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ABSTRACT

The developmental profile of the neurofilament (NF) triplet proteins,
a-internexin and peripherin in cultured embryonal dorsal root ganglion neurons
was determined by Western blot analysis. At day O in culture, the neurons
contained mostly a-internexin. A significant increase in peripherin levels was
seen at days 1-2, in the mid-sized (NFM) and low molecular weight (NFL) NF
subunits at days 2-3, and in the high molecular weight (NFH) NF subunit at
days 5-6. Immunofluorescence microscopy showed that the five neuronal
intermediate filament (nlF) proteins were colocalized in all neuronal cell bodies
and neurites. Analysis of Triton X-100-soluble extracts from okadaic acid-

treated DRG cultures revealed that peripherin and a-internexin followed the

same fragmentation pattern observed for NFs. When these extracts were
incubated with antibodies specific for the individual proteins, co-

immunoprecipitation of NFH with NFL, NFM with NFL, NFM with a-internexin,

and a-intemmexin with peripherin were observed, demonstrating that nlF
proteins in cultured sensory neurons form a highly integrated network.
Formation of protein dimers involving a-intemexin, peripherin, NFH, NFM

and NFL, was then investigated by partial renaturation of various combinations
of individually purified subunits in buffered 2 M urea. Oligomers that were
formed were resolved by “blue” native electrophoresis (BN-PAGE) modified to
include urea in the polyacrylamide gels. Combining this method with Western
blot analysis, disulfide cross-linking and SDS-polyacrylamide gel
electrophoresis in the second dimension showed that with the exception of
NFH/NFM mixtures where these proteins remained monomeric, all pairwise
combinations of nIF proteins resulted in homo- and heterodimer formation.

However, heterodimer formation between a-intemexin and peripherin could

neither be demonstrated nor ruled out.



BN-PAGE with a lateral urea concentration gradient further indicated that
posttranslational modifications present on spinal cord NFL and presumably
lacking in the bacterially expressed protein, destabilized its homodimeric
interactions in favor of heterodimeric interactions with NFH and NFM, perhaps
to ensure proper dimer stoichiometry for NF assembly in vivo. A mutation in
NFL suspected of interfering with NF assembly in motor neurons was also
shown to destabilize NFL-containing dimers indicating that this mutation
impacts on the earliest stage of NF assembly. This work provides the first
direct biochemical assesment of nlF protein dimer formation and stability.



RESUME

L’expression des trois protéines de neurofilaments (NF) NFL, NFM et |
NFH ainsi que l'a-internexine et la périphérine a été déterminée par
immunobuvardage “‘Westemn® durant le développement de neurones
embryonnaires de ganglions dorsaux en culture. Au jour 0 de la culture, les
neurones contenaient surtout de 'a-intemexine. La quantité de périphérine a

augmenté de facon significative aprés 1-2 jours en culture, celle de NFL et
NFM aprés 2-3 jours, et celle de NFH aprés 5-6 jours. L'analyse des cultures
par immunofluorescence indirecte a révélé que les cinq protéines de filament
intermédiaire neuronaux (Fin) étaient co-localisées dans tout les
compartiments des neurones. L’analyse d'extraits cellulaires solubles au
Triton X-100 suite a un traitement a l'acide okadaique a indiqué que la
solubilisation de I'a-internexine et de la périphérine suivaient le méme profile

que pour NFL, NFM et NFH. L'incubation de ces extraits cellulaires avec des
anticorps spécifiques pour chaque protéine permit la co-immunoprécipitation
de NFH avec NFL, NFM avec NFL, NFM avec a-internexine et a-intermexine avec

périphérine démontrant ainsi que ces cinq protéines sont associées dans le
réseau de Fin des neurones sensorielles en culture.

Suite a leur purification individuelle, la renaturation partielle de
différentes paires de protéines de Fin dans un tampon contenant de l'urée a 2
M, a permis la formation d’oligoméres qui furent analysés par électrophorése
native ‘bleue” (BN-PAGE), modifiée de fagon a inclure la méme concentration
d'urée dans les gels de polyacrylamide. Combinée a l'immunobuvardage
“Western”, a la création de liens dissulphures et a I'électrophorése sur gel de
polyacrylamide en présence de SDS, cette méthode a démontré la formation
d’homo- et d’hétérodiméres entre toutes les paires de protéines de Fin, a
I'exception de NFH et NFM qui restérent a I'état monomérique. |l fut cependant
impossible de démontrer la présence et/ou I'absence d’hétérodimeéres entre

I'a-internexine et la périphérine.
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L’inclusion d’'un gradient de concentration d’'urée, orienté latéralement
dans les gels de BN-PAGE, a aussi indiqué que les homodiméres de NFL
exprimée artificiellement chez la bactérie étaient plus stables que ceux formés
par la NFL purifié¢e de la moelle épiniére, vraisemblablement di a des
modifications post-traductionelles présentes uniquement sur cette derniére.
L'interaction de ces deux types de NFL avec NFH et NFM demeurant
semblables, les modifications post-traductionnelles de NFL pourraient
influencer la stoechiométrie des différents diméres et permettre I'assemblage
correcte de ces protéines in vivo. Finalement, une mutation de la NFL
soupgonnée de perturber I'assemblage des NFs dans les neurones moteurs
de souris transgéniques pouvait déstabiliser tout les diméres formés par cette
protéine, indiquant que cette mutation perturbe le tout premier stade de
'assemblage des NFs. Le travail présenté constitue la premiére analyse
biochimique directe de la formation et de la stabilité des diméres entre les

différentes protéines de Fin.
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CHAPTER 1

GENERAL INTRODUCTION



1—- Overview Of The Neuronal Cytoskeleton

1.1- Introduction

The cytoplasm of eukaryotic cells is pervaded by a complex array of
proteinaceous fibers and connecting components known as the cytoskeleton.
This highly dynamic organelle provides the cell with inner structural support,
anchors membrane proteins, and plays a crucial role in a variety of cell
functions such as cytokinesis, cell division, and ftrafficking of membrane bound
organelles, to name but a few. Elaboration and maintenance of the neuron’s
uniqgue morphological asymmetry relies heavily upon various cytoskeletal
elements to assemble growth cones, stabilize the axolemma, provide
structural elements necessary for axonal transport, define and maintain axonal
caliber, and provide general mechanical stability.

Three main types of protein fibers make up the cytoskeleton in neurons
and in most other cells: the ~6-8 nm wide microfilaments (MFs), assembled
from actin subunits, the ~10 nm wide intermediate filaments (IFs), assembled
from various members of the IF family of proteins, and the ~25 nm wide
microtubules (MTs), assembled from tubulin subunits. The following review will
highlight the main features of microfilaments, intermediate filaments,
microtubules and some of the cytoskeletal interconnecting components, and
concentrate on the biology and biochemistry of neuronal intermediate filament

(nIF) proteins, with a special emphasis on their assembly and related topics.

1.2—- Actin Microfilaments

1.2.1- Localization Of Microfilaments In Neurons
Fluorescence staining and electron microscopy indicate that MFs are an
essential component of the neuronal growth cone (Spooner and Holladay,
1981; Shaw et al., 1981) and subaxolemmal corticoskeleton (Metuzals and
Tasaki, 1978; Hirokawa, 1982; Tsukita et al., 1986; Matsumoto et al.; 1989).
Despite the weaker, more diffuse fluorescent staining of MFs observed in the

2



deeper axoplasm (Hirokawa, 1982), axoplasmic MFs actually account for >90%
of the total axonal actin content in the squid giant axon (Fath and Lasek; 1988).
These axoplasmic MFs are part of the previously described microtrabecular
matrix (Wolosewick and Porter, 1979), a meshwork of fibers enriched in the
microtubule domain which appears to link microtubules and neuronal
intermediate filaments (Wolosewick and Porter, 1979; Fath and Lasek, 1988).

1.2.2- Function Of Microfilaments In Neurons

MFs are vital components of many cell functions including cytokinesis,
cell anchorage, receptor organization, synaptogenesis, endocytosis (which is
related to retrograde transport) and secretion (which is related to
neurotransmitter release) (reviewed in Bamburg and Bernstein 1991).
Movement of the leading edge of motile eukaryotic cells, which is homologous
to growth cones (Small et al., 1978; Trinkaus, 1984), and general changes in
cell shape in response to stimuli, are driven at least in part by MF
polymerization and depolymerization cycles (Mitchison and Kirschner, 1988;
Condeelis, 1993; Welnhofer et al, 1997). In recent years, mounting evidence
has also accumulated pointing to a role for actin filaments in axonal transport
of mitochondria, a function classically associated with microtubules
(Hollenbeck, 1996).

1.2.3- Assembly Of Microfilaments

MFs are assembled from 43 KDa actin subunits. Actin is a ubiquitously
expressed and highly conserved protein first purified from muscle tissue
(Straub, 1942), and eventually found also in neurons (Fine and Bray, 1971). The
unpolymerized “globular” and polymerized “filamentous” forms of the protein
are referred to as G- and F-actin respectively. While at least six actin isoforms
are expressed in mammals (Vanderchkove and Weber, 1984), the adult

nervous system contains the B and yisoforms, and several post-translational

modifications such as methylation, acetylation, phosphorylation and ADP
ribosylation have been reported (Bamburg and Bernstein, 1991). Incubation of



MFs with heavy meromyosin, a proteolytic fragment of myosin, leads to a
unidirectional “arrowhead” decoration pattern indicating that actin filaments are
polar structures (Huxley, 1963). This arrowhead pattern arbitrarily defines the
“plus” (barbed) and “minus” (pointed) ends of the MF.

Assembly of G-actin into MFs is a complex process that has been
extensively reviewed elsewhere (Pollard and Weeds, 1984; Frieden, 1985;
Wegner, 1985; Pollard and Cooper, 1986; Lambooy and Korn, 1988; Bamburg
and Bernstein, 1991, Carlier and Pantaloni, 1997). Briefly, G-actin subunits,
which are normally bound to an ATP or ADP molecule, are “activated” by a
conformational change that follows the binding of a Mg** ion. Once activated,
monomers are more likely to form dimers, a normally unfavorable reaction,
sometimes followed by the formation of trimeric species. These trimers are
thought to be “nuclei®, operationally defined as entities which have a greater
probability of elongating further than they have of breaking down into smaller
species. Nuclei then elongate reversibly and bi-directionally, with the plus end
growing faster than the minus end, and with ATP-actin being more likely to
polymerize and not dissociate than ADP-actin. Hydrolysis of actin-bound ATP
lags behind polymerization and net elongation stops when G-actin reaches the
“critical concentration” where polymerization at the plus end is exactly balanced
by monomer dissociation from the minus end. This creates a “treadmilling”
phenomenon (Wegner, 1976) that results from the two ends of the polymer
having different monomer association/dissociation rate constants.

Regulation of actin assembly can take place at many different levels. /n
vitro experiments have shown that buffer composition, especially the
concentrations of Ca*™, Mg*™* and KCl are very important (Frieden 1985; Pollard
and Cooper, 1986). The presence of inert polymers such as dextran enhances
actin polymerization in a concentration dependent manner, suggesting that the
highly crowded cellular environment may also contribute to MF stability (Lindner
and Ralston, 1997). As alluded to earlier, actin can undergo many post-
translational modifications and the phosphorylation state of the actin-bound
nucleotide moiety also influences assembly kinetics. Finally, as reviewed in the
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next section, a number of MF-associated and G-actin-sequestering proteins
have also been implicated in regulating the polymerization process.

1.2.4- Actin- And Microfilament-Binding Proteins

Profilin is a ubiquitous, ~15 KDa protein found initially in brain (Blickstad
et al. 1980; Nishida et al, 1984a) and present in very large amounts throughout
the cytoplasm (Tseng et al., 1984). It binds G-actin (Lee et al. 1982) and can
prevent its polymerization (Nishida et al, 1984b). It plays a dual role in actin
assembly, sequestering G-actin when the barbed ends of MFs are capped, and
contributing to plus end growth upon uncapping of MFs in situations where
active MF assembly is needed (Carlier and Pantaloni, 1997).

Cofilin is a member of the ubiquitous cofilin/ADF (actin depolymerizing
protein) familly of actin-binding proteins. This ~19 KDa protein is found in brain
(Nishida et al., 1984b), binds G-actin (Nishida et al., 1984b) and rapidly
depolymerizes MFs in vitro (Bamburg and Bernstein, 1991) and in vivo
(Lappalainen and Drubin, 1997). Cofilin’s ability to depolymerize MFs in vivo
was found to be essential for endocytosis in yeast mutants (Lappalainen and
Drubin, 1997). Moreover, a recent model of the “funneled treadmilling process”
(Carlier and Pantaloni; 1997) proposes that actin depolymerizing proteins such
as cofilin or ADF act in concert with barbed end capping proteins to rapidly
dissassemble a large number of MFs from the minus end. The resulting
increase in the steady-state amount of G-actin would promote very rapid growth
of a few uncapped filaments, an important factor in actin-based filopodial
extension. Other agonists of actin filament tumover are aiso expected to take
part in this process to generate some of the polymerization velocities observed
in vivo (Carlier and Pantaloni, 1997).

Myosins constitute a very large family of related actin-based motor
proteins, and as many as thirteen classes have been identified (Cope et al,,
1996). In neurons, myosin Vis believed to be a strong candidate as a motor for
actin-based, membranous organelle fransport (Goodson et al., 1997).



Other important actin-binding proteins include synapsin 1, a major
neuronal phosphoprotein (De Camilli and Greengard, 1986), fodrin (brain
spectrin, calspectin), and tropomyosin, better known for its role in muscle
contraction. Synapsin 1 appears to cross-link synaptic vesicles to one another
(Landis et al. 1988; Hirokawa et al. 1989) and to the three types of cytoskeletal
filaments (reviewed in Hirokawa, 1991 and Cheek and Burgoyne, 1991). Fodrin
is related to spectrin, a large (10® KDa), heterotetrameric erythrocyte protein that
connects filamentous actin to the plasma membrane, making it an important
component of the cortical cytoskeleton (reviewed in Baines, 1991). Fodrin was
recently shown to also bind synapsin 1 (Iga et al., 1997). Interestingly, Ca**-
induced phosphorylation of synapsin 1 both regulates neurotransmitter release
(Cheek and Burgoyne, 1991; Hicks et al., 1997), and inhibits its binding to
fodrin, suggesting that fodrin may be involved in the former phenomenon (lga et
al. 1997). Tropomyosin is a dimer of 35KDa subunits that binds along actin
filaments, inhibits actin interactions with myosin in muscle (Huxley, 1969), and
stabilizes MFs in many cell types (Bamburg and Bernstein, 1991). Although the
precise function of tropomyosin in neurons is still unclear, different isoforms
have been found to associate with different types of MFs located in neurites or
growth cones (Schevzov et al. 1997).

1.3- Tubulin And Microtubules

1.3.1- Localization Of Microtubules In Neurons

In immunofluorescence studies of cultured neurons, microtubules (MTs)
were found in all neuronal compartments, albeit at lower levels in the growth
cone (Spooner and Holladay, 1981). Freeze-etch electron microscopy
observation of large, myelinated axons revealed that MTs form small
longitudinal bundles interspersed throughout the axoplasm, and that
numerous side arms appear to connect them to one another, to
neurofilaments, and to membrane-bound organelles (Hirokawa 1982, 1991).
Biochemical studies have indicated that MTs are abundant both in the cortical



region and the central part of axoplasm (Matsumoto et al., 1989). In neurons,
decoration studies with motor molecules have shown that the majority of
axonal MTs are oriented with their plus end (see later) distal to the perikaryon
(Burton and Paige, 1981; Heidemann et al., 1981).

1.3.2- Function Of Microtubules In Neurons

One of the better characterized function of MTs in neurons concerns their
role as “tracks” supporting both retrograde and anterograde “fast” axonal
transport of membrane-bound organelles (reviewed in Bloom et al., 1989; Allan
et al., 1991; Goodson et al., 1997). This ATP-dependent (Adams, 1982; Brady et
al., 1982) form of transport persists for several hours in axoplasm extruded
from the squid giant axon (Brady et al., 1982), and microtubules were found to
support movement in both directions in that system (Schnapp et al., 1985).
More recent evidence indicates that MTs may also support the “slow” type of
axonal transport used for neurofilament proteins (Terada et al., 1996, and see
section on axonal transport).

in addition, a role for MTs in axonal growth has also been reported.
Indeed, topical application of MT depolymerizing drugs at the axon tip was
shown to slow down axonal growth (Yu and Baas, 1995; Rochlin et al., 1996)
and compromise the growth cone’s ability to find its proper path (Tanaka et al.,
1995).

1.3.3- Structure And Assembly Of Microtubules
Microtubules are assembled from tubulin, a heterodimer (Luduena et al.,
1977) consisting of ~50 KDa “a” and “B" polypeptides that bear ~60%

sequence homology (Ponstingl et al., 1981; Krauhs et al., 1981; Valenzuela et
al, 1981). The tubulin heterodimer is assembled in a head to tail fashion,

thereby creating a polarity in MT structure, with a fast growing, p-tubulin-bound,
‘plus” end, and a siow growing, a-tubulin-bound, “minus” end (reviewed in

Mandelkow and Mandelkow, 1989, and Wade and Hyman, 1997). Simiar to
what occurs with MFs, the different assembly kinetics at the ends of the
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filament result in treadmilling (Margolis and Wilson, 1978) and fluctuations in
individual MT lengths referred to as “dynamic instability” (Mitchison and
Kirschner, 1984).

Electron microscopy observation of assembled MTs shows them to be
tubular structures resulting from lateral associations of 9 to 16 linear
protofilaments (reviewed in Linck, 1989). However, recent examination of
growing MTs indicates that tubulin dimers assemble on two-dimensional
sheets th'ét continuously “zip up” into the tubular structure normally observed
(Chrétien et al. 1995).

Although nucleation in MT assembly can occur spontaneously in vitro, in
vivo assembly normally proceeds from microtubule organizing centers on

centrosomes (Osborn et al., 1976; Frankel, 1976), where y-tubulin (Oakely and

Oakely, 1989; Oakely, 1992) is organized in a ring structure that nucleates MT
assembly at the minus end, and dictates the 13-protofilament structure most
commonly observed in vivo (Moritz et al., 1995; Zheng et al., 1995). The precise
way in which nucleated rings proceed to (plus end-directed) sheet-like growth
has yet to be elucidated (Wade and Hyman, 1997). Interestingly, katanin, an
ATP-dependent MT-severing protein, has been located near centrosomes
(McNally et al., 1996), where it could potentially release assembled MTs for
transport down the axon (Baas, 1997). Intriguingly, the disassembly of MTs was
shown to proceed through a very different mechanism involving peeling and
curling of individual protofilaments into tight rings (Mandelkow and Mandelkow,
1989; Mandelkow et al. 1991).

Both a- and B-tubulin have a bound GTP moiety (Jacobs et al., 1974), but

only GTP bound to B-tubulin is exchangeable (Geahlen and Haley, 1977,

Zeeberg and Caplow, 1979), and is normally hydrolyzed foliowing
polymerization (Jacobs et al., 1974, Weisenberg et al., 1976; Zeeberg et al.,
1980). The role of GTP hydrolysis in assembly remains unclear, although the
fact that MTs grown in the presence of a slowly-hydrolyzing or non-hydrolyzable
GTP analog are much more stable than GDP-MTs indicates that it is not



essential for assembly, and further suggests that it probably plays a role in
regulating the dynamic instability of MTs (Hyman et al., 1995).
A number of post-translational modifications of tubulin have been

reported. For instance, in vivo labeling indicated that o-tubulin can be

acetylated on a lysine e-amino group (L'Hemault and Rosenbaum, 1985), later

identified as amino acid residue 40 (LeDizet and Pipernot, 1987). Although
acetylated tubulin is often associated with more stable MTs, its absence in
certain cells indicates that it is not essential for survival. Moreover, transfection
experiments where a non-acetylatable mutant accounted for 70% of the tubulin
present failed to reveal any obvious phenotype (MacRae, 1997). a-Tubulin may

also undergo a reversible loss of the C-terminal tyrosine residue found in most
isoforms (Barra et al., 1973, 1974; Hallak et al., 1977, Greer and Rosenbaum,
1989). Detyrosination of tubulin appears to be a consequence, rather than a
cause, of its association with stable MTs, which are the preferred substrate for
tubulin carboxypeptidase (Wehland and Weber, 1987). Tyrosine-ligase
preferentially adds tyrosine to the C-terminus of a-tubulin in soluble tubulin

dimers, and knowledge of its sequence (Ersfeld et al., 1993) may help shed
more light on the function of tubulin tyrosination-detyrosination (MacRae, 1997).

Since the discovery of B-tubulin phosphorylation by Eipper (1974), numerous
kinases, including tyrosine kinases, have been implicated as possible a- or 8-

tubulin kinases (MacRae, 1997). Although phosphorylation of tubulin is often
associated with differentiation and with more stable MTs in neurons, its
function remains unclear at present (Greer and Rosenbaum, 1989; MacRae,
1997). Polyglutamylation and polyglycylation of both tubulin subunits have been
reviewed elsewhere, and their function is still undetermined (MacRae, 1997).

1.3.4.—- Microtubule-Binding Proteins

MTs are commonly purified by polymerization-depolymerization cycles
coupled with centrifugation steps to eliminate contaminants. Two proteins with
molecular masses >250 KDa, microtubule associated proteins 1 and 2 (MAP 1
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and MAP 2), were found to co-purify with MTs (Borisy et al, 1975; Sioboda et al.,
1975; Dentler et al., 1975), and were later resolved into five proteins, MAPs 1A,
1B, 1C and MAPs 2A and 2B (Bloom et al., 1984a, b).

MAP 1C was found to be a cytoplasmic equivalent of dynein, and is
thought to be the motor molecule responsible for retrograde transport in
neurons (Paschal etal., 1987a, b).

Antibody decoration showed that MAPs 1A and 1B form the side arm
projections that appear to connect MTs in axons and dendrites, while MAP 2
showed a similar profile in dendrites only (Hirokawa et al., 1985; Shiomura and
Hirokawa, 1987; Hirokawa et al., 1988a). It is now clear that MAPs also control
MT dynamics in vitro as well as in vivo (Hirokawa et al.,, 1988a; Hirokawa,
1994). In this latter respect, anti-sense oligonucleotides to the mRNA for MAP
2C, a juvenile form of MAP 2 (Garner and Matus, 1988), inhibited the initial
phase of neurite outgrowth in cultured neurons (Caceres et al., 1992).

The tau family of proteins, with a molecular mass range of 55-62 KDa,
co-purifies with tubulin and promotes MT assembly in vitro (Cleveland et al.,
1977a, b). Tau is abundant in axons where it localizes close to MTs in
immunofluorescence studies (Binder et al., 1985). Tau also forms cross-
bridges between MTs in vitro (Hirokawa et al., 1988b), and transfection of its
cDNA into fibroblasts promotes MT bundling in a pattern reminiscent of that
seen in axons (Kanai et al., 1989). Treatment of cultured neurons with anti-
sense oligonucleotides further revealed that initiation and elongation of
neurites required the participation of tau (Caceres and Kosik, 1990; Shea et al,,
1992).

In some transfection experiments MAP 2C (Edson et al., 1993) and tau
(Baas et al, 1991) can induce process formation in non-neuronal cells.
Considering also that transfection of non-neuronal cells with MAP 2, MAP 2C
and tau can induce MT bundling with spacings similar to those observed in
their in vivo neuronal location (Chen et al., 1992), it appears that these proteins
play an important role in neuronal morphogenesis (Hirokawa, 1994).
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1.4- The Intermediate Filament Family Of Proteins

1.4.1- Localization Of Intermediate Filamént Proteins

IFs are assembled from various members of a large family of related
proteins which are mostly expressed in a tissue-specific manner (Steinert and
Roop, 1988; Fuchs and Weber, 1994). As summarized in Table 1, IF proteins
are subdivided into six groups based on sequence homology and intron/exon
organization. Types | and Il are acidic and basic keratin subunits respectively
and are found in epithelial cells (Steinert and Roop, 1988). Type Il includes
desmin, found in muscle cells, glial fibrillary acidic protein (GFAP), found in
glial cells (Steinert and Roop, 1988) and peripherin, found in neurons with
peripheral projections (Portier et al., 1984; Parysek et al., 1991). Type M
includes the neurofilament (NF) triplet protein NFH, NFM and NFL (see later)
(Steinert and Roop, 1988) as well as a-internexin (Fliegner et al., 1990). Type V

includes the lamins, found in all cell nuclei (Steinert and Roop, 1988) while
type V1 includes nestin, an IF protein found in neuron and muscle precursor
cells (Lendhal etal., 1990; Zimmerman et al., 1994).

IFs are often concentrated in the perinuclear region, where they appear
to be anchored to and perhaps position the nucleus (Skalli and Goldman,
1991). From there, they extend throughout the cytoplasm, and attach to
desmosomes and hemidesmosomes at the plasma membrane through the
protein desmoplakin, as was shown by transfection experiments with vimentin-
and cytokeratin-containing cells (Green and Jones, 1990, 1996; Stappenbeck
et al., 1993; Bornslaeger et al., 1996).

In mature neurons, and especially in large myelinated axons, NFs
constitute the major cytoskeletal component, although they are more sparse
towards the periphery of axons and are present in only small amounts in the
dendrites of most neurons (Hirokawa, 1991). NFs are assembled from the low
(NFL, 62 KDa, Chin and Liem, 1989), mid-sized (NFM, 95 KDa, Napolitano et
al., 1987) and high (NFH, 115 KDa, Chin and Liem, 1990) molecular weight
subunits (The respective molecular masses indicated in parentheses pertain
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Type IF Protein Molecular Mass Localization
| Acidic Keratins' ~40-60 KDa Epithelial Cells
| Basic Keratins' ~50-70 KDa Epithelial Cells
Desmin’ ~ 52 KDa Muscle Cells
GFAP! ~ 51 KDa Glial Cells
H] Vimentin' ~ 53 KDa Cells Of Mesenchymal Lineage,
Many Cultured Cells, Embryonic
Neurons
Peripherin? ~ 55 KDa Peripheral Neurons
NFH? ~ 115 KDa Most Neurons
v NFM* ~ 95 KDa Most Neurons
NFL® ~ 62 KDa Most Neurons
o-Internexin® ~ 66 KDa Most Neurons
\" Lamins’ ~ 60-70 KDa All Cell Nuclei
Vi Nestin’ ~ 200 KDa Neuron And Muscle Precursor Cells

1 Steinert and Roop, 1988

2| eonard et al., 1988, Parysek et al., 1988

:cmn and Liem, 1990
M Napolitano et al., 1987
Chin and Liem, 1989
: Fliegner et al., 1990

Lendhal et al., 1990

Table 1: List of mammalian intermediate filament proteins classified according

to their type and indicating their approximate deduced molecular mass and

usual tissue distribution. Some of the apparent molecular masses on SDS

gels may differ. See text for additional references.
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to the rat NF subunits). In addition, peripheral and central axons may contain
variable amounts of peripherin (Portier et al., 1984; Parysek et al., 1991) and/or

a-internexin (Chiu et al., 1989, Kaplan et al., 1990), respectively.

1.4.2- Expression Of Neuronal Intermediate Filament Proteins During
Development

Neurons express a variety of IF proteins in a developmentally and
spatially regulated fashion. As neurons differentiate, expression of vimentin
(Tapscott et al.,, 1981; Bignami et al.,, 1982; Cochard and Paulin, 1984) and
nestin (Lendhal et al., 1990) is replaced with that of other IF proteins. In central

neurons, o-internexin expression coincides with neuronal differentiation,

usually preceding that of NFM and NFL, and declining sharply in the adult
(Kaplan et al., 1990; Fliegener et al., 1994). NFH expression follows those of
NFL and NFM, later in development, usually after synapse formation and during
myelination (Shaw and Weber, 1982; Pachter and Liem, 1984; Carden et al.,
1987). Peripherin is restricted to neurons of neural crest origin or to neurons
that project to the periphery (Parysek and Goldman, 1988; Escurat et al., 1990;
Gorham et al., 1990; Troy et al., 1990a) and its expression follows that of NFL in
development (Escurat et al., 1990, Gorham et al., 1990). in the adult, peripherin
expression drops sharply in large myelinated motor neurons, remains higher
than NF expression in smaller, non-myelinated sensory neurons, and is
similar to NF protein expression in medium-sized neurons (Escurat et al.,
1990; Gorham et al., 1990; Troy et al., 1990a; Goldstein et al., 1991).
Interestingly, the expression profile of nIF protein during neuronal regeneration
tends to recapitulate that observed in development, and the upregulation of
peripherin in regenerating myelinating axons suggest that it may play a role in
this situation (Oblinger et al., 1989).

1.5- Integration Of The Three Cytoskeletal Components

Although it is practical to discuss MFs, MTs and IFs separately, these
three components overlap extensively in the cell (Hirokawa, 1991), and their

13



structural integrity is often interdependent. For instance, microinjection of
fibroblasts with peptides that cause vimentin disassembly also leads to a
complete collapse of the MT and MF networks (Goldman et al. 1996). A growing
number of molecules are coming under scrutiny for their possible role as
cross-linking elements between the three major cytoskeletal fibers. In this
regard, bullous pemphigoid antigen 1n (BPAG1n), a neuronal relative of BPAG1
(Brown et al., 1995), was shown to have a coiled-coil rod domain flanked by a
NF and a MF binding site that mediate cross-linking of these two arrays both in
vitro and in vivo (Yang et al., 1996).

Plectin, a protein related to BPAG1, has been shown to bind fodrin,
MAPs, and various types of IF proteins in vitro (Green and Jones, 1996).
Immunogold labeling of cultured fibroblasts further showed that plectin side
arms connect vimentin to microtubules directly, and to actin stress fibers
through myosin |l (Svitikana et al. 1996).

Several microtubule binding proteins have also been found to interact
with other cytoskeletal elements. For instance, in vitro experiments showed that
MAP 2 and tau bind to actin (Kotani et al., 1985; Sattilaro, 1986) and to NFL
(Heimann et al., 1985; Miyata et al., 1986). Furthermore, process formation was
found to be crucially dependent upon MAP 2C interactions with both MTs and
MFs in vivo (Cunningham et al., 1997).

2- Structure Of Neuronal intermediate Filament Proteins

2.1- Overall Domain Organization

As depicted in Fig.1, the sequence of IF proteins can be divided into
three distinct domains. The N-terminal *head” and C-terminal “tail” domains
vary in length and composition while the central “rod” domain is relatively well
conserved among different IF proteins. Homologies in amino acid sequence
and intron organization of the rod domain permit the IF protein classification
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Figure 1: Diagrammatic representation of NFL and NFH. a) NFL. The a-helical,

heptad bearing coils 1a, 1b, 2a and 2b are separated by the L1, L12 and L2
linker regions. The approximate locations of the 4 glycosylation sites
(Threonine 21, Serines 27, 34 and 48) and the three phosphorylation sites
(Serines 2 and 55 in the head domain and Serine 473 in the tail domain) are
indicated. b) NFH. Note the continuous coil 1 segment. For simplicity, only 3 of
the 52 KSP repeats in rat NFH and only 4 of the 8 glycosylation sites in the tail
domain are indicated. The head domain also contains multiple glycosylation
sites (Threonine 53, Serines 54 and 56). References are cited in the main text.
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scheme presented in Table 1 (Steinert and Roop, 1988; Fuchs and Weber,
1994).

2.2— The N-Terminal Head Domain
2.2.1~ Overall Structure

The head domain in nIF proteins is ~100 amino acid (aa) long and is
believed to contain a number of B-type motifs (Napolitano et al., 1987; Chin and

Liem, 1989, 1990; Shaw, 1991; Parysek et al,, 1988; Leonard et al., 1988;
Fliegner et al., 1990). Moreover, this domain is typically rich in serine and
threonine residues involved in phosphorylation and glycosylation, which are
potential regulators of assembly (see below). The head domain of a-internexin
bears about 33% aa sequence homology with NFM (Fliegner et al., 1990). The
head domain of peripherin is most homologous to the NFL head domain
(Leonard et al., 1988), a peculiar feature considering that peripherin is a type |ll
IF protein. There is no evidence yet regarding possible glycosylation of

o-internexin or peripherin.
2.2.2-The Head Domain Is Exposed On The Surface Of Filaments

Immunoelectron microscopy using the few monoclonal antibodies
(mAbs) that have been obtained against the head domain of NF proteins
reveals that it is at least partially exposed on the surface of the filaments (Balin
et al., 1991; Balin and Lee, 1991).

2.3— The o-Helical Rod Domain

2.3.1- Overall Structure

The rod domain is ~310 aa in length for mammalian cytoplasmic IF
proteins, and is characterized by the presence of four stretches of aa heptad
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repeats of the form (abcdefg), where hydrophobic aa residues occupying the
“a” and “d” positions favor the formation of a coiled-coil dimer (Geisler and
Weber, 1982; Geisler et al., 1983; 1984; 1985b). These stretches of heptad
repeats are referred to as the 1a, 1b, 2a, and 2b coiled-coil segments and are
separated by the short “linker” regions L1, L12, and L2 which do not contain the
heptad motif (Fig.1). Interestingly, whereas most IF proteins, including NFL,

a-internexin and peripherin, bear a helix-disrupting proline residue in their L1,

non a-helical linker, NFH and NFM do not, suggesting that their coil 1 is
uninterrupted (Lees et al., 1988; Myers et al., 1987, Schneidman et al., 1988).
The short L12 linker may adopt a B-conformation (Steinert and Roop, 1988),

while the L2 linker is a-helical but does not conform to the heptad repeat

pattern (Shaw, 1991). Coil 2b contains a conserved tryptophan residue whose
insertion causes a reversal in the heptad repeat pattern, although its
significance remains unknown (Shaw, 1991). Maximum homology between IF
proteins can be found both at the beginning of coil 1a, and at the end of coil 2b
where a highly conserved consensus sequence constitutes an epitope
common to all IF proteins (Pruss et al., 1981; Fuchs and Weber, 1994). As will
be seen later, these conserved areas play an important role in IF assembly.

2.3.2—- The Rod Domain Forms The Filament Core

. As alluded to earlier, the aa sequence of the rod domain can direct
coiled-coil dimer formation, the essential first step in IF assembly. Moreover,
the small size of the head domain, and the fact that in some non-neuronal IF
proteins, the tail domain is dispensable for assembly (reviewed in Fuchs and
Weber, 1994) strongly suggest that the rod domain forms the core of
assembled IFs. The inability of rod domain-directed mAbs to bind to native or
reassembled, heteropolymeric NFs, was taken to mean that this domain is
buried within the core of the filament where the relevant epitopes are masked
(Balin et al., 1991). This was corroborated by the fact that the core of in vitro
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reassembled homopolymeric NFs could in fact be labelled with these rod
domain-specific mAbs, presumably because different packing constraints in
these filaments allowed exposure of their epitopes (Balin and Lee, 1991,
Mulligan et al., 1991). In a more recent study, rod-directed mAbs were shown to
label the core of native NFs in axons that had been damaged in vivo by impact
injury. In this system, the damage resulted in a loss of NFH and NFM tail piece
extensions in the injured area which apparently allowed the mAbs to access
the rod domain epitopes (Povlishock et al., 1997).

2.4~ The C-Terminal Tail Domain

2.4.1- Overall Structure Of The Tail Domain

Differences in length of the tail domain of NFL (~140 aa, Chin and Liem,
1989), NFM (~438 aa, Napolitano et al., 1987), and NFH (~664 aa, Chin and
Liem, 1990) account for differences in the subunit molecular masses. These
domains are rich in glutamic acid residues, and in the case of rat NFM and
NFH, they respectively contain 5 and 52 lysine-serine-proline (KSP) repeats
(Napolitano et al., 1987; Chin and Liem, 1990). The C-terminus of NFM is aiso
unusual in that it contains short sequences that are virtually identical among
species as different as chicken and human (Myers et al, 1987; Shaw, 1989).
The low mAb staining of these seemingly accessible epitopes suggests that
they are masked, perhaps due to assembly-related interactions (Balin and Lee,
1991), although more rigorous proof of this is still lacking.

Although the rod domain of a-internexin most resembles that of NFL
because it contains a very similar L1 linker region, its tail domain contains
stretches resembling the tail domain of NFM, giving a-internexin a hybrid
character (Fliegner et al., 1990; Lee and Cleveland, 1996). On the other hand,
the tail domain of peripherin most resembles that of desmin and vimentin,
consistent with these proteins being part of the type Ill IF protein subfamily
{Leonard et al., 1988).
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2.4.2- The Tail Domains Of NFH And NFM Form Cross-Bridges Or
Spacer Arms

Examination of freeze-fractured axoplasm by electron microscopy
typically reveals the presence of cross-bridges that appear to cross-link NFs to
each other or to axonal structures such as MTs or other organelles (Hirokawa,
1982). Lacking in other IFs, these cross-bridges are typically 30 to 50 nm in
length, 4 to 6 nm-thick and 25 to 100 nm apart (Hirokawa et al., 1984, Ip et al,,
1985b; Eagles et al., 1990; Hirokawa, 1991; Gotow et al., 1992). Several lines
of evidence indicate that NF cross-bridges are formed by the tail domains of
NFH and NFM. Early immunoelectron microscopy studies revealed that
antibodies directed against NFH labelled cross-bridges in situ (Willard and
Simon, 1981; Sharp et al., 1982; Hirokawa et al., 1984). Subsequently, in vitro
reconstituted NFs containing NFL alone were shown to have the smooth
surface typical of other IFs, while filaments reconstituted from NFL and NFM or
NFL and NFH showed projections with a ~22 nm spacing that were ~4 nm-
thick and had average lengths of 55 nm and 63 nm, respectively, consistent
with the size difference between the tail domains of NFM and NFH (Hisanaga
and Hirokawa, 1988). A similar study corroborated these results and
suggested that NFM projections do not necessarily connect with other
structures while NFH projections are more likely to do so (Gottow et al., 1992).
Furthermore, a detailed immunoelectron microscopy study using mAbs against
well-defined epitopes clearly demonstrated that the tail domains of NFH and
NFM were responsible for the formation of cross-bridges in both native and
reconstituted NFs (Mulligan et al., 1991). Finally, co-transfection of NFL and
NFMin IF~ Sf9 insect cells also indicated that the tail domain of NFM was a
structural component of NF cross-bridges (Nakagawa et al., 1995).

Although ultrastructural studies clearly show contact sites between the
tail-piece extensions of NFH and NFM and other structures, current evidence
suggests that they may not constitute true cross-bridges but rather may act as
spacer arms. For instance, altough extensively dephosphorylated NFH does
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appear to interact with assembled MTs in vitro, this NFH isoform is normally
rare in the axonal compartment (Hisanaga and Hirokawa, 1990a). Meanwhile,
purified tail domains from NFH and NFM were shown not to interact
significantly with native NFs, regardless of their phosphorylation state (Chin et
al., 1989). Furthermore, NFs and MTs from extruded squid axoplasm were
shown to continuously disperse radially once the constraining presence of the
plasma membrane was removed, indicating that they were inherently non-
interactive (Brown and Lasek, 1988).

Although the NFH and NFM tail domains may not actively cross-link
structures in the axoplasm, their presence and size does seem to specify, at
least to some degree, the interfilament spacing in vivo. Indeed, the
interfilament spacing varied according to the size of various tail deletion
mutants of NFM co-transfected with NFL in IF~ Sf9 celis (Nakagawa et al.,
1995). Moreover, impact acceleration injury induces NF compaction in rats,
concomitant with the loss of their NF tail piece extensions (Pettus and
Povlishock, 1996; Povlishock et al., 1997).

2.5~ Post-Translational Modifications Of Neuronal Intermediate Flament
Proteins

2.5.1- Phosphorylation

One of the most conspicuous features of NF proteins is their high
phosphate content. Rat NFL, NFM and NFH were shown to contain 3, 6, and 14
moles of phosphate per mole of polypeptide (Julien and Mushynski, 1982).
These values are lower than the ones initially reported, and take into account
the subsequently determined true molecular masses of the subunits. Indeed,
rat NFL, NFM and NFH migrate on SDS-PAGE with apparent molecular
masses of ~70 KDa, ~150 KDa, and ~200 KDa (Hoffman and Lasek, 1975),
respectively. These values differ substantially from the actual molecular
masses estimated from sequence data (~62 KDa, ~95 KDa, and 115 KDa,
respectively). The anomalous gel electrophoretic mobility has been attributed to
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the high phosphate and glutamate content of the subunits (Julien and
Mushynski, 1982, Kaufman et al., 1984; Georges and Mushynski, 1987).
Proteolytic cleavage of NFM and NFH further indicated that the bulk of
phosphorylated serine residues was concentrated in the tail domain (Julien
and Mushynski, 1983).

A more detailed study of proteolytic fragments from the tail domain
identified the KSP regions of porcine NFM and NFH as the main
phosphorylation sites in these proteins (Geisler et al., 1987). This was
confirmed using a different approach where a collection of mAbs to native and
variously dephosphorylated forms of NFH and NFM was tested agaianst various
synthetic peptides (Lee et al., 1988). More recently, the tail domain of NFH was
extensively analyzed by a combination of proteolytic and chemical cleavage,
protein sequencing and mass spectrometry. This study confirmed that
phoshorylation of this domain takes place mostly on the 52 KSP repeats
present there, and a cyanogen bromide fragment containing 43 KSP repeats
was shown to contain 30 to 35 mol of Pi/mol of protein (Elhanany et al., 1994).
A single phosphorylation site consisting of Serine 473 has been identified in
the tail domain of NFL (Xu et al., 1990).

Head domain phosphorylation has been documented for NFM (Sihag
and Nixon, 1990), NFL (Sihag and Nixon, 1989; Sacher et al., 1994; Giasson et

al., 1996), a-internexin (Tanaka et al., 1993) and peripherin (Huc et al., 1989)

and is associated with the regulation of filament assembly (Nixon and Sihag,
1991).

2.5.2-Phosphorylation Of NF Proteins Is Spatially Regulated

Numerous immunohistochemical studies using mAbs specific for
various NF pfotein phosphovariants have indicated that NF proteins, especially
NFM and NFH, are more heavily phosphorylated in the axon than in dendrites or
perikarya, and that these differences involve tail domain phosphorylation
(Sternberger and Sternberger, 1983; Lee et al., 1987; 1988). Moreover, the
hyperphosphorylated forms of NFH turn over very slowly in the axonal
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compartment (Lewis and Nixon, 1988; Nixon et al, 1994a). Interestingly,
phosphate moieties present on the head domain of NFL and NFM at the time of
synthesis in the perykaryon are either lost or turnover very rapidly as the
proteins are transported down the proximal axon (Sihag and Nixon, 1989; 1990;
Nixon, 1991).

2.5.3- Possible Roles Of Tail Domain Phosphorylation

The large number of phosphate moieties in NFM and especially in NFH,
raises obvious questions regarding their function. Phosphorylated NF proteins
have been found to be more resistant to proteolysis than their
hypophosphorylated counterparts, suggesting that phosphorylation may protect
these proteins from degradation during their typically long residence time in the
axon (Goldstein et al., 1987; Pant, 1988; Elhanany et al., 1994). The fact that
hyperphosphorylated forms of NFH are associated with a more static pool of
axonal NFs (see below) also suggests that phosphorylation may regulate
axonal transport of NF proteins (Lewis and Nixon, 1988).

Given that NFs appear to be intrinsic determinants of axonal caliber
(Hoffman et al.,, 1984; 1985; 1987; Yamasaki et al., 1991; 1992; Eyer and
Peterson, 1994; Zhu et al., 1997), a frequently quoted hypothesis proposes that
tail domain phosphorylation creates repulsive forces that result in
hyperextension of these domains with a concomitant increase in interfilament
spacing and axonal caliber (Carden et al., 1987). In fact, electron microscopy
reveals that axonal, hyperphosphorylated NFs, have a greater interfilament
spacing than dendritic, hypophosphorylated filaments (Hirokawa, 1984).
Similarly, transplanting myelin-competent Schwann cells into myelin-deficient
trembler mice results in localized, myelin-induced increases in axonal
diameter that are correlated with increases in NFH phosphorylation (deWaegh
etal, 1992). This effect of myelination has subsequently been documented in
several laboratories (Hsieh et al., 1994b; Cole et al., 1994; Nixon et al., 1994b).
In addition, the nodes of Ranvier of myelinated axons show both a markedly
reduced axonal caliber, and lower levels of NF phoshphorylation (Mata et al.,
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1992; Hsieh et al., 1994b). Furthermore, transgenic mice overexpressing the
human NFM subunit showed increased packing NF density and a reduction in
hyperphosphorylated NFH (Tu et al., 1995).

This type of correlative work should, however, be interpreted cautiously.
For instance, enzymatic dephosphorylation of NFs did not alter the length of
their sidearms when viewed by rotary shadowing electron microscopy
(Hisanaga and Hirokawa, 1989). Moreover, transgenic mice overexpressing the
murine NFM subunit showed reduced levels of the NFH protein and reduced
axonal caliber, but no significant changes in interfilament spacing (Wong et al.,
1995). Finally, a more recent study involving normal and regenerating lamprey
axons indicated that small axons could be found with loosely packed,
hypophosphorylated NFs. Atthe same time, tightly packed NFs were found that
were highly phosphorylated, prompting the authors to conclude that
*...phosphorylation of NFs does not rigidly determine their spacing and NF
spacing does not rigidly determine axon caliber.” (Pijak et al., 1996).

2.5.4- Glycosylation Of Neurofilament Proteins

Agrowing number of phosphoproteins are being shown to also undergo
O-linked glycosylation. The linkage of N-acetylglucosamine (O-GlcNac) to
serine or threonine residues appears to be both widespread and as dynamic
as phosphorylation (Haltiwanger et al, 1992). Interestingly, all three NF
subunits have been shown to contain 3 to 4 O-GicNac sites in their head
domains, and at least 8 additional sites were mapped to the KSP region of the
NFH tail domain (Dong et al., 1993; 1996). The stoichiometry of glycosylation
varied from 0.1 to 0.3 moles of GlcNac per mole of polypeptide, suggesting that
the individual sites are only sporadically modified. However, the authors point
out that these values are averaged over the entire NF population, and that a
subset of subunits could contain the bulk of glycosylated residues with a much
higher stoichiometry. Although the role of NF protein glycosylation remains to
be ascertained, the modifications occur in regions that are also subject to
phosphorylation, and whose deletion markedly affects subunit assembly in
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transfected cells. This points to a possible regulatory role for O-linked
glycosylation in NF assembly (Dong et al., 1993, 1996). Dynamic glycosylation
has also been observed in the keratins (Chou et al., 1992), suggesting that it

may represent a common form of IF protein modification.

3- Intermediate Filament Assembly

3.1- Intermediate Filaments Readily Form In Vitro

IF proteins denatured by urea or guanidine share two essential
characteristics. Firstly, they readily self-assemble in vitro into normal-appearing
filaments upon dialysis against near-physiological buffers. Secondly, small
dimeric or tetrameric soluble species are readily generated by using
appropriate urea or guanidine concentrations, or by the use of low ionic
strength buffers at alkaline pH (e.g., see Quinlan et al., 1984, 1986; Carden and
Eagles, 1983; Cohlberg et al., 1987; Hisanaga and Hirokawa, 1990b;
Hisanaga et al., 1990b; Geisler et al.,, 1992; Steinert et al., 1993 and other
references covering this section). These and other features described hereafter

have helped elucidate several aspects of IF assembly.

3.2- a-Helices And Coiled-Coil Interaction The a-helix is a widely recurring
motif of protein secondary structure where the a-carbonyl group of every aa at

position “i” forms a hydrogen bond with the a-amide group of the aa at position

“i+4” to give the protein backbone a helical structure containing ~3.6 residues
per 360° turn (Pauling and Corey, 1953). This helical structure can be further
stabilized in solution by intrahelical salt bridges between oppositely charged
side-chains of aas at positions “i" and “i+4" (Fig.2) (reviewed in Letai and
Fuchs, 1995).

An important class of a-helices contains heptad repeats of the form

(abcdefg),, where positions “a” and “d” are occupied primarily by hydrophobic
aa residues (Crick, 1953). When a peptide contains a minimum of ~4 heptads
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a) Helical Wheel

Figure 2: Diagrammatic representation of a-helices arranged in a coiled-coil
dimer. a) Helical wheel representation. The amino-acids making up a heptad
repeat are labelled a-g for one a-helix and a’-g’ for the other a-helix. The
shaded area represents the region involved in hydrophobic interactions. The
solid and doted arrows represent interhelical and intrahelical salt bridges,
respectivley. b) Helical rod representation. The amino-acids are labelled as for
figure 2a. Interhelical and intrahelical salt bridges are represented by "/MiIr
and “))))))” respectively. References are cited in the main text.
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(Lau et al., 1984, Su et al., 1994, Lumb et al., 1994), two or more such species
can intertwine to form a coiled-coil structure where residues “a” and “d’, and to
a lesser extent, the methylene groups of residues “e” and “g”, form a stabilizing
hydrophobic seam (reviewed in Lumb and Kim, 1995). Packing constraints
dictate that the presence of isoleucine and leucine at positions “a” and “d’,
respectively, favors dimerization, while other arrangements can promote
trimeric or tetrameric associations, underscoring the major importance of
these residues for coiled-coil interaction (reviewed in Nautyal et al.,, 1995). As
shown in Fig.2b, the charged residues at positions “e€” and “g” are strategically
located to also influence the pairing specificity of the helices. For instance,
repulsive electrostatic interactions between residues at these positions
destabilize the Fos oncoprotein homodimer thereby favoring Jun/Fos
heterodimerization where these repulsive forces are relieved (Schiilermann et
al, 1991; O'Shea et al.,, 1992). Accordingly, obligate heterodimeric synthetic
peptides have been successfully designed by including glutamic acid at all “e”
and “g” positions of one peptide and lysine residues at all “e” and “g” positions
of another peptide. While homodimerization was prevented in this instance, it
was promoted in similar peptides containing glutamic acid and lysine residues
at positions “e” and “g”, respectively, by allowing the formation of interhelical
salt bridges (Graddis et al., 1993; O’'Shea et al., 1992; Zhou et al., 1994).

3.3~ Stages of Intermediate Filament /n vitro Assembly

3.3.1- Formation Of A Parallel, In Register, Coiled-CoilDimer

As mentioned previously, the central rod domain of IF proteins can be
subdivided into four regions containing heptad repeats of the form described
above, interspersed with short linker sequences devoid of such motifs. Several
lines of evidence indicate that the first step in IF assembly involves the
alignment of two compatible rod domains in parallel and in axial register to
generate a coiled-coil dimer. Amino acid sequencing of purified coiled-coil
segments from partially proteolyzed keratin heterodimers indicated that the two
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chains must be in close axial register (Wood and Inglis, 1984; Parry et al.,
1985). Furthermore, computer analysis of IF protein sequences predicts that
parallel and in-register arrangement of the subunits maximizes both coiled-coil
formation and the number of interhelical ion pairs between the various heptad-
bearing tracks in the rod domain (reviewed in Steinert and Roop, 1988). Finally,
homodimers of IF protein subunits such as vimentin, desmin and NFL, which
contain a unique cysteine residue in their rod domain, can be disulfide linked in
vitro (Quinlan et al., 1986). This was considered to be possible only if the
chains are in close axial register (Steinert et al., 1985; Quinlan et al., 1986).

Interestingly, IF protein rod domains contain numerous residues
capable of forming o-helix stabilizing intrahelical salt bridges, which strongly

suggests that such forces may also contribute to the stability of coiled-coil
dimers and higher order structures (Letai and Fuchs, 1995). Although intra-
and inter-helical interactions may occur independently, many residues located
at positions “e” and “g” (see Fig.2b) are capable of both types of associations,
leading to the notion that a switch from intrahelical to interhelical ion pairing
may assist IF protein dimerization (Letai and Fuchs, 1995), as appears to be
the case for the GCN4 leucine zipper (O'Shea et al., 1991).

The composition of IF protein dimers varies according to the type of
filament formed. For instance, keratins are assembled from heterodimers
containing a type | and a type Il subunit (Hatzfeld and Weber, 1990; Steinert,
1990; Coulombe and Fuchs, 1990), while homopolymeric IFs such as vimentin
and desmin are assembled from homodimers (Quinlan et al., 1986). In the
case of nlF proteins, NFL homodimers have been characterized in vitro

(Quinlan et al.,, 1986) and peripherin homodimers have been observed in vivo
(Chadan et al., 1994), while a-internexin homodimer formation can be inferred

from the fact that it can form homopolymeric filaments in vivo (Ching and Liem,
1993) and in vifro (Chiu et al., 1989; Balin and Miller, 1995).
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3.3.2-Tetramer Formation And The Molecular Architecture Of

Intermediate Filaments

The second step in IF assembly involves the formation of a tetrameric
“protofilament” unit (Ahmadi and Speakman, 1978; Geisler and Weber, 1982;
Quinlan et al., 1984; Lifsic and Williams, 1984; Parry et al., 1985; Geisler et al.,
1985a; Ip et al., 1985a, b), as shown by sedimentation equilibrium studies
and/or SDS-PAGE analysis of chemicaly crosslinked intact or partially
proteolyzed tetramers. '

Electron microscopy, immunoelectron microscopy, or chemical
crosslinking followed by proteolysis and sequencing of crosslinked peptides
have shown an anti-parallel arrangement of IF protein dimers within
protofilaments (Geisler et al., 1985a; Fraser et al., 1990; Steinert, 1991a, b;
Steinert et al., 1993), with the dimers being either in close axial register
(Quinlan et al., 1984; Geisler et al., 1985a; Ip et al., 1985a; Hisanaga et al.,
1990b; Coulombe and Fuchs, 1990), partially staggered, (Stewart et al., 1989;
Fraser et al.,, 1990; Geisler et al., 1992; Geisler, 1993) or in both types of
association (Woods and Inglis, 1984; Steinert, 1991a, b; Steinert et al., 1993).
The various modes of alignment of the ~45 nm-long, parallel, in-register, IF
protein coiled-coil regions within a tetramer are depicted in Fig.3. Following the
terminology of Steinert et al. (1993), Fig.3b shows the A;; alignment where the
dimers are aligned anti-parallel and in approximate register, while Figs.3c and
3d illustrate the A4y and Ay alignments where coils 1b or 2b are respectively
brought into approximate register. Finally, the Acy mode of interaction shown in
Fig.3e involves a 1-3 nm overlap of the C- and N-terminal ends of the rod
domains. These alignments allow various surface lattice models of IF
architecture to be generated (Steinert et al., 1993; Heins et al., 1993). In these
models, the linker regions are predicted to create a series of gaps while the
Acn overlaps, and probably the tail domains of IF proteins, are predicted to
create knobs at regular intervals along the filament. These regularly distributed
features would have a spacing of ~21 nm (~1/2 the length of the rod, minus the

Acy overlap), and may already be apparent at the tetrameric protofilament or
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Figure 3: Diagrammatic representation of the various modes of alignment of
coiled coil dimers. a) One parallel, unstaggered, coiled coil dimer. The amino-
(N) and carboxy- (C) terminals have been indicated but the head and tail
domains have been omitted for simplicity. The four coil regions (1a, 1b, 2a,
and 2b) and the three linker regions (L1, L12 and L2) are shown. b) A, head
to tail, unstaggered arrangement of two coiled coil dimers in a tetramer. ¢) An,
head to tail arrangement with the coil 1 segments approximately in register. d)
Az, head to tail arrangement with the coil 2 segments approximately in
register. e) Acn, head to tail arrangement with a short 1-3 nm overlap.
References are cited in the text
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octameric protofibril stage (Heins et al., 1993). Such features have been
proposed to account for the ~21 nm beading motif (Ip et al., 1985b, Geisler et
al., 1985a; Steinert et al., 1993; Heins et al., 1993) frequently observed in whole
or protofilamentous IFs sprayed with glycerol and visualized by electron
microscopy after rotary shadowing (Henderson et al., 1982; Milam and
Erickson, 1982; Aebi et al., 1983).

Although surface lattice models can account for many features of IF
structure, they require that the arrangement described be wrapped around a
cylinder in order to obtain a three dimensional view of the filament (reviewed in
Fraser et al., 1990). Such wrapping implies that IFs are essentially hollow,
tube-like structures, which is inconsistent with the unraveling of whole
filaments into subfilamentous structures frequently observed by electron
microscopy (Aebi et al., 1983; Ip et al., 1985b; Hisanaga and Hirokawa, 1990b;
Fraser et al., 1990; Heins et al., 1993). Furthermore, radial density estimates of
- keratin and type lll IFs by dark field scanning transmission electron microscopy
analysis attest that they contain a non-hollow core (Steven, 1990, and
references therein). Scanning transmission  electron  microscopy
measurements of average mass per length further indicate that IFs are
heterogeneous in size, even within a given filament, and imply that they contain
between 24 and 42 polypeptides in cross-section, the more common value
being 32 (i.e., 8 protofilaments) (Steven et al., 1983; Engel et al., 1985; Heins et
al., 1993). The fact that the linear densities of these polymorphic variants are
separated by simple integral intervals is readily accounted for if one assumes
that IFs are assembled from variable numbers of subfilaments (Steven, 1990).
" Taken together, these and other findings strongly indicate that IF proteins are
packed into subfilamentous structures intertwined in some yet undefined way
to generate a whole filament, in a manner analogous to that proposed by
Fuchs and Weber (1994).
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3.4~ In Vivo Assembly Of Intermediate Filaments

A number of in vivo studies have been conducted where cDNAs
encoding IF proteins are transfected into cells of various endogenous IF
phenotype. The resulting immunofluorescence staining pattern of IF proteins is
indicative of their assembly state and has revealed a number of important
features pertaining to nIF assembly. For instance, the double-labeling
immunofluorescent staining pattern of vimentin-containing fibroblasts
transfected with NFL or NFM cDNA suggested that these subunits colocalize
with the vimentin network (Chin and Liem, 1989). In the same report,
immunoelectron microscopy further verified that NFM and vimentin were in fact
co-assembled in the same IFs, an important observation given that co-
expression of vimentin and NFs can occur during development (Bignami et al.,
1982; Cochard and Paulin, 1984; Bennett and Di Lullo, 1985), or sometimes in
the adult (Drager, 1983).

More recently, transfection of the individual NF triplet proteins in a cell
line devoid of endogenous IFs indicated that none of these subunits were
capable of assembling by themselves, while co-transfection of NFL with either
NFM or NFH resulted in a filamentous pattern, indicating that NFs are obligate
heteropolymers in vivo (Lee et al., 1993). Ching and Liem (1993) made similar

observations, and additionally pointed out that o-internexin could assemble

both alone and with the individual NF subunits. Given the well-documented in
vitro assembly capabilities of NFL (Geisler and Weber, 1981; Liem and
Hutchison, 1982; Hisanaga and Hirokawa, 1990b), these findings convincingly
demonstrate that additional in vivo elements must play an role in assembly.

3.5— Role Of The Various Domains In Neurofilament Assembly

3.5.1- Role Of The Rod Domain

The availability of cDNAs encoding NF proteins has also helped define
the role of their rod, tail and head domains. Transfection of cDNAs bearing
deletions extending into the highly conserved C-terminal end of the rod domain
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of NFL (Gill et al., 1890), NFM (Wong and Cleveland, 1990), and NFH (Sun et
al.,, 1993) results in the disruption of endogenous IF arrays in a “dominant”
fashion, meaning that the transfected species may only represent 2-10% of the
total IF content. The conserved N-terminal end of the rod domain of NFL and
NFM is also essential for assembly, although its effect is considered
“recessive”’, meaning that it is less likely to disrupt the existing network when
present in low amounts (Wong and Cleveland, 1990; Lee et al., 1993).

3.5.2— Role Of The Tail Domain

The tail domain of NFM was found to be dispensable for its coassembly
with vimentin or NFL (Wong and Cleveland, 1990; Ching and Liem, 1993; Lee
et al, 1993; Nakagawa 'et al., 1995), although some bundling of the resulting
filaments could be observed. On the other hand, the tail domain of NFL has
been variously found to be indispensable (Gill et al., 1990) or not essential
(Ching and Liem, 1993) for assembly, and can be substituted for by the NFH
tail domain in transfected cells (Lee et al.,1993). Interestingly, the NFH tail
domain was necessary for its assembly with NFL but not with vimentin (Sun et
al., 1997).

3.5.3—- Role Of The Head Domain

The head domains of NFL (Gill et al., 1990; Lee et al., 1993), NFM (Lee
et al. 1993), and NFH (Sun et al., 1993) are usually found to be essential for
assembly, although extensive truncations in the head domain of NFM can be
accomodated in some cases (Wong and Cleveland, 1990).

3.5.4- Conclusions And Perspectives

it should be pointed out that several of the described mutants were
considered assembly competent in the sense that they were readily
incorporated into the existing IF network in transfected cells. However, larger
accumulations of “assembly competent” truncated proteins can lead to
disruption of IF arrays (Gill et al.,, 1990; Ching and Liem, 1993) and, in that
sense, all three domains of NF proteins can be said to participate in assembly.
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Moreover, the cell lines used for transfection may not faithfully duplicate the
subtle necessities of NF transport and assembly in an actual neuron, such that
additional functions of the head and tail domains may yet be discovered.
Though useful in defining domains that are essential for assembly,
these in vivo studies still fail to delineate their precise function. In the case of
NFL, an attempt has been made to solve this question. In vifro reassembly of
recombinant NFL bearing various deletions indicated that the head domain
promotes lateral associations of protofilaments into higher order structures
while the tail domain controls the lateral assembly of protofilaments so that it
stops when the filaments reaches ~10 nm in diameter (Heins et al., 1993).

4— Dynamics Of Intermediate Filaments

4.1- Intermediate Filaments Are Dynamic Structures /n Vivo

IFs were first considered to be essentially static structures within the
cell. This belief was mainly rooted in the observation that they are largely
insoluble in physiological buffers containing non-ionic detergents, and that the
soluble pool of their subunit constituents in vivo is usually rather small. As
reviewed in the following section, IFs can actually be rather dynamic entities
capable of various types of reorganization.

One early line of evidence pointing to the dynamic nature of IFs came
from the differential rearrangement of coexisting keratin and vimentin networks
in PtK2 cells (Aubin et al., 1980) and the assembly/disassembly cycles
displayed by nuclear lamins during mitosis (Gerace and Blobel, 1980).
Furthermore, some IF networks were shown to collapse upon microinjection of
specific antibodies against vimentin (Gawlitta et al., 1981), keratin (Eckert and
Daley, 1981), or the universally conserved epitope (Pruss et al, 1980) of IF
proteins (Klymkowski, 1981), indicating that dynamic IF protein assembly
intermediates were likely being trapped by the antibodies. Additionally, IF
networks are typically reorganized during viral infection (Ball and Singer, 1981)
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or heat shock (Thomas et al., 1981). The notion that IFs are dynamic structures
is now well established and a number of recent studies have shed more light

on the mechanisms involved.

4.1.1- Microinjection Studies

A convincing demonstration of the dynamic nature of IF networks in living
cells came from microinjection experiments with soluble IF proteins tagged
with biotin or fluorescent labels. An initial study showed that upon
microinjection into fibroblasts, biotinylated vimentin first formed punctate
aggregates, and then accumulated in the juxtanuclear region before
redistributing throughout the cytoplasm, implying the presence of an IF
“organizing center” (Vikstrom et al., 1989). Moreover, the endogenous filaments
and the network eventually formed by the injected subunits could not be
distinguished by double label immuno-fluorescence microscopy. Incidentally,
“organizing centers” have also been reported in some transfection experiments
(e.g.,‘Chin and Liem, 1989; Gill et al., 1990), but are by no means universal
among IFs since incorporation of new subunits can also occur without passing
through such structures (reviewed in Steinert and Liem, 1990).

In a second set of experiments, microinjected rhodamine-labelled
vimentin was first allowed to assemble before fluorescence recovery after
photobleaching experiments were carried out. Discrete zones, bleached with a
finely focused laser beam, were shown to recover their fluorescence with
t12=40 min, presumably through exchange and incorporation of soluble

fluorescent intermediates (Vikstrom et al., 1992). The lack of polarity in the
recovery pattern suggested that new subunits were incorporated along the
entire length of the filaments. Similar results were obtained in cultured neurons
using labeled NFL (Okabe et al., 1993; Takeda et al., 1994) or NFH (Takeda et
al., 1994), and immunoelectron microscopic examination of these cultures
clearly demonstrated that incorporation of new subunits occurred randomly
along the filaments. Intriguingly, fluorescence recovery was faster in growing
axons than in quiescent ones (Okabe et al., 1993), and NFH recovered almost
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twice as rapidly as NFL (Takeda et al., 1994), indicating that the incorporation
process is somehow regulated. The lack of polarity in the incorporation pattern
of new subunits is consistent with current models of IF architecture where
antiparallel arrangement of the subunits results in an overall apolar structure

(see above).

4.1.2- Phosphorylation Modulates Neuronal Intermediate Filament

Assembly In Vivo

As alluded to earlier, IFs may undergo extensive reorganization during
mitosis. This phenomenon was shown to be associated with IF protein
phosphorylation (Evans and Fink, 1982; Ottaviano and Gerace, 1985; Dessev
and Goldman, 1988; Chou et al., 1989) involving, in some cases, the cell cycle-
regulated p34® kinase (Chou et al., 1990; Peter et al., 1990; also reviewed in
Skalli and Goldman, 1991, and Fuchs and Weber, 1994).

Another striking example of assembly being modulated by in vivo
phosphorylation can be seen when cultured embryonic dorsal root ganglion
(DRG) neurons are treated with the shellfish toxin, okadaic acid. This potent
protein phosphatase 1 and protein phosphatase 2a inhibitor (Cohen et al.,
1989; Ishihara et al., 1989) rapidly induces NF disassembly into Triton-soluble
oligomers (Sacher et al.,, 1992, 1994; Giasson et al, 1996). The effect is
reversible to a point (Sacher et al., 1992), and is associated with an increase in
NFL head domain phosphorylation (Sacher et al., 1994; Giasson et al., 1996).
On the other hand, inhibition of protein kinase C in neuronal cultures was
shown to reverse NF aggregation, indicating that phosphorylation can impact
on NF homeostasis in different ways (Carter et al., 1996).

4.1.3- Identification Of Phosphorylation Sites Pertinent To The In Vivo
Assembly Of NFL

Sequence analysis of phosphopeptides initially identified Ser”® as the
major protein kinase A (PKA) phosphorylation site in the head domain of NFL.

Phosphorylation of Ser™ was thus assumed to be responsible for NF
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disassembly, an attractive hypothesis consistent with its rapid tumover in vivo
(Sihag and Nixon, 1991). This initial report overlooked an anomalously
migrating peptide which contained Ser?, another phosphorylation site for PKA
whose in vivo phosphorylation state correlated more closely with NF
disassembly (Giasson et al., 1996). Furthermore, wild-type and mutant NFL in
which Ser® was mutated to alanine or aspartate to either prevent or mimic
permanent phosphorylation, respectively, were capable of assembling with the
endogenous IF network upon transfection of vimentin-containing cells (Gibb et
al., 1996). In IF” cells, where NFL is known not to assemble on its own (Lee et
al, 1993; Ching and Liem, 1993), Gibb et al. (1996) observed that the
aggregation pattern produced by the Asp® mutant differed from the similar
appearing wild-type and Ala® mutants, indicating that Ser® played a subtle role
in NF assembly. Taken together, these results suggest that both Ser” and Ser™
are important for in vivo assembly of NFL, although their precise contribution
remains to be elucidated.

4.2~ In Vitro Dynamics Of Neurofilaments

4.2.1- Neurofilaments May Show Dynamic Behaviour In Vitro

Whether or not NFs are also dynamic entities in vitro is somewhat
controversial. For instance, an initial report showed that a dynamic equilibrium
existed between a small soluble pool of NFL and reassembled homopolymeric
filaments, as monitored by resonance energy transfer of fluorescently labeled
subunits (Angelides et al., 1989). In a more recent report, however, such
dynamic exchange was not detected between filaments reassembled from the
NF triplet proteins and a pool of soluble precursors, suggesting perhaps that in
vitro exchange of subunits is limited to NFL homopolymeric systems (Nash
and Carden, 1995).

4.2.2- Phosphorylation Modulates Neurofilament Assembly In Vitro

Much as was the case for vimentin (Evans, 1988; Geisler et al., 1989)
and desmin (Geisler and Weber, 1988), in vitro phosphorylation by protein
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4.2.2- Phosphorylation Modulates Neurofilament Assembly In Vitro

Much as was the case for vimentin (Evans, 1988; Geisler et al., 1989)
and desmin (Geisler and Weber, 1988), in vitro phosphorylation by protein
kinase C (PKC) (Hisanaga et al, 1990a; Gonda et al., 1990) and PKA
(Hisanaga et al, 1990a; Nakamura et al., 1990) has been shown to render NFL
homooligomers incapable of reassembly. Furthermore, in Vvitro
phosphorylation of either NFL or NFM with PKA prevented their coassembly into
pelletable filaments, while still allowing heterotetrameric associations to take
place (Sfreifel et al., 1996). NFL homopolymeric filaments also disassemble
upon PKA (Nakamura et al., 1990) or PKC (Gonda et al., 1990) treatment,
indicatihg that the relevant phosphorylation sites are accessible in situ.
Interestingly, however, a more recent report by Hisanaga et al. (1994) showed
that NFs reassembled from the three subunits were also disassembled by
PKA treatment, albeit at much lower levels than NFL homopolymers, whereas
native NFs were not. Instead, electron microscopic examination showed that
PKA-induced phosphorylation of native NFs led to thinning or severing of the
filaments and quantification showed that reassembled NFs could incorporate
~three-fold more phosphate than native NFs upon PKA treatment. Hence, there
appear to be some differences between the two types of filaments, perhaps
due to structural changes induced by urea denaturation of the subunits used
for reassembly, or to the presence of intact NF-associated proteins in the native
preparations (Hisanaga et al., 1994). Nevertheless, in vitro phosphorylation of
NFs does have some impact on their assembly, and further examination again
implicated NFL head domain phosphorylation in the modulatory effect (Gonda
et al., 1990; Hisanaga et al., 1994).

4.3-Axonal Transport Of Neurofilament Proteins

Given that most of the protein synthetic machinery is located in the
neuronal cell body, maintenance of the axonal cytoskeleton must rely on axonal
transport to provide the necessary cytoskeletal constituents. By pulse-
radiolabeling neuronal cell bodies and following the fate of newly synthesized
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proteins as they migrate down the axon, two broad sets of data have emerged
concerning axoplasmic transport of NF proteins. In early studies carried out in
large, myelinated, peripheral axons, NF proteins appeared to migrate down the
axons as a coherent, non-spreading wave, with a velocity of 1.0-1.2 mm/day,
referred to as the slow component a (or group V) axonal transport (Hoffman
and Lasek, 1975; Black and Lasek, 1980; Hoffman et al, 1984, 1985; also
Lasek et al., 1992 and references therein). The additional finding that the
majority of axonal NF proteins are assembled (as opposed to soluble) (Morris
and Lasek, 1982; Black et al., 1986) has led to the proposal that NF proteins
are transported down the axon as assembled polymers that slide past one
another (Lasek, 1986; Lasek et al., 1992).

Turning to the optic nerve and carrying out longer-term, follow-up studies
on the fate of pulse-radiolabeled NF proteins, Nixon and Logvinenko (1986)
reported the presence of an essentially stationary pool of labeled NF proteins
in equilibrium with a mobile phase that migrated along axons at 0.5-0.7
mm/day. Furthermore, the most highly phosphorylated forms of NFH were
found to be associated with the stationary pool of NF proteins, while the less
phosphorylated species were more dynamic in nature (Lewis and Nixon,
1988). In addition, injection of mouse retina with both *Pi and 3°S-methionine
labeled separate pools of NFs (Nixon et al., 1994). Interestingly, the *Pi label
quickly spread over the entire nerve segment under study, became
incorporated into a mostly stationary pool of NFs, and showed little anterograde
translocation and very slow turnover. Meanwhile 60% of the *°S label was
associated with the mobile phase of newly synthesized subunits, as reported
previously (Nixon and Logvinenko, 1986). Collectively, these findings firmly
established that, at least in some systems, there is a stationary but dynamic
pool of NF proteins in equilibrium with a more mobile phase (Nixon and
Logvinenko, 1986; Nixon, 1991; Nixon et al., 1994). Such a model is consistent
with the previously described fluorescence recovery after photobleaching
studies of Okabe et al. (1993) and Takeda et al. (1994) involving microinjection
of fluorescently-labeled NF subunits (see above). These authors failed to
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detect any anterograde translocation of bleached zones within assembled
filaments, and the random appearance of injected subunits along the filament
length could best be accounted for by lateral incorporation of new subunits
(Okabe et al., 1993; Takeda et al., 1994). Such a model is also compatible with
a recent report indicating that NFM was transported along MTs in an
unpolymerized form in a transgenic mouse line lacking axonal NFs (Terada et
~al., 1996).

It should be mentioned that multiple kinetic pools of NFs could, in
principle, account for both types of data if one assumes that in some instances,
the mobile pool of NF protein is very large (Nixon and Logvinenko, 1986). To
that end, it is interesting to note that a small but detectable trail of NF proteins
can be observed after the passage of the main radiolabeled wave in many
studies of axoplasmic transport (Nixon and Logvinenko, 1986, and references
therein; Hollenbeck, 1989; Nixon, 1991; also see Fig.1 in Hoffman and Lasek,
1975).

5—- Transgenic Mouse Lines With Altered Neurofilament Protein
Expression

5.1- Neurofilament Accumulation In Neurodegenerative Diseases

Abnormal accumulations of NFs have been observed in particular areas
of neurons affected by a variety of neurodegenerative diseases such as
Alzheimer’'s and Parkinson’s disease (reviewed in Vickers et al., 1994) as well
as Creutzfeldt-Jacob disease (Liberski et al., 1995), and amyotrophic lateral
sclerosis (ALS) (Carpenter, 1968; Hirano et al., 1984a, b; Schmidt et al., 1987).
ALS remains a poorly understood neurodegenerative disease involving large
myelinated motor neurons which progressively degenerate and die, eventually
leading to paralysis and death of the patient (Banker, 1986; Chou, 1992). NFs
frequently accumulate in the perikaryon and proximal axons of motor neurons
in ALS patients (Carpenter, 1968; Hirano et al., 1984a, b; Schmidt et al., 1987).
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As with the previously mentioned neurodegenerative diseases, it is unclear
whether these NF accumulétions are a cause or consequence of ALS.
However, recent studies involving transgenic animals with altered NF subunit
expression have shed more light on the possible involvement of NFs in the
pathogenesis of ALS.

5.2-Transgenic Mouse Models Of ALS

Initial studies of transgenic mice overexpressing human (Julien et al.,
1987) or murine (Monteiro et al., 1990) NFL failed to uncover any obvious
neurological phenotype, although the latter showed an increase in NF density
without any concomitant increase in axonal caliber. In subsequent reports, two
to four-fold overexpression of human NFH (Cété et al., 1993) or murine NFL (Xu
et al., 1993) resulted in perikaryal and proximal accumulation of NFs. This
caused atrophy of distal axons (Cété et al.,, 1993; Collard et al., 1995) and
increased axonal degeneration of DRGs and anterior horn motor neurons (Xu
et aI;, 1993). In both cases, the morphological changes induced by NF
overexpression resembled those seen in ALS, and were accompanied by
progressive terminal paralysis of the transgenic animals (Cété et al., 1993; Xu
et al, 1993). However, another halimark of ALS, selective, extensive motor
neuron death, was not observed in these animals, but did occur in transgenic
mice expressing a mutant form of NFL likely to disrupt NF assembly (Lee et al.,
1994). Taken together, these studies suggested that NF disorganization
stemming from altered subununit stoichiometries or inappropriate assembly
can contribute to the aetiology of motor neuron diseases (Cété et al., 1993; Xu
et al., 1993; Lee et al., 1994; Julien, 1995). _

Two mechanisms linking NF accumulations to neuronal cell death have
been elucidated. In the human NFH-expressing transgenic mice, Collard et al.
(1995) attributed the pathological effect of NF accumulation in the proximal
axon to a reduction in axonal transport of cytoskeletal elements, mitochondria
and other components necessary for axonal maintenance. An alternate

pathway appeared to be at work in a transgenic line that expresses an NFH/B-
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numerous cellular organelles. These latter neurons all degenerated within 18
months following birth, suggesting that entrapment of cellular organelles within
perikarya can also result in neuronal cell death (Tu et al., 1997).

Mechanisms other than overexpression or mutation of NF subunits can
lead to abnormal NF accumulations and concomitant ALS-like symptoms in
human patients or transgenic animals. Of the 10% of ALS cases that are
hereditary, one-fifth involve a dominant missense mutation in superoxide
dismutase | (SOD-1) (Rosen et al., 1993) that appears to result in the gain of a
toxic function (Gurney et al., 1994, reviewed in Bruijn and Cleveland, 1996).
Interestingly, both SOD-1 mutation and massive accumulation of NFs in
neuronal perikarya and proximal axons have been observed in at least one ALS
patient (Rouleau et al., 1996). Moreover, transgenic mice expressing ALS-
causing SOD-1 mutant proteins exhibit motor-neuron disease symptoms,
including NF accumulation (Gurney et al., 1994, Tu et al, 1996). Taken
together, these and other data suggest that the toxic effect of SOD-1 mutations
may be manifested in the formation of disease-causing NF accumulations
(Bruijn and Cleveland, 1996).

The precise mechanism whereby altered NF expression or SOD-1
mutation leads to NF accumulation remains speculative. In NF transgenic
animals that overexpress normal NF subunits (Coté et al.,, 1993, Xu et al.,
1993) or mutant NFL (Lee et al., 1994), altered NF subunit ratios or disruption
of NF assembly somehow translates into accumulation of NFs, perhaps due to
precipitation of unassembled subunits. In the case of SOD-1 mutation, the toxic
function suspected to be gained may be the catalysis of tyrosine nitration (Crow
et al., 1997a), of which NFL is the principal target in brain extracts (Crow et al.,
1997b). This latter finding is significant, considering that nitrated NFL disrupts
NF assembly in vitro, and may thus lead to NF accumulation (Crow et al,,
1997b).
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5.3—- Towards A Better Understanding Of Neurofilament Function

One of the more vexing questions facing neurobiologists concerns the
actual function of NFs in neurons. In this regard, recent studies confirm that
NFs are a major determinant of axonal caliber as proposed previously by
Hoffman et al. (1984; 1985; 1987). Indeed, a mutant quail that expresses a
truncated version of NFL and fails to accumulate NFs in axons showed a
markedly reduced caliber of myelinated axons (Yamasaki et al., 1991; 1992;
Osamu et al., 1993). This was accompanied by a reduction in conduction
velocity presumably responsible for the observed trembling phenotype
(Sakaguchi et al., 1993). Moreover, expression of an NFH/B-galactosidase
fusion protein (Eyer and Peterson, 1994) and targeted gene disruption of the
NFL gene (Zhu et al., 1997) both resulted in a lack of axonal NFs, with a
concomitant reduction in myelinated axon caliber. In addition, the latter mice
unexpectedly showed delayed axonal regeneration following sciatic nerve
crush, although the precise mechanism by which NFs contribute to
regeneration remains speculative (Zhu et al., 1997). Although a role for NFs in
maintenance of axonal caliber and possibly in axonal regeneration are the best
documented putative functions so far, further research in the field may yet
uncover other, still unsuspected functions.

6- Objectives And Rationale Of The Work Presented

6.1- Objectives

1) To test whether cultured DRG neurons contained o-internexin in addition to

the NF proteins and peripherin, and to determine their developmental and
localization patterns of expression.

2) To test whether o-internexin and peripherin were also susceptible to

okadaic acid-induced disassembly and compare the time course with that
observed for NF proteins.
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3) To determine the composition of solubized niF fragments resulting from
okadaic acid-induced depolymerization.

4) To establish reassembly and semi-native gel electrophoresis conditions
for the study of small nlF assembly intermediates.

5) To determine the composition of the smallest unit of heteromeric niF
protein assembly.

6) To determine the relative stability of the NFL/NFL, NFH/NFL and NFM/NFL
dimers.

7) To assess whether the relative stability of these dimers is affected by
a)post-translational modifications typically found in spinai cord NFL or b) a
mutation suspected of affecting NF assembly.

6.2- Rationale Behind The Work Presented

Two new members of the niF protein family had recently been described.
a-internexin was found throughout the nervous system, and was especially
prominent early in development (Kaplan et al., 1990; Fliegner et al., 1990) while
peripherin was found in neurons that project to the periphery (Portier et al.,
1984, Escurat et al., 1990; Goldstein et al., 1991). Interestingly, the expression
of a-internexin and peripherin overlapped with that of NF proteins during
development and in a subset of adult neurons, including some DRG neurons
(reviewed by Nixon and Shea, 1992). Hence, mammalian niFs could be
composed of as many as five different proteins. This raised questions
concerning the level at which coassembly was taking place. Previous work in
our laboratory had demonstrated that the shellfish toxin okadaic acid triggers
NF disassembly in cultured DRGs (Sacher et al., 1992). Furthermore, pilot
studies showed that mAbs specific for the individual NF subunits could co-
immunoprecipitate other NF subunits in extracts from okadaic acid-treated

neurons. Since mAbs specific for a-intemexin and peripherin had recently

become commercially available, this suggested a way to probe the nature of
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disassembly intermediates as a means to further understand heteropolymeric
assembly of the five nlF subunits.

Having observed extensive co-immunoprecipitation of nlF proteins in this
system, the nature and composition of the smallest nlF protein
heterooligomers was further investigated. To this end, the recently described
high resolution, non-denaturing gel system of Schagger et al. (1994) was
adapted to the study of heteromers partially assembled from purified niF
subunits.

Having determined that most nlF subunit combinations led to
heterodimer formation, the relative stability of some of these dimers was
investigated as a means to better understand assembly-related problems.
Specifically, some posttranslational modifications such as phosphorylation in
the head domain of NFL had been shown to promote its disassembly in vivo
(Sacher et al., 1994, Giasson et al., 1996) and in vitro (Hisanaga et al., 1990a;
Gonda et al., 1990). Moreover, a mutation in NFL suspected to affect NF
assembly was shown to cause NF accumulation in a transgenic mouse model
whose symptoms were reminiscent of motor neuron disease (Lee et al., 1994).
In both instances, there is a general lack of understanding regarding the
mechanism by which posttranslational modification or mutation influence
assembly. The techniques developed during the course of this work were thus
used to assess their impact on NF dimer stability as a means to further our

understanding of NF assembly.
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ABSTRACT

The developmental profile of the neurofilament (NF) triplet proteins,
o-internexin and peripherin in cultured dorsal root ganglion neurons from
gestation day 15 rat embryos was determined by Western blot analysis. At the
outset (day O in culture), the neurons contained mostly o-internexin. A
significant increase in peripherin levels was seen at days 1-2, in the mid-sized
(NFM) and low molecular weight (NFL) NF subunits at days 2-3, and in the high
molecular weight (NFH) NF subunit at days 5-6. Immunofluorescence

microscopy showed that the five intermediate filament proteins were
colocalized in all neuronal cell bodies and neurites. Analysis of Triton X-100 |
extracts from okadaic acid-treated DRG cultures revealed that peripherin and -
internexin followed the same fragmentation pattern observed with NFs.
Interactions between the various neuronal intermediate filament proteins in
these extracts were assessed by immunoprecipitation under native conditions

using antibodies specific for the individual proteins. Co-immunoprecipitation of
NFH with NFL, NFM with NFL, NF-M with o-internexin, and a-internexin with

peripherin demonstrated that the intermediate filament cytoskeleton in cultured
sensory neurons is a highly integrated structure.

79



INTRODUCTION

Neurofilaments (NFs) were long considered to be the major type of
intermediate filament (IF) expressed in mature neurons (Shaw et al, 1981;
Trojanowski et al., 1986). However, neurons have more recently been shown to
express two additional IF proteins, peripherin (Portier et al., 1984; Leonard et

al.,, 1988; Parysek et al.,, 1988) and a-internexin (Fliegner et al., 1890). The

expression of peripherin and a-intemexin overlaps with that of NF proteins

during development and in a subset of adult neurons (reviewed by Nixon and
Shea, 1992).

Mammalian NFs are composed of three phosphoprotein subunits with
apparent molecular masses of about 68 KDa (NFL), 150 KDa (NFM), and 200
KDa (NFH), as determined by SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) (Hoffman and Lasek, 1975; Julien and Mushynski, 1982). As members
of the IF family of proteins, NF subunits display a characteristic domain
organization, consisting of an amino-terminal head and a carboxy-terminal tail
flanking a highly conserved a-helical rod domain (Geisler et al., 1983).

The occurrence of a rod domain in each NF subunit suggested that the
individual proteins might be capable of forming filaments, since IF assembly
begins with a coiled-coil dimerization step involving this domain (for a review
see Fuchs and Weber, 1994). However, only NFL is capable of forming
substantial, 10 nm-wide homopolymeric filaments in vitro ( Geisler and Weber,
1981) and in vivo studies have shown that NFs are obligate heteropolymers
whose formation requires NFL together with NFM and/or NFH (Ching and Liem
1993; Lee etal.,1993; Ohara et al., 1993;Nagakawa et al., 1995).

The finding that NFs are obligate heteropolymers has invited
comparison with keratin IFs, which have similar properties. However, keratin
IFs are stoichiometric heteropolymers requiring the participation of an acidic
and a basic type keratin in coiled-coil dimerization (Fuchs and Weber, 1994).
The conditions for NF assembly are less rigid, requiring NFL together with a

80



substoichiometric amount of either NFM or NFH (Lee et al.,, 1993). There is
evidence that heteromeric interactions between NF subunits occur during early
stages of NF assembly, at the dimer or tetramer level (Carden and Eagles,
1986; Cohlberg et al., 1995). However, the formation of NFs in cells expressing
NFM or NFH at one-tenth the level of NFL (Lee et al, 1993), indicates that
homopolymeric stretches can be accomodated within the NF structure.

NF assembly and structure may be more complex in neurons that also

express peripherin and a-internexin. Transfection studies with an IF-deficient
cell line have shown that a-internexin and peripherin can form homopolymeric

filaments (Ching and Liem, 1993; Cui et al., 1995). a-Intemexin can also co-

assemble with each of the three NF subunits in such transfected cells (Ching
and Liem, 1993) as well as in vitro (Balin and Miller, 1995), and peripherin was
shown to co-localize with NF triplet proteins in a subset of neuronal IFs in the
sciatic nerve (Parysek et al., 1991). However, little is known about the extent or
nature of such interactions in neurons.

Dorsal root ganglia (DRGs) in adult rats contain two distinct types of
neurons differing in size and IF content. The small neurons express peripherin,
while the large neurons express NFs (Goldstein et al., 1991). On the other
hand, embryonic DRGs in vivo, or cultures of embryonic day 15 (E15) DRG
neurons contain a single neuronal type expressing both peripherin and NFs
(Goldstein et al., 1996). a-Internexin is also found in embryonic DRG neurons

in vivo (Fliegner et al., 1994), although its expression declines postnatally (Chiu
et al., 1989, Kaplan et al., 1990).

The coassembly of different IF proteins is often assessed by methods
such as immunofluorescence microscopy (Ching and Liem, 1993; Lee et al.,
1993) or immunoelectron microscopy (Balin et al., 1991; Parysek et al.,1991;
Balin and Miller, 1995), which provide little insight into the types of interactions
involved. The availability of a method known to cause the fragmentation of NFs
in cultured DRG neurons has enabled us to take a different approach to study
interactions between the various neuronal IF proteins. Indeed, treating DRG
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neurons with okadaic acid (OA), a potent inhibitor of protein phosphatase-2A
and protein phosphatase-1 (Cohen et al., 1990) causes NFs to fragment
(Sacher et al, 1992; 1994). In this report we show that peripherin and

a-internexin co-localize with NFs in cultured E15 DRG neurons and undergo

OA-induced fragmentation similar to that of NFs. In such OA-treated cultures,
we have characterized the associations between the various neuronal IF
proteins in Triton X-100 (Triton)-soluble oligomers by immunoprecipitation

analysis. Our results indicate that a-internexin is a key element in the

integration of the various neuronal IF proteins through its predominant
association with NFM and peripherin.
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MATERIALS AND METHOD

1- Materials: /

OAwas from LC Services (Woburn, MA). Specific, phosphorylation-independent
monoclonal antibodies (Abs) against NF-L (NR4), NF-M (NN18) and NF-H
(N52) were from Sigma Chemical Co. (St.Louis, MO). Monoclonal Abs against
peripherin (MAB1527) and a-intenexin (MAB1525) were from Chemicon

International (Temecula, CA) while the one against vimentin (V9) was from
Boehringer Mannheim (Montreal, Canada). Enhanced chemiluminescence
reagents were from NEN (Mississauga, Canada). Neuronal IF proteins were
purified by preparative SDS-PAGE as described (Julien and Mushynski, 1982).

The NF proteins and a-intemmexin were from adult rat spinal cord while

peripherin was from PC12 cells.

2-~ Cell Culture And Developmental Profile Neuronal IF Protein :

Rat DRGs were dissected, dispersed and maintained in defined
medium as previously described (Sacher et al, 1992). For developmental
analysis of neuronal IF protein expression, cells were plated on 12-well tissue
culture dishes and allowed to attach to the collagen substrate for 1 hr. The
medium was then drained and replaced and the first plated sample (time =0
hr) was harvested in sample buffer (2% SDS, 62.5 mM TrisHCI, pH 6.8, 5% (V)
p-mercaptoethanol, 10% (v/v) glycerol) (Laemmli, 1970). An untrypsinized

sample and a trypsinized but unplated sample were also kept for analysis.
Standardization of the samples was achieved by harvesting in equal volumes
of sample buffer and by loading identical volumes on the gels. This is a
suitable method since E15 neurons are post-mitotic and do not die to any
significant degree during the first 30 to 40 days in culture (E.A., unpublished
observation). For separate analysis of neurites and neuronal cell bodies, the
cells that would normally be used for culture in a dispersed configuration were
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concentrated down to a very small volume (10 ul), plated at the center of a 35

mm dish and allowed to attach for 0.5-1.0 hr at 37°C. The dishes were then
flooded with medium and the resulting localized cultures consisted of a central
neuronal cell body mass eventually surrounded by a halo of neurites.

3~ OA Treatment And Time Course Analysis :
Twenty five to thirty two day-old cultures were treated with 1 uM OA for O,

1, 2 and 4 hrs. Neuronal cell bodies and neurites were physically separated for
analysis using a punch with a diameter equal to that of the cell body mass.
Samples were harvested in cytoskeleton extraction buffer (CSK buffer: 1%
Triton, 100 mM NaCl, 50 mM TrisHCI, pH 7.5, 50 mM NaF, 2 mM EDTA, 2 mM
levamisol, 1 mM phenyimethylsulfonyl fluoride), vortexed for 30 seconds and
centrifuged at 13,000xg for 15 minutes. The resulting pellets (13K pellet) were
dissolved in SDS-Sample buffer and the 13,000xg supernatants (13K
supernatant) were further centrifuged at 100 000xg in a Beckman airfuge for 5
minutes. The resulting pellets (100K pellet) and supernatants (100K
supernatant) were dissolved in sample buffer or by adding one-half volume of
3x SDS-sample buffer, respectively. The 13K and 100K pellets and the 100K
supernatants were in identical final volumes and equal volumes were analyzed
by SDS-PAGE and Western blotting.

4- Immunoprecipitation :

13K supernatants from cultures treated with OA for 4 hrs were
immunoprecipitated for 1 hr at 4°C with one of the monoclonal Abs against
either NFL, NFM, NFH, a-internexin or peripherin bound to anti-mouse IgG1
Abs crosslinked to agarose beads (Sigma Chemical Co., St. Louis, MO). After
centrifugation, the pelleted beads were washed repeatedly with CSK buffer.
The immunoprecipitated proteins were solubilized by boiling for 5 min. in SDS
sample buffer and analyzed by SDS-PAGE and Western blotting.

84



5- SDS-PAGE and Western blotting :

Electrophoresis of the samples on 6% SDS-polyacrylamide gels was
performed as described (Laemmli, 1970). The proteins were transferred to a
polyvinylidene fluoride (PVDF) membrane (Millipore Inc.) in a buffer containing
48 mM Tris and 39 mM Glycine. The protein bands were then detected with the
Abs mentioned in the figure legends and visualized by enhanced

chemiluminescence as described by the manufacturer.

6- Immunofluorescence :

Twenty-five to thirty-five day old dispersed sister cultures grown on
collagen-coated glass slides were rinsed with phosphate-buffered saline
(PBS: NaCl, 137 mM; KCI, 2.7 mM; Na,HPO,4, 10mM; KH,PO,, 1.8 mM; pH 7.4)
and fixed with methanol for 20 min. at -20°C. Following rehydration, the
samples were incubated for 30 min at 37°C with blocking buffer (PBS with 10%
goat serum and 0.3% Triton) and stained for 1 hr at 37°C with a cocktail
containing a rabbit polyclonal anti-NFM Ab (1:100) and one of the commercial
monoclonal Abs (1:100 to 1:500) against the individual neuronal IF proteins
diluted in blocking buffer. The slides were then rinsed 5 to 6 times for 5 min.
with PBS containing 0.3% Triton and incubated with texas red- or DTAF-
conjugated species-specific secondary Abs (1:100) and rinsed under the same
conditions as used with the primary Abs. Slides were then photographed using
black and white KODAK TMAX400 and a Zeiss microscope with the camera set
on automatic exposure. Typical exposures were from 15 to 25 seconds for the
texas-red filter and 25 to 60 seconds for the DTAF filter.
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RESULTS

The specificity of the monoclonal Abs used in this study was verified by
testing them individually on a Westermn blot containing all of the neuronal IF
proteins, including phosphovariants of NFH and NFL. The results in Fig.1
indicate that the individual Abs showed no appreciable cross-reactivity with the
other IF proteins. Note that since anti-a-internexin also labeled an unknown

Triton-soluble band (*) migrating just above NFM, only the bottom half of
Westem blots was probed with this antibody.

Available in vivo and in vitro data relating to neuronal IF expression in
adult and embryonic rat DRGs (Chiu et al., 1989; Kaplan et al., 1990; Fliegner
etal., 1994; Goldstein et al., 1991, 1996) suggested that cultures of E15 DRG
neurons would express peripherin and a-intermexin along with the NF triplet
proteins.The results in Fig.2 indicate that before trypsinization, E15 DRG
neurons contained mainly a-intermexin with traces of peripherin and NFL (Fig.2,

lane B). Trypsinization alone had little impact on the profile of neuronal IF
proteins (Fig.2, lane T). One hour after plating, the harvested samples had
lesser amounts of these proteins, due largely to the observed failure of some
neurons to attach to the collagen substrate. There was an ordered increase in
the levels of neuronal IF proteins. The neurons contained mainly a-internexin at
the outset (day 0). An increase in peripherin levels was seen at days 1-2, in
NFL and NFM at days 2-3 and in NFH at days 5-6. Beyond day 17 the levels of
all five IF proteins changed very gradually.

To address the question of whether the neuronal IF proteins co-localize
in the same neurons, dispersed cultures grown on collagen-coated glass
slides for twenty five days were double stained with a rabbit polyclonal anti-NFM
Ab and a monoclonal Ab against one of the neuronal IF protein. The DTAF- and
texas red-conjugated secondary Abs showed no detectable species cross
reactivity (data not shown). The fluorescence micrographs in Fig.3 show that
monoclonal Abs against the individual neuronal IF proteins each stained the
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same neurites (A'to E') and neuronal cell bodies (F') as the polyclonal anti-NFM
Ab (A to F), indicating that all neuronal IF proteins are completely colocalized in
these cultured DRG neurons. However, differences in staining intensities of
some neurites were observed, indicating that the relative proportions of
different IF proteins in these processes can vary. Neuronal cell bodies were
also stained by antibodies against all of the neuronal IF proteins, hence only
the results for anti-NFM and anti-a-internexin are shown in Fig.3.

As a first step towards determining whether the various neuronal IF
proteins are associated or form independent structures, we tested whether QA

treatment would fragment assembled peripherin and a-internexin in the same
way as it does NFs (Sacher et al., 1994). Localized DRG cultures were treated

with 1 pM OA for 1-4 hrs, the cell bodies and neurites were harvested

separately in CSK buffer and various fractions were obtained by differential
centrifugation (see Materials and Methods). The 13K and 100K pellets and
100K supernatant were resolved by SDS-PAGE and Western blots were probed
with Abs against NFH, NFM, NFL, a-internexin and peripherin (Fig.4). In the

untreated perikaryal sample (O hr), most of the NFH was hypophosphorylated
while axonal NFH was exclusively hyperphosphorylated as can be expected
from in vivo observations (Sternberger and Sternberger, 1983). A continuous
reduction in the gel electrophoretic mobility of perikaryal NFH (dpH) was seen
over the 4 hr course of OA treatment reflecting its increased phosphorylation in
the presence of the phosphatase inhibitor. The perikaryal compartment also
differed from the axonal compartment in that the untreated sample contained a
greater proportion of Triton-soluble NFH, NFL and peripherin, perhaps
reflecting the presence of newly synthesized, unassembled subunits. The
amounts of all five neuronal IF proteins in the 100K pellet from cell bodies and
neurites reached a maximum at 2 hrs and then levelled off. In contrast, IF
protein levels in the 100K supernatant increased continuously over the 4 hr
time-course, indicating that neuronal IFs in OA-treated neurons were first
fragmented into large, 13,000xg-soluble oligomers and then underwent further
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fragmentation to a point where they were soluble at 100,000xg. This sequence
is essentially the reverse of that which occurs during incorporation of newly
synthesized NF subunits into the cytoskeleton (Shea et al., 1988).

Estimates based on the Western blot in Fig.4 indicate that roughly two-
thirds of the neuronal IF proteins ended up in the 13K supermatant after 4 hrs of
OA treatment. A hyperphosphorylated form of NFL (pL), with a markedly
reduced mobility, appeared in cell bodies and neurites at this time and was
found predominantly in the 100K supernatant.

The finding that a-internexin and peripherin were aiso rendered Triton-

soluble by OAtreatment suggested that they might be coassembled with NFs.
To test this possibility, Triton-soluble IF oligomers produced in DRG neurons
treated with OA for 4 hrs were further analyzed by immunoprecipitation of the
13K supernatants from cell bodies and neurites with Abs against individual IF
proteins. Immunoprecipitates were then analyzed by Western blotting using a
cocktail of Abs against all five neuronal IF proteins as probes to determine
whether any co-immunoprecipitation was taking place (Fig.5).

There are three separate controls for the immunoprecipitation data
shown in Fig.5. The first (Fig.5, 50% vyield) provides a 50% recovery index as it
represents the IF proteins in one-half of the amount of 13K supernatant used
for each immunoprecipitation. The second control (Fig.5, No Abs) shows that
trace amounts of only NFM and a-intemexin bound to the anti-mouse 1gG1-
agarose beads in the absence of an anti-IF antibody. The final control (Fig.5, 2x

dilution) shows successive 2-fold dilutions of equimolar amounts of
individually purified neuronal IF proteins. The strongest signal was obtained
with the anti-a-internexin Ab, the weakest with anti-peripherin and anti-NFL,
while Abs against NFM and NFH gave more or less equivalent signals.

The anti-NFH immunoprecipitates shown in Fig.5 contained very low
amounts of the other neuronal IF proteins indicating that there was free NFH
present in the extracts. However, there were large amounts of NFH in the anti-
NFL immunoprecipitates, suggesting the presence of NFH/NFL
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heterooligomers that either contained substoichiometric amounts of NFL or
could not be immunoprecipitated by anti NFH. The next panel (anti-NFM) shows

that significant amounts of NFL, a-intemexin and peripherin, as well as small
amounts of NFH, co-immunoprecipitated with NFM. The highest level of co-
immunoprecipitation was obtained with the anti-NFL Ab, which brought down

large amounts of the NF triplet proteins and lesser amounts of a-internexin and
peripherin. Anti-a-intemexin co-immunoprecipitated NFM and peripherin along
with a-internexin. The anti-peripherin immunoprecipitates contained peripherin

and a-internexin along with lower amounts of NFM. Only one-fifth of the latter

immunoprecipitate was loaded on the gel due to the large amounts of
peripherin in our DRG cultures and the particular effectiveness of the anti-
peripherin Ab for immunoprecipitation.

To further confirm that co-immunoprecipitation of neuronal IF proteins
was not due to the fortuitous association of IF proteins in general, the Western
blots were stripped and reprobed with an anti-vimentin Ab. The latter showed
that there was virtually no vimentin in any of the immunoprecipitates aithough
an appreciable amount could be seen in the initial Triton-soluble extracts (Fig.5
bottom panel).
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DISCUSSION

In this report, we show that cultured E15 DRG neurons from rat embryos
resemble their in vivo counterparts in certain aspects of their developmental
expression of neuronal IF proteins. Examination of Fig.2 indicated that

a-internexin was the predominant species in freshly dissected DRGs and for

the first 2 days after plating, consistent with its early expression in vivo
(Fliegner et al.,, 1994). The early increase in peripherin levels contradicted
" reports of its tightly coordinated expression with NFL in DRGs (Escurat et al.,
1990). On the other hand, the observed coexpression of NFL and NFM concurs
with the results of previous studies (Carden et al., 1987), as does the delay in
onset of NFH expression (Shaw and Weber, 1982; Pachter and Liem, 1984;
Lindenbaum et al., 1988).

As reported previously (Goldstein et al., 1996), E15 DRG neurons fail to
differentiate in vitro into two distinct phenotypes expressing either peripherin or
NFs. In addition to coexpression of peripherin and NF proteins (Goldstein et al.,
1996), we have shown that they retain another embryonic feature, the continued

expression of a-internexin. Thus, the reciprocal changes in the levels of NFL

and a-intemexin expression that occur during development (Fliegner et al.,

1990) were not seen. These discrepancies may be due to the inability of
cultured neurons to establish contact with appropriate target cells as attempts
to normalize IF protein expression in DRG neurons through the addition of
skeletal and heart muscle extracts has met with limited success (Goldstein et
al., 1996).

Following the fragmentation pattern of the neuronal IF network in OA-
treated cultures provided some insight into the relationship between the
different components. In addition to NF proteins, the Triton solubility of

peripherin and a-internexin also increased under these conditions. More

significantly, the time-course and extent of solubilization was the same for all of
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these proteins in both the perikaryal and axonal compartments, suggesting that
they were interconnected.

OA-induced NF fragmentation is reversible to a point (Sacher et al,
1992) and is likely due to inhibition of protein phosphatase-2A (Cohen et al.,
1990; Sacher et al., 1994), an enzyme associated with NFs that has been
proposed to play a role in preserving their filamentous structure (Saito et al.,
1995). Moreover, NF fragmentation correlates with an increase in the
phosphorylation of two protein kinase A sites in the head domain of NFL
(Giasson et al., 1996). Head domain phosphorylation may similarly affect

o-internexin (Tanaka et al., 1993), but there is a lack of evidence linking

peripherin phosphorylation with disassembly (Aletta et al., 1989). Nevertheless,
it appears that OA shifts the equilibrium between the antagonistic effects of
protein phosphatase-2A and protein kinase A (Giasson et al., 1996), apparently
magnifying an oligomerization process involved in NF dynamics (Okabe et al.,
1993). Thus, IF proteins contained in the oligomeric products of OA-induced
disassembly are likely to retain the normal association patterns that exist in
situ.

The validity of the co-immunoprecipitation paradigm we used to test for
possible associations between the various neuronal IF proteins is based upon
several criteria. Firstly, the Western blot in Fig.1 indicated that the individual
monoclonal Abs we used did not show any cross reactivity with other IF
proteins. Secondly, the control in Fig.5 carried out in the absence of primary
Abs showed that the fragmented IFs remained soluble throughout the
immunoprecipitation protocol. Furthermore, reference to the 50% yield index in
Fig.5 indicated that in some cases, co-immunoprecipitated species comprised
up to half of the starting material and were likely to be representative of the total
fraction. Also noteworthy was the lack of vimentin, a component of satellite cells
in DRG cultures, in the immunoprecipitates. All three NF subunits have been
shown to coassemble with vimentin in co-transfected non-neuronal cells (Chin
and Liem., 1989, 1990; Monteiro and Cleveland, 1989). The failure of vimentin
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to co-immunoprecipitate with any of the neuronal IF proteins indicated that the
associations we observed did not result from interactions taking place in the
Triton extracts following cell lysis.

The co-immunoprecipitation data showed several associations between
neuronal IF proteins, but certain discrepancies were apparent. The main
problem relates to the apparent lack of reciprocity between co-
immunoprecipitates obtained with anti-NFL as compared to those obtained
with anti-NFH, anti-a-intemexin and anti-peripherin, respectively. A high level of

co-immunoprecipitation of all the neuronal IF proteins was effected by anti-NFL,
perhaps reflecting its key role in NF assembly (Ohara et al., 1993). On the other
hand, only low amounts of NFL were co-immunoprecipitated by anti-NFH, and

none was seen in the anti-a-internexin and anti-peripherin immuno-

precipitates. These apparent discrepancies can be explained in several ways.
In the case of NFH, it is possible that two forms of this subunit are present in
the Triton-soluble fraction, one consisting of free NFH and the other comprising
NFH associated with NFL in a form that is refractory to immunoprecipitation by
anti-NFH. It is also possible that NFH is associated with heterooligomers
containing substoichiometric amounts of NFL. However, the latter possibility
cannot apply to the anti-a-internexin and anti-peripherin immunoprecipitates

because they did not contain NFL. In these two cases it appears that epitope
masking may take place in those heterooligomers that contain NFL along with

a-internexin and/or peripherin. Although the basis for these discrepancies

remains to be determined, they do not detract from the validity of our data in
demonstrating associations between the various neuronal IF proteins.

The low level of association between NFM and NFH indicated by the co-
immunoprecipitation studies suggests that the two subunits may be contained
in different subsets of oligomers. This difference may reflect a fundamental
aspect of NF organization and could explain the more dynamic nature of NFH in
neurons (Takeda et al., 1994).
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The present study provides direct evidence for an association between
o-internexin, NFM and peripherin in cultured E15 DRG neurons, indicating that
the IF cytoskeleton in these cells is a highly integrated structure. Perhaps the
coassembly of a-internexin and peripherin with NFs produces IFs with a high
degree of plasticity required to support neurite outgrowth (Nixon and Shea,
1992). This notion concurs with the presence of high levels of a-internexin in
embryonic DRGs (Fliegner et al., 1994) and with the upregulation of peripherin
in large NF-containing DRG neurons during axonal regeneration (Oblinger et
al, 1989). The elucidation of these and other questions pertaining to the

neuronal IF cytoskeleton will no doubt be facilitated by the availability of cultured

neurons that coexpress all of the major neuronal IF proteins.
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Figure 1: Verification of the specificity of the monoclonal Abs against the
individual neuronal IF proteins by Western blot analysis. DRG samples
containing the various phosphovariants of NFL and NFH were resolved by
SDS-PAGE and individual lanes were developed with one of the monoclonal
Abs. The letters H, M, L, 1 and P at the top of the individual lanes refer to the

monoclonal Abs against NFH, NFM, NFL, a-internexin and peripherin,

respectively. pH and dpH, hyper- and hypophosphorylated forms of NF-H,
respectively; M, NF-M; pL and L, hyperphosphorylated and normal NF-L,

respectively; |, a-intemexin; P, Peripherin; *, a cross reactive band of unknown

origin.
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Figure 2: Western blot analysis of the developmental profile of neuronal IF
proteins in cultured E15 DRG neurons. DRGs were cultured as described in
Materials and Methods and harvested in equal volumes of sample buffer at the
times (in days) indicated at the top of each lane. In the panel on the right,
sample volumes were one-fourth of those in the left-hand panel to permit
visualization of the entire range of samples with a single film exposure. The day
10 sample was reloaded in the right panel at one-fourth the volume for
comparison. The upper part of the blot was probed with monoclonal Abs
against NFH and NFM while the lower part was probed with monoclonal Abs

against NFL, a-internexin and peripherin. IF protein bands are designated as

described in the legend to Fig.1.
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Figure 3: Co-localization of neuronal IF proteins in cultured E15 DRG neurons
by immunofluorescence microscopy. Cells were plated on collagen-coated
glass slides, fixed and stained as described in Materials and Methods. Panels
Ato F: sister cultures stained with a rabbit polyclonal anti-NFM Ab. Panels A to
F': co-staining with monoclonal Abs specific for NFH (A"), NFM (B'), NFL (C"),
peripherin (D') and a-internexin (E'and F'). Panels A A'to E, E' show staining of

neurites while F and F' show cell body staining.
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Figure 4: Western blot analysis of the time course of neuronal IF fragmentation
in OA-treated neurons. Localized DRG cultures were treated with 1 uM OA for 0,
1, 2 or 4 hrs. The cell bodies and neurites were separately harvested in CSK
buffer and centrifuged at 13,000 xg for 15 min. The pellets (13K pellet) were
dissolved in SDS-sample buffer, and the supernatants were centrifuged at
100,000 xg for 5 min. yielding 100,000 xg-insoluble (100K pellet) and -soluble
(100K super) fractions. Pellets and supernatants were resolved by SDS-PAGE
and analyzed by Western blotting as described in the legend to Fig.2. IF protein
bands are designated as described in the legend to Fig.1.
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Figure 5: Western blot analysis of immunoprecipitates from the 13,000 xg
Triton-soluble fractions of cell bodies and neurites of OA-treated neurons.

Localized DRG cultures were treated with 1 uM OA for 4 hrs; the cell bodies and

neurites were separately harvested in CSK buffer and centrifuged at 13,000 xg
for 15 min. The supernatants were immunoprecipitated as described in
materials and methods. The panel designations at the top include: 50% YIELD:
each lane contains one-half of the amount of 13K supernatant fraction used for
immunoprecipitation; NO Abs: control with no immunoprecipitating antibody. 2x
DILUTIONS: successive 2-fold dilutions of equimolar amounts of all 5 neuronal
IF proteins. NFH, NFM, NFL, INT and PER refer to immunoprecipitates obtained

with anti-NFH, anti-NFM, anti-NFL, anti-a-internexin and anti-peripherin,

respectively. B and A refer to the cell body and neurite fractions, respectively.
Western blots were probed as described in the legend to fig.2. IF protein bands
are designated as described in the legend to Fig.1. The major band just under
peripherin is the |gG heavy chain (I1gG).
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CHAPTER 3

HETERODIMERIC ASSOCIATIONS BETWEEN NEURONAL
INTERMEDIATE FILAMENT PROTEINS

Eric S. Athlan and Walter E. Mushynski

99



ABSTRACT

Formation of protein dimers involving a-internexin, peripherin and the

neurofilament proteins, NFH, NFM and NFL, were investigated by partial
renaturation of various combinations of individually purified subunits in buffered
2 M urea. Oligomers that were formed were resolved by “blue” native
electrophoresis (Schagger, H., Cramer, WA, and von Jagow, G. (1994) Anal.
Biochem. 217, 220-230) modified to include urea in the polyacrylamide gels.
Combinihg this method with Western blot analysis, disulfide cross-linking and
SDS-polyacrylamide gel electrophoresis in the second dimension showed that
NFL readily forms significant amounts of heterodimer with NFH, NFM,
o-internexin or peripherin in the presence of 2 M urea. o-Internexin and

peripherin also formed heterodimers with NFH or NFM under these conditions.
- The modified version of “blue” native gel electrophoresis described here may
be useful in monitoring the impact of post-translational modifications and
mutations on the dimerization of intermediate filament proteins.
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INTRODUCTION

The cytoskeleton of most eukaryotic cells includes an intermediate
filament (IF)"network assembled from protein subunits expressed in a cell
specific manner (see Fuchs and Weber, 1994, for a review). IF proteins belong
to a large family of related polypeptides that share a characteristic tripartite
domain organization consisting of a conserved, ~310 amino acid-long,

a-helical "rod" domain flanked by amino-terminal "head" and carboxy terminal

"tail” domains of more heterogeneous length and composition (see Steinert
and Roop, 1988, for a review). The first step in IF assembly involves
dimerization of two identical subunits, as seen with vimentin and desmin
(Quinlan et al., 1986), or two different subunits in the case of keratins (Hatzfeld
et al., 1990; Steinert, 1990). This initial dimerization step produces an
unstaggered, parallel, coiled-coil species (Fuchs and Weber, 1994) that can be
chemically cross-linked with the copper phenanthroline (CuP2) reagent in
cases where the subunits contain a cysteine residue located in the rod domain
(Quinlan et al., 1986).

Neuronal cells from cultured embryonic rat dorsal root ganglia (DRGs)
are unusual in that they contain at least five different developmentally regulated
and coassembled neuronal IF (nIF) subunits (Athlan et al., 1997). They include
a-internexin (Chiu et al., 1989), peripherin (Portier et al., 1984) and the
neurofilament (NF) triplet proteins, which consist of the heavy (NFH), mid-sized
(NFM) and low molecular weight (NFL) subunits (Hoffman and Lasek, 1975).
Among these five nlF proteins, only NFL has been purified and chemically
cross-linked as a dimer (Quinlan et al., 1986), although disulfide-linked
peripherin dimers that occur naturally in vivo have been reported (Chadan et
al., 1994). NFs appear to be obligate heteropolymers in vivo (Lee et al., 1993,
Ching and Liem, 1993) and individual NF subunits can also be incorporated
into an a-intermnexin (Ching and Liem, 1993), peripherin (Parysek et al., 1991) or

vimentin (Chin and Liem, 1989; Sun et al., 1997) network.
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Several lines of evidence support or suggest the existence of NFH/NFL
or NFM/NFL heterodimers as the smallest heteromeric unit of NF assembly.
For instance, cross-linking analysis of native or partially disassembled NFs
revealed that NFM could be cross-linked to NFL through cysteine residues
located in the rod domain, although the approach that was used could not
differentiate intra- from inter-coiled-coil dimer cross-linking (Carden and
Eagles, 1986). Furthermore, Mulligan et al. (1991) concluded that the existence
of NFH/NFL and NFM/NFL heterodimers could best reconcile their
immunoelectron microscopic data with the available literature (see discussion
in Mulligan et al.,1991). Finally, NFH and NFM were found to interact more
strongly with NFL than with themselves or with each other in a yeast two hybrid
system paradigm, suggesting that heterodimer formation with NFL is favored
over NFH and/or NFM oligomerization (Carpenter and Ip., 1996; Leung and
Liem, 1996).

To date, however, the smallest NF hetero-oligomers examined
biochemically were reported to be heterotetramers containing equimolar
amounts of NFH or NFM with NFL. However, it could not be determined whether
these were assembled from individual homo- or hetero- dimers (Cohlberg et

al., 1995). Moreover, Triton-soluble heterooligomers of a-internexin, peripherin

and the NF subunits have been reported, but their precise composition also
remains unknown (Athlan et al., 1996). Thus, the precise nature of the smallest
~heterooligomers involving the various niF proteins is still elusive, due largely to
the limitations of experimental approaches capable of resolving and
characterizing these small in vivo or in vitro assembly intermediates.

A novel "blue" native polyacrylamide gel electrophoresis (BN-PAGE)
system has recently been described in which Coomassie Blue G-250 is used
to confer a negative charge to protein complexes, allowing them to be
separated on the basis of their molecular mass While preserving their native
associations (Schagger et al., 1994). Initial studies conducted in our laboratory
showed that BN-PAGE, rendered "semi-native" by inclusion of 2 M urea,
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resolved niF proteins into what appeared to be heterocomplexes. Further
studies of nIF protein complexes were initiated in which various combinations
of individually purified, denatured subunits were assembled by dialysis against
buffered 2 M urea. Subsequent analysis of assembled protein complexes by
BN-PAGE/2 M urea, together with other techniques, demonstrated that NFL
forms heterodimers with NFH or NFM and that a-internexin and peripherin can

form heterodimers with the individual NF subunits. These results indicate that
previously reported interactions between the various nlF proteins (Athlan et al.,
1997) may take place at the level of heterodimer formation.
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MATERIALS AND METHOD

1- Preparation of Cytoskeletal Extracts:
13000 x g-insoluble cytoskeletal extracts of embryonic cultured DRG

neurons and PC12 cells were prepared essentially as described (Athlan et al.,
1996).

2— Purification of Neuronal Intermediate Filament Proteins:

NFH, NFM, NFL and a-internexin were isolated as NFs from rat spinal

cord as described (Julien and Mushynski, 1982) while peripherin was from
Triton X-100-insoluble PC-12 cell extracts. These preparations were solubilized
and boiled for 5 min in SDS-sample buffer (2% SDS, 62.5 mM Tris (pH 6.8), 5%

(vAv) B-mercaptoethanol, 10% (Vi) glycerol) (Laemli, 1970) and separated by

discontinuous sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS—PAGE) in the presence of 15 mM thioglycolic acid to prevent oxidation of
the cysteine residues. The proteins of interest were visualized, excised and
electro-eluted as previously described (Julien and Mushynski, 1982). The
electro-eluted material was recovered and solid urea was added to a
concentration of 2M. These SDS-containing solutions were then applied to
individual columns of "Extractigel" detergent-removing matrix (Pierce)
equilibrated with a degassed buffer containing 2M Urea, 50 mM Tris (pH 9.0), 5
mM DTT. Following elution with the same buffer, an aliquot was removed for
quantification and verification of protein purity and for SDS assay to ensure that
the detergent had been removed (Sokoloff and Frigon, 1981). The protein
solutions were dialyzed against a buffer containing 6 M guanidine
hydrochloride (gua-HCI), 50 mM Bis Tris (pH 7.0), 5 mM DTT by repeated
centrifugations in a "Centricon" dialysis spin column (Amicon, Montreal,

Canada), aliquoted and stored at -80°C until further use. Proteins quantified by

the bicinchoninic acid method (Sigma) were purified in the absence of reducing
agents and the SDS removal protocol was replaced with dialysis against 5mM
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NaCl, 0.01% SDS, in the Centricon spin columns. This permitted the removal of

Tris, glycine, DTT and excess SDS, which may interfere with the protein assay.

3— Cell Culture :

Embryonic rat DRGs were dissected, dispersed and maintained in
defined medium as previously described (Athlan et al., 1996; Giasson and
Mushynski, 1996).

4- Partial Assembly of Neuronal IF Proteins :

The individually purified nlF proteins were mixed (final concentration 0.1
mM to 1.0 mM) and dialyzed in a Microdialyzer apparatus (Pierce) at room
temperature for 2.5 hrs against 2-3 changes of an extensively degassed buffer
containing 50 mM Bis Tris (pH 7.0), and urea at the concentration specified in
the figure legends.

5- Disulfide Cross Linking of Neuronal IF Protein Complexes :

Dialyzed samples of nIF protein complexes were crosslinked through
their cysteine residues by adding CuP, (Quinlan et al., 1986; Carden and
Eagles, 1986; Kobashi, 1968) from a freshly prepared concentrated stock
solution to a final concentration of 15 mM . Cross-linking was carried out for 20
min at room temperature and stopped by adding EDTA to 5 mM and
iodoacetamide to 50 mM (modified from Quinlan et al.,, 1986; Carden and
Eagles, 1986; Kobashi, 1968).

6— Analysis of Neuronal IF Protein Complexes by BN-PAGE:

Neuronal IF protein complexes were resolved by BN-PAGE as described
(Schagger et al., 1994) with the following modifications: stacking gels were
omitted; aminocaproic acid in the gels was replaced with 2 M urea; 5% glycerol
was added to gel solutions used to pour gradient gels; the upper tank buffer
contained 0.01% Coomassie Blue G-250; the 9-fold concentrated loading
buffer contained 50 mM Bis Tris (pH 7.0), 2 M urea, 2.5% Coomassie Blue G-
250 and 50% glycerol; gels were cast in a BioRad mini gel apparatus and
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electrophoresed at 100 Volts. Dissociation of assembled protein complexes
was achieved by heating the samples to 56°C for 4 min immediately prior to
electrophoresis, which effectively prevented reassembly. Dissociation of
disulﬁde-linkéd protein complexes was achieved by including 10 mM DTT in
the heated samples. For second dimension gel electrophoresis, lanes were
cut out of the gels after BN-PAGE and incubated in 1.5-fold concentrated SDS-

sample buffer with or without 5% p-mercaptoethanol as described in the figure

legends.

7- SDS Polyacrylamide Gel Electrophoresis :

Discontinuous gel electrophoresis of the samples on 4.5% or 6% SDS-
polyacrylamide gels was performed as described (Laemli, 1970).
Electrophoresis on 4% Weber and Osborn (1969) type gels was performed
essentially as described (Sigma technical bulletin MWS-877X, 1988), except
that regular Tris-containing SDS-sample buffer (see above) was used for
dilution of samples.

8- Western Blot Analysis :

After electrophoresis, proteins were transferred to a polyvinylidene
fluoride (PVDF) membrane (Millipore, Montreal, Canada) as described (Athlan,
1996). After electroblotting of proteins resolved by BN-PAGE, PVDF membranes
were rinsed in methanol to remove Coomassie Blue. Proteins were detected
with specific, monoclonal antibodies (mAbs) against NFL (NR4), NFM (NN18),
NFH (N52) (Sigma), peripherin (MAB1527) and o-internexin (MAB1525)
(Chemicon International). Probing with mAbs, erasure of the blot for
subsequent reprobing and visualization by enhanced chemiluminescence
were conducted according to instructions provided by the manufacturer (NEN).

9- Coomassie Blue Staining and Quantification of Proteins :

Polyacrylamide gels were fixed for 10 to 20 min in destain solution (10%
isopropanol, 10% acetic acid), stained overnight in Coomassie Blue solution
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(0.1% Coomassie Blue R-250, 25% isopropanol, 10% acetic acid) (Fairbanks
et al., 1971) and extensively destained against several changes of destain
solution over a 24 hr period. Stained gels containing standardized amounts of
rat NF proteins resolved alongside unknown samples were scanned and
quantified with a Biolmager apparatus (Millipore, Montreal, Canada). Subunit
ratios were calculated using the following molecular masses for the rat NF
subunits: NFL, 62 kD (Chin and Liem, 1989), NFM, 95 kDa (Napolitano et al.,
1987), and NFH, 115 kDa (Chin and Liem, 1990).
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RESULTS

1- nIF Proteins From Cultured DRG Neurons Resolved by BN-PAGE/2 M Urea
Show Evidence of Heteromeric Associations :

We previously reported that a-internexin, peripherin and the NF triplet

proteins in cultured DRG neurons were associated (Athlan et al., 1996) but the
methods used could not accurately determine the precise oligomeric
arrangement of these proteins. Further studies in our laboratory showed that
nlF extracts resolved by BN-PAGE in the presence of increasing amounts of
urea contained heterocomplexes of nlF proteins. In Fig.1, a DRG cytoskeletal
pellet extracted with 2 M urea was electrophoresed using a "semi-native"
version of BN-PAGE which included 2 M urea in the gel. Development of the
resulting Western blots with mAbs against the individual nIF proteins showed
seven major bands, some of which were immunoreactive with two of the mAbs.
Based on the staining intensity and the relative mobilities of the 'various
species, protein complexes 1 and 2 appeared to be heterooligomers of NFL
with NFH or NFM, respectively, while complex 4 in the anti-NFL lane appeared
to be an NFL dimer. Complex 3 in the anti-NFH lane was likely the
hypophosphorylated NFH-containing equivalent of complex 1, since it was
much more prominent in extracts from the cell body-enriched fraction obtained
from localized DRG cultures (not shown), which we have shown to contain
mostly this form of NFH (Athlan et al., 1996).The broad region designated as

"6" contained species staining with mAbs against NFL, a-internexin and

peripherin, suggesting the presence of homo- and/or heterodimers. Complex 4
in the anti-NFM lane, complex § in the anti NFL lane and complex 7 in the anti-
peripherin lane could not be identified unambiguously. Initial cross-linking
studies with further resolution in a second, SDS-PAGE dimension, appeared to
confirm some of the associations described above and further studies were
undertaken to fully characterize these and other small nIF protein complexes.
This was achieved by mixing various combinations of individually purified nIF
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subunits in the presence of 6 M gua-HCI, dialyzing against buffered 2 M urea,
and resolving the resulting complexes on "semi-native" BN-PAGE gels
prepared with the same buffer as the dialysis solutions.

2- Purified NFL.forms heterodimers with NFHand NFM:

As shown in Fig.2 (lanes 1 and 3), purified NFH and NFM migrated on
BN-PAGE/2 M urea as single bands with apparent molecular masses of 260

kDa and 214 kDa respectively. Heating to 56°C prior to electrophoresis did not

affect their mobility (lanes 2 and 4) indicating that NFH and NFM migrated as
monomers in this gel system, with anomalously high apparent molecular
masses as is also observed on SDS-PAGE (Kaufmann et al., 1984). Gradual
increases in the gel urea concentration to 8 M failed to produce smaller
species, confirming the identity of the NFH and NFM bands as monomers (not
shown).

NFL dialyzed and resolved on BN-PAGE/2 M urea (Fig.2, lane 5) yielded
two bands with apparent molecular masses of 226 kDa and 94 kDa. Heating

the dialyzed NFL to 56°C prior to electrophoresis (Fig.2, lane 6) converted

almost all of the larger species to the more rapidly migrating form. Disulfide
cross-linking of the NFL homooligomer through the unique cysteine residue in

the a-helical domain (Chin and Liem, 1988) using CuP, (Quinlan et al., 1986)

did not alter the migration pattern (lane 7) and effectively protected a significant
portion of the NFL 226 kDa species from heat-induced conversion to the 94
kDa species (lane 8) indicating that these were homodimers and monomers
respectively. The CuPxinduced cross-links could be broken by including 10
mM DTT in the heated samples (lane 9) as would be expected for disulfide
bonds.

When mixtures of NFL with NFH or NFM were analyzed by BN-PAGE/2 M
urea, the bands previously identified in the lanes containing these proteins
alone were all present. In addition, new complexes appeared with apparent
molecular masses of 360 kDa for the NFH/NFL mixture (Fig.2, lane 10) and
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328 kDa for the NFM/NFL mixture (lane 15), indicating the formation of
NFH/NFL and NFM/NFL heterooligomers under these conditions. As was seen
with the NFL homodimer, these heterooligomers were heat labile (lanes 11
and 16), they could be stabilized by CuP, cross-linking (lanes 13 and 18) and
the disulfide cross-links were reduced with DTT (lanes 14 and 19).

Given the apparent anomalous migration of nlF proteins in this gel
system, and because both NFH and NFM each contains more than one
cysteine residue (Napolitano et al, 1987, Chin and Liem, 1990), two
complementary approaches were used to confirm that the héterooligomers
formed between NFL and NFH or NFM were heterodimers. In Fig:3, triplicate
samples of NFH/NFL (panel A) and NFM/NFL (panel B) heterooligomers were
prepared and resolved essentially as shown in Fig.2. The large amount of
material used allowed direct visualization of all protein species in the first (BN-
PAGE/2 M urea) dimension as they appeared as Coomassie Blue G-250-
stained bands against a lighter blue background. The protein bands were
excised, briefly equilibrated in SDS-sample buffer, resolved in the second
dimension by discontinuous SDS-PAGE alongside standardized mixtures of
NF subunits, visualized by Coomassie Blue R-250 staining and quantified with
a Biolmager apparatus (Millipore). As shown in Fig.3, the NFH/NFL and
NFM/NFL heterooligom‘ers purified by BN-PAGE in the first dimension broke
down in the second SDS-containing dimension to give essentially equimolar
amounts of NFH and NFL (ratio = 1.16 + 0.02) or NFM and NFL (ratio = 1.06 +
0.02) (mean + standard deviation). These results clearly demonstrate that the

observed heterooligomers are equimolar assemblies of their NF subunit
constituents.

In Fig.4, NFH/NFL (panel A) and NFM/NFL (panel B) heterooligomers
were formed, cross-linked and resolved by BN-PAGE/2 M urea essentially as
shown in Fig.2. Some lanes were blotted onto a PVDF membrane and reacted
with the anti-NF mAbs to reveal the positions of the various protein complexes
in the first dimension as indicated at the top of the figure. Other lanes were cut
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out of the gels, equilibrated in SDS-sample buffer without reducing agent and
electrophoresed in the second dimension on a Weber and Osborne type gel
(Weber and Osborne, 1969), which provided a better estimate of the molecular
mass of cross-linked proteins than was obtained with Laemli type gels (data
not shown), as previously reported (Quinlan et al.,1986; Carden and Eagles,
1986; Sigma technical bulletin MWS-877X, 1988; Bragg and Hou, 1975;
Bretscher and Weber, 1980). Following transfer to a PVDF membrane, the blots
were probed with an anti-NFL mAb (Fig.4, bottom part of panels A and B),
erased, and reprobed with an anti-NFH (Fig.4, upper part of panel A) or an anti-
NFM mAb (Fig.4, upper part of panel B). The cross-linked NFH/NFL hetero-
complex seen in the first (BN-PAGE/2 M urea) dimension (H/L) resolved into
three bands in the second, SDS-PAGE dimension. The spot labelled H/L in the
second dimension reacted with both anti-NFH and anti-NFL mAbs (top and
bottom part of panel A, respectively), confirming its heteromeric character. Non
cross-linked NFH (H) and NFL (L) were also present in this second dimension,
as could be expected from examining the heated, cross-linked samples in
Fig.2 (lanes 13 and 18). The homodimeric NFL from the crosslinked sample
seen in the first dime;\sion (L/L) gave rise to some cross-linked (L/L) and
monomeric (L) NFL in the second dimension while the NFH and NFL species
that were monomeric in the first dimension (H, L) remained so in the second
dimension (H, L). Similar results were obtained for the NFM/NFL mixture (Panel
B) although cross-linked dimeric NFL (L/L) could not be adequately resolved
from monomeric NFM (M), apparently due to upward streaking of the latter. it
was also observed that the relative amount of cross-linked heterooligomer was
lower on the Weber and Osborne type gels than would be predicted from the
data in Fig.2 (e.g., lanes 13 and 18). This was a reproducible yet unexplained
limitation of this gel system that was not observed when second dimension
electrophoresis was carried out on a discontinuous SDS-PAGE systém (not
shown). The apparent molecular masses of the various species detected were
determined and are listed in Table 1. The values for cross-linked NFH/NFL,
NFM/NFL and NFL/NFL were within 3% of the summed molecular masses of
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their monomeric constituents thereby confirming their dimeric character. Taken
together, the results in Figs.2, 3 and 4 and in Table 1 conclusively demonstrate
that under the conditions described here, NFH/NFL and NFM/NFL
heterodimers and NFL/NFL homodimers are formed, and can be resolved by
BN-PAGE/2 Murea.

3- a-Internexin and Peripherin Form Heterodimers With NF Subunits :

In Fig.5, a-internexin and peripherin were tested for their ability to

dimerize alone or in combination with other nlF proteins. The experiments were
carried out essentially as shown in Fig.2 except that cross-linking and heating
of some species was omitted. Some of the previously characterized NF

species are shown again to provide useful molecular mass landmarks. Based
on the relative mobilities of the protein complexes, both o-internexin and

peripherin formed homodimers (~159 kDa and ~143 kDa in lanes 5 and 7 of
Fig.5, respectively) that broke down to the monomer species upon heat
treatment (~73 kDa and ~66 kDa in lanes 6 and 8 respectively). The staining
intensity of the heat treated peripherin sample was reproducibly lower than that
of the unheated sample (lanes 8 and 7 respectively), apparently due to in-gel
dimerization of the monomeric species leading to extensive streaking and
concomitant loss of signal. The significant amount of dimeric peripherin in the
heated sample and the virtual absence of monomeric peripherin in all of the
other peripherin-containing lanes (lanes 7, 9 and 14-16) confirms its very
strong tendency to dimerize under the conditions used. The various dimeric

. species obtained when mixing a-internexin and peripherin (lane 9) could not
be resolved adequately on these gels and cross-linking experiments failed to
show any heterodimeric interactions between these two proteins (not shown).
Based on the relative mobility of the protein complexes, heterodimers
containing o-internexin or peripherin with NFH (~356 kDa) or NFM (~320 kDa)
(lanes 10, 11, 14 and 15 respectively) were also observed. Although the relative
yields of these heterodimers were much lower than those observed for the
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NFH/NFL and NFM/NFL species, markedly greater amounts could be
generated by dialyzing and resolving the samples in 0.05 M urea instead of 2 M

urea (not shown). It is not known why the o-internexin/NFH and
o-internexin/NFM heterodimers in Fig.5 migrated as doublets although protein
degradation seems unlikely since it was not observed in the purified subunit
preparations (not shown). Mixing a-internexin or peripherin with NFL produced
heterodimers that could not be resolved from the a-internexin and peripherin

homodimers (lanes 12 and 16, respectively). However, erasure of the Western
blot and reprobing with anti-NFL mAb alone clearly revealed the presence of

o-internexin/NFL (~177 kDa, lane 13) and peripherin/NFL (~167 kDa, lane 17)

heterodimers.
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DISCUSSION

We recently reported that a-internexin, peripherin and the NF triplet

proteins in cultured DRG neurons are associated (Athlan, 1996), thereby
raising questions regarding the assembly stage during which such
heteromeric associations can take place. Characterization of IF protein dimers
has been hampered by a lack of practical and widely accessible techniques for
resolving small oligomeric assembly intermediates. We have now shown that
the recently reported BN-PAGE procedure (Schéagger et al., 1994), modified to
include urea, can provide direct and unambiguous separation of niF protein
complexes and allows multiple combinations of nlF proteins to be resolved in
parallel. To this end, Fig.2 provides direct evidence for heterodimer formation
between NFL and NFH or NFM, while Fig.5 further shows heterodimeric

associations between a-internexin or peripherin and the individual NF

subunits.

Small IF assembly intermediates have been generated by a variety of
means, all revolving around the use of low ionic strength buffers, sometimes
containing urea or guanidine in the 2-3 M range. Such buffers have been used
either as a diluent of whole IFs (Carden and Eagles, 1986) or as the dialysis
component for limited reassembly of IF proteins from concentrated guanidine
or urea solutions (Quinlan et al., 1986; Hatzfeld and Weber, 1990; Steinert,
1990; Cohlberg et al., 1995; Cohlberg et al., 1987; Hisanaga et al., 1990). IF
protein oligomers generated under these conditions have been considered to
be valid assembly intermediates since addition of physiological salt
concentrations coupled with removal of urea or guanidine if required, leads to
the formation of normal appearing IFs. Moreover, reassembly of NFs (Zackroff
et al., 1982; Liem and Hutchison, 1982), a-internexin (Chiu et al., 1989; Kaplan

et al., 1990) and peripherin (Parysek and Goldman, 1987) from urea-containing
buffers has been well documented. More specifically, NFL and NFM have been
successfully co-assembled into native-like filaments by stepwise dialysis from
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guanidine solution to a physiological buffer, including an intermediate step
involving a buffered 2 M urea solution similar to ours (Cohlberg et al., 1995).
Taken together, these data indicate that other niF protein oligomers formed
under such conditions would be valid assembly intermediates.

A previous report (Cohiberg et al., 1995) described the resolution of NF
subunit heterotetramers containing equimolar amounts of NFL with NFH or
NFM on "native” gels containing 2 M urea. In contrast, our study using the BN-
PAGE system revealed that dimers were the predominant species under
similar conditions. Itis possible that the presence of Coomassie Blue G-250
destabilizes tetrameric species, thus favoring the dimers that we observed,
although such effects were not reported by Schigger et al (1994). Altematively,
the bovine material used by Cohlberg et al. (1995) may form complexes that
are more stable in 2 Murea than those formed by the rat nIF proteins utilized in
our work. However, neither of these possibilities affects the present
conclusions relating to heterodimer formation.

NFH and NFM did not interact with themselves (Fig. 2 and 5) or with each
other (not shown), consistent with the many reports indicating that NFM and
NFH do not assemble or co-assemble significantly in vitro (Zackroff et al.,
1982; Liem and Hutchison, 1982; Geisler and Weber, 1981) or in vivo (Lee et
al, 1993, Ching and Liem, 1993) and further indicate that the interactions we
did observe were not likely to be due to non-specific interactions between
related a-helical rod domains.

The first step in IF assembly involves the formation of an unstaggered,
parallel, coiled-coil dimer (Steinert and Roop, 1988; Parry et al.,, 1985).
Residues in positions "a" and "d" in the heptad repeats making up the

a-helices are believed to form inward facing hydrophobic seams while the
other residues face outward (reviewed in Cohen and Parry, 1990). NFL
contains a unique cysteine residue located in a "d" position within a heptad
repeat in the rod domain (Chin and Liem1989). Disulfide cross-linking of NFL
homodimers and other IF protein dimers sharing this conserved residue has
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been well documented and has provided an important argument favoring the
unstaggered, parallel, coiled-coil model of IF homodimer structure (Quinlan et
al., 1986; Cohen and Parry, 1990). However, disuilfide bond formation between
NFL and NFH or NFM under the conditions used here is somewhat puzzling.
Indeed, the location of the closest cysteine residue in the rod domain of NFH in
the linker region “L2”", 70 residues removed from the cysteine residue in NFL,
appears to preclude an unstaggered alignment of these proteins. A similar
problem involves the cysteine in NFM occupying the "a" position in a heptad, 41
residues away from the cysteine in NFL. Yet, Fig.3 clearly demonstrated that
cross-linked NFL/NFH and NFL/NFM dimers can be resolved as such in the
BN-PAGE/2 M urea dimension raising the possibility that, in contrast to other IF
proteins characterized so far (Fuchs and Weber, 1994; Steinert and Roop,
1988; Quinlan et al,, 1986, Parry et al., 1985), NF subunits associated in a
coiled-coil heterodimer may be in a staggered arrangement. This interpretation
appears unlikely, considering that some twisting of the helices would also be
required to adequately align the cysteine residues involved in the cross-linking
of NFM or NFH to NFL. A more likely explanation may be that the 2 M urea-
containing buffer used here allows for slippage and flexibility within the coiled-
coil structure which would permit interactions between cysteine residues that
are widely separated in the normal, unstaggered alignment. According to this
view, the mobility of subunits in such loosely assembled coiled-coil dimers
would still allow for more efficient intra-dimer cross-linking than for cross-
linking between unassembled random collision complexes, which were never

observed in these experiments.

o-Internexin and peripherin were shown in Figs. 5 to form heterodimers

with NFH or NFM, suggesting that co-assembly of these proteins can take
place at the dimer level. The comparatively greater propensity for NFL to form
heterodimers with NFH and NFM further suggests that it is the preferred partner

for these proteins. However, heterodimeric association of a-internexin or

peripherin with the NF subunits may be important for cytoskeletal
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reorganization during development and axonal regeneration. a-Internexin is the

predominant nlF protein in developing central neurons (Kaplan et al., 1990;
Fliegner et al, 1994) while peripherin expression is upregulated in
regenerating, large caliber, NF-containing peripheral axons (Wong and

Oblinger, 1990). In both instances, these a-internexin - or peripherin-containing

networks are presumed to confer greater plasticity as reflected in the dynamic
nature of the growing axon (Nixon and Shea, 1992). The ability of NF proteins to

dimerize with o-internexin and peripherin could play an important role in

allowing a gradual transition to take place from a more plastic o-internexin or

peripherin-containing network to a stable, NF-enriched IF network in the mature
axon (Giasson et al., 1997).

The modified version of BN-PAGE described here is a widely accessible,
economical and versatile method that allows several different samples to be
analyzed in parallel. Future work in our laboratory will focus on monitoring early
nlF protein assembly intermediates and on assessing the effects of mutations
or post-translational modifications known or suspected to affect IF assembly.
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Protein Species

Relative Molecular

Predicted Molecular

Mass (kDa) Mass (kDa)
H/L complex 308 317
M/L complex 239 246
L/L complex 158 156
H (monomeric) 239
M (monomeric) 168
L (monomeric) 78

Table | : Relative molecular masses of the various species resolved by two-
dimensional electrophoresis after cross-linking of NFH/NFL and NFWNFL
mixtures. The samples were cross-linked and resolved by BN-PAGE followed
by SDS-PAGE as described in Experimental Procedures and in the legend to
Fig.4. H, M and L denote the NF subunits NFH, NFM and NFL respectively.
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Figure 1: Western blot analysis of DRG cytoskeletal extracts. Cytoskeletal
pellets were purified from the axonal compartment of localized rat DRG
cultures, extracted with buffered 2 M urea, resolved by BN-PAGE/2 M urea on a
4%-8% polyacrylamide gradient gel and electroblotted onto a PVDF membrane.
Strips were then cut out and reacted with mAbs against the individual nIF
proteins as indicated at the top of the figure. H, M, L, |, P are strips reacted with
mAbs against NFH, NFM, NFL, a-internexin and peripherin, respectively. The

major protein complexes detected are numbered 1 to 7 and are discussed
further in the text.
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Figure 2: Western blot analysis of associations between purified NF subunits
following dialysis against buffered 2 M urea. NF subunits were individually
purified, mixed as indicated at the top of each panel, dialyzed against buffered 2

Murea, and left untreated or were treated with CuP,, heating to 56°C and/or 10

mM DTT as indicated at the bottom of each lane. Samples were then resolved
by BN-PAGE in 2 Murea on a 4%-8% polyacrylamide gradient gel. The Western
blot was developed with a mixture of mAbs against the individual NF subunits.
H, M, and L denote monomeric NF subunits NFH, NFM and NFL, respectively.
H/L, M/L, and L/L are dimeric species containing the indicated NF subunits.
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Figure 3: Determination of NF subunit stoichiometries in heterooligomers by
two-dimensional gel electrophoretic analysis. Individually purifed NFH and NFL
(panel A) or NFM and NFL (panel B) were mixed, dialyzed against buffered 2 M
urea and resolved by BN-PAGE/2 M urea on a 4%-8% polyacrylamide gradient
gel. The putative heterodimeric species were located and the protein bands
were cut out, briefly equilibrated in sample buffer, layered on a 6%
polyacrylamide gel, resolved into monomeric constituents by discontinuous
SDS-PAGE (23) and stained with Coomassie Blue R-250 as described in
Experimental Procedures. H, M, and L denote the monomeric NF subunits
NFH, NFM and NFL respectively.
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Figure 4: Two-dimensional gel electrophoretic determination of the relative
molecular masses of crosslinked NF heterooligomers. Individually purifed NFH
and NFL (panel A) or NFM and NFL (panel B) were mixed, dialyzed against
buffered 2 M urea, cross-linked with CuP, as described in Experimental
Procedures and resolved by BN-PAGE/2 M urea on a 4%-8% polyacrylamide
gradient gel. Replicate lanes were immunoblotted to identify the species
indicated at the top of each figure. Other lanes were briefly equilibrated in SDS-
sample buffer (without reducing agent), layered on a 4% polyacrylamide Weber
and Osborne (27) type gel and resolved alongside purified NF subunits and
molecular weight markers covering the range 66-487 Kd. The blots were
probed with an anti-NFL Ab (bottom panels in A and B), erased and reprobed
with anti-NFH and anti-NFM mAbs (top panels in A and B respectively). The
letters identifying the various species are defined in the legend to Fig.2.
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Figure 5: Western blot analysis of associations between purified nlF subunits
following dialysis against buffered 2 M urea. nIF subunits were individually
purified, mixed as indicated at the top of each panel, dialyzed against buffered 2

Murea and some samples were heated to 56°C as indicated at the bottom of

each lane. Samples were then resolved by BN-PAGE/2 M urea on a 4%-8%
peolyacrylamide gradient gel. The Western blot was developed with a mixture of
mAbs against the individual nIF subunits. Lanes 12 and 16 were erased,
reprobed with the anti-NFL mAb only, and are shown in lanes 13 and 17,
respectively. H, M, L, |, and P denote nlF monomeric subunits NFH, NFM, NFL,
a-internexin and peripherin, respectively. L/L, H/l, M/l, L/, /I, H/P, M/P, L/P and

P/P denote dimeric species containing the various nlF proteins.
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CHAPTER 4

NEUROFILAMENT PROTEIN DIMER STABILITY

Eric S. Athlan and Walter E. Mushynski
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ABSTRACT

The present study stems from our previous report indicating that the light
neurofilament (NF) subunit (NFL) forms both homodimers as well as
heterodimers with the heavy (NFH) and midsized (NFM) NF subunits during the
initial stage of NF assembly (Athlan and Mushynski, 1997). We now report that
the relative stability of NF protein dimers varies according to modifications
present on NFL as determined by native polyacrylamide gel electrophoresis in
a lateral urea concentration gradient. Posttranslational modifications present
on spinal cord NFL and presumably lacking in the bacterially expressed
protein, destabilized its homodimeric interactions in favor of heterodimeric
interactions with NFH and NFM, perhaps to ensure proper dimer stoichiometry
for NF assembly. Amutation in NFL suspected of interfiering with NF assembly
in motor neurons (Lee et al., 1994) was also shown to destabilize NFL
containing dimers indicating that this mutation impacts on the earliest stage of
NF assembly. The lateral urea gradient/BN-PAGE sytem described here
constitutes a useful tool for assessing the effects of various forms of
modification on intermediate filament protein interactions at the biochemical
level.

125



INTRODUCTION

Most mammalian cells contain 8-10 nm-wide filaments composed of
subunits belonging to the large family of intermediate filament (IF) proteins.
These IF proteins share a common domain organization consisting of an
amino-terminal head domain and a carboxy-terminal tail domain flanking a

highly conserved a-helical rod domain (Fuchs and Weber, 1994). Post mitotic

neurons contain IFs known as neurofilaments (NFs), which are made up of
three subunits, NFL (light), NFM (medium) and NFH (heavy) (Hoffman and

Lasek, 1975). They may also express one or both of two other IF proteins, o-

internexin (Chiu et al., 1989; Kaplan et al., 1990) and peripherin (Portier et al.,
1984), the latter being found in neurons with axons that project to the periphery
(Escurat et al.,, 1990). These five neuronal IF proteins are co-expressed in
cultured, embryonic dorsal root ganglion (DRG) neurons, where they form a
highly integrated network (Athlan et al., 1997).

The advent of DNA techniques for manipulating the sequences of genes
and cDNAs encoding NF proteins has led to significant advances in our
knowledge of factors governing filament assembly (Heins and Aebi, 1994). NFs
are now known to be obligate heteropolymers in vivo (Lee et al., 1993; Ching
and Liem, 1993; Nagakawa et al., 1995) and deletion mutagenesis has helped
to define the roles of the head, rod and tail domains of the individual subunits
in filament formation (Gill et al., 1990; Wong and Cleveland, 1990; Ching and
Liem, 1993; Heins et al., 1993; Lee et al., 1993; Nakagawa et al., 1995; Sun et
al,, 1997). However, the effects of these various subunit alterations have
generally been assessed by procedures such as immunofluorescence and
electron microscopy. These approaches can detect gross perturbations in IF
formation but provide little information about the actual stage of the assembly
process being affected by a given deletion or point mutation.

We have recently reported that co-assembly of the five neuronal IF
proteins present in cultdred DRG neurons can occur as early as the coiled-coil

126



dimerization stage (Athlan and Mushynski, 1997). The procedure used in that
study was a version of “blue” native polyacrylamide gel electrophoresis (BN-
PAGE) (Schagger et al.,, 1994) modified to contain urea. We have further
adapted this economical and versatile method to analyze the stability of NF
protein complexes in a continuum of steadily increasing denaturing conditions.
Thus, by carrying out BN-PAGE in gels containing a lateral urea concentration
gradient, we were able to compare the stabilities of NFL/NFL, NFL/NFM and
NFL/NFH coiled-coil dimers as well as to gauge the effects of a Leu—Pro
mutation in the rod domain of NFL (Lee et al., 1994) on NFL homo- and
heterodimer stability. The results clearly indicate that the strength of NFL dimer
associations can be modulated and that BN-PAGE can be used to assess the
effects of IF subunits alterations at the biochemical level.
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MATERIALS AND METHODS

1-—- Materials :

Acrylamide:bis acrylamide 37.5:1 and low melting type agarose were
purchased from BioShop (Hamilton, ON). Ammonium persulfate, BisTris, and
specific monoclonal antibodies (mAbs) against NFH (N52), NFM (NN18) and
NFL (NR4) were from Sigma (St.Louis, MO). Specific mAbs against peripherin
(MAB1527) and o-internexin (MAB1525) were from Chemicon International

(Temecula, CA). Glycerol and Whatman filter paper were from Fisher Scientific.
Urea and SDS were from ICN. Biomedical (Mississauga, ON).

2- Purification Of nIF Subunits From Rat Spinal Cord :

NFH, NFM, NFL, a-internexin and peripherin subunits were purified by

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) as
described previously (Athlan and Mushynski, 1997).

3- Bacterial Expression and Mutagenesis of NFL :

Using the Muta-Gene M13 in vitro mutagenesis kit (BioRad, CA), an
adenine to cytosine conversion was effected at the +4 position of a murine NFL
cDNA clone(Julien et al., 1985) in order to place the start codon within a unique
Ncol restriction site. This cDNA was propagated into the pBluescript (KS¥)
vector (Stratagene, La Jolla, CA), linearized by cleavage at a unique Sacll site
downstream of the NFL termination codon, repaired, and ligated to Hindlll
linkers. Following cleavage with Ncol and Hindlll, the NFL cDNA was gel-
purified, ligated into the corresponding restriction sites of the pET23d vector
(Novagen Inc, Madison, WI), and the pET23d/NFL DNA was transfected into
competent Escherichia coli HS174 (DE3) cells. NFL expression was induced

by addition of 1 mM isopropyl-B-Thiogalactoside (IPTG) followed by a 3 hour
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incubation of the bacterial cultures at 37°C. The cells were then pelleted,
resuspended in 0.8 volume of 25% sucrose, 1 mM EDTA, 50 mM Tris-HCI, pH
8.0, 2 mM phenyimethylsulfonylfluoride (PMSF), and lysed on ice for 30 min
after adding lysozyme to 0.17 mg/ml. The lysate was then adjusted to 10 mM
MgCl,, TmM MnCl,, 1 mg/ml DNAsel, incubated a further 30 minutes on ice, and
mixed with 1 vol of 0.2 M NaCl, 1% deoxycholate, 1% Nonidet P40, 2 mM EDTA,
20 mM Tris-HCI, pH 7.5, 2 mM PMSF. Following a 30 minute centrifugation at
5,000xg, the pelleted inclusion bodies were resuspended in 0.5% Triton X-100,
1 mM EDTA, 2 mM PMSF and recentrifuged at 5,000xg for 30 minutes. This step
was repeated 2 more times and the inclusion bodies were then solubilized in
adsorbtion buffer (8 M urea, 10 mM NaPO, pH 7.4, 2 mM PMSF) using a dounce
homogenizer. The suspension was centrifuged for 30 minutes at 10,000xg and
the bacterially expreséed NFL (NFL®) in the supernatant was adsorbed,
batchwise, to hydroxylapatite pre-equilibrated in adsorbtion buffer. The
hydroxylapatite was then washed twice with 5 volumes of adsorbtion buffer and
three times with 5 volumes of 8 M urea, 70 mM NaPO,, pH 7.0, 2 mM PMSF.
NFL® was eluted in 2 volumes of 8 M urea, 300 mM NaPO,, pH 7.0, and its
purity (>95%) was confirmed by SDS-PAGE.

NFL containing the L394P mutation (NFL'**) (Lee et al., 1994) was
prepared using a two-stage PCR approach. Outer primers spanned the Kpn |
(8’ primer) and Sac | (3’ primer) restriction sites in NFL cDNA, which are
approximately 160 bp apart. The overlapping mutagenic primers spanning
codon 394 were : 5-AAAACTCCCGGAAGGCGAAGAGACC-3' (5° primer) and
S-TCGAATGTCTTTTGAGGGCCTTCCG-3' (3’ primer). The altered bases are
underlined.

Stage 1 PCR amplification using pET23d/NFL as the template involved
two samples, one containing the 5' outer primer and the 3’ mutagenic primer,
and the other consisting of the 5' mutagenic primer and the 3’ outer primer.
Following 30 cycles of amplification with Taq polymerase, the ~80 bp products
were gel purified, extracted, combined and supplied with the 5' and 3’ outer
primers only for stage 2 PCR. The ~160 bp stage 2 product was cleaved with
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Sac | and Kpn |, gel purified, and ligated into the corresponding sites of
pET23d/NFL from which the non-mutated 160 bp fragment had been removed.
Sequencing confirmed the presence of the expected mutation in
pET23d/NFL"*" which was used for bacterial expression and purification of

NFL"** as for NFL® (see above).

4- Partial Assembly of nIF Proteins :

Individually purified niIF proteins were partially reassembled by dialysis
against buffered 50 mM or 1 M urea as described previously (Athlan and
Mushynski, 1997). |

5— Analysis of nlF Protein Complexes by BN-PAGE :

BN-PAGE of large nIF protein complexes reassembled in buffered 50
mM urea was carried out essentially as described (Athlan and Mushynski,
1997), except that the urea and acrylamide concentrations were lowered to 50
mM and 3.2 % respectively. These gels were strengthened by adding 1% low
melting type agarose to the gel mixture.

6~ Analysis of nIF Protein Complexes By BN-PAGE/Lateral Urea Gradient
Gels :

BN-PAGE gels containing a linear 1-4 M urea gradient in a lateral
configuration were poured in a BioRad minigel apparatus using a mixture of
R “solution 1” and “solution 2°. Solution 1 contained 50 mM BisTris (pH 7.0), 1 M
urea, 4% acrylamide:bisacrylamide (37.5:1) and 1% saturated bromophenol
blue in water to monitor the uniformity of the gradient. Solution 2 contained
50mM BisTris (pH 7.0), 4 M urea, 5% glycerol and 4%
acrylamide:bisacrylamide (37.5:1). Both solutions were prepared, aliquoted,
and kept at -20 °C. They were thawed at room temperature and chilled to 0 °C
before use. Polymerization was initiated by adding 0.05% ammonium
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persulfate and 0.15% TEMED. The bottom of the mini gel assembly which
consisted of glass plates, 1.5 mm spacers, and clamps, was sealed with
adhesive tape and a 1 ml plug of 8% polyacrylamide, 50 mM BisTris (pH 7.0)
was poured and allowed to polymerize. The excess liquid was blotted with
Whatman 3 MM filter paper. A spacer was then inserted at the top of the
assembly and melted 1% agarose in water was used to seal the joints. The
assembly was then placed on a side edge and gel solutions 1 and 2 contained
in two compartments of a gradient generator were mixed to form a linear
gradient that was introduced through a 2 mm opening left at the top of the
inserted spacer. When the quuid reached the top, the assembly was briefly
tiited to avoid trapping air bubbles against the lateral (but currently “top”)
spacer. After polymerization, the assembly was placed back on its bottom edge
and the top spacer was removed. A stacking gel was then poured using

solution 1 only, and a 15 well comb was inserted.

7- Western Blot Analysis :

niF proteins resolved by BN-PAGE/50 mM urea and BN-PAGE with a
lateral 1-4 M urea gradient were transferred to a polyvinylidene fluoride (PVDF)
membrane and detected with specific mAbs by enhanced chemiluminescence
as described previously (Athlan et al., 1997, Athlan and Mushynski, 1997). The
detected proteins were quantified using a Biolmager apparatus (Millipore).
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RESULTS

We previously reported that except for NFH and NFM mixtures, all
pairwise combinations of the individually purified niF proteins NFH, NFM, NFL,

o-internexin and peripherin, resulted in the formation of heterodimeric species
upon dialyzing against buffered 2 M urea (Athlan and Mushynski, 1997). Given
that NFs (Liem and Hutchison, 1982), a-internexin (Chiu et al., 1989; Kaplan et

al., 1990; Balin and Miller, 1995), peripherin (Parysek and Goldman, 1987) and
other IF proteins (Hedrick and Smith, 1968; Steinert et al., 1976) can form
filaments when dialyzed from urea-containing solutions, it was inferred that
larger protein complexes would be generated by lowering the urea
concentration in the dialysis solution. Consequently, various combinations of
nlF proteins were dialyzed and analyzed by BN-PAGE/urea and Western blotting
as previously reported (Athlan and Mushynski, 1997) except that the urea
concentration in the dialysis solution and in the gel was reduced to 50 mM.
Effective resolution of the resulting large protein complexes was ensured by the
use of 3.2% acrylamide gels strengthened with agarose. Size determination of
the nIF protein complexes was not attempted due to a lack of suitable
molecular mass markers. As shown in Fig.1, NFM and possibly NFH formed
very small amounts of putative homodimeric species. Moreover, the NFM
monomer migrated more slowly than the NFL dimer in these more porous
gels, a reversal of the situation observed on 6% polyacrylamide gels (Athlan
and Mushynski, 1997). The latter phenomenon has been reported previously
for other proteins and PAGE systems (Cohlberg et al., 1987; Cohlberg et al.,
1995). NFL and peripherin alone formed mainly their respective homodimers,
traces of larger oligomers and a prominent streak at the top of the gel,
suggesting the rapid formation of very large oligomers. Mixtures of NFH or NFM

with NFL, a-internexin or peripherin showed putative heterotetrameric species
in addition to the previously identified heterodimers (Athlan and Mushynski,

1997). Mixing NFL with a-internexin increased the streaking at the top of the gel,
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relative to the lanes with these proteins alone, again suggesting the rapid
formation of verylarge oligomers. Mixtures of NFL with peripherin did not reveal

any additional complexes. Interestingly, a-internexin had a unique behavior in

that it displayéd a well-defined ladder pattern starting at the dimer level and
including 5-8 different species.

Progressively decreasing the urea concentration from 2 M urea, where
only dimers can be detected, to 50 mM urea failed to produce larger amounts of
approximately tetramer-size assembly intermediates (data not shown). Given
that nIF protein dimers can readily be caracterized by BN-PAGE, it was of
interest to determine whether dimerization constitutes a regulatory step in the
nlF protein assembly process. Should this be the case, nIF protein dimer
stability may be affected by post-translational modifications and mutations
known or suspected to regulate assembly.

The relative stability of NF protein dimers consisting of NF subunits from
various sources was thus tested on BN-PAGE gels containing a lateral urea
gradient. Individually purified NFH, NFM and NFL from spinal cord (NFL®)
contained post-translational modifications representative of in vivo assembled
NFs. Bacterially expressed NFL (NFL") was assumed to lack these post-
translational modifications and had indeed been shown not to contain
phosphate moieties (M.G. Sacher, unpublished observation) in contrast to the
situation for spinal cord NFL, which contains 2-3 moles of phosphate per mole
of polypeptide (Julien and Mushynski, 1982). A bacterially expressed NFL
bearing a Leu—Pro mutation (NFLW) known to affect NF assembly in vivo

(Lee et al., 1994) was also used to assess the impact of this mutation on
dimer formation.

The three different types of NFL were dialyzed against 1 M urea,
individually or in combination with NFH or NFM, and analyzed on BN-PAGE gels
containing a lateral 1-4 M urea gradient. The protein complexes were
electroblotted onto a PVDF membrane and detected by Western blot analysis
with an anti-NFL mAb. As shown on Figs.2-5, the protein complexes gradually
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dissociated as the urea concentration increased. The relative dissociation of
the various NF protein complexes was quantified and plotted against the
deduced urea concentration in the lanes after setting the first sample (at the
lowest urea concentration) as 100%. As shown on Fig.2, NFL® homodimers
remained relatively stable up to a urea concentration of ~2.8 M, after which they
gradually dissociated down to 50% of the initial level (Dso) at ~3.4 M urea and
~35% of the initial level at 3.8 M urea. NFL® showed a sigmoidal dissociation
curve, with a plateau extending form 1.9 M to 2.7 M urea and reaching Ds at
~2.8 M urea, and <10% of its initial level at 3.8 M urea. NFL"**"

similar to NFL®, except that D5y was reached at ~1.8 M instead of ~2.8 M urea.

showed a profile

Using both D5 and the extent of dissociation in 3.8 M urea as measures of
homodimer stability, NFL® was clearly less stable than NFL® under these
conditions, suggesting that post-translational modifications on NFL® reduce

homodimeric interactions. Using similar criteria, NFL"

%P homodimers were
clearly less stable than both NFL® and NFL® homodimers.

The dissociation profile of heterodimers containing NFM with the
different forms of NFL is shown on Fig.3. NFL®/NFM heterodimers showed a
gradual and steady dissociation profile reaching D5y at ~2.4 M urea and <10%
association at ~3.2 M urea. NFL*/NFM heterodimers showed similar values but
the dissociation profile had a more sigmoidal shape, with a slight plateau
between 1.9 Mand 2.4 M urea. NFL™**/NFM heterodimers had a lower Dso of
~1.9 M urea and were almost fully dissociated by ~2.7 M urea, indicating that
the mutation also destabilized this heterodimeric association.

The dissociation profiles of heterodimers containing NFH with the
different forms of NFL, shown on Fig.4, resemble the NFL/NFM profiles in Fig.3
although there are some differences. For instance, the Ds, values for
NFL®/NFH, NFL¥NFH and NFL"****/NFH were approximately 2.1M, 1.8 M and 1.7
M urea, respectively. Moreover, the plateau for NFLNFH extended from 1.6 M to
2.3 M urea and the dissociation proﬁle that followed showed a very gradual

decline to <10% at ~3.0 M urea. This contrasts with NFLb/NFH, and
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NFL"***"/NFH heterodimers which were at less than 10% of the maximum level
by 2.5 M and 2.1 M urea, respectively, suggesting that a small fraction of NFLS
contains  post-translational modifications that stabilize heteromeric
associations with NFH. NFL™**/NFH heterodimers were clearly less stable
than the other NFL/NFH heterodimers, indicating that the mutation also has a
destabilizing effect on NFL/NFH interactions.

In Fig.5, the data from Figs.2-4 were plotted so as to compare the
dissociation profiles for the individual forms of NFL homo- and heterodimers
with NFH and NFM. As shown in Fig.5b, the NFL® homodimer is far more stable
than the NFL® /NFM and NFL® /NFH heterodimers, with a roughly 1.0 Mto 1.4 M
urea concentration difference at Dso. This is in sharp contrast to NFLS in Fig.5a
where the maximum difference in urea concentration at Ds; between the
various dimers species was 0.8 Murea. This indicates that post-translational
modification of NFL® confers a more comparable stability between the various
NFL-containing assembly intermediates. As shown in Fig.5¢c, all three types of
NFL"%*P_containing dimers showed a reduced stability with a urea
concentration of ~1.7 to 2.0 M urea at Ds,,.
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DISCUSSION

Following our previous report on homo- and heterodimerization of niF
protein subunits upon dialysis against buffered 2 M urea (Athlan and
Mushynski, 1997), we report here that following dialysis against lower urea
concentrations, most combinations of niF proteins form both dimers and very
large oligomers, with little accumulation of intermediate species. We have
hypothesized that dimer formation may be modulated by events such as
posttranslational modification or mutation of the subunits suspected of
affecting niF assembly. This hypothesis was tested by using three different
versions of the NFL protein in a lateral urea gradient-BN-PAGE assay. NFL®
possessed the postransiational modifications associated with this protein in
adult rat spinal cord while NFL® was assumed to be unmodified, and NFL™*
contained a mutation suspected to affect its assembly properties (Fuchs and
Coulombe, 1992; Lee et al, 1994). The data indicate that the dissociation
profile of dimer species involving various versions of the NFL protein with or
without the other NF subunits varies significantly.

All dimer species formed with NFL"** were of lower stability than the
ones formed with either NFL® or NFL® suggesting that this mutation has an
effect on the very first stage of NF assembly. NF protein dimerization involves
amino acid heptad repeats of the form (abcdefg), where apolar residues at
positions “a” and “d” form a hydrophobic seam that mediates coiled-coil
interactions (reviewed in Cohen and Parry, 1990). A minimum of 4 heptad
repeats was shown to confer a stable dimeric association between artificial
peptides (Lau et al., 1984; Su et al., 1994). Given that the rod domain of NF
proteins contains about 35 heptad repeats (Geisler et al., 1984), it is
noteworthy that a point mutation located so as to disrupt only the last heptad at
the end of the coil region should have such a drastic impact on dimer
formation. Perhaps coiled-coil dimer formation involves a cooperative effect that
allows a single disruption to affect the entire assembly. Nevertheless, the data
clearly confirms biochemically the assembly-disrupting effect of mutations in
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the highly conserved region at the end of coil 2, as was observed in vivo for
NFL (Lee et al,, 1994) and for the cytokeratins (Fuchs and Coulombe, 1992).
The data also indicated that dimer formation did in fact occur with NFL"** and
that dimerization was only affected kinetically. In fact, Lee et al. (1994) noted
that NFs appeared normal in transgenic animals expressing the L394P
mutation, although there was a complete reorganization of the neuronal
cytoskeleton. Thus, subsequent stages of assembly do occur and may also be
affected by the L394P mutation. Our data do not preclude such a possibilty
although the precise mechanism at work is still speculative. For instance, the
partially disrupted coiled-coil NFL"***" dimer may not be as readily packed into
filaments as the wild type profein, resulting in macroscopically normal-
appearing NFs with altered properties. Regardless of the mechanism involved,
it is understood that the end result of a modification that affects assembly
would be the sum total of the various effects impacting upon the individual
stages of assembly.

A number of post-translational modifications have been reported for the
various NF proteins, including phosphorylation (reviewed in Fuchs and Weber,
1994) and O-linked glycosylation (Dong et al., 1993; 1996). Although NF head
domain phosphorylation appears to regulate assembly in vitro (Gonda et al.,
1990; Hisanaga et al., 1994) and in vivo (Sihag and Nixon, 1991; Sacher et al.,
1994, Giasson et al., 1996) the precise mechanism by which it accomplishes
this remains to be elucidated. Interestingly, NFL? homodimers were much
more stable than the ones formed by NFL® whereas the heterodimers formed
by both proteins with NFH and NFM were of comparable stability. These results
imply that some posttranslational modification present on NFL® but absent on
NFL® alters its association kinetics and increases the likelihood of heterodimer
formation between NFIA_s and NFH or NFM relative to the formation of NFL®
homodimers. This, in turn, would allow prbper assembly of NFs from the
appropriate proportions of the different dimeric species. If this hypothesis is
correct, aberrant posttranslational modifications could have effects similar to
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those obtained by altering NF subunit stoichiometries, which has been shown
to result in NF accumulation in some transgenic animals that overexpress one
of the NF subunits (C6té et al., 1993; Xu et al., 1993; Wong et al., 1995). Indeed,
a direct link between posttransiational modifications of NF proteins and
aberrant assembly is important in light of the fact that NF accumulations can
have a causative effect in motor neuron diseases (Coté et al., 1993; Xu et al.,
1993). The aberrant phosphorylation o fperikaryal NFH by stress-activated
kinases may lead to such aggregate formation, although direct evidence for
this is still lacking (Giasson and Mushynski, 1996; 1997)

The method presented here provides a powerful approach for studying
at the biochemical level, IF protein modifications that modulate assembly by
affecting intersubunit interactions.
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Figure 1: Western blot analysis of associations between purified niF subunits
following dialysis against 50 mM urea. nlF subunits were individually purified,
mixed as indicated at the top of each lane, dialyzed against buffered 50 mM
urea and resolved by BN-PAGE/S0 mM urea on a 3.2% polyacrylamide gel
strengthened with 1% agarose. The Western blot was probed with a mixture of
mAbs against the individual niF subunits except for lanes 4 and 5 which were

probed with mAbs against a-internexin and pefipherin. respectively. H. M, L, |,
and P denote the monomeric niF subunits NFH, NFM, NFL, a-internexin and
peripherin, respectively. L/L, H/L, M/L, HA, MA, LA, I, H/P, M/P, L/IP and P/P

denote dimeric species containing the various nlIF proteins. H/H and MM
denote putative homodimeric species containing these proteins.
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Figure 2: Western blot analysis of the dissociation profile of NFL homodimers.
NFL was dialyzed against buffered 1 M urea and resolved by BN-PAGE on 4%
polyacrylamide gels containing a lateral 1-4 Murea concentration gradient. The
Western blot was developed with an anti-NFL mAb and the amount of
undissociated NFL dimers was quantified, arbitranly setting the amount at the
lowest urea concentration as 100%. A best fit curve was drawn and the urea
concentration corresponding to 50% dissociation was estimated. L®, refers to
spinal cord NFL while L® and L™ refer to bacterially expressed wild type and
L394P mutant NFL, respectiviey.
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Figure 3: Western blot analysis of the dissociation profile of NFL/NFM
heterodimers. NFL and NFM were mixed, dialyzed against buffered 1 M urea
and resolved by BN-PAGE on 4% polyacrylamide gels containing a lateral 1-4 M
urea concentration gradient. The Western blot was developed with an anti-NFL
mAb and the amount of undissociated NFL/NFM heterodimers was quantified,
arbitrarily setting the amount at the lowest urea concentration as 100%. A best
fit curve was drawn and the urea concentration corresponding to 50%
dissociation was estimated. LM, LM and L™/M refer to NFM-containing
heterodimers with the various species of NFL described in the legend to Fig.2.
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Figure 4: Western blot analysis of the dissociation profile of NFL/NFH
heterodimers. NFL and NFH were mixed, dialyzed against buffered 1 M urea
and resolved by BN-PAGE on 4% polyacrylamide gels containing a lateral 1-4 M
urea concentration gradient. The Western blot was developed with an anti-NFL
mAb and the amount of undissociated NFL/NFH heterodimers was quantified,
arbitrarily setting the amount at the lowest urea concentration as 100%. A best
fit curve was drawn and the urea concentration corresponding to 50%
dissociation was estimated. L*H, L%H and L™H refer to NFH-containing
heterodimers with the various species of NFL described in the legend to Fig.2.
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Figure 5: The data presented in Figs.2-4 were plotted on three separate graphs
comparing the stability of individual NFL-containing species. A) Spinal cord
NFL-containing NF dimers. B) Wild type, bacterially expressed, NFL-containing
species. C) bacterially expressed, L394P mutant, NFL-containg species. The
various species are labelled as in the legend to Fig.2-4.
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GENERAL DISCUSSION

When the studies detailed in this thesis were initiated, various
approaches reviewed in chapter 1 had already yielded a wealth of information
regarding nlF protein assembly. However, several questions remained that
were beyond the scope and capabilities of the available technology. The work
reported here has helped resolve some of these questions and has provided
fresh tools uniquely suited to the study of nIF proteins assembly.

The report by Sacher et al., (1992) that the shellfish toxin okadaic acid
triggers NF disassembly in cultured neurons provided a novel approach to
study NF dynamics. In addition, the fact that mAbs specific for the individual NF
subunits could co-immunoprecipitate other NF subunits in extracts from
okadaic acid-treated neurons suggested a way to probe the nature of
disassembly intermediates as a means to further understand heteropolymeric
assembly of nlF subunits.

The data presented in Chapter 2 indicated that all five nIF proteins, NFH,
NFM, NFL, a-internexin and peripherin, were co-localized in cultured DRG
neurons. Several aspects of the developmental pattern of expression of these
proteins in cultured neurons were consistent with results of in vivo studies.
These included expression of a-internexin early in development (Fliegner et al.,
1994), co-expression of NFL and NFM, (Carden et al., 1987) and delayed
expression of NFH (reviewed in Lindenbaum et al., 1988). However there were

also some differences. Unlike the in vivo situation (Escurat et.al., 1990),
peripherin levels were not tightly coordinated with the levels of NFL. Moreover,

cultured DRG neurons retained a high level of a-internexin expression, without
the reciprocal changes in the amount of NFL normally seen in vivo (Fliegner et
al., 1990). Chapter 2 further indicated that nIF protein subunits follow similar
disassembly kinetics upon okadaic acid treatment and the extensive co-
immunoprecipitation of the various subunits implied that these five proteins

were associated within small oligomers likely to reflect their native
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associations. Collectively, these results indicated that DRG nlFs form a highly
integrated network.

Okadaic acid-induced oligomers were further characterized by BN-PAGE,
a previously described, high resolution non-denaturing gel system (Schégger
et al., 1994) (data not shown). Some of the smaller okadaic acid-induced
species characterized by this technique appeared to consist of NFL and NFH or
NFL and NFM heteromers, although the inherently ambiguous nature of whole
cell extracts left some doubt as to the exact composition of these protein
complexes. In addition, similar-appearing oligomers could also be generated
by solubilizing nlF cytoskeletal extracts with 2 M urea and including that amount
of urea within the BN-PAGE gels. The okadaic acid paradigm was thus
abandoned in favor of a reassembly-type approach using purified nlF proteins.

In Chapter 3, partial nIF reassembly combined with BN-PAGE/2 M urea
analysis demonstrated that NFL can dimerize with the other four nIF protein

subunits and that o-internexin and peripherin can also form heterodimers with

NFH or NFM. Such dimers were considered valid assembly intermediates,
based on the fact that NF subunits in 2 M urea dialysed against physiological
buffers assemble into normal-appearing NFs (Cohlberg et al., 1995).
Consistent with their limited ability to self assemble in vivo or in vitro (reviewed
in Lee and Cleveland, 1996), NFH and NFM did not show evidence of
homodimer formation or heterodimer formation with each other. This further
indicated that the dimer interactions that did take place were specific and were
not a fortuitous consequence of simply having a-helical rod domains present
on the proteins. This study constituted the first direct biochemical
demonstration of heterodimeric interactions of nlF subunits.

In chapter 4, the BN-PAGE/urea system was further modified to include a
lateral urea gradient which was used to assess the relative stability of NFL-
containing NF protein dimers. These dimers were shown to be destabilized by
a mutation in NFL suspected to affect NF assembly in vivo (Fuchs and
Coulombe, 1992; Lee et al, 1994) and shown to cause motor neuron
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degeneration reminiscent of ALS in transgenic mice (Lee et al.,, 1994).
Furthermore, NFL extracted from spinal cord behaved differently from bacterially
expressed NFL, implying that posttranslational modifications present on the
spinal cord material but absent in the bacterial version could modulate the
assembly properties of NFL at the dimer level. This constituted the first
biochemical assessment of NF protein dimer stability and the combination of
BN-PAGE with a lateral urea gradient constituted a novel appraoch for such
studies.

The fact that NFH and NFM both form heterodimers with NFL while
barely interacting with themselves or with each other strongly suggests that
heterodimer formation is the favoured path for incorporating these proteins in
growing NFs. This notion is fully consistent with the finding that NFH and NFM
require the presence of NFL for proper assembly in vitro or in vivo (reviewed in
Lee and Cleveland, 1996). It further suggests a mechanism whereby an
excessive amount of NFH or NFM could lead to NF accumulation in vivo, as
was observed in various transgenic mice overexpressing these proteins (Cété
et al, 1993; Vickers et al, 1995). Thus, if NFL was to become
substoichiometric, one would predict an increase in NF heterodimer formation
at the expense of NFL homodimerization and the surplus NFL/NFH or NFL/NFM
heterodimers would accumulate. To that end, the available data indicate that
NF accumulations in transgenic mice that overexpress NFH (Cété et al., 1993)
or NFM (Vickers et al., 1995) do contain NFL. However, mAbs used to detect the
overexpressed protein do not distinguish well between NFH and NFM, and it is
unclear at this time whether NF accumulations in these animals contain only
the overexpressed subunit along with NFL, or whether all three proteins are
present (Coté et al., 1993; Vickers et al., 1995).

The apparent effect of posttranslational modifications on NFL-containing
dimer stability raises intriguing questions. Unlike the head and tail domains,
the rod domain of NF proteins does not appear to contain any posttranslational
modifications (Steinert et al., 1982). Thus, one may conclude that the head

and/or tail domain(s) can affect NF protein associations at the level of the
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coiled-coil. A similar conclusion was drawn from experiments carried out in the
yeast two-hybrid system where full length NFH and NFM did not interact with
each other while their isolated rod domains did (Carpenter and Ip, 1996).

Although the mechanism of coiled-coil formation has been extensively studied,
modulation of such interactions by protein domains lacking in o-helical and

heptad repeat content has not yet been described. It will be of interest to test
posttranslational modifications suspected of affecting NF assembly to
delineate and characterize the regions responsible for the modulating effect
observed on dimer formation.

About twenty years have passed since neurobiologists started
investigating the mechanisms of nIF protein assembly. The work presented
here has contributed to the body of knowledge pertaining to this area of
research. As for the many more queries that remain, one may anticipate that

the next twenty years will prove even more fruitful and interesting than the last.
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ORIGINAL CONTRIBUTIONS TO SCIENTIFIC KNOWLEDGE

Chapter 2:

1)

2)

3)

Established that the five nIF proteins NFL, NFM, NFH, a-internexin and

peripherin are co-expressed in cultured DRG neurons from E15 rat
embryos.

Documented the developmental expression profile of the five nIF proteins
in cultured DRG neurons.

Demonstrated, through co-immunoprecipitation analysis, that the five nIF
proteins form a highly integrated network in cultured DRG neurons.

Chapter 3:

1)

2)

3)
4)

Demonstrated that NFL, a-internexin and peripherin can form homodimers
upon dialysis against buffered 2 M urea.

Demonstrated that with the exception of NFH/NFM, which remain
monomeric, and a-internexin/peripherin, which could not be characterized,
all pairwise combinations of nIF proteins result in heterodimer formation.
Provided a novel approach to the study of nIF protein dimers.

Provided the first direct biochemical demonstration of dimers formed by nlIF
proteins.

Chapter 4:

1)

2)

3)

Revealed that posttranslational modifications present on spinal cord NFL
and presumably absent on bacterially expressed NFL, reduced the stability
of NFL-containing homodimers without significantly affecting the stability of
dimers formed with NFH or NFM.

Indicated that a mutation in NFL that affected NF organization in transgenic
mice reduced the stability of all NF protein dimers formed with this protein.
Provided a novel approach to evaluate the stability of nIF protein dimers.
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Formation of protein dimers involving a-internexin,
peripherin, and the neurofilament (NF) proteins NFH,
NFM, and NFL was investigated by partial renaturation
of various combinations of individually purified sub-
units in buffered 2 M urea. Oligomers that were formed
were resolved by “blue” native electrophoresis (Schig-
ger, H,, Cramer, W. A., and von Jagow, G. (1994) Anal.
Biochem. 217, 220-230) modified to include urea in the
polyacrylamide gels. Combining this method with West-
ern blot analysis, disulfide cross-linking, and SDS-poly-
acrylamide gel electrophoresis in the second dimension
showed that NFL readily forms significant amounts of
heterodimer with NFH, NFM, a-internexin, or periph-
erin in the presence of 2 M urea. a-Internexin and pe-
ripherin also formed heterodimers with NFH or NFM
under these conditions. The modified version of blue
native gel electrophoresis described here may be useful
in monitoring the impact of post-translational modifica-
tions and mutations on the dimerization of intermediate
filament proteins.

The cytoskeleton of most eukaryotic cells includes an inter-
mediate filament (IF)* network assembled from protein sub-
units expressed in a cell-specific manner (see Ref. 1 for a
review). IF proteins belong to a large family of related polypep-
tides that share a characteristic tripartite domain organization
consisting of a conserved ~310-amino acid-long a-helical “rod”
domain flanked by amino-terminal “head” and carboxyl-termi-
nal “tail” domains of more heterogeneous length and composi-
tion (see Ref. 2 for a review). The first step in IF assembly
involves dimerization of two identical subunits, as seen with
vimentin and desmin (3}, or two different subunits, as in the
case of keratins (4, 5). This initial dimerization step produces
an unstaggered parallel coiled-coil species (1) that can be chem-
ically cross-linked with the copper phenanthroline (CuP,) rea-
gent in cases where the subunits contain a cysteine residue
located in the rod domain (3).

Neuronal cells from cultured embryonic rat dorsal root gan-
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glia (DRGs) are unusual in that they contain at least five
different developmentally regulated and co-assembled neuro-
nal IF (nIF) subunits (6). They include a-internexin (7), periph-
erin (8), and the neurofilament (NF) triplet proteins, which
consist of the heavy (NFH), mid-sized (NFM), and low (NFL)
molecular mass subunits (9). Among these five nIF proteins,
only NFL has been purified and chemically cross-linked as a
dimer (3), although disulfide-linked peripherin dimers that
occur naturally in vive have been reported (10). NFs appear to
be obligate heteropolymers in vive (11, 12), and individual NF
subunits can also be incorporated into an a-internexin (12),
peripherin (13), or vimentin (14, 15) network.

Several lines of evidence suppert or suggest the existence of
NFH/NFL or NFM/NFL heterodimers as the smallest hetero-
meric unit of NF assembly. For instance, cross-linking analysis
of native or partially disassembled NFs revealed that NFM
could be cross-linked to NFL through cysteine residues located
in the rod domain, although the approach that was used could
not differentiate intra- from inter-coiled-coil dimer cross-link-
ing (16), Furthermore, Mulligan et al. (17) concluded that the
existence of NFH/NFL and NFM/NFL heterodimers could best
reconcile their immunoelectron microscopic data with the
available literature (see discussion in Ref. 17). Finally, NFH
and NFM were found to interact more strongly with NFL than
with themselves or with each other in a yeast two-hybrid sys-
tem paradigm, suggesting that heterodimer formation with
NFL is favored over NFH and/or NFM oligomerization (18, 19).

To date, however, the smallest NF hetero-oligomers exam-
ined biochemically were reported to be heterotetramers con-
taining equimolar amounts of NFH or NFM with NFL. How-
ever, it could not be determined whether these were assembled
from individual homo- or heterodimers (20). Moreover, Triton-
soluble hetero-oligomers of a-internexin, peripherin, and the
NF subunits have been reported, but their precise composition
also remains unknown (6). Thus, the precise nature of the
smallest hetero-oligomers involving the various nIF proteins is
still elusive, due largely to the limitations of experimental
approaches capable of resolving and characterizing these small
in vivo or in vitro assembly intermediates.

A novel “blue” native polyacrylamide gel electrophoresis
(BN-PAGE) system has recently been described in which Coo-
massie Blue G-250 is used to confer a negative charge to pro-
tein complexes, allowing them to be separated on the basis of
their molecular mass while preserving their native associations
(21). Initial studies conducted in our laboratory showed that
BN-PAGE, rendered “semi-native” by inclusion of 2 M urea,
resolved nIF proteins into what appeared to be heterocom-
plexes. Further studies of nIF protein complexes were initiated
in which various combinations of individually purified dena-
tured subunits were assembled by dialysis against buffered 2 m
urea. Subsequent analysis of assembled protein complexes by 2
M urea-BN-PAGE, together with other techniques, demon-
strated that NFL forms heterodimers with NFH or NFM and
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that a-internexin and peripherin can form heterodimers with
the individual NF subunits. These results indicate that previ-
ously reported interactions between the various nlF proteins
(6) may take place at the level of heterodimer formation.

EXPERIMENTAL PROCEDURES

Preparation of Cytoskeletal Extracts —13,000 x g insoluble cytoskel-
etal extracts of embryonic cultured DRG neurons and PC12 cells were
prepared essentially as described (6).

Purification of Neuronal Intermediate Filament Proleins—NFH,
NFM, NFL, and a-internexin were isolated as NFs from rat spinal cord
as described (22), whereas peripherin was from Triton X-100-inscluble
PC12 cell extracts. These preparations were solubilized and boiled for 5
min in SDS sample buffer (2% SDS, 62.5 mym Tris (pH 6.8), 5% (viv)
B-mercaptoethanol, and 10% (v/v) glycerol) (23) and separated by dis-
continuous SDS-PAGE in the presence of 15 mMm thioglycolic acid to
prevent oxidation of the cysteine residues. The proteins of interest were
visualized, excised, and electroeluted as described previously (22). The
electroeluted material was recovered, and solid urea was added to a
concentration of 2 M. These SDS-containing solutions were then applied
to individual columns of Extractigel detergent-removing matrix (Pierce)
equilibrated with a degassed buffer containing 2 M urea, 50 mm Tris (pH
9.0), and 5 mm DTT. Following elution with the same buffer, an aliquot
was removed for quantification and verification of protein purity and for
SDS assay to ensure that the detergent had been removed (24). The
protein solutions were dialyzed against a buffer containing 6 M guani-
dine hydrochloride, 50 mm BisTris (pH 7.0), and 5 my DTT by repeated
centrifugations in a Centricon dialysis spin column (Amicon, Montreal,
Canada), aliquoted, and stored at ~80 °C until further use. Proteins
quantified by the bicinchoninic acid method (Sigma) were purified in
the absence of reducing agents, and the SDS removal protocol was
replaced with dialysis against 5 mm NaCl and 0.01% SDS in the Cen-
tricon spin columns. This permitted the removal of Tris, glycine, DTT,
and excess SDS, which may interfere with the protein assay.

Cell Culture—Embryonic rat DRGs were dissected, dispersed, and
maintained in defined medium as described previously (6, 25).

Partial Assembly of nIF Proteins — The individually purified nIF pro-
teins were mixed (final concentration of 0.1-1.0 muM) and dialyzed in a
Microdialyzer apparatus (Pierce) at room temperature for 2.5 h against
two to three changes of an extensively degassed buffer containing
50 mM BisTris (pH 7.0) and urea at the concentrations specified in the
figure legends.

Disulfide Cross-linking of nIF Protein Complexes— Dialyzed samples
of nIF protein complexes were cross-linked through their cysteine res-
idues by adding CuP, (3, 16, 26) from a freshly prepared concentrated
stock solution to a final concentration of 15 mM. Cross-linking was
carried out for 20 min at room temperature and stopped by adding
EDTA to 5 mM and iodoacetamide to 50 mM (modified from Refs. 3, 16,
and 26).

Analysis of nIF Protein Complexes by BN-PAGE —nlF protein com-
plexes were resolved by BN-PAGE as described (21) with the following
modifications. Stacking gels were omitted, and aminocaproic acid in the
gels was replaced with 2 M urea. 5% glycerol was added to gel solutions
used to pour gradient gels. The upper tank buffer contained 0.01%
Coomassie Blue G-250; the 9-fold concentrated loading buffer contained
50 mM BisTris (pH 7.0), 2 M urea, 2.5% Coomassie Blue G-250, and 50%
glycerol. Gels were cast in a Bio-Rad minigel apparatus and electro-
phoresed at 100 V. Dissociation of assembled protein complexes was
achieved by heating the samples to 56 °C for 4 min immediately prior to
electrophaoresis, which effectively prevented reassembly. Dissociation of
disulfide-linked protein complexes was achieved by including 10 mm
DTT in the heated samples. For second dimension gel electrophoresis,
lanes were cut out of the gels after BN-PAGE and incubated in 1.5-fold
concentrated SDS sample buffer with or without 5% B-mercaptoethanol
as described in the figure legends.

SDS-Polyacrylamide Gel Electrophoresis — Discontinuous gel electro-
phoresis of the samples on 4.5 or 6% SDS-polyacrylamide gels was
performed as described (23). Electrophoresis on 4% Weber and Osborn-
type gels (27) was performed essentially as described (28), except that
regular Tris-containing SDS sample buffer (see above) was used for
dilution of samples.

Western Blot Analysis — After electrophoresis, proteins were trans-
ferred to a polyvinylidene difluoride (PVDF) membrane (Millipore,
Montreal) as described (6). After electroblotting of proteins resolved by
BN-PAGE, PVDF membranes were rinsed in methanel to remove Coo-
massie Blue. Proteins were detected with specific monoclonal antibod-
ies (mAbs) against NFL (NR4), NFM (NN18), and NFH (N52) (Sigma)

Neuronal Intermediate Filament Protein Heterodimers
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Fic. 1. Western blot analysis of DRG cytoskeletal extracts.
Cytoskeletal pellets were purified from the axonal compartment of
localized rat DRG cultures, extracted with buffered 2 M urea, resolved
by 2 M urea-BN-PAGE on a 4-8% polyacrylamide gradient gel, and
electroblotted onto a PVDF membrane. Strips were then cut out and
reacted with mAbs against the individual nIF proteins as indicated at
the top. H, M, L, I, and P are strips reacted with mAbs against NFH,
NFM, NFL, a-internexin, and peripherin, respectively. The major pro-
tein complexes detected are numbered /-7 and are discussed further
under “Results.”

and against peripherin (mAb1527) and a-internexin (mAbl525)
(Chemicon International, Inc., Temecula, CA). Probing with mAbs,
erasure of the blot for subsequent reprobing, and visualization by en-
hanced chemiluminescence were conducted according to instructions
provided by the manufacturer (NEN, Mississauga, Canada).

Coomasste Blue Staining and Quantification of Proteins—Polyacryl-
amide gels were fixed for 10-20 min in destaining solution (10% iso-
propyl alcohol and 10% acetic acid), stained overnight in Coomassie
Blue solution (0.1% Coomassie Blue R-250, 25% isopropyl alcohol, and
10% acetic acid) (29), and extensively destained against several changes
of destaining solution over a 24-h period. Stained gels containing stan-
dardized amounts of rat NF proteins resolved alongside unknown sam-
ples were scanned and quantified with a BioImager apparatus (Milli-
pore, Montreal). Subunit ratios were calculated using the following
molecular masses for the rat NF subunits: NFL, 62 kDa (14); NFM,
95 kDa (30); and NFH, 115 kDa (31).

RESULTS

nlF Proteins from Cultured DRG Neurons Resolved by 2 M
Urea-BN-PAGE Show Evidence of Heteromeric Associa-
tions—We previously reported that a-internexin, peripherin,
and the NF triplet proteins in cultured DRG neurons were
associated (8), but the methods used could not accurately de-
termine the precise oligomeric arrangement of these proteins.
Further studies in our laboratory showed that nlF extracts
resolved by BN-PAGE in the presence of increasing amounts of
urea contained heterocomplexes of nIF proteins. In Fig. 1, a
DRG cytoskeletal pellet extracted with 2 M urea was electro-
phoresed using a semi-native version of BN-PAGE, which in-
cluded 2 M urea in the gel. Development of the resulting West-
ern blots with mAbs against the individual nIF proteins
showed seven major bands, some of which were immunoreac-
tive with two of the mAbs, Based on the staining intensity and
the relative mobilities of the various species, protein complexes
1 and 2 appeared to be hetero-oligomers of NFL with NFH and
NFM, respectively, whereas complex 4 in the anti-NFL lane
appeared to be an NFL dimer. Complex 3 in the anti-NFH lane
was likely the hypophosphorylated NFH-containing equivalent
of complex 1 since it was much more prominent in extracts from
the cell body-enriched fraction obtained from localized DRG
cultures (data not shown), which we have shown to contain
mostly this form of NFH (6). The broad region designated as 6
contained species staining with mAbs against NFL, a-inter-
nexin, and peripherin, suggesting the presence of homo- and/or
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Fic. 2. Western blot analysis of associations between purified NF subunits following dialysis against buffered 2 M urea. NF subunits
were individually purified; mixed as indicated at the top of each panel; dialyzed against buffered 2 M urea; and left untreated or treated with CuP,,
heating to 56 °C, and/or 10 mM DTT as indicated at the bottom of each lane. Samples were then resolved by BN-PAGE in 2 M urea on a 4-8%
polyacrylamide gradient gel. The Western blot was developed with a mixture of mAbs against the individual NF subunits. H, M, and L denote the
monomeric NF subunits NFH, NFM, and NFL, respectively. H/L, M/L, and L/L are the dimeric species containing the indicated NF subunits.

heterodimers. Complex 4 in the anti-NFM lane, complex 5 in
the anti-NFL lane, and complex 7 in the anti-peripherin lane
could not be identified unambiguously. Initial cross-linking
studies with further resolution in a second SDS-PAGE dimen-
sion appeared to confirm some of the associations described
above, and further studies were undertaken to fully character-
ize these and other small nIF protein complexes. This was
achieved by mixing various combinations of individually puri-
fied nlIF subunits in the presence of 6 M guanidine hydrochlo-
ride, dialyzing against buffered 2 M urea, and resolving the
resulting complexes on semi-native BN-PAGE gels prepared
with the same buffer as the dialysis solutions.

Purified NFL Forms Heterodimers with NFH and NFM —As
shown in Fig. 2 (lanes I and 3), purified NFH and NFM mi-
grated on 2 M urea-BN-PAGE as single bands with apparent
molecular masses of 260 and 214 kDa, respectively. Heating to
56 °C prior to electrophoresis did not affect their mobility (lanes
2 and 4), indicating that NFH and NFM migrated as monomers
in this gel system with anomalously high apparent molecular
masses, as is also observed on SDS-PAGE (32). Gradual in-
creases in the gel urea concentration to 8 u failed to produce
smaller species, confirming the identity of the NFH and NFM
bands as monomers (data not shown).

NFL dialyzed and resolved on 2 M urea-BN-PAGE (Fig. 2,
lane 5) yielded two bands with apparent molecular masses of
226 and 94 kDa. Heating the dialyzed NFL to 56 °C prior to
electrophoresis (lane 6) converted almost all of the larger spe-
cies to the more rapidly migrating form. Disulfide cross-linking
of the NFL homo-oligomer through the unique cysteine residue
in the a-helical domain (14) using CuP, (3) did not alter the
migration pattern (lane 7) and effectively protected a signifi-
cant portion of the NFL 226-kDa species from heat-induced
conversion to the 94-kDa species (lane 8), indicating that these
were homodimers and monomers, respectively. The CuPy-in-
duced cross-links could be broken by including 10 mm DTT in
the heated samples (lane 9), as would be expected for disulfide
bonds.

When mixtures of NFL with NFH or NFM were analyzed by
2 M urea-BN-PAGE, the bands previously identified in the
lanes containing these proteins alone were all present. In ad-
dition, new complexes appeared with apparent molecular
masses of 360 kDa for the NFH/NFL mixture (Fig. 2, lane 10)
and 328 kDa for the NFM/NFL mixture (lane 15), indicating
the formation of NFH/NFL and NFM/NFL hetero-oligomers
under these conditicns. As was seen with the NFL homodimer,
these hetero-oligomers were heat-labile (lanes 11 and 16); they
could be stabilized by CuP, cross-linking (lanes 13 and 18); and

the disulfide cross-links were reduced with DTT (lanes 14 and
19).

Given the apparent anomalous migration of nIF proteins in
this gel system and because both NFH and NFM each contain
more than one cysteine residue (30, 31), two complementary
approaches were used to confirm that the hetero-oligomers
formed between NFL and NFH or NFM were heterodimers. In
Fig. 3, triplicate samples of NFH/NFL (panel A) and NFM/NFL
(panel B) hetero-oligomers were prepared and resolved essen-
tially as described for Fig. 2. The large amount of material used
allowed direct visualization of all protein species in the first (2
M urea-BN-PAGE) dimension as they appeared as Coomassie
Blue G-250-stained bands against a lighter blue background.
The protein bands were excised, briefly equilibrated with SDS
sample buffer, resolved in the second dimension by discontin-
uous SDS-PAGE alongside standardized mixtures of NF sub-
units, visualized by Coomassie Blue R-250 staining, and quan-
tified with the Biolmager apparatus. As shown in Fig. 3, the
NFH/NFL and NFM/NFL hetero-oligomers purified by BN-
PAGE in the first dimension broke down in the second SDS-
containing dimension to give essentially equimolar amounts of
NFH and NFL (ratio = 1.16 = 0.02) or NFM and NFL (ratio =
1.06 = 0.02) (mean * S.D.). These results clearly demonstrate
that the observed hetero-oligomers are equimolar assemblies of
their NF subunit constituents.

In Fig. 4, NFH/NFL (panel A) and NFM/NFL (pane! B)
hetero-oligomers were formed, cross-linked, and resolved by 2
M urea-BN-PAGE essentially as described for Fig. 2. Some
lanes were blotted onto a PVDF membrane and reacted with
the anti-NF mAbs to reveal the positions of the various protein
complexes in the first dimension as indicated at the top of Fig
4. Other lanes were cut out of the gels, equilibrated with SDS
sample buffer without reducing agent, and electrophoresed in
the second dimension on a Weber and Osborn-type gel (27),
which provided a better estimate of the molecular mass of
cross-linked proteins than was obtained with Laemmli-type
gels (data not shown), as previously reported (3, 16, 28, 33, 34).
Following transfer to a PVDF membrane, the blots were probed
with an anti-NFL mAb (Fig. 4, lower portions of panels A and
B), erased, and reprobed with an anti-NFH mAb (upper portion
of panel A) or an anti-NFM mAb (upper portion of panel B). The
cross-linked NFH/NFL hetero-oligomer seen in the first (2 M
urea-BN-PAGE) dimension (H/L) resolved into three bands in
the second SDS-PAGE dimension. The spot labeled H/L in the
second dimension reacted with both anti-NFH and anti-NFL
mAbs (upper and lower portions of panel A, respectively), con-
firming its heteromeric character. Non-cross-linked NFH (H)
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Fic. 3. Determination of NF subunit stoichiometries in hetero-
oligomers by two-dimensional gel electrophoretic analysis. In-
dividually purifed NFH and NFL (panel A) or NFM and NFL (panel B)
were mixed, dialyzed against buffered 2 M urea, and resolved by 2 M
urea-BN-PAGE on a 4-8% polyacrylamide gradient gel. The putative
heterodimeric species were located, and the protein bands were cut out,
briefly equilibrated with SDS sample buffer, layered on a 6% polyacryl-
amide gel, resolved into monomeric constituents by discontinuous SDS-
PAGE (23), and stained with Coomassie Blue R-250 as described under
“Experimental Procedures.” H, M, and L denote the monomeric NF
subunits NFH, NFM, and NFL, respectively.
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Fic. 4. Two-dimensional gel electrophoretic determination of
the relative molecular masses of cross-linked NF hetero-oli-
gomers. Individually purifed NFH and NFL (panel A) or NFM and
NFL (panel B) were mixed, dialyzed against buffered 2 M urea, cross-
linked with CuP, as described under “Experimental Procedures,” and
resolved by 2 M urea-BN-PAGE on a 4-8% polyacrylamide gradient gel.
Replicate lanes were immunoblotted to identify the species indicated at
the top of each panel. Other lanes were briefly equilibrated with SDS
sample buffer (without reducing agent), layered on a 4% polyacrylamide
Weber and Osborn-type gel (27), and resolved alongside purified NF
subunits and molecular mass markers covering the 66-487-kDa range.
The blots were probed with an anti-NFL mAb (lower portions of panels
A and B), erased, and reprobed with anti-NFH and anti-NFM mAbs
(upper portions of panels A and B, respectively). H, M, and L denote the
monomeric NF subunits NFH, NFM, and NFL, respectively. H/L, M /L,
and L/L are the dimeric species containing the indicated NF subunits.

and NFL (L) were also present in this second dimension, as
could be expected from examining the heated cross-linked sam-
ples in Fig. 2 (lenes 13 and 18). Homodimeric NFL from the
cross-linked sample seen in the first dimension (L/L) gave rise
to some cross-linked (L/L) and monomeric (L) NFL in the
second dimension, whereas the NFH and NFL species that
were monomeric in the first dimension (H and L) remained so
in the second dimension (H and L). Similar results were ob-
tained for the NFM/NFL mixture (panel B), although cross-
linked dimeric NFL (L/L) could not be adequately resolved
from monomeric NFM (M), apparently due to upward streaking
of the latter. It was also observed that the relative amount of
cross-linked hetero-oligomer was lower on the Weber and Os-
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TaBLE 1
Relative molecular masses of the various species resolved by two-
dimensional electrophoresis after cross-linking of NFH/NFL and
NFM/NFL mixtures

The samples were cross-linked and resolved by BN-PAGE followed by
SDS-PAGE as described under “Experimental Procedures” and in the
legend to Fig. 4, H, M, and L denote the NF subunits NFH, NFM, and
NFL, respectively.

Predicted molecular mass

Protein species Relative molecular mass

kDa kDa
H'L complex 308 317
M:L complex 239 246
L:L complex 158 156
H (monomeric) 239
M (monomeric) 168
L (monomeric) 78

born-type gels than would be predicted from the data in Fig. 2
(e.g. lanes 13 and 18). This was a reproducible yet unexplained
limitation of this gel system that was not observed when second
dimension electrophoresis was carried out in a discontinuous
SDS-PAGE system (data not shown). The apparent molecular
masses of the various species detected were determined and
are listed in Table I. The values for cross-linked NFH/NFL,
NFM/NFL, and NFL/NFL were within 3% of the summed mo-
lecular masses of their monomeric constituents, thereby con-
firming their dimeric character. Taken together, the results in
Figs. 2-4 and in Table I conclusively demonstrate that, under
the conditions described here, NFH/NFL and NFM/NFL het-
erodimers and NFL/NFL homodimers are formed and can be
resolved by 2 M urea-BN-PAGE.

a-Internexin and Peripherin Form Heterodimers with NF
Subunits—In Fig. 5, a-internexin and peripherin were tested
for their ability to dimerize alone or in combination with other
nlF proteins. The experiments were carried out essentially as
described for Fig. 2, except that cross-linking and heating of
some species was omitted. Some of the previously characterized
NF species are shown again to provide useful molecular mass
landmarks. Based on the relative mobilities of the protein
complexes, both o-internexin and peripherin formed ho-
modimers (~159 and ~143 kDa in lanes 5 and 7, respectively)
that broke down to the monomeric species upon heat treatment
(~73 and ~66 kDa in lanes 6 and 8, respectively). The staining
intensity of the heat-treated peripherin sample was reproduc-
ibly lower than that of the unheated sample (lenes 8 and 7,
respectively), apparently due to in-gel dimerization of the mo-
nomeric species, leading to extensive streaking and concomi-
tant loss of signal. The significant amount of dimeric periph-
erin in the heated sample and the virtual absence of monomeric
peripherin in all of the other peripherin-containing lanes (lanes
7,9, and 14-16) confirm its very strong tendency to dimerize
under the conditions used. The various dimeric species ob-
tained when mixing a-internexin and peripherin (lane 9) could
not be resolved adequately on these gels, and cross-linking
experiments failed to show any heterodimeric interactions be-
tween these two proteins (data not shown). Based on the rela-
tive mobility of the protein complexes, heterodimers containing
a-internexin or peripherin with NFH (~356 kDa) or NFM
(~320 kDa) (lanes 10, 11, 14, and 15, respectively) were also
observed. Although the relative yields of these heterodimers
were much lower than those observed for the NFH/NFL and
NFM/NFL species, markedly greater amounts could be gener-
ated by dialyzing and resolving the samples in 0.05 M urea
instead of 2 M urea (data not shown). It is not known why the
a-internexin/NFH and a-internexin/NFM heterodimers in Fig.
5 migrated as doublets, although protein degradation seems
unlikely since it was not observed in the purified subunit prep-
arations (data not shown). Mixing a-internexin or peripherin
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Fic. 5. Western blot analysis of associations between purified nIF subunits following dialysis against buffered 2 M urea. nlF
subunits were individually purified, mixed as indicated at the top of each panel, and dialyzed against buffered 2 M urea, and some samples were
heated to 56 °C as indicated at the bottom of each lane. Samples were then resclved by 2 m urea-BN-PAGE on a 4-8% polyacrylamide gradient
gel. The Western blot was developed with a mixture of mAbs against the individual nIF subunits, Lanes I2 and 16 were erased, reprobed with an
anti-NFL mAb only, and are shown in lanes 13 and 17, respectively. H, M, L, I, and P denote the nlF monomeric subunits NFH, NFM, NFL,
a-internexin, and peripherin, respectively, L/L, H/I, M/I, I/I, H/P, M/P, L/ P, and P/P denote the dimeric species containing the various nIF

proteins,

with NFL produced heterodimers that could not be resolved
from the a-internexin and peripherin homodimers (lanes 12
and 16, respectively). However, erasure of the Western blot and
reprobing with an anti-NFL mAb alone clearly revealed the
presence of a-internexin/NFL (~177 kDa in lane 13) and pe-
ripherin/NFL (~167 kDa in lane 17) heterodimers.

DISCUSSION

We recently reported that a-internexin, peripherin, and the
NF triplet proteins in cultured DRG neurons are associated (6),
thereby raising questions regarding the assembly stage during
which such heteromeric associations can take place. Charac-
terization of IF protein dimers has been hampered by a lack of
practical and widely accessible techniques for resolving small
oligomeric assembly intermediates. We have now shown that
the recently reported BN-PAGE procedure (21), modified to
include urea, can provide direct and unambiguous separation
of nIF protein complexes and allows multiple combinations of
nIF proteins to be resolved in parallel. To this end, Fig. 2
provides direct evidence for heterodimer formation between
NFL and NFH or NFM, whereas Fig. 5 further shows het-
erodimeric associations between a-internexin or peripherin
and the individual NF subunits.

Small IF assembly intermediates have been generated by a
variety of means, all revolving around the use of low ionic
strength buffers, sometimes containing urea or guanidine in
the 2-3 M range. Such buffers have been used either as a
diluent of whole IFs (16) or as the dialysis component for
limited reassembly of IF proteins from concentrated guanidine
or urea solutions (3-5, 20, 35, 36). IF protein oligomers gener-
ated under these conditions have been considered to be valid
assembly intermediates since addition of physiological salt con-
centrations coupled with removal of urea or guanidine, if re-
quired, leads to the formation of normal-appearing IFs. More-
over, reassembly of NFs (37, 38), a-internexin (7, 39), and
peripherin (40) from urea-containing buffers has been well
documented. More specifically, NFL and NFM have been suc-
cessfully co-assembled into native-like filaments by stepwise
dialysis from guanidine solution to a physiological buffer, in-
cluding an intermediate step involving a buffered 2 M urea
solution similar to ours (20). Taken together, these data indi-
cate that other nlIF protein oligomers formed under such con-
ditions would be valid assembly intermediates,

A previous report described the resolution of NF subunit
heterotetramers containing equimolar amounts of NFL with
NFH or NFM on “native” gels containing 2 M urea (20). In

contrast, our study using the BN-PAGE system revealed that
dimers were the predominant species under similar conditions.
It is possible that the presence of Coomassie Blue G-250 desta-
bilizes tetrameric species, thus favoring the dimers that we
observed, although such effects were not reported by Schiagger
et al. (21). Alternatively, the bovine material used by Cohlberg
et al. (20) may form complexes that are more stable in 2 M urea
than those formed by the rat nIF proteins utilized in our work.
However, neither of these possibilities affects the present con-
clusions relating to heterodimer formation.

NFH and NFM did not interact with themselves (Figs. 2 and
5) or with each other (data not shown), consistent with the
many reports indicating that NFM and NFH do not assemble
or co-assemble significantly in vitro (37, 38, 41) or in vive (11,
12) and further indicating that the interactions we did observe
were not likely to be due to nonspecific interactions between
related a-helical rod domains.

The first step in IF assembly involves the formation of an
unstaggered parallel coiled-coil dimer (2, 42). Residues in po-
sitions @ and d in the heptad repeats making up the a-helices
are believed to form inward facing hydrophobic seams, whereas
the other residues face outward (reviewed in Ref. 43). NFL
contains a unique cysteine residue located in a d position
within a heptad repeat in the rod domain (14), Disulfide cross-
linking of NFL homodimers and other IF protein dimers shar-
ing this conserved residue has been well documented and has
provided an important argument favoring the unstaggered par-
allel coiled-coil model of IF homodimer structure (3, 43). How-
ever, disulfide bond formation between NFL and NFH or NFM
under the conditions used here is somewhat puzzling. Indeed,
the location of the closest cysteine residue in the rod domain of
NFH in the linker region L2, 70 residues removed from the
cysteine residue in NFL, appears to preclude an unstaggered
alignment of these proteins. A similar problem involves the
cysteine in NFM occupying the a position in a heptad, 41
residues away from the cysteine in NFL. Yet, Fig. 3 clearly
demonstrated that cross-linked NFL/NFH and NFL/NFM
dimers can be resolved as such in the 2 M urea-BN-PAGE
dimension, raising the possibility that, in contrast to other IF
proteins characterized so far (1-3, 42), NF subunits associated
in a coiled-coil heterodimer may be in a staggered arrange-
ment. This interpretation appears unlikely considering that
some twisting of the helices would also be required to ade-
quately align the cysteine residues involved in the cross-linking
of NFM or NFH to NFL. A more likely explanation may be that
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the 2 m urea-containing buffer used here allows for slippage
and flexibility within the coiled-coil structure, which would
permit interactions between cysteine residues that are widely
separated in the normal unstaggered alignment. According to
this view, the mobility of subunits in such loosely assembled
coiled-coil dimers would still allow for more efficient intradimer
cross-linking compared with cross-linking between unas-
sembled random collision complexes, which were never ob-
served in these experiments.

a-Internexin and peripherin were shown in Fig. 5 to form
heterodimers with NFH or NFM, suggesting that co-assembly
of these proteins can take place at the dimer level. The com-
paratively greater propensity for NFL to form heterodimers
with NFH and NFM further suggests that it is the preferred
partner for these proteins. However, heterodimeric association
of a-internexin or peripherin with the NF subunits may be
important for cytoskeletal reorganization during development
and axonal regeneration. a-Internexin is the predominant nIF
protein in developing central neurons (39, 44), whereas periph-
erin expression is up-regulated in regenerating large-caliber
NF-containing peripheral axons (45). In both instances, these
a-internexin- or peripherin-containing networks are presumed
to confer greater plasticity as reflected in the dynamic nature of
the growing axon (46). The ability of NF proteins to dimerize
with a-internexin and peripherin could play an important role
in allowing a gradual transition to take place from a more
plastic a-internexin- or peripherin-containing network to a sta-
ble NF-enriched IF network in the mature axon (47).

The modified version of BN-PAGE described here is a widely
accessible, economical, and versatile method that allows sev-
eral different samples to be analyzed in parallel. Future work
in our laboratory will focus on menitoring early nIF protein
assembly intermediates and on assessing the effects of muta-
tions or post-translational modifications known or suspected to
affect IF assembly. '
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Associations Between Intermediate Filament
Proteins Expressed in Cultured Dorsal Root

Ganglion Neurons
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The developmental profile of the neurofilament (NF)
triplet proteins, a-internexin and peripherin in cul-
tured dorsal root ganglion neurons from gestation day
15 rat embryos was determined by Western blot anal-
ysis. At the outset (day 0 in culture), the neurons
contained mostly a-internexin. A significant increase
in peripherin levels was seen at days 1-2, in the mid-
sized (NFM) and low molecular weight (NFL) NF sub-
units at days 2-3, and in the high molecular weight
(NFH) NF subunit at days 5—6. Immunofluorescence
microscopy showed that the five intermediate filament
proteins were co-localized in all neuronal cell bodies
and neurites. Analysis of Triton X-100 extracts from
okadaic acid-treated dorsal root ganglion cultures re-
vealed that peripherin and a-internexin followed the
same fragmentation pattern observed with NFs. In-
teractions between the various neuronal intermediate
filament proteins in these extracts were assessed by
immunoprecipitation under native conditions using
antibodies specific for the individual proteins. Co-
immunoprecipitation of NFH with NFL, NFM with
NFL, NFM with a-internexin, and a-internexin with
peripherin demonstrated that the intermediate fila-
ment cytoskeleton in cultured sensory neurons is a
highly integrated structure. J. Neurosci. Res. 47:300—
310, 1997. © 1997 Wiley-Liss, Inc.

Key words: neurofilaments; peripherin; «-intern-
exin; okadaic acid

INTRODUCTION

Neurofilaments (NFs) were long considered to be
the major type of intermediate filament (IF) expressed in
mature neurons (Shaw et al., 1981; Trojanowski et al.,
1986). However, neurons have more recently been
shown to express two additional IF proteins, peripherin
(Portier et al., 1984; Leonard et al., 1988; Parysek et al.,
1988) and a-internexin (Fliegner et al., 1990). The ex-
pression of peripherin and a-internexin overlaps with
that of NF proteins during development and in a subset of
adult neurons (reviewed by Nixon and Shea, 1992).

Mammalian NFs are composed of three phos-

© 1997 Wiley-Liss, Inc.

phoprotein subunits with apparent molecular masses of
about 68 KDa (NFL), 150 KDa (NFM), and 200 KDa
(NFH), as determined by sodium dodecyl sulfate—poly-
acrylamide gel electrophoresis (SDS-PAGE) (Hoffman
and Lasek, 1975; Julien and Mushynski, 1982). As
members of the [F family of proteins, NF subunits dis-
play a characteristic domain organization, consisting of
an amino-terminal head and a carboxy-terminal tail
flanking a highly conserved a-helical rod domain (Gei-
sler et al., 1983).

The occurrence of a rod domain in each NF subunit
suggested that the individual proteins might be capable
of forming filaments, since IF assembly begins with a
coiled-coil dimerization step involving this domain (for a
review, see Fuchs and Weber, 1994). However, only
NFL is capable of forming substantial, 10-nm-wide ho-
mopolymeric filaments in vitro (Geisler and Weber,
1981), and in vivo studies have shown that NFs are ob-
ligate heteropolymers whose formation requires NFL to-
gether with NFM and/or NFH (Ching and Liem, 1993;
Lee et al., 1993; Ohara et al., 1993; Nagakawa et al.,
1995).

The finding that NFs are obligate heteropolymers
has invited comparison with keratin IFs, which have sim-
ilar properties. However, keratin IFs are stoichiometric
heteteropolymers requiring the participation of an acidic
and a basic type keratin in coiled-coil dimerization
(Fuchs and Weber, 1994). The conditions for NF assem-
bly are less rigid, requiring NFL together with a substo-
ichiometric amount of either NFM or NFH (Lee et al.,
1993). There is evidence that heteromeric interactions
between NF subunits occur during early stages of NF
assembly, at the dimer or tetramer level (Carden and
Eagles, 1986; Cohlberg et al., 1995). However, the for-
mation of NFs in cells expressing NFM or NFH at one-
tenth the level of NFL (Lee et al., 1993) indicates that
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homopolymeric stretches can be accomodated within the
NF structure.

NF assembly and structure may be more complex
in neurons that also express peripherin and a-internexin.
Transfection studies with an IF-deficient cell line have
shown that o-internexin and peripherin can form ho-
mopolymeric filaments (Ching and Liem, 1993; Cui et
al., 1995). a-Internexin can also co-assemble with each
of the three NF subunits in such transfected cells (Ching
and Liem, 1993) as well as in vitro (Balin and Miller,
1995), and peripherin was shown to co-localize with NF
triplet proteins in a subset of neuronal IFs in the sciatic
nerve (Parysek et al., 1991). However, little is known
about the extent or nature of such interactions in neurons.

Dorsal root ganglia (DRGs) in adult rats contain
two distinct types of neurons differing in size and IF
content. The small neurons express peripherin, while the
large neurons express NFs (Goldstein et al., 1991). On
the other hand, embryonic DRGs in vivo or cultures of
embryonic day 15 (E15) DRG neurons contain a single
neuronal type expressing both peripherin and NFs (Gold-
stein et al., 1996). a-Internexin is also found in embry-
onic DRG neurons in vivo (Fliegner et al., 1994), al-
though its expression declines postnatally (Chiu et al.,
1989; Kaplan et al., 1990).

The co-assembly of different IF proteins is often
assessed by methods such as immunofluorescence mi-
croscopy (Ching and Liem, 1993; Lee et al., 1993) or
immunoelectron microscopy (Balin et al., 1991; Parysek
etal., 1991; Balin and Miller, 1995), which provide little
insight into the types of interactions involved. The avail-
ability of a method known to cause the fragmentation of
NFs in cultured DRG neurons has enabled us to take a
different approach to study interactions between the var-
ious neuronal IF proteins. Indeed, treating DRG neurons
with okadaic acid (OA), a potent inhibitor of protein
phosphatase-2A and protein phosphatase-1 (Cohen et al.,
1990), causes NFs to fragment (Sacher et al., 1992,
1994). In this report we show that peripherin and a-in-
ternexin co-localize with NFs in cultured E15 DRG neu-
rons and undergo OA-induced fragmentation similar to
that of NFs. In such OA-treated cultures, we have char-
acterized the associations between the various neuronal
IF proteins in Triton X-100 (Triton)-soluble oligomers
by immunoprecipitation analysis. Our results indicate
that a-internexin is a key element in the integration of the
various neuronal IF proteins through its predominant as-
sociation with NFM and peripherin.

MATERIALS AND METHODS
Materials

OA was from LC Services (Woburn, MA). Spe-
cific, phosphorylation-independent monoclonal antibod-
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ies (Abs) against NFL (NR4), NFM (NN18), and NFH
(N52) were from Sigma Chemical Co. (St. Louis, MO).
Monoclonal Abs against peripherin (MAB1527) and
a-internexin (MAB1525) were from Chemicon Interna-
tional, Temecula, CA), while the one against vimentin
(V9) was from Boehringer Mannheim (Montreal, Can-
ada). Enhanced chemiluminescence reagents were from
NEN (Mississauga, Canada). Neuronal IF proteins were
purified by preparative SDS-PAGE as described (Julien
and Mushynski, 1982). The NF proteins and o-inter-
nexin were from adult rat spinal cord, while peripherin
was from PC12 cells.

Cell Culture and Developmental Profile of Neuronal
IF Proteins

Rat DRGs were dissected, dispersed, and main-
tained in defined medium as previously described (Sa-
cher et al., 1992). For developmental analysis of neu-
ronal IF protein expression, cells were plated on 12-well
tissue culture dishes and allowed to attach to the collagen
substrate for 1 hr. The medium was then drained and
replaced, and the first plated sample (time = 0 hr) was
harvested in sample buffer (2% SDS, 62.5 mM TrisHCI,
pH 6.8, 5% (v/v) B-mercaptoethanol, 10% (v/v) glyc-
erol) (Laemmli, 1970). An untrypsinized sample and a
trypsinized but unplated sample were also kept for anal-
ysis. Standardization of the samples was achieved by
harvesting in equal volumes of sample buffer and by
loading identical volumes on the gels. This is a suitable
method since E15 neurons are post-mitotic and do not die
to any significant degree during the first 30 to 40 days in
culture (E.A., unpublished observation). For separate
analysis of neurites and neuronal cell bodies, the cells
that would normally be used for culture in a dispersed
configuration were concentrated down to a very small
volume (10 pl), plated at the center of a 35-mm dish, and
allowed to attach for 0.5-1.0 hr at 37°C. The dishes
were then flooded with medium, and the resulting local-
ized cultures consisted of a central neuronal cell body
mass eventually surrounded by a halo of neurites.

OA Treatment and Time-Course Analysis

Twenty-five to 32-day-old cultures were treated
with | pM OA for 0, 1, 2, and 4 hr. Neuronal cell bodies
and neurites were physically separated for analysis using
a punch with a diameter equal to that of the cell body
mass. Samples were harvested in cytoskeleton extraction
buffer (CSK buffer: 1% Triton, 100 mM NaCl, 50 mM
TrisHCI, pH 7.5, 50 mM NaF, 2 mM EDTA, 2 mM
levamisol, 1 mM phenylmethylsulfonyl fluoride), vor-
texed for 30 sec, and centrifuged at 13,000g for 15 min.
The resulting pellets (13K pellet) were dissolved in SDS-
Sample buffer, and the 13,000g supernatants (13K su-
pernatant) were further centrifuged at 100,000g in a
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Beckman airfuge for 5 min. The resulting pellets (100K
pellet) and supernatants (100K supernatant) were dis-
solved in sample buffer or by adding one-half volume of
3x SDS-sample buffer, respectively. The 13K and
100K pellets and the 100K supernatants were in identical
final volumes, and equal volumes were analyzed by
SDS-PAGE and Western blotting.

Immunoprecipitation

13K supernatants from cultures treated with OA for
4 hr were immunoprecipitated for 1 hr at 4°C with one of
the monoclonal Abs against either NFL, NFM, NFH,
a-internexin, or peripherin bound to anti-mouse IgGl
Abs crosslinked to agarose beads (Sigma Chemical Co.,
St. Louis, MO). After centrifugation, the pelleted beads
were washed repeatedly with CSK buffer. The immuno-
precipitated proteins were solubilized by boiling for 5
min in SDS sample buffer and analyzed by SDS-PAGE
and Western blotting.

SDS-PAGE and Western Blotting

Electrophoresis of the samples on 6% SDS-poly-
acrylamide gels was performed as described (Laemmli,
1970). The proteins were transferred to a polyvinylidene
fluoride (PVDF) membrane (Millipore Inc.) in a buffer
containing 48 mM Tris and 39 mM Glycine. The protein
bands were then detected with the Abs mentioned in the
figure legends and visualized by enhanced chemilumi-
nescence as described by the manufacturer.

Immunofluorescence

Twenty-five to 32-day-old dispersed sister cultures
grown on collagen-coated glass slides were rinsed with
phosphate-buffered saline (PBS: NaCl, 137 mM; KCI,
2.7 mM; Na,HPO,, 10 mM; KH,PO,, 1.8 mM; pH 7.4)
and fixed with methanol for 20 min at —20°C. Following
rehydration, the samples were incubated for 30 min at
37°C with blocking buffer (PBS with 10% goat serum
and 0.3% Triton) and stained for 1 hr at 37°C with a
cocktail containing a rabbit polyclonal anti-NFM Ab (1:
100) and one of the commercial monoclonal Abs (1:100
to 1:500) against the individual neuronal IF proteins di-
luted in blocking buffer. The slides were then rinsed 5 to
6 times for 5 min with PBS containing 0.3% Triton and
incubated with Texas red- or DTAF-conjugated species-
specific secondary Abs (1:100) and rinsed under the
same conditions as used with the primary Abs. Slides
were then photographed using black-and-white KODAK
TMAX400 and a Zeiss microscope with the camera set
on automatic exposure. Typical exposures were from 15
to 25 sec for the texas-red filter and 25 to 60 seconds for
the DTAF filter.

dpH "

i

Fig. 1. Verification of the specificity of the monoclonal Abs
against the individual neuronal IF proteins by Western blot
analysis. DRG samples containing the various phosphovariants
of NFL and NFH were resolved by SDS-PAGE, and individual
lanes were developed with one of the monoclonal Abs. The
letters H, M, L, I, and P at the top of the individual lanes refer
to the monoclonal Abs against NFH, NFM, NFL, «a-inter-
nexin, and peripherin, respectively. pH and dpH, hyper- and
hypophosphorylated forms of NFH, respectively; M, NFM; pL
and L, hyperphosphorylated and normal NFL, respectively; I,
a-internexin; P, peripherin; *, a cross-reactive band of un-
known origin.

RESULTS

The specificity of the monoclonal Abs used in this
study was verified by testing them individually on a
Western blot containing all of the neuronal IF proteins,
including phosphovariants of NFH and NFL. The results
in Figure | indicate that the individual Abs showed no
appreciable cross-reactivity with the other IF proteins.
Note that since anti-c-internexin also labeled an un-
known Triton-soluble band (*) migrating just above
NFM, only the bottom half of Western blots was probed
with this antibody.

Available in vivo and in vitro data relating to neu-
ronal IF expression in adult and embryonic rat DRGs
(Chiu et al., 1989; Kaplan et al., 1990; Goldstein et al.,
1991, 1996; Fliegner et al., 1994) suggested that cultures
of E15 DRG neurons would express peripherin and a-in-
ternexin along with the NF triplet proteins. The results in
Figure 2 indicate that before trypsinization, E15 DRG
neurons contained mainly a-internexin with traces of pe-
ripherin and NFL (Fig. 2, lane B). Trypsinization alone
had little impact on the profile of neuronal IF proteins
(Fig. 2, lane T). One hour after plating, the harvested
samples had lesser amounts of these proteins, due largely
to the observed failure of some neurons to attach to the
collagen substrate. There was an ordered increase in the
levels of neuronal IF proteins. The neurons contained



AGE (days)

BTO01 23456 7 8910

IF Protein Associations in Cultured DRGs 303

1012 1517 21 23 25 30

Fig. 2. Western blot analysis of the developmental profile of
neuronal IF proteins in cultured E15 DRG neurons. DRGs
were cultured as described in Materials and Methods and har-
vested in equal volumes of sample buffer at the times (in days)
indicated at the top of each lane. In the panel on the right,
sample volumes were one-fourth of those in the left-hand panel
to permit visualization of the entire range of samples with a

mainly a-internexin at the outset (day 0). An increase in
peripherin levels was seen at days 1-2, in NFL and NFM
at days 2-3, and in NFH at days 5-6. Beyond day 17 the
levels of all five IF proteins changed very gradually.

To address the question of whether the neuronal IF
proteins co-localize in the same neurons, dispersed cul-
tures grown on collagen-coated glass slides for twenty
five days were double stained with a rabbit polyclonal
anti-NFM Ab and a monoclonal Ab against one of the
neuronal IF protein. The DTAF- and Texas red-conju-
gated secondary Abs showed no detectable species cross-
reactivity (data not shown). The fluorescence micro-
graphs in Figure 3 show that monoclonal Abs against the
individual neuronal IF proteins each stained the same
neurites (A’ to E") and neuronal cell bodies (F') as the
polyclonal anti-NFM Ab (A to F), indicating that all
neuronal IF proteins are completely co-localized in these
cultured DRG neurons. However, differences in staining
intensities of some neurites were observed, indicating
that the relative proportions of different IF proteins in
these processes can vary. Neuronal cell bodies were also
stained by antibodies against all of the neuronal IF pro-
teins; hence only the results for anti-NFM and anti-a-
internexin are shown in Figure 3.

As a first step toward determining whether the var-
ious neuronal IF proteins are associated or form indepen-
dent structures, we tested whether OA treatment would
fragment assembled peripherin and o-internexin in the
same way as it does NFs (Sacher et al., 1994). Localized
DRG cultures were treated with 1 uM OA for 1-4 hr, the
cell bodies and neurites were harvested separately in
CSK buffer, and various fractions were obtained by dif-
ferential centrifugation (see Materials and Methods). The
13K and 100K pellets and 100K supernatant were re-
solved by SDS-PAGE, and Western blots were probed
with Abs against NFH, NFM, NFL, o-internexin, and

single film exposure. The day 10 sample was reloaded in the
right panel at one-fourth the volume for comparison. The upper
part of the blot was probed with monoclonal Abs against NFH
and NFM, while the lower part was probed with monoclonal
Abs against NFL, o-internexin, and peripherin. IF protein
bands are designated as described in Figure 1. B and T, before
and after trypsin, respectively.

peripherin (Fig. 4). In the untreated perikaryal sample (0
hr), most of the NFH was hypophosphorylated, while
axonal NFH was exclusively hyperphosphorylated as can
be expected from in vivo observations (Sternberger and
Sternberger, 1983). A continuous reduction in the gel
electrophoretic mobility of perikaryal NFH (dpH) was
seen over the 4-hr course of OA treatment, reflecting its
increased phosphorylation in the presence of the phos-
phatase inhibitor. The perikaryal compartment also dif-
fered from the axonal compartment in that the untreated
sample contained a greater proportion of Triton-soluble
NFH, NFL, and peripherin, perhaps reflecting the pres-
ence of newly synthesized, unassembled subunits. The
amounts of all five neuronal IF proteins in the 100K
pellet from cell bodies and neurites reached a maximum
at 2 hr and then leveled off. In contrast, IF protein levels
in the 100K supernatant increased continuously over the
4-hr time-course, indicating that neuronal IFs in OA-
treated neurons were first fragmented into large,
13,000g-soluble oligomers and then underwent further
fragmentation to a point where they were soluble at
100,000g. This sequence is essentially the reverse of that
which occurs during incorporation of newly synthesized
NF subunits into the cytoskeleton (Shea et al., 1988).

Estimates based on the Western blot in Figure 4
indicate that roughly two-thirds of the neuronal IF pro-
teins ended up in the 13K supernatant after 4 hr of OA
treatment. A hyperphosphorylated form of NFL (pL),
with a markedly reduced mobility, appeared in cell bod-
ies and neurites at this time and was found predominantly
in the 100K supernatant.

The finding that a-internexin and peripherin were
also rendered Triton soluble by OA treatment suggested
that they might be coassembled with NFs. To test this
possibility, Triton-soluble IF oligomers produced in
DRG neurons treated with OA for 4 hr were further
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A

Fig. 3. Co-localization of neuronal IF proteins in cultured E15
DRG neurons by immunofluorescence microscopy. Cells were
plated on collagen-coated glass slides, fixed, and stained as
described in Materials and Methods. A-F: Sister cultures
stained with a rabbit polyclonal anti-NFM Ab. A'-F": Co-

staining with monoclonal Abs specific for NFH (A"), NFM
(B"), NFL (C"), peripherin (D'), and a-internexin (E’,F").
Panels A, A’ to E, E’ show staining of neurites, while F and F’
show cell body staining.
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Fig. 3 continued.
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Fig. 4. Western blot analysis of the time-course of neuronal IF
fragmentation in OA-treated neurons. Localized DRG cultures
were treated with | pM OA for 0, 1, 2, or 4 hr. The cell bodies
and neurites were separately harvested in CSK buffer and cen-
trifuged at 13,000 for 15 min. The pellets (13K pellet) were
dissolved in SDS-sample buffer, and the supernatants were

analyzed by immunoprecipitation of the 13K superna-
tants from cell bodies and neurites with Abs against in-
dividual IF proteins. Immunoprecipitates were then an-
alyzed by Western blotting using a cocktail of Abs
against all five neuronal IF proteins as probes to deter-
mine whether any co-immunoprecipitation was taking
place (Fig. 5).

There are three separate controls for the immuno-
precipitation data shown in Figure 5. The first (Fig. 5,
50% yield) provides a 50% recovery index as it repre-
sents the IF proteins in half of the amount of 13K super-
natant used for each immunoprecipitation. The second
control (Fig. 5, No Abs) shows that trace amounts of
only NFM and a-internexin bound to the anti-mouse
IgGl-agarose beads in the absence of an anti-IF anti-
body. The final control (Fig. 5, 2 x dilution) shows suc-
cessive twofold dilutions of equimolar amounts of indi-
vidually purified neuronal IF proteins. The strongest
signal was obtained with the anti-a-internexin Ab, the
weakest with anti-peripherin and anti-NFL, while Abs
against NFM and NFH gave more or less equivalent
signals.

The anti-NFH immunoprecipitates shown in Figure
5 contained very low amounts of the other neuronal IF
proteins, indicating that there was free NFH present in
the extracts. However, there were large amounts of NFH
in the anti-NFL immunoprecipitates, suggesting the pres-
ence of NFH/NFL hetero-oligomers that either contained
substoichiometric amounts of NFL or could not be im-
munoprecipitated by anti-NFH. The next panel (anti-

AXONS

13 K Peliet 100 K Pellet

100 K Super.

centrifuged at 100,000g for 5 min, yielding 100,000g-insolu-
ble (100K pellet) and -soluble (100K super) fractions. Pellets
and supernatants were resolved by SDS-PAGE and analyzed
by Western blotting as described in the legend to Figure 2. IF
protein bands are designated as described in the legend to
Figure 1.

NFM) shows that significant amounts of NFL, a-inter-
nexin, and peripherin, as well as small amounts of NFH,
co-immunoprecipitated with NFM. The highest level of
co-immunoprecipitation was obtained with the anti-NFL
Ab, which brought down large amounts of the NF triplet
proteins and lesser amounts of a-internexin and periph-
erin. Anti-a-internexin co-immunoprecipitated NFM and
peripherin along with a-internexin. The anti-peripherin
immunoprecipitates contained peripherin and «-inter-
nexin along with lower amounts of NFM. Only one-fifth
of the latter immunoprecipitate was loaded on the gel due
to the large amounts of peripherin in our DRG cultures
and the particular effectiveness of the anti-peripherin Ab
for immunoprecipitation.

To further confirm that co-immunoprecipitation of
neuronal IF proteins was not due to the fortuitous asso-
ciation of IF proteins in general, the Western blots were
stripped and reprobed with an anti-vimentin Ab. The
latter showed that there was virtually no vimentin in any
of the immunoprecipitates although an appreciable
amount could be seen in the initial Triton-soluble extracts
(Fig. 5, bottom panel).

DISCUSSION

In this report, we show that cultured E15 DRG
neurons from rat embryos resemble their in vivo coun-
terparts in certain aspects of their developmental expres-
sion of neuronal IF proteins. Examination of Figure 2
indicated that a-internexin was the predominant species
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Fig. 5. Western blot analysis of immunoprecipitates from the
13,000g Triton-soluble fractions of cell bodies and neurites of
OA-treated neurons. Localized DRG cultures were treated with
1 uM OA for 4 hr; the cell bodies and neurites were separately
harvested in CSK buffer and centrifuged at 13,000¢ for 15 min.
The supernatants were immunoprecipitated as described in Ma-
terials and Methods. The panel designations at the top include
the following: 50% YIELD, each lane contains one-half of the
amount of 13K supernatant fraction used for immunoprecipi-
tation; NO Abs, control with no immunoprecipitating antibody;
2% DILUTIONS, successive twofold dilutions of equimolar
amounts of all five neuronal IF proteins. NFH, NFM, NFL,

in freshly dissected DRGs and for the first 2 days after
plating, consistent with its early expression in vivo
(Fliegner et al., 1994). The early increase in peripherin
levels contradicted reports of its tightly coordinated ex-
pression with NFL in DRGs (Escurat et al., 1990). On
the other hand, the observed co-expression of NFL and
NFM concurs with the results of previous studies (Car-
den et al., 1987), as does the delay in onset of NFH
expression (Shaw and Weber, 1982; Pachter and Liem,
1984; Lindenbaum et al., 1988).

As reported previously (Goldstein et al., 1996),
E15 DRG neurons fail to differentiate in vitro into two
distinct phenotypes expressing either peripherin or NFs.
In addition to coexpression of peripherin and NF proteins
(Goldstein et al., 1996), we have shown that they retain
another embryonic feature, the continued expression of
a-internexin. Thus, the reciprocal changes in the levels
of NFL and a-internexin expression that occur during
development (Fliegner et al., 1990) were not seen. These
discrepancies may be due to the inability of cultured
neurons to establish contact with appropriate target cells,
as attempts to normalize IF protein expression in DRG
neurons through the addition of skeletal and heart muscle

INT, and PER refer to immunoprecipitates obtained with anti-
NFH, anti-NFM, anti-NFL, anti-a-internexin, and anti-periph-
erin, respectively. B and A refer to the cell body and neurite
fractions, respectively. Western blots were probed as described
in the legend to Figure 2. IF protein bands are designated as
described in the legend to Figure 1. Western blots of the various
samples and immunoprecipitates were stripped by extraction
with 2% SDS, 0.7% B-mercaptoethanol, at 56°C for 30 min and
reprobed with an anti-vimentin antibody. The lowest panel
shows the vimentin (V) band in these samples. The major band
just under peripherin is the 1gG heavy chain (IgG).

extracts have met with limited success (Goldstein et al.,
1996).

Following the fragmentation pattern of the neu-
ronal IF network in OA-treated cultures provided some
insight into the relationship between the different com-
ponents. In addition to NF proteins, the Triton solubility
of peripherin and a-internexin also increased under these
conditions. More significantly, the time-course and ex-
tent of solubilization were the same for all of these pro-
teins in both the perikaryal and axonal compartments,
suggesting that they were interconnected.

OA-induced NF fragmentation is reversible to a
point (Sacher et al., 1992) and is likely due to inhibition
of protein phosphatase-2A (Cohen et al., 1990; Sacher et
al., 1994), an enzyme associated with NFs that has been
proposed to play a role in preserving their filamentous
structure (Saito et al., 1995). Moreover, NF fragmenta-
tion correlates with an increase in the phosphorylation of
two protein kinase A sites in the head domain of NFL
(Giassonetal., 1996). Head domain phosphorylation may
similarly affect a-internexin (Tanaka et al., 1993), but
there is a lack of evidence linking peripherin phosphor-
ylation with disassembly (Aletta et al., 1989). Neverthe-
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less, it appears that OA shifts the equilibrium between the
antagonistic effects of protein phosphatase-2A and pro-
tein kinase A (Giasson et al., 1996), apparently magni-
fying an oligomerization process involved in NF dynam-
ics (Okabe et al., 1993). Thus, IF proteins contained in
the oligomeric products of OA-induced disassembly are
likely to retain the normal association patterns that exist
in situ.

The validity of the co-immunoprecipitation para-
digm we used to test for possible associations between the
various neuronal IF proteins is based upon several criteria.
First, the Western blot in Figure 1 indicated that the
individual monoclonal Abs we used did not show any
cross-reactivity with other IF proteins. Second, the con-
trol in Figure 5 carried out in the absence of primary Abs
showed that the fragmented IFs remained soluble through-
out the immunoprecipitation protocol. Furthermore, ref-
erence to the 50% yield index in Figure 5 indicated that
in some cases, co-immunoprecipitated species comprised
up to half of the starting material and were likely to be
representative of the total fraction. Also noteworthy was
the lack of vimentin, a component of satellite cells in DRG
cultures, in the immunoprecipitates. All three NF subunits
have been shown to co-assemble with vimentin in co-
transfected non-neuronal cells (Chin and Liem, 1989,
1990; Monteiro and Cleveland, 1989). The failure of
vimentin to co-immunoprecipitate with any of the neu-
ronal IF proteins indicated that the associations we ob-
served did not result from interactions taking place in the
Triton extracts following cell lysis.

The co-immunoprecipitation data showed several
associations between neuronal IF proteins, but it still is
not clear whether the interactions are direct or are due to
some protein(s) not detected in these experiments, There
is also a problem concerning the apparent lack of reci-
procity between co-immunoprecipitates obtained with
anti-NFL as compared to those obtained with anti-NFH,
anti-a-internexin, and anti-peripherin, respectively. A
high level of co-immunoprecipitation of all the neuronal
IF proteins was effected by anti-NFL, perhaps reflecting
its key role in NF assembly (Ohara et al., 1993). On the
other hand, only low amounts of NFL were co-immuno-
precipitated by anti-NFH, and none was seen in the anti-
a-internexin and anti-peripherin - immunoprecipitates.
These apparent discrepancies can be explained in several
ways. In the case of NFH, it is possible that two forms of
this subunit are present in the Triton-soluble fraction, one
consisting of free NFH and the other comprising NFH
associated with NFL in a form that is refractory to im-
munoprecipitation by anti-NFH. It is also possible that
NFH is associated with hetero-oligomers containing sub-
stoichiometric amounts of NFL.. However, the latter pos-
sibility cannot apply to the anti-a-internexin and anti-
peripherin immunoprecipitates because they did not

contain NFL. In these two cases it appears that epitope
masking may take place in those hetero-oligomers that
contain NFL along with c-internexin and/or peripherin.
Although the basis for these discrepancies remains to be
determined, they do not detract from the validity of our
data in demonstrating associations between the various
neuronal IF proteins.

The low level of association between NFM and
NFH indicated by the co-immunoprecipitation studies
suggests that the two subunits may be contained in dif-
ferent subsets of oligomers. This difference may reflect
a fundamental aspect of NF organization and could ex-
plain the more dynamic nature of NFH in neurons
(Takeda et al., 1994).

The present study provides direct evidence for an
association between a-internexin, NFM, and peripherin
in cultured E15 DRG neurons, indicating that the IF
cytoskeleton in these cells is a highly integrated struc-
ture. Perhaps the co-assembly of a-internexin and pe-
ripherin with NFs produces IFs with a high degree of
plasticity required to support neurite outgrowth (Nixon
and Shea, 1992). This notion concurs with the presence
of high levels of a-internexin in embryonic DRGs (Flieg-
ner et al., 1994) and with the upregulation of peripherin
in large NF-containing DRG neurons during axonal re-
generation (Oblinger et al., 1989). The elucidation of
these and other questions pertaining to the neuronal IF
cytoskeleton will no doubt be facilitated by the availabil-
ity of cultured neurons that co-express all of the major
neuronal IF proteins.
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