell et al (1987) determined the intracellular concentration of the

polyamine sperrnine and found it to be within the range at which it can regulate

PP-2A However, it remains to be determined whether sperrnine is in faet a

physiological regulator of this protein phosphatase.

The phorbol ester TPA was found to sùmulate PP-2A acùvity when applied

to mouse skia (Gschwendt et al, 1989) whereas PKA inhibited PP-2A acùvity

toward the enzyme acetyl CoA carboxylase by an unknown mechanism (Haystead

et al, 1990). The cerebellum contains a protein known as G-substrate which is

phosphorylated by cGMP-dependent protein kinase (Aswad and Greengard, 1981)

and is dephosphorylated by the calcium/calmodulin-dependent protein

phosphatase, PP-2B (King et al, 1984). When phosphorylated, G-substrate inhibits

PP-2A and, to a lesser degree, PP-l. Finally, ceramide, a potential second

messenger and the produet of sphingomyelin catabolism, acùvates PP-~ but not

PP-2A1 nor PP-2A" (Dobrowsky et al, 1993) further indicating the inhIbitory nature

of the 55,000 Da subunit. These data suggest that, similar to PP-l, PP-2A may be

regulated in response to second messengers. In addition to the preceding example,

the 55,000 Da subunit was shown to have a regulatory funcùon on PP-2A acùvity

since PP-2A1 was found to be more acùve on phosphorylated tau protein than were

PP-~ or PCSr. (Drewes et al, 1993).

A phosphorylation site which may regulate the association of the 65,000 Da
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subunit with PP-2A. has been identified (Hemmings et al, 1990) and the 72,000 Da

subunit is a substrate for both casein kinases·l and -2 (Hendrix et al, 1993). One

interesting but ill-defined mode of regulation of PP-2A activity is by

phosphorylation of the catalytic and 60,000 Da subunits of PP-2Az• Guo and

Damuni (1993) showed that a protein kinase in bovine kidney thus phosphorylated

and inactivated PP·2Azby 80%. The mechanism of inhibition was not determined

but the protein kinase is itself activated by autophosphorylation, which could be

reversed by either PP-2Azor PP-le (Guo et al, 1993).

1.3.3.2 Physiological roles or protein phosphatase-2A

Severa! reguIatory enzymes involved in arnino acid catabolism, fatty acid

synthesis and glycolysis/g1uconeogenesis are excellent substrates for PP-2A

suggesting a role for this protein phosphatase in these areas of metabolism. The

enzymes incIude pyruvate kinase, 6-phosphofructo-1-kinase, acetyl CoA carboxylase,

ATP citrate lyase and phenylalanine hydroxylase (Cohen, 1989).

The fJ-adrenergic receptor from erythrocytes is dephosphorylated by a

protein phosphatase in the subœl1u1ar compartrnent referred to as /ighl membrane

vesides which is known ta contain PP·2A (Sibley et al, 1986). Since the ~

adrenergic receptor is dephosphorylated in vitro by PP-2A and dephosphorylation

is thought to reguIate receptor recycling this suggests a physiological role for PP-2A

in this process.

A physiological role for PP-2A in the regulation of photoreception is

implied by the finding that PP-2A is the major rhodopsin phosphatase and that the

binding of the protein arrestin ta rhodopsin prevented its dephosphorylation by PP

2A (Fowles et al, 1989).

An in vivo role for PP-2A in protein synthesis was indicated because low

concentrations of the protein phosphatase inhibitor okadaic acid (see below)

inlnbited protein synthesis in reticulocyte Iysates (Redpath and Proucl, 1989). In

addition PP-2A has been shown to dephosphorylate eukaryotic initiation factor elF-
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4E, although the significanœ of this action remains unknown (Bu and Hagedorn,

1992).

PP-2Ap was shown to be an essential component for the in viJro

transcription of the SV40 large T-antigen (Virshup and Kelly, 1989) and may also

function in the regulation of cell growth and division since a related protein

phosphatase, called PP-X (see above), is found in aIl tissues examined and is

localized to centrosomes in the nucleus (Brewis el al, 1993). PP-ZA negatively

regulates cdc2 kinase activity (Félix et al, 1990) and dephosphorylates histone Hl,

one of the substrates of this protein kinase (Sola et al, 1991).

PP-ZA aIso dephosphoryIates B-SO, a presynaptic membrane-associated

protein whose phosphorylation state is reIated to release of noradrenaline, the

activity ofphosphatidylinositol4-phosphate kinase and long-term potentiation (Han

et al, 1992).

In addition PP-ZA was capable of dephosphorylating abnormaIIy

phosphoryIated tau protein found in Alzheimer disease brain (Goedert et al, 1992;

Drewes el al, 1993). In a reIated study, dephosphoryIation of MAP2 and tau

protein reIeased the inhibition of microtubuIe poIymerization by the

phosphoryIated isoforms of these proteins (Yamamoto et al, 1988). It is unclear,

however, if this was a PP-ZA or PP-1 mediated event since the PP-ZA preparation

contained Iow (10%) amounts of PP-1. This same group also reported that the pp

ZA from rat brain which dephosphoryIates tau protein is inlnbited by aIuminum

(Yamamoto el al, 1990) thus raising the possibility that the abnormal

phosphoryIation of certain eytoskeIetaJ proteins after aluminum administration

(Johnson and Jope, 1988) may be due to the inlnbition of protein phosphatase

activity.

PP-ZA purified from rat liver nuclei dephosphoryIated the cAMP regulaJory

e1emenl binding protein (Wadzinski et al, 1993). This finding is significant since. in

most other in vùro studies, eytopIasmic PP-2A is used.

FinaIIy. PP-2A, as weIl as PP-l, were recentIy shown to regulate NMDA
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currents in cultured hippocarnpal eells (Wang et al, 1994). NMDA ehannels allow

calcium ions, the divalent caùon required by PP-2B (see bclow), into the ccli. Both

DARPP-32, a PP-1 inhibitor, and G-substrate, a PP-2A inhibitor, are excellent

substrates for PP-2B (see bclow). These data suggest a eomplex interplay between

several protein phosphatases in the regulation of NMDA currents.

1.3.4 Protein phosphatase-2B: Structure, regu1ation and physiologieal roles

AlI forros of PP-2B are heterodimers consisting of a 1:1 complex bctween

a 61,000 Da (A) polypeptide and a 15,000-16,000 Da (B) polypeptide. The A

subunit possesses the catalytie aetivity (Winkler et al, 1984; Tallant and Cheung.

1984) and contains the calmodulin binding site (Sharma et al, 1979) while the B

subunit contains the calcium binding site (Aitken et al, 1984). Two fonns of the A

subunit from human brain have bcen cloned whieh are the produets of alternate

splicing of a common transeript (Guerini and Klee, 1989). A third isoform of the

A subunit cloned from DrosophiIa encodes a protein, termed PP-2Bw, with 54%

homology to the brain isoforms (da Cruz e Silva and Cohen, 1989). The B subunits

frOID bovine (Aitken et ai, 1984) and human (Guerini et al, 1989) brain have heen

cloned and differ in only three arnino acids. Interestingly, the B subunit was shawn

to be myristoylated on its amino-terminal glycine residue (Aitken et al, 1982) whieh

may explain its localization in both the particulate and soluble fractions in brain

whereas in other tissues the enzyme is almost completely soluble (Klee and Cohen,

1988). In sorne cases the particulate form of PP-2B cannot he extracted with non·

ionie detergents leading to the suggestion that the enzyme may he associated with

the cytoskeleton (Alexander et al, 1988).

PP-2B is hiihly concentrated in brain with levels approaehing 1% of total

brain protein. In other tissues it is present at just 0.03% of total protein. PP-2B

activities in brain and skeletal muscle extraets are similar (Ingebritsen et al, 1983)

indicating that the brain fonn of the enzyme has a lower specifie activity than that

of skeletal muscle. Due to its high concentration in brain, this species of PP-2B is
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the best studied and is referred to as calcineurin.

A model for the synergistic activation of calcineurin by calcium and

calmodulin has been developed (see Ballou and Fischer, 1986, Klee and Cohen,

1988, for details). Briefly, the AB dîmer is inactive in the absence of calcium.

Binding of calcium to the B subunit partîally activates the enzyme which is further

activated by the binding of ca\modulin. Complete activation of the enzyme occurs

in the presence of nickel or manganese ions (Stewart et al, 1983) which are thought

to exen their effects by inducing a slow conformational change in the A subunit

(Pallen and Wang, 1984).

PP-2B in brain is thought to dephosphorylate DARPP-32, Il and G

substrate (King et al,1984), hence influencing the activities of PP-l and PP-2A (see

above). Depolarization of synaptosomes leads to the rapid dephosphorylation of

several proteins including dephosphin which is thought to be the trigger in

neurotransmitter release (Robinson, 1992). The phosphorylation state of

dephosphin is thought to be controlled by PP-2B (Sim et al, 1991). Calcineurin has

been shown to dephosphorylate abnormally phosphorylated tau protein in

Alzheimer's disease brain (Drewes et al, 1993)./n vitro, calcineurin was capable of

dephosphorylating the muscarinic acetylcholine receptor from rat brain restoring

ligand binding (Rosenbaum et al, 1987). PP-2B has ::!.O;O been implicated in the

regulation of sodium (Rossie and Cattera\\, 1989) and calcium (Armstrong, 1989)

channeIs. Finally, PP-2B was shown to dephosphorylate the synaptic membrane

protein 8-50 (Liu and Storm, 1989).

1.3.5 Protein phosphatase-2C: Structure, regulatioD and physiologicaI l'OIes

PP-2C is a monomeric enzyme of 43,000 Da which requires magnesium or

manganese for activity (Cohen, 1989; Shenolikar and Nairn, 1991). Two isoforms

of the enzyme, PP-2Ca and PP-2ep, have been cloned from rabbit muscle and liver

and show a limited degree of homology (McGowan and Cohen, 1987; Wenk et al,

1992).
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Besides the requirement for magnesium or manganese, other factors that

may be involved in the regulation of the activity of this protein phosphatase are not

known. Recently PP-2Ca was shown to be a phosphoprotein wi".ose phosphorylation

ÙI vivo by casein kinase-2 may be physiologica1ly relevant (Kobayashi el al, 1993).

Since PP-2ql does not contain a casein kinase-2 consensus sequence (Wenk et al,

1992) perhaps the two isoforrns of this protein phosphatase are regulated by

separ.lte mechanisrns.

The physiologica1 roles of PP-2C remain to be elucidated. Higher leve1s of

the protein phosphatase are found in brain and liver than in skeletal muscle

(Cohen, 1989). In this respect it is noteworthy that PP-2C was capable of

dephosphorylating tau protein phosphorylated by PICA but not abnormally

phosphorylated tau found in A1zheimer's disease brain (Gong el al, 1(94) implying

that this phosphatase may be involved in the regulation of the phosphorylation

state of tau under non-pathologica1 conditions.

1.3,6 Non-protein inhibitors or protein phosphatases

Several cytotoxic compour.ds have recently been identified which inhibit PP

l, PP-2A and PP-2B. Okadaic acid (OA), a tumour promoter found in the marine

sponge Halichondrùz okadai, is a polyether fatty acid which inhibits PP-2A and PP-l

with ICso values of 0.1-1 nM and 10-500 nM. respectively (Bialojan and Takai,

1988; Ishihara et al, 1989). OA was a\so shown to inhibit PP-2B at high

concentrations (ICso 4-5 }lM; Bialojan and Takai, 1988). Since OA does not inhibit

a protein phosphatase encoded by the bacteriophage lambda genome which is

homologous to both PP-le and PP-2A" but Iaclcs the earboxy-terminal 100 amine

acids (Cohen and Cohen, 1989), OA is thought ta inhibit these protein

phosphatases by binding to the earboxy-terminal third of the catalytic subunits

(Bollen and Stalmans, 1992).

Another marine sponge compound, calyculin A (clA), was found ta be a

potent inlubitor of both PP-) and PP-2A with a similar ICso of 05-1 nM (Ishihara
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et al, 1989). Interestingly, dA contains a phosphate monoester (Kateo et al, 1986)

which may be involved in the mechanism of inhibition.

Tautomycin, a compound structurally similar to OA, is found in the

bacterium Streptomyces vertù:ulkltus and inhibits PP-l more potently than PP-2A

(I~ of 0.16 nM and 0.4 nM, respectively; MacKintosh and Klumpp, 1990). PP-2B

was inhibited by this compound only at extremely high concentrations (ICso>30

/lM).

Phenothiazines and derivatives sucb as trifluoperazine at 100/lM inhibit PP

28 specifically (Stewart et al, 1983). Aside from the general protein phosphatase

inhibitor ortbovanadate, no specifie inhibitors of PP-2C are presently known. Use

of combinations of the inhibitors mentioned above, therefore, can help determine

(or eliminate) the protein phosphatase(s) regulating a particular function.

1.3.7 Protein phosphatases and neurofilaments

A !imited number of studies have been carried out whicb examine the

actions and the effects of protein phosphatases on NFs. Hisanaga and Hirokawa

(1989) showed that treatment of bovine NFs with a1kaline phosphatase had no

effect on the number of projections on the filaments nor on the ability of the

filaments to form crossbridges. Minami and Sakai (1985) showed that

dephosphorylation of NFs, and in particular NF-H, suppressed the activity of NFs

in promoting tubulin polymerization. Neither PP-l, PP-2A, PP-2B nor PP-2Cwere

capable of inducing the dephosphorylation-dependent interaction between NFs and

microtubules (Hisanaga et al, 1993).

Activation of kainic acid receptors in vivo caused a decrease in NF-H

phosphorylation (Wang et al, 1992,1994). Since this treatment aIso causes an influx

of calcium ions it would be of inter;:st to determine whether PP-2B is involved in

this effect.

Identification of protein phosphatases in neural tissue has led to more

questions than answers. Rats whicb were chronically fed ethanol showed an
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increase in NF phosphorylaùon as weil as a decrease in protein phosphatase

acùvity in spinal cord extraets (Guru et ai, 1991). Since ethanol was not inhibitory

to spinal cord protein phosphatase acùvity in vùro (Shetty et ai, 1992) it was

suggested that protein kinase activity was raised and phosphorylation of modulators

ofprotein phosphatases caused inhibition ofphosphatase aetivity (see above). The

phosphatase acùvity in rat spinal cords was shown to he inhibited by aluminum

and, interestint;!.y, trifluoperazine, which may indicate a PP-2B-like acùvity (Shetty

et ai, 1992). However, since PP-2B is not inhibited by aluminum, severa! protein

phosphatases may he found in spinal cord. ln this respect it is noteworthy that NF

phosphorylation is increased following aluminum intoxication (Bizzi and Gambetù,

1986) and in perikaryal regions in Alzheimer's disease brain (Sternherger et ai,

1985), a disease in which Gong et ai (1993) showed a decrease in PP-l and PP-2A

activity. Since Honkanenet ai (1991) identified a protein phosphatase, distinct from

the aforementioned classes, which they called PP-3 il would he of interest to

determine the acùvity of this enzyme in the presence of aluminum and

trifluoperazine. It is, therefore, clear that more work is needed to examine the

involvement of protein phosphatases on NF phosphorylation under normal and

pathological conditions.
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Chapter :z

OKADAIC ACID INDUCES THE RAPID AND REVERSIBLE DISRUPTION

OF THE NEUROFILAMENT NETWORK IN RAT DORSAL ROOT

GANGLION NEURONS

79



•

•

Summal)'

Treatment of dissociated cultures of rat dorsal root ganglia with 1 }lM

okadaic acid caused a reduction in the mobilities of neurofilament subunits on

SDS-polyacrylamide gels. signifying an increa.~e in their phosphorylation levels.

When cultures were exposed to okadaic acid for 0.5 hrs. and harvested in buffer

containing Triton X-lOO. NF-H was nearly completely redistributed to the

detergent- soluble fraction while NF-M and NF-L required a longer exposure to

the drug before undergoing a sirnilar shift. This redistribution of subunits

corresponded with striking changes in the immunofluorescence staining pattern for

neurofilarnents. Upon removal of okadaic acid from the culture medium following

a 0.5 hr. treatment, NF-L and NF-M returned to the Triton X-lOO in.~luble

fraction within 2 hrs. while NF-H required 10 hrs. for rccovery.
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Introduction

Neurofilaments (NFs) belcng to the cla.o;s of cytoskeletal proteins known as

inlermediale filaments and are expressed specifica11y in neurons. Mammalian NFs

consisl of three phosphoprotein subunits, NF-H. NF-M and NF-L, whose apparent

molecular weights on SOS-polyacrylamide gels (SOS-PAGE) are 200 kDa, 145 kDa

and 68 kOa, respectively. for the highly phosphorylated forrns (Hoffman and Lasek,

1975; Julien and Mushynski, 1982). The role of phosphorylation in NF function

remains unclear. although it has been implicated in a variety of processes (Minarni

and Sakai, 1985; Goldstein et ai, 1987; Panl, 1988; Nakamura et ai, 1990; Hisanaga

et ai, 1990; Gonda et ai, 1990). Sinee phosphate moieties undergo turnover as NFs

are transported down the axon (Nixon ('t ai, 1987) it appears that some aspeet(s)

of NF metabolism may be modulated by cycliea1 phosphorylation and

dephosphorylation events.

Okadaic acid (OA) is a complex fatty acid derivative found in dinoflagel

:ates which specifiea1ly inhibits protein pbosphatase 1 (PP-1) and protein

phosphatase 2A (PP-2A) with 1<;0 values of 10 nM and 0.1 aM, respeetively

(Bialojan and Takai, 1988). The effeets of this tumour promotor on different œil

types is varied (see Hardie et ai, 1991, for review). In fibroblasts, OA bas reœntly

been shown to increase phosphorylation of another intermediate filament protein,

vimentin (Yatsunarni et ai, 1991). We therefore set out to determine what effeet

OA would have on the three NF subunits in the Deurons of cultured rat dorsal root

ganglia (DRG). We show that OA cal:Sed a disruptiOD of the NF Detwork

charaeterized by the hyperphosphorylation of NF subunits and disassembly ofNFs.

These effeets were reversible within 10 hrs. after remova1 of OA.
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Materlals and Methods

Materlals: DA was i'urchased from Le S.:rvices Corp. (Woburn. MA). Insulin.

proge~terone, selenium, putrescine ami all monoclonal antibodi.:s (antiNF-H, N52;

antiNF-M, NN18; antiNF-L, i'iR4) were purchas.:d from Sigma Chemical Co. (St.

Louis, MO). Transferrin was frem ICN, Canada.

Cell Culture: Rat ORG were disseeted from E15 embryos, dissociated with trypsin

(Wood and Bunge, 1986) and maintained in defined medium (Bottenstein and

Sato, 1979). Where indicated, Triton buffer contained 1% Triton X-l00, 50 mM

TrisHCI pH 75, 100 mM NaCl, 2 mM EGTA, 2 mM levamisole, 50 mM NaF, 1

mM phenylmethylsulfonyl f1uoride, 25 pM leupeptin and 40 U/mL aprotinin.

Gel Electropboresi~ and Western Blotting: Proteins were solubilized in SOS sample

buffer and fractionated on 5% S05-polyacrylarnide slab gels (Laemmli, 1970).

Proteins were eleetrophoretically transferred to Immobilon-P membranes

(Millipore Corp.) in buffer containing 25 mM Tris, 192 mM glycine and 20%

methanol. The membrane was blocked with 05% gelatin in TB5-Tween (20 mM

TrisHCI pH 7.6, 137 mM NaCl and 0.1% Tween-20), incubated with primary

antibody and deteeted using the ECL Western Blotting Detection Kit (Amersham)

following the manufaeturers instructions. Two-dimensional gel eleetrophoresis was

performed by the method of O'Farrell et al (19TI).

ImmunoOuorescence mierosc:opy: CeUs were rinsed, fixed with ethanoljacetic acid

(90:10), blocked with goat serum for 1 br.. incubated with primary antibody for 1

br.. washed and incubated with antimouse-Texas Red conjugated antibody for 1 br.

and mounted on coverslips.
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Rcsults

To begin elucidating the role of phosphorylation in NF organization and

distribution we chose to treat rat DRG with OA, an inhibitor of PP-1 and PP-2A

Various concentrations of OA were tested for their effeets on the behaviour of the

thrce NF subunits on SDS-PAGE as increased phosphorylation of NF-M and NF-H

is known to reduce their mobilities (Julien and Mushynski, 1982). The least

phosphorylated fonn of NF-H did not shift noticeably until O.lpM OA and

continued to increase in apparent molecular weight at OA concentrations up to 1

pM (data not shown). Siower migrating forms of NF-L and NF-M were seen at a

concentration of O.5pM OA and persisted at 1pM OA, We chose to use 1pM OA

for ail subsequent experiments, as this concentration is recommended for intact

ceIls (Haystead et al, 1989; Hardie et al, 1991; Hernandez-Sotomayor et al, 1991).

Fig.1 shows the distribution of the three NF subunits in Triton-soluble (5)

and insoluble (P) fractions. After treatrnent with OA, cells were harvested in buffer

containing Triton and centrifuged at 15,OOOxg for 20 minutes. In control cells ail

three subunits were found in the Triton-insoluble pellet fraction, signifying their

association with the NF network. Within 0.5 hrs. of OA treatrnent almost ail of the

NF-H was redistn1>uted to the Triton-soluble supematant along with smaller

proportions of NF-M and NF-L By 3 hrs. ail of the NF-M was redistn1>uted ta the

supernatant fraction while it took 6 hrs. for NF-L to disappear completely from the

pellet. An increase in the apparent molecular weights of NF-M (to pM) and NF-L

(to pL) was seen after 6 hrs. of exposure to OA whereas the mobility of NF-H was

seen to decrease as carly as 1 br. Furthermore, 2-dimensional gel eleetrophoresis

showed an acidic shift in the pl values for slower migrating NF-M (pM) and NF-L

(PL) consistent with their increased phosphorylation states (data not shown). 5ince

ail three NF subunits were detected in the Triton-soluble fraction within 0.5 hrs.

wc used immunofluorescence microscopy to dcterminc whether this shift was

accompanied by changes in the cytoskeletal organization of NFs. A1though no

changes in eleetrophoretic mobility of NF subunits were seen after 0.5 hrs. of OA

treatment, there were marked changes in the immunofluorescence staining patterns
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Figure 1: Western blot analysis ofTriton X-l00 extrads from okadaic acid-treated

dorsal root ganglion cultures DRG cultures were treated with OA for the stated

periods of time and extracted with buffer containing 1% Triton X-lOO. Pellets (P)

and supematants (S) were obtained by centrifugation, fractionated by S05-PAGE,

transferred to Immobilon-P membrane and detected using antibodies specifie to

the three NF subunits. H, M and L refer to the native NF subunits containing low

phosphate leveIs while pH, pM and pL refer to the more highly phosphorylated

forDIS of the subunits.
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for ail three polypeptides. A represcntaùve micrograph of cultures treated wi!h

antiNF-L is shown in Fig.2 The smooth axonal staining of control cultures differed

markedly from the punctate staining seen in OA-treated samples.

ln light of the rapid disrupùon of NFs by OA, we wished to determine

whether the process was reversible after removal of OA from the culture medium.

DRG cultures were treated with OA for 05 hrs., washed three ùmes with OA-free

medium and allowed to recover for various timf'-S in OA-free medium containing

10% horse serum and 5% fetal bovine serum. To dctermine the distn1>ution of NF

subunits during recovery, cells were harvested with Triton-containing buffer at

various times after removal of OA and Triton-soluble (S) and insoluble (P)

fractions 'Nere separated as described for Fig.1. As seen in Fig3, NF-L and NF-M

retumed to the Triton-insoluble fraction within 2 hrs. while NF-H was seen in the

insoluble fraction within 10 hrs. after removal of OA from the medium.

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

NF subunits resulting in the rapid and reversible disruption of the NF network.
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Figure 2: ImmunoOuOl'esc:enc:e microscopy of control and okadaic acld-treated

dorsal mot ganglion cultures DRG cultures were untreated <a) or treated with OA

(b) for 05 bIs., fixed and stained with an antiNF-L monoclonal anbbody followed

by an antimouse IgG c:onjugated to Texas Red.

86



•

CTRL ~h 2h 10h
P S P S P S P S

H-

11-

L-

, ~..
-- ------

41a __

•

F1gure 3: Western ·bI.ot analysls or dorsal root ganglion cuUures recovering l'rom

okadaic acld treatment DRG cultures were treated with 1 pM OA for 0.5 hrs.,

wasbed and grown in OA-free medium containing serum for the times sbown. Cells

were separated into Triton X-l00 soluble (S) and insoluble (P) fractions for

immunoblot analysis using antibodies specifie for the three NF subunits. The NF

subunits are designated as described in the legend to Fig. 1•
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Discussion

The present results indicate th:!t phosphorylation plays a major role in the

dynarnics of NF organizaùon. The scquential appearance of NF subunits in the

Triton-soluble fracùon (Fig.l) follows the order expected from one of the proposed

schemes of NF orgar.izaùon in which NF-L is suggested to form the fiIamen: core

while NF-M and NF-H have a more peripheral association (Sharp et al, 1982;

Tokutake, 1990). If the NFs were merely being fragmented in the presence of OA

one would expect them to appear in the Triton-soluble fraction simultaneously

rather than in the order seen in Fig.1. lbis result also suggests that the subunits

are inco;porated as homo- rather than heterooligomeric units during NF ao;sembly.

Fig3 shows that the effeets of short term OA treatment of DRG cultures cao be

reversed, with signs of recovery being apparent as earlyas 2 hrs. post-treatment for

NF-L and NF-M and 10 hrs. for NF-H. The order of NF subunit reappearance in

the Triton-insoluble fracùon again lends support to the notion of an ordered

assembly of homooligomeric units. In light of the extensive nature of the NF

network in DRG neurons it is likely that a large proportion of the original subunits

are reincorporated into the filamentous network.

The punctate immunof1uorescence staining pattern seen in OA-treated ce!ls

is intriguing considering that much of NF-L and NF-M still remained in the

Triton-insoluble fracùon at 05 hrs. (Fig.l). This feature was seen even with

antiNF-M suggesting that solubilization of NF-H and/or increased subunit

phosphorylation disrupts the NF network.

Tryptic phosphopeptide mapping of NF subunits labelled with 32p in the

presence of OA may show which phosphorylated region is responsible for NF

disassembly. Previous studies on other intermediate filaments, as weil as on NF-L,

have shown that in vitro phosphorylation of the amino terminal head domain

disrupts the filaments and prevents their reassembly (Geisler and Weber, 1988;

Ando et al, 1989; Gonda et al, 1990). Furthermore, protein kinase A has recently

been shown to phosphorylate the head domain of NF-M (Sihag and Nixon, 1990),
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although its effeet on NF-M assembly has not yet heen studied. Whether DA

induced disassembly of the NFs in vn:o is due to head domain phosphorylation

remains to he determined.

A decreased mobility on S05-PAGE was seen for aU three NF subunits

(Fig.1). The appearance of a second form of NF-L (pL) was unexpeeted as oruy the

68 kDa species has been reported to date. This shift in 1!I0biiity was due to

phosphorylation of the protein as the pl for the slower migrating form was more

acidic than that of the native form (data not shown). The lack of intermediate

forms hetween the two NF-Lspecies (Land l'Lin Fig.1) may indicate that the shift

in mobility is due to one specifie phosphorylation event rather than the end result

of a series of phosphorylations. While phosphorylation variants of NF-M are well

known (Georges et ai, 1989), the physiologica1 relevance of the slower migrating

form of NF-L is unknown.

It is not clear whether the increased phosphorylation states of NF subunits

in DA-treated neurons was ~ue to the activation of protein kinase(s) and/or

inhibition of NF dephosphorylation. Phosphorylated Lys-5er-Pro sites in histone Hl

analagous to the sites found in the taïl domains of NF-M and NF-H have been

shown to he dephosphorylated by PP-2A (Sola et ai, 1991). It should be noted that

PP-2A has also been reported to negatively reguIate cdc2 kinase (Félix et ai, 1990)

and in viJro studies have shown this kinase to be capable of phosphorylating the

repeated Lys-5er-Pro sites in dephosphorylated NF-H (Hisanaga et ai, 1990; Guan

et ai, 1992). Perhaps a related kinase under similar reguIation is involved in

phosphorylating these sites in vivo.
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Chapter 3

INCREASED PHOSPHORYUTION OF THE AMINo-TERMINAL DOMAIN

OF THE LOW MOLECULAR WEIGHT NEUROFILAMENT SUBUNIT IN

OKADAIC ACID-TREATED NEURONS
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Summsry

Treatment of rat dorsal TOot ganglion cultures with 1 /lM okadaic acid leads

to a fragmentation of neurofilaments and a reduction in the electrophoretic

mobilities of the three subunits on SDS-polyacrylamide gels (Sacher et al, 1992).

Based on the observed response to varying concentrations of okadaic acid,

fragmentation was inferred to be due to inhibition of protein phosphatase-2A

activity and reduction in electrophoretic mobility to inhibition of protein

phosphatase-l. Okadaic acid treatment led to an increase in amino-terrninal,

relative to carboxy-terrninal, domain phosphorylation in the low molecu1ar weight

(NF-L) subunit in the Triton-soluble and ·insoluble fractions. The purified catalytic

subunit of protein phosphatase-2A dephosphorylated 32p-labelled NF-L and the

rniddle molecular weight subunit from okadaic acid-treated cultures while the

catalytic subunit of protein phosphatase-l had no effect. In the case of NF-I..,

phosphate moieties were preferentially removed from the amino-terrninal domain.

These results show that the amino-terrninal domain of NF-L can be phosphorylated

in situ and implicate protein phosphatase-2A in the turnover of phosphate

moieties in this domain.
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Introduction

Neurofilaments (NFs) are components of the cytoskeleton of most neurons

and are composed of three subunits belonging to the type IV subclass of

intermediate filament (IF) proteins (Steinert and Roop, 1988). The three subunits

have apparent molecular weights on SOS-polyacrylamide gels of 68,000 (NF-L),

145,000 (NF-M), and 200,000 (NF-H) (Hoffman and Lasek, 1975) although the

deduced molecular weights of the subunits from rats are 61,000 (NF-L; Chin and

Uem, 1989), 95,000 (NF-M; Napolitano et aI, 1987), and 115,000 (NF-H; Chin and

Uem, 1990). Ali three subunits contain multiple phosphate moieties (Julien and

Mushynski, 1982) and are rich in charged amino acid residues. 80th the phosphate

moieties (Julien and Mushynski, 1982) and glutarnic acid residues (Georges and

Mushynski, 1987) have been shown to contribute to the anomalous migration of NF

subunits on SOS-polyacrylamide gels.

Much of the work to date on NF subunit phosphorylation has focussed on

identifying the protein kinases responsible for phosphorylating the subunits. For

exampl<:, many protein kinases have been shown to copurify with NF preparations

(Julien et aI, 1983; Toru-Oelbauffe and Pierre, 1983; Vallano et aI, 1985; Caputo

et aI, 1989; Wible et aI, 1989; Oosemeci et aI, 1990) and to phosphorylate NF

subunits in vitro. Recently, cdc2-kinase from starfish oocytes was shown to

phosphorylate the dephosphorylated form of NF-H, retuming its mobility on SOS

gels to that of the native form (Hisanaga et aI, 1991). Subsequently, several

Iaboratories have identified and cloned cdc2-like protein kinases from nervous

tissue (Hellmich et al, 1992; Lewet aI, 1992; Shetty et aI, 1993) These kinases are

capable of phosphorylating peptides containing the sequence Lys-Ser-Pro, which

occurs in multiple copies in both NF-M and NF-Ho Furthermore, FA"kinase, the

component required for protein phosphatase-l (PP-l) activation, was also shown

to phosphoryJate NFs in vitro (Guan et aI, 1991). NFs were also shown to be in

vitro (Sihag et aI, 1988) and in vivo (Georges et aI, 1989; Grant and Aunis, 1990)

substrates for protein kinase C.
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Conversely, very little is known about the protein phosphatases involved in

maintaining the phosphorylation state of NF subunits. Shetty et ai (1992)

charaeterized a protein phosphatase activity which copurifies with NF preparations

from both bovine and rat spinal cord and is inhibited by aluminium, vanadate, and

fluoride. Another in vùro study, involving the four major marnmalian

serine/threonine protein phosphatases (see Cohen, 1989, for review), showed that

none of these enzymes were capable of promoting microtubule binding to NF-H

in a manner similar to that observed after NF-H is treated with either acid or

alkaline phosphatase (Hisanaga et aI, 1993). Recent studies have shown that the

PP-1 and protein phosphatase-2A (PP-2A) inhibitor okadaic acid (OA; Bialojan

and Takai, 1988) causes a disruption of the NF network in rat dorsal root ganglion

(DRG) neurons (Sacher et aI, 1992) and an increased deposition of NF subunits

in nb2a/d1 neuroblastoma ceUs (Shea et aI, 1993).

The functioiJal role of NF phosphorylation is unclear and may depend on

the location of the phosphate moieties within the subunits (see Nixon and Sihag,

1991, for review). Previous work in our laboratory has shown that treatrnent of rat

DRG cultures with l}lM OA causes a rapid disruption of the NF network (Sacher

et al, 1992). Other studies have shown that phospborylation of the amine-terminal

head domain of NF-L in vùro causes the subunit to dissociate from a preexisting

network and prevents its assembly (Nakamura et aI, 1990; Gonda et al, 1990).

Similarly, head domain phosphorylation of the type m IF subunits vimentin,

desrnin and glial fibri11aly acidic protein (GFAP), bas beencorrelated with filament

breakdown in vùro and in vivo (Geisler and Weber, 1988; Geisler et al, 1989;

Inagaki et al. 1990; Chou et aI, 1991; Matsuoka et al. 1992). We therefore set out

to determine the distnbution of pbosphorylation sites in NF-L subunits after OA

treatrnent by chemica1 c1eavage analysis. Our results show an increase in amine

terminal domain phosphorylation in NF-L fol1ùwing OA treatment. Inlubition of

PP-2A activity was implicated in OA-induced NF fragmentation and the catalytic

subunit of PP-2A was shown to be capable of removing phosphate moieties from
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the amino-terminal domain of NF-L in vitro.
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Materials and Methods

Materials: Okadaic acid and Calyculin A were purchased !rom LC Services

(Woburn,MA). Carrier·fre.: 32pj was from ICN Biomedicals

(Mississauga,ON,Canada).

SD5-Polyacrylamide gel electrophoresis (SD5-PAGE): Gel eleetrophoresis and

Western blotting were performed as previously descnbed (Laemmli, 1970; Sacher

el al, 1992). Polypeptides used for chemical cleavage analysis (see below) were

obtained from gels ron in the presence of 0.025% thioglycolic acid to prevent

protein oxidation. Protein on Western blots was quantified using a MicroVision

SCSI camera followed by analysis using îhe Millipore Bio-Image analyzer.

Radioactivity was quantified with the Fuji BAS2000 Phosphorimager.

Immunopreclpltation: Cells were harvested in cytoskeleton extraction buffer (CSK

buffer) consisting of 1% Triton X-100 (Triton), 150 mM Naa, 50 mM TrisHa pH

7.5,50 mM NaF,2 mM EGTA, 2 mM levamisol, 1 mM phenylmethyIsulfonyl

fluoride (PMSF) and centrifuged for 15 min. at 13,~. SOS was added to the

s!Jpematant to a concentration of 0.1% followed by heating in a boiling water bath

for 2 min. The pellet was suspended in 2% SOs, 50 mM TrisHa, pH 6.8, heated

for 2 min. and then the SOS was diluted to 0.1% with CSK buffer.

lnununoprecipitation was carried out as described previously (Undenbaum et al,

1987) using either affinity purified antibody or immune serum. In viJro phosphatase

treatment of the inununoprecipitates was carried out prior to elution from the

protein A-sepharose beads (see below).

CeU Culture: Rat ORG were disseeted and maintained in defined medium as

previously described (Sacher el al, 1992). For metabolic labelling celIs were

incuhated with 0.5 mCi of carrier-free 32pj per mL Pi-free medium (Flow

Laboratories, Mel eao, VA) for 3 hrs. prior to OA treatrnents.
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Phosphatase treatment ofimmunoprecipitated proteins: For phosphatase treatment

of 32P-Iabelled immunoprecipitates, samples were incubated for 5 hrs. at 30"c, prior

to elution from the protein A-sepharose beads (see above). in 65 mM TrisHCl pH

7, 1 mM MgCI;, 0.5 mM EGTA, 1 mM PMSF + /- PP-~ PP-le (1.5 ,ug/mL) and

OA as described in the figure legends.

Chemical cleavage of polypeptides: Immunoprecipitated 32P-Iabelled NF-L was

resolved by SOS-PAGE, located by autoradiography and excised. The gel sliee was

rehydrated in N-ehlorosuccinimide (NCS)-buffer (1 g Urea:l mL water:l mL aectic

acid) (Lischwe and Ochs, 1982) and incubated at room temperature for 1.5 hrs. in

the same buffer containing 2 mg/mL NCS. The slices were washed extensively in

water, equilibrated in SOS-PAGE sarnple buffer, and loaded vertically onto an

SOS-12% polyacrylamide gel. Oigested products were visualized by

autoradiography using a Oupont Lightning-plus intensifying screen (Swanstrom and

Shank, 1978) and quantified as described above.

Preparation of protein phosphatase-l and protein phosphatase-2A: The catalytic

subunits of PP-l and PP-2A (PP-le and PP-~ respeetively) were purified from

rabbit skeletal muscle following the procedure of Cohen et al (1988).

Phosphorylated amino acid analysis: Immunoprecipitated NF-L and NF-M were

resolved by SOS-PAGE, located by autoradiography, excised and processed as

previously described (Julien and Mushynski, 1982). UIÙabelled phosphoaminoacid

standards were deteeted by ninhydrin staining (Cooper et al, 1983)•
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Results

To determine which phosphatase(s) plays a role in mcintaining the integrity

of NFs DRG cultures were treated with increasing concentrations of OA or

calyculin A OA is a more potent inhibitor of PP-2A than of PP-1 whereas

calyculin A inbibitS both PP-1 and PP-2A with similar potencies (Ishihara et al,

1989). As shown in Fig.1A, treatment of cultures with 100 nM OA for 4 hrs. led

to NF fragmentation with no changes in the eleetrophoretic mobilities of any of the

three NF subunits (Fig.1A,lanes 7 and 8). As the OA concentration was raised to

500 nM and 1000 nM fragmentation was accompanied by decreases in the

eleetrophoretic mobilities of ail three subunits (Fig.lA, compare lanes 7 and 8 with

lanes 9 and 10). This would imply that fragmentation at the lower OA

concentration was due to inhibition of PP-2A while the concomitant decrease in

eleetrophoretic mobility of subunits at the higher OA concentration (Sacher et

al,1992) was due to the additional inhibition of PP-l. This inference is supported

by the results in Fig.1B showing that both NF fragmentation and decreases in

subunit eleetrophoretic mobility occur at the same calyculin A concentration (lanes

9 and 10).

Since consensus sequences have not been established for PP-1 and PP-2A

(Ingebritsen and Cohen, 1983; Agostinîs et al, 1987) it is not possible to prediet

where the additional phosphate moieties would be found in the NF subunits when

the phosphatases are inlnbited. However, phosphoarnino acid analysis shows a

similar lack of phosphotbreonine in NF-L and no change in the proportions of

phosphoserine to phosphothreonine in NF-M after OA treatment (data not shown).

These phosphoarnino acid profiles correspond to those of in vivo 32P-Iabel1ed NF-L

and NF-M (Julien and Mushynski. 1982).

We examined the distribution of phosphorylation sites in NF-Lby chemical

cleavage with NCS (Lischwe and Ocbs, 1982). Rat NF-L contains one tryptophan

residue at arnino acid 280 (Chin and Uem, 1989) and the two halves of the protein

migrate differently on SDS-PAGE (Mahboub et al, 1986). Deterrnining the ratio

of carboxy-terrninal to arnino-terrninal 32p-phosphorylation (C/N ratios) provides

101



•

Figure 1: Western blot annlysls of the effects of Increaslng OA and calyculln

•

A concentrations on NF subunits ln DRG neUl'Ons. DRO cultures were

fractionated into Triton X-100-insoluble (odd numbered lanes) and -soluble

fractions (even numbered lanes) after a 4 hr. exposure to either OA (A) or

ca\yculin A (B). Samples were resolved by SDS-PAGE and the NF subunits

detected by Western blotting as described in MaJeriaIs and Methods. (A) OA

concentrations used were 0 (lanes 1 and 2), 1nM (Ianes 3 and 4), 10nM (Janes 5

and 6), 100nM (Janes 7 and 8), SOOnM (Ianes 9 and 10) and 1000nM (Ianes Il and

12). (8) Calyculin A concentrations used were 0 (Ianes 1 and 2), O.lnM (Janes 3

and 4), O.5oM (Janes 5 and 6), loM (Janes 7 and 8), 10nM (Janes 9 and 10) and

l00nM (Ianes 11 and 12). Nf'·H. NF·M and NF-L refer to the positions of the

three NF SUbUIÙts. pNF·L refers to the slower migrating, hyperphosphorylated

fonn of NF·L.
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a means for assessing the location of phosphorylation sites on NF-L following OA

treatment. ORG cultures were labelled with 32p; followed by a l hr. treatmcnt with

IIlM OA SampIes were fraetionated into Triton-soluble and -insoluble fractions

and immunoprecipitated NF-L was treated with NeS. As shown in Fig. 2 the e/N

ratio of Triton-soluble and -insoluble NF-L from OA-treated cells was reduced by

about 6-fold in comparison to that of the untreated control. It is interesting to note

that the e/N ratios of bath the Triton-soluble and -insoluble NF-L from OA

treated cultures were the same. These results indicate that while OA treatment

causes a preferential increase in amino terminal domain phosphorylatio:l in NF-L

the Triton soluble subunit shows no further increase in phosphorylation of this

domain.

Although enhanced phosphorylation of the amino-terminal domain in NF-L

from OA-treated cultures was seen in bath the Triton-soluble and -insoluble

subunits, the Triton-soluble subunits were phosphorylated to a higher degree than

their insoluble counterparts. The increase ranged from 2-fold for NF-L to 3-fold

for NF-M (data not shown).

Since inhibition of PP-2A had already been implicated in the fragmentation

of NFs (cf. Fig.lA,B), we examined whether PP-ZA" was capable of acting on NF

M and NF-L from OA-treated cultures. 32P-Iabelled NF-L and NF-M were

immunoprecipitated from control and OA-treated ORG cultures. Prior to their

elution from the protein A-sepharose beads the subunits were treated either with

purified PP-ZA" or purified PP-le in the absence or presence of OA as indicated

above each lane. Equal amounts ofprotein were fraetionated by SOS-PAGE. The

autoradiograph in Fig.3A shows that PP-ZA" caused a reduetion of about 50% in

the amount of 32p in both NF-M and NF-L relative to non-phosphatase treated

subunits from OA-treated cultures, while OA, at 10 nM, inhibited this PP-ZA,,

depe~dent decrease (Fig.3B, compare lanes 3 and 4). Purified PP-le had no effeet

on the 32p content of either subunit (compare lanes 2 and 5).

Since PP-2A had been implicated in the maintenance of NF integrity

(Fig.l), we wished to determine whether PP-ZA" could remove the phosphate
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Figure 2: Gel elec:tl'Ophoretic analysis or the amino- and carboxy-terminal

halves orchemlca1ly cleaved NF-L l'rom untreated and okadalc acid treated DRG

cultures. DRG cultures were labelled with 32p1 for 3 hrs. and either untreated (lane

1) or treated with 11lM OA for 1 br. (lanes 2 and 3). NF-L was

immunoprecipitated from the Triton-insoluble (lane 2) or Triton-soluble (Iane 3)

fractions. Protein was resolved by SDS-PAGE and digested with NCS (see

MateriaJs and Methods). C and N refer to the carboxy-tenninal and amino-tenninal

portions, respectively; of NF-L after NCS treatment. NF-L refers to the migration.

of uncieaved NF-L subunit and the M,. (x1~ of molecular weight standards are

shown to the left of the autoradiograph. C/N ratios are shown at the bottom of

each lane•
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Figure 3: Gel electropboretic analysis or NF subunits from OA treated ORG

cultures aner in VÙ!O treatment with PP-le and PP-2A". J2P-Labelled NF-L and NF

M were immunoprecipitated from control or OA-treated (1 hr.) DRG cultures

(OA). Protein phosphatase treatment (PP-le and PP-2AJ was carried out prior to

elution of the subunits from the protein A-sepharose beads as described in

MateriaIs and MetluxJs. Addition of OA during phosphatase treatment at either

IOnM or I}lM is indicated above each lane. Equal amounts of the proteins were

fractionated by SD5-PAGE and the positions of the 2 subunits are shown to the

left of the autoradiograph (panel A). Panel B shows a histogram obtained by

quantifying the autoradiograph from panel A. Lanes 1-6 in B correspond to the 6

lanes of the autoradiograph in A. Data perlaÏning to NF-L are indicated by

stippled bars while those for NF-M are represented by solid black bars.
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moieties seen in the amino-terminal domain of NF-L after OA treatment. NF-L

bands from the gel in Fig.3A were excised, subjected to NeS digestion and the

ejN ratios were determined (Fig.4). Again it can he seen that OA treatment led

to an increase in amino-terminal phosphorylation of NF-l.., as indicated by the 4.5

fold reduction in the ejN ratio following OA treatment (Fig 4, compare lanes 1

and 2). Treatment of NF-L from OA-treated cultures with PP-2A" led to an

increase in the ejN ratio as compared to untreated subunit, to almost the same

level as was seen in NF-L from cultures not treated with OA (Fig.4, compare lanes

1,2 and 3). OA at low concentrations prevented this PP-2A,,-dependent reversai of

the ejN ratio (Fig.4, lane 4) and PP-le had no effect on the ratio indicating that

PP-2A" preferentially removed the OA-induced phosphate moieties from the

amino-terminal portion of NF-L
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Figure 4: Gel electrophoretlc anaIysis ofchemlcaUy deaved NF-L foUowing in

vitro treatment wlth PP-le and PP-~ The NF-L subunit from the gel shawn in

Fig.3 was excised and digested with Nes (see Maleria/s and Methods). TrcatIllents

are the same as in Fig.3 and are shown above cach lane. 4 N and NF-L are as

indicated in the legend to Fig.2. C/N ratios are shown at the bottom and the~

(xl<r3) of molecular weight standards are shawn at the left.
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Discussion

The fragmentation of NFs that occurs in DRG cultures treated with OA

(Sacher et al, 1m) may represent the amplification of a mechanism normally

involved in modulating the local reorganization of NFs in a variety of situations,

inc\uding axonal transport. In this respect it is interesting to note that Okabe et al

(1993) showed a recovery in NF-L fluorescence following photobleaching with no

movement of the photobleached zone. Additiona1ly they showed that biotin

labelled NF-L was incorporated into numerous, discrete sites along the axon

indicating that soluble oligomers of NF subunits can be transported along the axon

faster than the bulk movement of NFs. It is possible that amino-terminal

phosphorylation/dephosphorylation allows a transient release of oligomers to occur

during the transport of NFs down the axon. The abundance of protein

phosphatases in the cell (Hardie et al, 1991) would ensure that any local disruption

of NFs be of a short duration and fully reversible. Treatrnent with OA may a1low

for the accumulation of phosphorylated species which normally have a transient

existence.

This model implies that the fragmented NFs should be in a form which is

readily re-incorporated into Triton-insoluble structures upon restoration of protein

phosphatase activity. Indeed, we have found that the early, reversible stages of OA·

induced NF fragmentation give rise to a heterogeneous population of very la..-ge

oligomers (M.G.S., E.SA and W.E.M. in preparation) thus allowing for a rapid

recovery of the NF network after OA is removed (Sacher et al, 1992).

A major reason for speculating that increased phosphorylation was

responsible for the OA-induced fragmentation of NFs was because recent in vitro

studies showed that IFs composed ofvimentin (Geisler et al, 1989), GFAP (lnagalci

et al, 1990), desmin (Geisler and Weber, 1988) or NF-L (Nakamura et al, 1990;

Gonda et al, 1990) were ail disrupted upon phosphorylation of the amino-terminal

head domain. In addition, second messenger-dependent protein kinases were shown

to be involved in pbosphorylation of the head domain of NF-L (Sihag and Nixon,

1989) and NF-M (Sibag and Nixon, 1990) leading to the suggestion that head
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domain phosphol)'lation of NFs influences filament assembly states (Nixon and

Sihag. 1991).

NCS cleavage of NF-L (Fig.2) sbowed a correlation between OA treatment

and increased amino-tenninal domain phosphol)'lation. Since phosphol)'lation in

the a-helical rad domain of NF subunits has not been reported (Steinert et aI,

1982), we suspect that the phosphate moieties in the amino-tenninal segment of

NF-L are located in the bead domain.

The OA-induced fragmentation of NFs was attnlluted to inlnllition of PP-2A

based on the concentration response data for OA and caIyculin A (Fig.1). A similar

approach was used to implicate PP-1 in the disruption of the IF network in BHK·

21 cel\s (Eriksson et aI, 1992). We also showed that PP-~ but not PP-1co

preferentially removed the OA-induced amino-terminal domain pbospbol)'lation

sites in vitro (Fig.4), furtber suggesting that inhibition of this enzyme is responsible

for the fragmentation ofNFs tbat accompaniès OA treatment. However, this result

does not exclude the involvement of PP-2A in maintaining the phosphol)'lation

state of the tail domain of NF subunits since the heterotrimeric fonn of PP-2A was

shown to he the most effective fonn for acting on microtubule-associated protein

tau following its phosphol)'lation by p42 MAP kinase (Goedert et aI, 1992).

Hisanaga et aI (1993) showed that PP-2A cao dephosphol)'late NF-M which

had been phosphol)'lated in vitro with protein kinase A. This implies that PP-2A

cao remove phosphate moieties from the head domain of NF-M since it is this

domain which is phosphol)'lated by protein kinase A in vitro (Sihag and Nixon,

1990). Our results showing that PP-2A" removes phosphate from OA-treated NF-M

(Fig.3) indicate that OA treatment also leads to an increase in phosphol)'lation of

the head domain of NF-M, aIthough this remains to he determined directly. We

also show a similar dephosphol)'lation pattern for NF-L The removal by PP-2A"

of -50% of the 32p from OA-treated NF-M implies that the enzyme mayalso

dephosphol)'late sites in the carboxy-terminal tail domain. The demonstration by

Sola et aI (1991) that PP-2A removes phosphate from Lys-ser-Pro sequences in

histone Hl is consistent with this deduction because similar tripeptide repeats are
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found in the tail domain of NF-M (Napolitano et al, 1987).

The fact that PP-le had no effect on the 32p levels in both NF-L and NF-M

is cor..,istent with our studies implicating inhibition of PP-I in the appearanœ of

electrophoretic variants of all three subunits (Fig.1). These variants were not

present in the PP-Ictreated subunits which were obtained from cells treated with

OA for 1 br. (Fig.4 and Sacher et al, 1992). Altematively, PP-le may require

additional subunits to be active against NF subunits.

Any attempt to explain the OA-induced fragmentation of NFs in DRG

cultures must take into account the similar increase in amino-terminal domain

phosphorylation in the Triton-insoluble and soluble subunits (Fig.3), and the higher

specifie radioactivio/ of the latter as compared to the former (data not shown). We

suggest that hyperphosphorylation of subunits in their amino-terminal domains

leads to a relatively slow fragmentation of NFs. The time frame for the disruption

of the NF network after OA treatment contrasts with that of the GFAP network,

found in the Schwann cells of the DRG cultures, which was shown to be complete

within 1 br. (unpublished observation). The dynamic nature of NFs has been

demonstrated by severa! investigators in recent years (Angelides et al, 1989; Okabe

et al, 1993). These reports have suggested that NFs are in equilihrium with a pool

of soluble subunits or oligomers. Phosphorylation of NFs following OA treatment

of DRG neurons may lead to a slow accumulation of these soluble oligomers due

to amino-terminal domain phosphorylation.

There have been sorne recent reports suggesting that domain-specifie

phosphorylation may not be involved in modulating the assembly states of IFs.

Chou et al (1993).recently showed that there were no differences between the

phosphopeptide maps of the soluble and insoluble forms of keratin 8 and keratin

18. One important difference between the soluble keratins in their study and the

Triton-soluble NFs in this report is that the keratins were found in a natural1y

occurring soluble pool made up of tetramers while the OA-induced soluble pool

in this study was composed of large oligomers (M.G.5.. E.5A, and W.E.M.. in

preparation). Nevertheless, these authors proposed a meehanism similar to the one
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we invoked above suggesting that phosphorylation may shift the solubility

equilibrium constant.

K1ymkowskY et al (1991) suggested that fragmentation of the cytokeratin

network observed during Xenopus oocyte maturation may be due to a severing

activity similar to the one seen for microtubules (MeNally and Yale, 1993). They

speculated that phosphorylation may serve to target a severing activity to the

filament network giving rise to a heterogeneous population of relatively large

oligomers similar to those seen in DRG neurons following OA treatment. In view

of the diversity of potential rnechanisms that could render IFs Triton-soluble,

further studies are req1lired to define the role of domain-specifie phosphorylation

in NF dynamics.
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Chapter 4

CHARACfERIZATlON OF FRAGMENfED NEUROFILAMENTS FORMED

IN NEURONS TREATED WIm OKADAIC ACID
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Summlll)'

Treatment of rat dorsal root ganglion cultures with the protein phosphatase

inhibitor, okadaic acid (OA), leads to a fragmentation of neurofilaments (NFs) as

weil as a reduction in the mobilities of all three NF subunits on SDS

polyacrylarnide gels (Sacher,M.G., Athlan,E.S. and Mushynski,W.E. (1994) 1. BioL

Chem. 269, 14,480-14,484 ). Treatment of the slower migrating form of the low

molecular weight subunit (NF-L) with the catalytic subunit of either protein

phosphatase-l or protein phosphatase-2A restored its mobility to that of native NF

L indicating that phosphate moieties regulated by both enzymes may be involved

in the reduction in eleetrophoretic mobility. In addition, OA treatment led to an

increase in arnino-terminal domain phosphorylation of the mid-sized subunit (NF

M) similar to that previously observed for NF-L Immunoprecipitation under non

denaturing conditions of Triton X-l00-soluble NF fragments from OA-treated

neurons demonstrated the existence of oligomers consisting of NF-L and NF-M or

NF-L and the high molecular weight subunit (NF-H). A similar

immunoprecipitation pattern was observed with the small, naturally occurring

Triton X-l00-soluble pool of NFs in untreated DRG neurons. These results

indicate that intem:ediates involved in NF assembly may be heterooligomers

composed of NF-L associated with either NF-H or NF-M•
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Introduction

The intermediate filament (IF) composition of the neuronal cytoskeleton

changes during development (Nixon and Shea. 1992). Neurofilaments (NFs). the

IF c1ass expressed in mature neurons, are composed of three phosphoprotein

subunits referred to as NF-L (62,000 Da), NF-M (95,000 Da), and NF-H (115,000

Da). NF-M and NF-H are two of the most highly phosphorylated proteins known,

with the rat subunits containing 8 and 14 moles of phosphate per polypeptide,

respectively (Julien and Mushynski, 1982). As members of the IF farnily of

proteins, NF subunits contain severa! identifiable structural features. In addition

to the amino-terminal "head" domain and carboxy-terminal "tail" domain, all IF

proteins contain a eentra! "rod" domain rich in a-helical content (see Steinert and

Roop, 1988, Weber and Fuchs, 1994, for review). While most of the phosphate

moieties on NF-M and NF-H reside in the tail domain (Julien and Mushynski,

1983) low levels of phosphate have been detected outside of this region as weil

(pleasure et al, 1990; Sihag and Nixon, 1990).

The initial stage of IF assembly involves the formation ofa coiled-coil dimer

consisting oftwo identical (eg. vimentin) or non-identical (eg. basic/acidic keratins)

subunits. These dimers then go on to form tetramers, octamers and eventually a

10 nm wide filament (see Weber and Fuchs, 1994, and Heins and Aebi, 1994, for

review). A cross-section of an IF is thought to contain as many as 3241 subunits

(Albers and Fuchs, 1992; Heins et al, 1993).

AlI three NF subunits have been shown to be capable of assembling into

homopolymeric filaments in viJro (fokutake et al, 1984; Balin and Lee, 1991). The

"tail" domains of NF-M and NF-H project laterally from the filament axis and

appear to contact adjaeent filaments (Hisanaga and Hirokawa, 1988; Gotow et al,

1992). NF-L is thO\lght to form the core of NFs as deduced from immunoelectron

microscopic data (Sharp et al, 1982) and the observation that it is the only subunit

capable of forming long, 10 nm-wide filaments in vitro (Geisler and Weber, 1981;

Tokutake et al, 1984; Balin and Lee, 1991). In addition, NF-M and NF·H were
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unable to co-assemble in an IF-deficient (IF") ce111ine (Ching and Uem, 1993) or

in the absence of assembly competent NF-L in neurons of a quail mutant known

as "quiver" (Ohara et al, 1993). NFs were recently shown to he obligate

heteropolyrners in vivo (Lee el al, 1993) and substoichiometric amounts of NF-M

w:::re sufficient to drive the fonnation of a NF network when co-expressed with NF

L in IF" celIs. A1though these studies have elucidated some important general mies

goveming NF assembly there is still much to he leamed about the aetual

mechanism of assembly and the distribution of the individual subunits within NFs.

Recently we showed that the treatment of cultured rat dorsal root ganglion

(DRG) neurons with the protein phosphatase-l and -ZA (PP-l and PP-2A,

respectively) inhibitor, okadaic acid (OA), led to a fragmentation of the NF

network (Sacher el al, 1992,1994) as evidenced by the increased Triton X-l00

(Triton) solubility of ail three NF subunits. The present study is direeted at the

further charaeterization ofthese Triton-soluble NF fragments. Our results show the

presence of heterooligomers of NF-L associated with either NF-M or NF-H. Such

heterooligomers were aIso observed in the small, naturaIly occurring pool of

Triton-soluble NFs suggesting that OA amplifies a naturaIly occurring proeess. OA

treatrnent led to the initial release of large NF fragments which were Triton

soluble at 13,000xg but insoluble at l00,OOOxg. Finally, the catalytic subunits ofboth

PP-l and PP-ZA were capable of restoring the gel electrophoretic mobilities of

slower migrating forms of NF subunits induced by OA treatment (Sacher el al,

1992) back to the mobilities of NF subunits from untreated neurons.
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Materials and Methods

Materials: 32Pi-Orthophosphoric acid was from ICN (Mississauga.ON). The catalytic

subunits of PP-l and PP-2A were prepared as described by Cohen et al (1988). OA

was from Le Services (Woburn,MA).

Cell Culture: Rat DRGs were disseeted, dispersed and maintained in defined

medium as previously described (Sacher et al. 1992). For metabolic labelling cel1s

were incubated with 05 mCi of carrier-free ~2Pi per mL Pifree medium (Flow

Laboratories, McLean, VA) for 3 hrs. prior to OA treatment.

SDS·Polyacrylamide gel electrophoresis (SDS-PAGE): Gel electrophoresis and

Western blotting were performed as previously described (Laemmli, 1970; Sacher

et al, 1992). Polypeptides used for analysis by chemical c\eavage (see below) were

obtained from SDS-polyacrylarnide gels run in the presence of 0.025% thioglycolic

acid to minimize protein oxidation.

Two-dimensional phosphopeptide mapping: Immunoprecipitated. 32P-label1ed NF

M, resolved by SOS-PAGE, was located by autoradiography, excised and the gel

slice was washed with 20% methanol. Gel slices were digested in 05 mL of 50 mM

ammonium bicarbonate with 10 Ilg TLCK-a-chymotrypsin (Sigma Chemical Co.,St.

Louis.MO) for 18 hrs. followed by 10 Ilg TPCK-Trypsin for 6 hrs. Gel slices were

removed and the digest was lyophilized and dissolved in Hp. Equal 32P-counts

were spotted onto 20cm X 20cm cellulose sheets (MN-300, O.lmm;

Brinkman,Westbury,NY). Eleetrophoresis was performed for 40 min. at 1 kV in

water:acetic acid:forrnic acid (80:15:5). Chromatography in the second dimension

was performed in butanol:pyridine:acetic acid:water (75:50:15:60) as deseribed

previously (Sibag and Nixon, 1990). Phosphopeptides were visualized by

autoradiography using a Dupont Lightning-plus intensifying sereen (Swanstrom and

Shank, 1978).
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C1eavage of NF-M with Nitrothlocyanobenzolc acld (NTCB): Immunoprecipitated,

32P-labelled NF-M was resolved by S05-PAGE, located by autoradiography and

excised. The gel s1ice was washed extensively with water, equilibrated in 2-nitro-5

thiocyanobenzoic acid (NTCB)-buffer (6M urea, 50 mM TrisHCI pH 8.0), then

incubated for 1 br. at room temperature in NTCB-buffer containing 6 mM NTCB

at which time the pH was raised to 95 by addition of Tris base. The slices were

then incubated at 37'c overnight followed by extensive washing in water and

equilibration in SD5-PAGE sample buffer and were then loaded vertically onto an

S05-lOo/o-polyacrylamide gel. Polypeptides were localized and subjected to two

dimensional phosphopeptide mapping as descnbed above.

Immunopreclpltatlon: Cells were harvested in cytoskeleton extraction buffer (CSK

buffer) containing 1% Triton X-100 (Triton), 150 mM NaCl, 50 mM TrisHCI pH

75, 50 mM NaF, 2 mM EGTA, 2 mM levamisol, 1 mM phenylmethylsulfonyl

fluoride. Immunoprecipitation was carried out as described previously (Sacher et

al, 1994). The following monoclonal antibodies from Sigma Chemical Co. (St.

l..ouis,MO) were used: NE14 (anti-NF-H), NN18 (anti-NF-M), and NR4 (anti-NF

L). For immunoprecipitating radiolabelled NF-M a rabbit polyclonal lmtiserum was

used. Immunoprecipitation under non-denaturing conditions was carried out

essentiallyas descnbed by Sacher et aI (1994) except that SOS was not added to

the samples.

Phosphatase treatment or immunoprecipitated proteins: DRG cultures were

treated with 1 pM OA for 6 hrs. and NFs were immunoprecipitated as descnbed

above. Samples were incubated for 5 hrs. at 3O"c, prior to elution from the protein

A-sepharosc beads, in 65 mM TrisHCI pH 7,1 mM MgCI:z, 05 mM EGTA, 1 mM

PMSF with or without PP-2A" (15 pgfrnL), PP-le (15 pgfmL) and OA as

descnbed in the figure legend.

Cel Filtration: DRG cultures were treated with 1pM OA for 1 br. and harvested
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in CSK buffer as described above. 300 ,ilL samples were loaded cnte a 55 mL

Biogel ASOM (BioRad,Hercules,CA) column (85 cm X 0.9 cm), fractions of 250

,ilL were collected and NF subunits were detected by Western blotting as described

above.
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Results

Previous studies in our laboratory have shown an increase in Triton-soluble

NFs following treatment with 1JlM GA To begin characterizing these soluble

species we examined their relative sizes by differential centrifugation. DRG

cultures were treated with IJlM GA for increasing times, harvested in buffer

containing 1% Triton, and centrifuged at either 13,OOOxg or 100,OOOxg. The Triton

insoluble pellets and Triton-soluble supernatants were then examined for the

presence of the three NF subunits (Fig.1). At 13,000xg most of the subunits were

fO<lnd in the Triton-soluble fraction within 3 hrs. of GA treatrnent. The NF

fragments that remained in the supematant following centrifugation of Triton

extraets at 13,OOOxg were almost completely pelleted at 100,000xg. The presence of

a significant proportion of NF proteins in the supernatant fraction obtained after

centrifuging Triton extraets at lOO,OOOxg was seen only after 6 hrs. of GA

treatment. It is interesting to note that the slower migrating forro of NF-L seen

after 6 hrs. of GA treatrnent was found only in the Triton-soluble fraction at both

13,000xg and 100,000xg.

To assess whether NFs were being fragmented in a random fashion or

broken into fragments of a more defined size DRG cultures were treated with 1JlM

GA for 30 min. and 60 min. and the Triton-soluble extraets were fractionated on

a BioGel ASOM gel filtration column having a size exclusion limit of SOxl<f

daltons. In both cases aU tbree NF subunits were found distn1>uted over a wide

range of fractions indicating that the oligomers were heterogeneous in size and

implying a random fragmentation of NFs during OA treatment (data not shown).

We have previously shown an increase in phosphorylation of the aminlr

terminal domain of NF-L from DRG cultures exposed to IJlM GA (Sacher et al,

1994). To determine whether OA treatrnent caused the appearance of new

phosphorylation sites in NF-M duplicate DRG cultures were pre-labelled with 32pj

for 3 hrs. and incubated in the presence or absence of 1JlM OA for 1 hr. Fig. 2

shows the twlrdimensional phosphopeptide maps of NF-M from untreated

(Fig.2A), GA treated, Triton-insoluble (Fig.2B) and GA treated, Triton-soluble
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Figure 1: DiI1'erentiai solubility or NFs l'rom OA-treated neurons. DRG cultures

were treated with IJlM OA for the limes indicated, harvested in CSK buffer and

œntrifuged at either 13,OOOxg or l00,OOOxg. Pellets (P) and supernatants (S) were

fraetionated by SD5-PAGE and deteeted by Western blotting. NF-L,pNF-L, NF

M, and NF·H refer ta the low, hyperpbospborylated low, middle, and bigb

molecular weigbt NF subunits, respeetively.
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Figure 2: Two-dimensional phosphopeptide mapping ofNF-M. DRG cultures were

pre-labelled with 32Pj for 3 hrs. and were either left untreated (A) or were treated

with l).1M OA for 1 hr. (B-O). NF-M was immunoprecipitated. resolved by SOS

PAGE and subjected to two-dimensional phosphopeptide mapping as described in

MaJeriais and Mellzods. Panels B and C represent NF-M from Triton-insoluble and

Triton-soluble fractions, respeetively. Panel 0 represents the phosphopeptide map

of the carboxy-terminal portion of NF-M obtained by NTCB c\eavage. The origin

is indicated by 0 and the arrowheads point to the 4 prominent phosphopeptides

seen in the full length subunit after OA treatment. (E) The location of the two

cysteine residues in NF-M as weil as the expeeted fragments are shown. The curved

!ine indicates the amino-terminal head domain, the stippled box represents the a

helical rod domain and the open box represents the carboxy-terminal tail domain.
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(Fig.2C) fractions. Four species, designated as phosphopeptides l, 2, 3 and 4, were

seen in the peptide maps of NF-M from both the Triton-insoluble and -soluble

fractions of OA-treated cultures. Although phosphopeptides 1 and 2 seem to

appear faintly in the untreated sarnple (Fig.2A) they are more apparent after

cultures were treated with OA The location of these four phosphopeptides in NF

M was determined using 32P-labelled NF-M immunoprecipitated from OA-treated

DRG cultures and subjected to NTCS digestion (Fig.2E). Two-dimensional

phosphopeptide mapping of the earboxy-terminal fragments (Fig.2D), which extend

from either cysteine-278 or cysteine-293 to the earboxy-terminus, showed that they

lacked a114 phospbopeptides seen in the pbosphopeptide maps of fulliength NF-M

from OA-treated cultures (compare Fig2D with Fig.2S and Fig.2C). These results

indicate that the latter are 10cated in the arnino-terminal domain of NF-M. The

amino-terminal fragments, extending from the amino-terminus to either cysteine

278 or cysteine-293 (Fig.2E), were too weakly labelled following NTCS digestion

and could not be used for two-dimensional phospbopeptide mapping.

Treatment of DRG cultures with IJlM OA for a minimum of 3 hrs. leads

to the appearance of slower migrating forros of all three NF subunits (Fig.1; Sacher

et ai, 1992,1994). We previously inferred from the response to varying

concentrations of OA tbat inhibition of PP-l activity caused the appearance of

these slower migrating forros. To direetly test this notion DRG cultures were

treated with IJlM OA for 6 brs. and both NF-L and NF-M were

immunoprecipitated. The subunits were depbospborylated with either the catalytic

subunit of PP-l (pP-l.) or PP-2A (PP-2AJ (Fig.3). Surprisingiy, either PP-2A" or

PP-le caused the disappearance of the slower migrating fonn of NF-L (PNF-L) and

sharpening of the broad band formed by NF-M (Fig.3, compare lane 1 with lanes

2 and 4).

The OA-induced fragmentation of NFs a1lowed us to examine the

organization of the NF networIe, in DRG neurons, by anaIyzing subunit interactions

under non-denaturing conditions. To this end DRG cultures were treated with IJlM

OA for 1 br.. harvested in CSK buffer, and the Triton-soluble NFs were either
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Figure 3: Treatment or hyperphosphorylated NFs with PP-le and PP-2A". DRO

cultures were treated with OA for 6 brs. at whicb time NF-L and NF-M were

immunoprecipitated. Prior to elution of the subunits frOID the protein A-sepha..-ose

beads samples were untreated (lane 1) or treated with either PP-le (lanes 4 and

5) or PP-2Ac (lanes 2 and 3) with (lanes 3 and 5) or without (Ianes l, 2 and 4) OA

as indicated above each lane. NF-L, pNF-L, and NF-M are as indicated in the

legend to figure 1•
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boiled in the presence of SOS or 1eft untreated. Samples were then

irnmunoprecipitated with one of three monoclonal antibodies (see Marerials and

Metlwds) which immunoprecipitate specifie NF subunits (data not shown). ln the

presence ofSOS each antibody immunoprecipitated its specifie subunit (Fig.4. lanes

LI+. MI + and HI +). In addition the anti-NF-M and anti-NF-H antibodies

immunoprecipitated small amounts of NF-L (Fig.4. lanes MI + and HI +). perhaps

due to the partial removal of SOS by Triton micelles and the subsequent

reassociation of sorne of the subunits. In the absence of SOS the anti-NF-M and

anti-NF-H antibodies each immunoprecipitated much larger amounts of NF-L in

addition to the corresponding subunit (Fig.4, lanes M/- and H/-). The anti-NF-L

antibody immunoprecipitated both NF-M and NF-H (Fig.4. lane L/-) yielding a

pattern similar to that of the anti-NF-M and anti-NF-H lanes combined. These

results indicate the existence of units consisting of NF-L associated predominantly

with either NF-M or NF-H.

We then wished to determine whether the NF subunit associations seen

after 1 br. OA treatment refleeted the early fragmentation pattern as weil as the

later pattern. Immunoprecipitation under denaturingand non-denaturing conditions

was carried out, following I}lM OA treatment for increasing times, with 13,()()()xg

Triton-soluble NFs. The association of NF-L with NF-M or NF-H was seen for all

lime points examined (do:ta not shown) implying that these heterooligomers may

constitute intermediates in NF assembly and disassembly in rat ORG neurons. If

this is true then we would expeet to see a sirnilar immunoprecipitation pattern

using NFs in a much smaller oligomeric state. DRG cultures treated with I}lM OA

for 6 hrs. give rise to a large pool of l00,()()()xg Triton-soluble subunits (d. Fig.l).

These smalt, oligomeric units were then subjeeted to immunoprecipitation as

described above. Once again the pattern seen under non-denaturing conditions was

indistinguishable from that obtained using 13,()()()xg Triton-soluble NFs (Fig5)

implying that these small oligomers were composed of heteromers of NF-L with

either NF-M or NF-H.
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Figure 4: ImmunoprecipitatioD or OA-induced, 13,ootb'gTriton soluble NFs. ORG

cultures were treated with lpM OA for 1 br. and harvested in CSK buffer.

Supematants treated with SOS (indicated above each lane) were boiled in the

presence of 0.3% SOS for 2 min. prior to immunoprt~pitation.NF-L, NF-M, and

NF-H refer to the migration of the three NF subuni.ts. H, M, and L above each

lane indicate the NF subunit antibody used for immunoprecipitation (see MateriaJs

and Methods)•
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Antlbody L Il H L al H
0.1 % SDS + + +. • •

Nf·H [
NF·II-

NF·L-

Figure 5: Immunoprecipitation orOA-induc:ed, lOO,OOOlrgTriton soluble NFs. DRG

cultures were treated with IJlM OA for 6 hrs., harvested in CSK buffer at

lOO,OOOxg and immunoprecipitated in the presence or absence of SDS (indicated

above cach lane) as described in MaleriDls and Methods. NF-L, NF-M, NF-H, H,

M, and L are as described in the legend to figure 4•
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Previously (Sacher et al, 1994) we speculated that the OA-induced

fragmentation of NFs may represent the amplification of a mechanism for localized

NF disassembly. A smail pool of 13,000xg Trito:.-soluble NFs is present in

untreated DRG cultures (Sacher et al, 1992, 1994). Using the immunoprecipitaion

procedure described above we examined whether the same NF subunit associations

existed in these untreated oligomers. Under non-denaturing conditions we noticed,

as with OA treated Triton-soluble NFs, an association between NF-L and the

larger subunits, a1though some NF-H co-immunoprecipitated with NF-M and NF-L

when using anti-NF-M antibody and some NF-M co-immunoprecipitated with the

two other subunits when using anti-NF-H antibody (Fig.6). Note, however, that the

ratio of NF-H to NF-M was higher in the immunoprecipitate obtained with anti

NF-H antibody (Fig.6).
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Figure 6: Immunoprecipitation of Triton soluble NFs from untreated neurons.

DRG cultures were harvested in CSK buffer at 13,OO<lJIg and immunoprecipitated

in the presence or absence of SDS (indicated above cach lane) as described in

Materials and Methods. NF·L, NF·M, NF·H, H, M, and L are as described in the

legend to figure 4.
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Discussion

Treatment of DRGs with OA caused an increase in the phosphorylation of

the amino-terminal domain of NF-M (Fig.2) similar to that seen in NF-L (Sacher

et al, 1994) as weil as a fragmentation of NFs (Sacher et al, 1992). The appearance

of (wo faint phosphopeptides in the sample obtained from untreated cultures

(Fig.2A) probably refJects the low amount of phosphate previously reported in this

region of the protein (Sihag and Nixon, 1990). It is apparent, however, that OA

treatment causes an increase in amino-terminal head domain phosphorylation.

Since NF-L appears to he the subunit responsible fC'r allowing NF formation ta

proceed (Ching and Liem, 1993; Lee et al, 1993; Ohara et al, 1993) the significance

of head domain phosphorylation in NF-M is unc1ear.

A fragmentation of native NFs sirnilar to that seen in OA-treated DRGs

was recently reported following ÙI viJro phosphorylation by cAMP-dependent

protein kinase (Hisanaga et al, 1994). In this case as well NF-L was shown to be

phosphorylated in the amino-terminal head domain. The sanIe study showed that

NFs reassembled ÙI viJro were broken into smaller oligomers than were native NFs

indicating that other proteins may be involved in maintaining NFs in an assembled

state or in mediating NF assembly ÙI vivo.

The ability of bath PP-2A" and PP-le to cause the disappearance of the

slower rnigrating forros of NF-L (pNF-L) and NF-M (Fig.3~ may he due to a

removal of the same phosphate moieties, as the two enzymes have been shown ta

have a broad and overlapping range of substrate specificities (Cohen, 1989). For

example, a brain-specifie inlnbitor of PP-1 (DARPP-32) that bas been

phosphorylated by .casein kînase-2 is a substrate for bath PP-1 and PP-2A (Girault

et al, 1989). It is not c1ear whether the same phosphate moieties are removed from

this protein by the two phosphatases, a1thougb Agostinîs et al (1987) showed that

both PP-2A and PP-1 were capable of dephosphorylating the same mono

phosphorylated peptide, a1beit at different rates. An alternative explanation for

these results is that severa! phosphate moieties, sorne regulated by PP-1 others by
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PP-2A, may be involved in reducing the mobilities of the NF subunits and that

removal of either type of phosphate causes a return to the mobilities seen for

native subunits. This could be verified by selective1y inhibiting PP-l in vivo using

the heat stable inhibitors Il and U (Aitken et al, 1982; Holmes et al, 1986) and

looking for the appearance of slower migrating NF subunits. It is interesting to

note that chronic treatment of rat DRGs with 10-20 nM OA does not cause the

appearance of slower migrating forms of NF subunits yet the amino-terminal

phosphorylation patterns for both NF-L and NF-M are identical to those of

subunits from cultures treated with l,uM OA (M.G.S~unpublished observations).

Since low OA concentrations inhibit PP-2A more effectively than PP-l, this result

implies that inhibition of PP-2A alone is not sufficient to cause a reduction in NF

subunit mobilities.

It has long been known that NF subunits can co-assemble with other IF

proteins in transfected ceUs (Chin and Liem, 1989,1990; Gill et al, 1990; Wong and

Oeveland, 1990; Soifer et ai, 1991; Nash and Carden, 1991). However, in IF cells

neither of the three NF subunits could form homopolymers (Ching and Liem, 1993;

Lee et ai, 1993) suggesting that NFs are obligate heteropolymers in vivo. The co

immunoprecipitation studies show an association between NF-L and either NF-M

or NF-H (Fig.4). Our failure to observe individual subunits after

immunoprecipitation under non-denaturing conditions, even when working with

oligomers soluble in Triton at l00,llOOlrg, implies that these heterooligomers may

represent intennediates involved in the assembly and disassembly of NFs. These

data MaY explain the results of Ching and Liem (1993) and Le~ et ai (1993):

namely, that NF formation cannot proceed in the presence of NF-L alone.

Moreover, the importance of NF-L in driving NF formation is demonstrated by the

inability of NF-M and NF-H to co-assemble in vivo (Ching and Liem, 1993; Ohara

et ai, 1993). Consistent with this finding, we were able to detect increased levels

ofassociated NF-LfoUowing immunoprecipitation under non-denaturing conditions

using either anti-NF-M or anti-NF-H antibodies (Figs.4-6)•
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Heterooligomers of NF-L and NF-M or NF-L and NF-H have never

previously been reponed in vivo. Carden and Eagles (1986) did report the presence

of heterodimers of NF-L and NF-M following disassembly of NFs at low pH and

low ionic strength conditions. Mulligan et al (1991) suggested that heterooligomers

consisting of NF-L with either of the two larger NF subunits could explain aIl

reassembly and immunoeleetron microscopic data. Our co-immunoprecipitation

studies now provide biochemical evidence for the existence of such heteromers in

vivo.

Untreated DRG cultures contain a smaIl pool of NF oIigomers soluble in

Triton at 13.000xg.lmmunoprecipitation under non-denaturing conditions using an

anti-NF-M anubody revealed the presence of oligomers containing NF-H and NF-L

in addition to NF-M (Fig.6). However. the ratio of NF-M to NF-H changed when

an anti-NF-H antibody was used instead (Fig.6). The presence of NF-H in addition

to NF-L and NF-M in the sample from untreated cultures immunoprecipitated with

an anti-NF-M antlbody contrasts with its absence in vA treated DRGs (Figs.4 and

5). Perhaps the discrepancy is simply due to a difference in the size range of the

NF fragments in the two populations. In addition repulsive forces due to charged

amine acid residues and phosphorylation of the tail domains of NF-M and NF-H

may he further increased by hyperphosphorylation of the Triton-soluble NF

fragments from OA treated cultures rendering them more fragile and increasing

the Iikelihood that the peripher-.::.lly associated NF-H subunit will dissociate. The

increased ratio of NF-H to NF-M seen using the anti-NF-H antibody (Fig.6)

implies that. while some of the NF-H subunit is associated with NF-L/NF-M

heterooligomers, NF-H/NF-L heterooligomers are also present.

The present results provide the first in vivo biochemical evidence for the

existence of heterooligomers consisting of NF-L associated predominantly with

either NF-M or NF-H. Oearly, this tissue culture system can he further exploited

to c1arify the unresolved question of a cause and effeet relationship between head

domain phosphorylation of NF subunits and NF assembly•
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Chapter 5

GENERAL DISCUSSION
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Previous work had led to the conclusion that phosphate moieties on NF

subunits were relatively stable. They were found to undergo turnover of up to 50%

of the initia!ly incorpnrated phosphates over a five day period during transport

along the axon in situ (Nixon ~-l Lewis, 1986). In addition Clark and Lee (1991)

showed that in cultured syrnpathetic neurons a similar percentage of phosphates

are turned over during a three day period. However, the demonstration that a

sma!1 arnount of phosphate is found in regions outside the tail domain of NF-M

and NF-L (Sihag and Nixon, 1989,1990; Pleasure et ai, 1990), indicated that more

transient phosphorylation events were taking place.

In order to examine this possibility we chose to treat rat DRG cultures with

the serine/threonine protein phosphatase inhibitor OA Surprisingly, we noted

differences in both the Triton solllbility and phosphorylation state of NF subunits

in treated as compared to untreated cultures within 30-60 min. (Chapter 2, fig.1;

Chapters 3 and 4, figs2). These results indicate that sorne phosphate moieties do

indeed undergo rapid turnover and explain the earlier difficulty in identifying them

against a high background of the more stable tail 'iomain phosphorylation.

Alternatively, OA may serve to inerease protein kinase activity by interfering with

regulatory mechanisms through the inhibition of PP-1 and PP-2A (Sassa et ai,

1989).

The fact that phosphate moieties in the lail domain ofboth NF-M and NF

H tum over slowly may be explained by the results of severa! groups studying other

systems. Agostinis et ai (1990) and Donella-Deana et ai (1990) reported that a

phosphoserine residue was poorly dephosphorylated by the catalytic subunits of all

four of the major serine/tbreonine protein phosphatases when it was followed by

a proline residue. Subsequently, Xu et ai (1992) showed that a phosphoserine

residue carboxy-terrninal to a lysine residue was poorly dephosphorylated by

alkaline phosphatase. Taken together these results would indicate that a

phosphoseryl sandwiched between an arnino-terrninallysine residue and a carboxy

terminal proline residue (ie. Lys-Ser-Pro), as is found in multiple copies in the two
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higher molecular weight NF subunits. would he more resistant to

dephosphorylation. A sequence analysis of rat NF-M and NF-L showed that NF-L

contained one serine residue preceded by a lysine residue within its head domain.

In addition, while NF-L does not contain a serine residue followed by a proline

residue. NF-M does contain (Wo such sequences in its amino-terminal portion at

arnino acids-31 and -45. It would be of interest to determine whether these serines

in NF-M are among the transiently phosphorylated residues seen following OA

treatment as such phosphoserines would he expected to be relatively stable .

Further evidence for the presence on NF subunits of phosphate moieties

which turn over rapidly stems from the observation that OA-induced Triton

solubility was fully reversible for NF-L and NF-M within 2 hrs. of removing the

inhibitor from the culture medium and within 10 hrs. for NF-H (Chapter 2, fig.3).

The time frame for the reversibility of this OA-induced effect is much shorter than

the turnover rate noted in previous studies (Nixon and Lewis, 1986; Clark and Lee,

1991).

We have shown directly for NF-L and indirectly for NF-M that the OA

induced phosphorylation of these subunits occurs predominantly in their amino

terminal head domain (Chapters 3 and 4, figs.2). The arnino-terminal fragment of

NF-M was too weakly 32P-labeled following c1eavage with NTCS to allow for (Wo

dimensional phosphopeptide mapping. Although the C/N ratios for NF-M were not

determined as they were for NF-L (cf. Chapter 3), they appeared to be extremely

low indicating that the arnino-terminal head domain was not highly phosphorylated

to begin with as has been reported previously (Sihag and Nixon, 1990). In addition

the low efficiency of NF-M c1eavage obtained with NTCS further hindered our

ability to obtain sufficient amounts of the head domain fragment for (WO

dimensional phosphopeptide mapping.

The correlation be(Ween NF fragmentation seen after 30-60 min. of OA

treatment and the appearance of head domain phosphorylation in both NF-L and

NF-M suggests that there may be a cause and effect relationship be(Ween the (wo

events. This suggestion is consistent with observations that amino-terminal
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phosphorylation of subunits in other IFs, including homopolymers composed of NF

L, caused their fragmentation botn in vitro and in vivo (Inagaki et al,

1987,1988,1989,1990; Geisler and Weber, 1988; Ando et al, 1989; Geisler et al,

1989; Chou et al, 1990,1991; Heaid and McKeon, 1990; Nishizawa et al, 1991).

A similar fragmentation of NFs was recently reported by Hisanaga et al

(1994). These authors showed that reassembled NFs were broken into smaIl,

l00,()()(hrg soluble oligomers following treatment with PICA. However, native NFs

were more resistant to such treatment and soluble fragments were detected onIy

at reduced centrifugation speeds. In addition, an unravelling of the PKA-treated

filaments was observed by eleetron microscopy. Our results are more comparable

with those obtained for the native NFs in the latter study and imply the

involvement of PKA in the fragmentation of NFs seen in vivo. This suggestion

conforms with the recent demonstration in our laboratory that PKA is involved in

the appearance of Triton-soluble forros of aIl three NF subunits following OA

treatment (B. Giasson and W.E. Mushynski, persona! communication). Since PKA

is known to phospborylate the bead domain of NF-L and NF-M (Sibag and Nixon,

1990; Hisanaga et al, 1994) tbis would imply that NF assembly/diassembly may he

regulated by second messengers thus allowing for structural cbanges of the NF

network in response to extemal stimuli Direct testing of the cause and effect

relationship suggested above binges upon identification of the OA-induced

pbosphorylation sites in the bead domain ofboth NF-L and NF-M. Point mutations

of these residues could then he effected and the assembly of the mutant proteins

could he examined both in vitro and in vivo.

The fragmentation of NFs seen at low OA concentrations and the reduction

in gel elee.ropboretic mobility of aIl tbree NF subunits seen at bigber OA

concentrations (Chapter 3, fig.l) suggested that inlubition ofPP-2Awas respoDSlble

for the former wbile the added inhibition of PP-l caused the latter. Similar

treatment of BHK-21 cells with OA led to the suggestion that PP-l was involved

in maintaining the organization of the IF and MT networks in those cells (Eriksson
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et al, 1992). The faet that PP-2A" but not PP-le could remove these OA-induced

amino-terminal domain phosphates in vitro would appear to support the above

suggestion concerning PP-2A (Chapter 3, fig.4). Il would however be necess:uy \0

test the various forms of PP-ZA (Chapter l, table 2) for their ability to rel!love

these OA-induced phosphates before conclusively implicating this enzyme in the

regulation of NF dynarnics since the various subunits seem to alter the activity ar.d

specificity of PP-2A (Imaoka et al, 1983; Tsuiki et al, 1985; Mumby et ai, 1987;

Chen et al, 1989; Sola et ai, 1991; Goedert et al, 1992).

It is now weIl established that phosphorylation of NF-M and NF-H retards

their gel eleetrophoretic mobility (Julien and Mushynski, 1982). However, the

appear-.mct: (lf a slower rnigrating form of NF-L was never reported previous to our

studies (Chapter 2, fig.l). More recently Hisanaga et al (1994) also reported the

appearance of a slower migra:ing form of this subunit following in vitro

phosphorylation although the mobility was not perturbed to the same degree as by

OA. While it is not clear whether these slower rnigrating forms of NF-L arise from

sirnilar phosphorylation events it is notewortby that both are found exclusively in

the supematant fraction following high speed centrifugation (> 90,()()()xg), implying

that highly phosphorylated fonns of NF-L cannot assemble properly.

There are three possible explanations for the observation that both PP-le

and PP-2A" caused the disappearance of the slower migrating fonns of NF-L and

NF-M. First, these results may sirnply be due to the use of unregulated catalytic

subunits of the protein phosphatases. Onee again use of the various fonns of the

protein phosphatases may provide further insight into their involvement in the

generation of these eleetrophoretic variants. Altematively, phosphate moieties

aeted on by either PP-l or PP-2A may together be involved in generating these

e1eetrophoretic variants and removal of either type of phosphate will cause the

disappearance of these slower rnigrating fornts of the NF subunits. Finally, PP-le

and PP-2A" may show overlapping specificity in vitro for the phosphate moieties

responsible for producing these eleetrophoretic variants (Cohen, 1989). The
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streptolysin-mediated introduction of Il, I2 or DARPP-32 into DRGs might

provide sorne insight into whether inhibition of PP-1 alone is suffident to produce

ùlese e!eetrophoretic variants. We have shown that low OA concentrations cause

the fragmentation of NFs but even prolonged treatment under these conditions did

not cause a change in the eleetrophoretic mobility of any of the NF subunits (data

Dot shown). Using a rationale sirnilar to that stated above, this would suggest that

inhibition of PP-2A alone is not sufficient to generate these electrophoretic

variants.

Immunoprecipitation of OA-induced, Triton-soluble NF fragments under

denaturing and non-denaturing conditions revealed that these soluble species are

heterooligomers composed of NF-L associated with ~ith::r NF-M or NF-H

(Chapter 4). Il has long been assumed that NF-L forros the core of the NFs (Sharp

et al, 1982) as NF-L is tLe only subunit capable of forrning long, 10 nm wide

filaments in vitro (Geislér and Weber, 1981; Tokutake et al, 1984; Balin and Lee,

1991). This notion was bolstered by recent findings that NF-M and NF-H cannot

co-assemble in an IF cell line (Ching and Uem, 1993), and that neurons from

mutant quail which do not produce assembly competeilt NF-L do DOt c.>ntain IFs

(Yamasaki et al, 1991). Lee et al (1993) showed that NF-M expressed to a level of

just 10% of that of NF-L was sufficient to drive NF assembly in an IF cellline.

This result is signifieant since it helps explain why both NF-L and NF-M are co

expressed during development with NF-H appearing later (Shaw and Weber, 1982;

Pachter and Uem, 1984; Carden et ai, 1987). ln this respect it is interesting to note

that filaments assembled in vitro from NF-L and NF·M were longer than those

assembled from NF-L and NF-H (Balin and Lee, 1991).

Our data provide the first in vivo biochemieal evidence that intermediates

involved in the assembly and disassembly of NFs are composed of heterooligomers

consisting of NF-L associated predorninanùy with either NF·M or NF-H. The

existence of sirnilar oligomers under normal conditions was shown by perforrning

the sarne immunoprecipitation experiments with the Triton-soluble pool of NFs
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fro:n untreated DRG. Soluble NF oligomers have becn reported previously in

other systems (Shea et al, 1988; Gotow and Tanaka, 1994) and may represent the

units that are incorporated aIong the length of the NFs (Okabe et al, 1993). The

naturaIly or.curring pool of Triton-soluble oligomers in DRGs differs somewhat

from the OA-induced pool since the former can be peIIeted at l00,OOOxg whereas

the latter cannot after prolonged OA-treatment. In addition, the naturally occurring

soluble pool contains small amounts of NF-M or NF-H bound to the NF-L/NF-H

and NF-L/NF-M oligomers, respectively. The reason for this discrepancy is unclear,

al:hough it may simply refleet differences in the relative size distributions of the

oligomers in the two soluble pools. Previously Carden and Eagles (1986) provided

in vitro evidence for the existence of an NF-L/NF-M heterodimer foIIowing

disassembly of~ NFs under low ionic strength and low pH conditions. However

such a dimer was not deteeted at sirnilar levels by cross-Iinking whole NFs.

Recently, Mulligan et al (1991) performed immunoeleetron microscopie

studies on reassembled NFs using monoclonal antibodies to known epitopes of the

three NF subunits. These authors suggested that aIl reassembly and

immunolabeling results could be explained if it was assumed that the basic building

blacks of NFs were tetramers composed of homodimers of NF·L or heterodimers

containing NF-L and either NF-M or NF-H. These authors suggested that

heterodimers of NF-L/NF-M and NF-L/NF-H would be energetically more

favourable than homodimers of NF-M or NF-H due to the relatively neutraI tail

domain of NF-l.. In addition this model would prediet a higher molar ratio of NF

L to bath NF-M and NF·H as has been reported (Scott et al, 1985) and would

imply that NF-H cao be incorporated into pre-existing filaments as heterooligomers

also containing NF-l..

Previously we speculated that NF subunits were released as homooligomers

(Chapter 2). This was based upon the observed fragmentation and asynchronous

Triton-solubilization of NF subunits following OA treatment However, the further

studies in Chapter 4 allowed us to conclude that the NF subunits are released and,
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by implication, incorporated as heterooligomers. The most plausible explanation

for the apparent asynchronous solubilization of the Ll:tree NF subunits is to assume

that the NFs are fragmenting along their lengths rather than across their widths.

That is, since NF subullits (presumably in oligomeric states) are incorpora'.d along

the Iength of NFs (Angelides et al, 1989; Okabe et al, 1993) we cao assume that

NF disassembly would most easily be accomplished by a reversai of this process

rather than by a severing of the NFs across their widths. This would explain the

appearance of differing proportions of ail three NF subunits in the Triton·soluble

fraction. Of course, this model implies the existence of a gradient of each subunit

across the diameter of NFs, with NF-H being more highly concentrated in the

outer regions of th~ filament. NF-L would be found in these peripheral regions as

weil since it is required to permit the incorporation of NF-H. NF-L, however,

would be more concentrated towards the core of the filaments since this subunit

is expres.,ed eariier in development than NF-H and a complete re-organization of

the NF network following the appearance of NF-H has not been reported.

Our studies using the serine/threonine protein phosphatase inhibitor OA

:1ave allowed us to gain insight into the arrangement of the individuai NF sub~nits

within the NF. Besides providing in vivo biochemical evidence for the existence of

heterooligomers of NF-L associated predominantly with either NF-M or NF-H we

have also been able to show a correlation between amino-terminal domain

phosphorylation of NF-L and NF-M and the fragmentation of NFs. The possibility

remains that phosphorylation of the amino-terminal domain of NF subunits

disrupts interactions between NFs and other cytoskeletal elements (Frappier et al,

1987; Hirokawa et al, 1988; Miyasaka et al, 1993) thus leading to Triton-solubility.

However, il is unlikely that such an event was responsible for the OA-induced

fragmentation since NFs reassembled in the absence of any other cytoskeletal

component are insoluble at 13,OOOxg. It therefore appears that phosphorylation of

the amino-terminal head domain of NF subunits regulates their assembly states as

is the case with other IFs.
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Original contributions to knowlcdge

Treatment of primary cultures consisting of dissociated rat dorsal root

ganglia with the serine/threonine protein phosphatase inhibitor okadaic acid

(OA) was shown to:

cause a fragmentation of neurofilaments (NFs) as evidenced by the

appear:mce of subunits in the Triton-soluble fraction and a disruption of the

NF network as shown by immunof1uorescence microscopy. The disruption

of the NF network was manifested as a punctate staining of the axons.

an increase in amino-terminal domain phosphorylation of both NF-L and

NF-M.

cl a reduetion in the gel eleetrophoretic mobilities of ail thrce NF subunits

signifying an increase in carboxy-terminal domain phosphorylation.

2. Based on the response to varying OA concentrations fragmentation was

inferred to he the result of protein phosphatase-2A inhibition whereas

phospborylation leading to a reduetion in gel electrophoretic mobility was

inferred to be due to inhibition of protein phosphatase-l.

3. Treatment of the OA-induced Triton-soluble NF fragments with either the

catalyticsubunit ofprotein phosphatase-l (PP-le) or protein phosphatase-2A

(PP-2AJ sbowed that:

al PP-ZAc removed the OA-induced amino-terminal domain phosphate

moieties in NF-l..

b] either PP-le or PP-ZAc was capable of removing phosphate moieties

responsible for a1tering the gel eleetrophoretic mobilities of NF subunits.

•

4. Immunoprecipitation of Triton-soluble NFs demonstrated the existence of

heterooligomers consisting of NF-L associated predominantly with either

NF-M or NF-H. These oligomers were present in the lOO,{)()()xgTriton

supernatant and may represent intermediates involved in the dynamic

assembly and disassembly of NFs.
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