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Neuronal cytoskeletal elements such as neurofilaments, F-actin, and microtubules are actively
translocated by an as yet unidentified mechanism. This report describes a novel interaction
between neurofilaments and microtubule motor proteins that mediates the translocation of
neurofilaments along microtubules in vitro. Native neurofilaments purified from spinal cord are
transported along microtubules at rates of 100-1000 nm/s to both plus and minus ends. This
motion requires ATP and is partially inhibited by vanadate, consistent with the activity of
neurofilament-bound molecular motors. Motility is in part mediated by the dynein/dynactin
motor complex and several kinesin-like proteins. This reconstituted motile system suggests how
slow net movement of cytoskeletal polymers may be achieved by alternating activities of fast

microtubule motors.

INTRODUCTION

Intermediate filaments (IFs) are 10-nm-diameter filaments
that assemble within the cytoplasm of most multicellular
organisms. The proteins that comprise IFs are part of a
diverse family and are differentially expressed in specialized
tissues; vimentin in mesenchymal tissue, desmin in muscle,
keratins in epithelium, etc. (reviewed by Fuchs and Weber,
1994). The putative role of IFs in vivo is to maintain cellular,
and thereby tissue, integrity under mechanical stress (Galou
et al., 1997; Fuchs and Cleveland, 1998). IFs perform this
function through unique mechanical properties (Janmey et
al., 1991; Leterrier et al., 1996) and interactions with both
F-actin (Cary et al., 1994; Yang et al., 1996) and microtubules
(Hirokawa et al., 1988; Svitkina et al., 1996; Prahlad et al.,
1998; Yang et al., 1999) to form an integrated filament net-
work throughout the cytoplasm (Houseweart and Cleve-
land, 1998).
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Neuronal cells are enriched in specialized IFs, neurofila-
ments (NFs), which are composed of three subunits, NF-L,
M, and H (low, medium, and high based on their electro-
phoretic mobility). The NF-H and M subunits bear unique
carboxy-terminal domains that can link NFs to each other
and to other cellular structures, such as microtubules (Hiro-
kawa et al., 1988) and mitochondria (Leterrier ef al., 1994).
NFs, through their interactions with each other and with
other cytoskeletal elements, form a dynamic scaffold that
participates in maintaining axonal calibre (Hoffman et al.,
1987). This scaffold is constantly renewed much like the
cytoskeleton of non-neuronal cells, but the length of neuro-
nal processes presents a barrier to diffusive transport of
cytoskeletal proteins. The turnover of the axonal cytoskele-
ton requires active transport of newly synthesized cytoskel-
etal proteins from the cell body along the axon. The trans-
port of NF and microtubule (MT) proteins, first documented
more than 30 years ago (Weiss and Hiscoe, 1948; Lasek,
1967; Karlsson and Sjostrand, 1968; McEwen and Grafstein,
1968), takes place through an as yet unidentified mechanism
(Nixon, 1998) at rates 100 times slower (0.1-1.0 mm/d) than
conventional MT motor-driven vesicular cargoes (~50-100
mm/d).

Recent studies have elucidated some elements of the slow
transport process through the direct visualization of NF
transport in living axons (Wang et al., 2000). In this elegant
study a subset of fluorescently tagged NFs was transported
down and visualized in the axon of a cultured neuron,
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demonstrating for the first time the saltatory nature of ax-
onal NF transport. The transported NFs exhibited short
time-scale motions consistent with a fast anterograde trans-
port velocity interspersed with frequent pauses and short
retrograde motions, presumably all combining to result in
the net slow velocity measured by traditional pulsed radio-
labeling techniques. The visualization of a transported sub-
set of NFs indicates that there exists a pool of NFs bound to
molecular motors that contribute to motility.

Here we use a native preparation of neurofilaments to
isolate an NF fraction containing NF-bound MT motors.
These NF-motor complexes mediate the bidirectional trans-
location of NFs along MTs in vitro. Biochemical and immu-
nological analyses suggest that dynein and dynactin are in
part responsible for the minus end-directed motion of NFs
on MTs and that one or a number of kinesin-related proteins
make up the plus end component. The biochemical isolation
of a functional NF/motor complex represents an essential
step in dissecting the molecular components responsible for
the slow transport of cytoskeletal elements.

MATERIALS AND METHODS

Purification and Fluorescent Labeling of Native
Neurofilaments

Native neurofilaments were prepared from freshly obtained bovine
(Arena and Sons, Hopkinton, MA) or rat spinal cords (Institut
National de la Santé et de la Recherche Médicale Animal facility,
Angers, France) according to Leterrier and Eyer (1987) based on a
previous method of Delacourte et al. (1980) with modifications
(Leterrier et al., 1996). All data presented were obtained with bovine
material unless otherwise specified. Spinal cords were homogenized
1:1 (wt:vol) with RB [100 mM 2-(N-morpholino)ethanesulfonic acid,
1 mM EGTA, 1 mM MgCl,, pH 6.8]. The spinal cord homogenate
was centrifuged at 100,000 X g for 1 h at 4°C. The supernatant was
collected and incubated with one-half supernatant volume of glyc-
erol at 4°C for 3 h. The glycerol mixture was centrifuged at
150,000 X g for one hour at 4°C. The supernatant was decanted and
is referred to as “supe” in figures. The pellet was homogenized in a
teflon-glass tissue grinder by using RB plus a protease inhibitor
cocktail (1 uM leupeptin, 1 uM pepstatin, 0.05 trypsin inhibitor unit
(TIU)/ml aprotinin, 0.1 mM chloroquine, 10 nM soybean trypsin
inhibitor, 100 pg/ml Na-p-tosyl-L-arginine methyl ester, and 0.1
mM N-tosyl-L-lysine chloromethyl ketone) at 4°C and is referred to
as “crude NF” in the figures. The crude NFs were further centri-
fuged over a two-step sucrose cushion (0.8 and 1.5 M in RB) at
300,000 X g for 3 h at 4°C. The supernatant was removed and the
pelleted material was gently homogenized in RB with 0.8 M sucrose
and protease inhibitors. The homogenized pellet was dialyzed
against RB with 0.8 M sucrose and 0.1 mM phenylmethylsulfonyl
fluoride for at least 24 h.

NFs were fluorescently labeled by addition of a 40 times molar
excess of rhodamine B N-hydroxy succinimidyl ester (a kind gift of
Dr. Roland Vegners, Latvian Institute for Organic Synthesis, Riga,
Latvia) to the crude NFs, incubated for 30 min at 4°C, and subse-
quently spun over the two-step sucrose cushion to simultaneously
purify native NFs and eliminate free dye in the preparation.

Purification, Labeling, and Assembly of
Microtubules

Purified tubulin was prepared from bovine brain microtubules and
estimated to be ~99% pure as determined by densitometric scan-
ning of Coomassie-stained gels (Vallee, 1986; Malekzadeh-Hemmat
et al., 1993). Tubulin was fluorescently labeled with an Oregon
Green 488 succinimidyl ester (Molecular Probes, Eugene, OR) ac-
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cording to published protocols (Hyman et al., 1991) or, in the case of
rhodamine tubulin, obtained from commercial sources (Cytoskele-
ton, Boulder, CO). Polarity-marked MTs were grown from brightly
fluorescent tubulin polymer seeds in the presence of an N-ethylma-
leimide-tubulin/unconjugated tubulin mixture (Hyman, 1991). The
polymerized tubules were stabilized by the addition of taxol (pac-
litaxel; Calbiochem, La Jolla, CA) to 10 uM. The ratio of labeled
tubulin in polarity-marked tubules varied widely and resulted in a
range of apparent MT widths when imaged by fluorescence micros-
copy, a function of fluorescent intensity, image acquisition times,
and image postprocessing (e.g., enlargement).

Motility Assay

NF motility along MTs was observed in flow chambers (~30 ul)
prepared from standard microscope slides attached to a coverslip by
using double-sided tape (3 M, Minneapolis, MN). The chamber was
initially loaded with a dilute solution of polarity marked MTs in
RBT buffer (RB + 10 uM taxol). The MTs were allowed to adsorb to
the glass surface for 10 min. The chamber was then loaded with 10
pg/ml casein to block the remaining glass surface, preventing non-
specific protein adsorption. The casein solution was flushed out
after 10 min with five chamber volumes of RBT buffer. Fluorescently
labeled bovine NFs were added to the chamber at 0.1-1 ug/ml. NFs
were allowed to incubate with the MTs for at least 30 min. Excess
NFs were removed by flushing the chamber with RBT buffer aug-
mented with an oxygen-scavenging antibleaching solution (2
mg/ml glucose, 0.1% B-mercaptoethanol, 360 U/ml catalase, 8
U/ml glucose oxidase) (Kishino and Yanagida, 1988). Biochemical
and immunological effectors of motility were preincubated with the
NFs for at least 30 min before addition to the motility chamber.
Vanadate experiments were carried out at pH 7.5 and without
B-mercaptoethanol to prevent vanadate oligomerization and reduc-
tion (Penningroth, 1986). These changes did not affect ATP-depen-
dent translocation. Antibody experiments were carried out using an
anti-dynein intermediate chain antibody (74.1; Chemicon, Te-
mecula, CA, and 70.1; Sigma, St. Louis, MO), anti-NF antibodies
(SM1I31, SMI32; Sternberger Monoclonals, Lutherville, MD), an anti-
glial fibrillary acidic protein (GFAP) antibody (Sigma) and the cor-
responding isotype controls (Sigma) used at the same immunoglob-
ulin concentration. All motility assays were carried out at room
temperature.

Motility Analysis

Fluorescent filaments were visualized on a Nikon Diaphot 300
inverted microscope equipped with epifluorescence optics and high
numerical aperture objectives. Motility was recorded by a silicon-
intensified target camera (DAGE-MTI 64L, Michigan, IL) and digi-
tized through a Scion capture card (Scion, Frederick, MD) to a
Power PC Macintosh computer (Apple Computer, Cupertino, CA).
All video data were captured at 1 frame per second. Trajectory
analysis was carried out using NIH-Image (National Institutes of
Health, Bethesda, MD) and MATLAB (MathWorks, Natick, MA).
Velocity measurements were made on those NFs that showed per-
sistent motion for at least 3 s. Net velocities were calculated by
combining all motile events (>40) and calculating the net displace-
ment. Digital colorization was carried out using Adobe Photoshop
(Adobe Systems, San Jose, CA). ANOVA analysis was carried out
with SPSS (SPSS Inc., Chicago, IL).

Antibodies

Commercial antibodies were obtained for the detection of dynein
intermediate chain (70.1; Sigma; 74.1, Chemicon), capZ subunits («
subunit monoclonal 5B12; 8 subunit monoclonal 3F2; Developmen-
tal Studies Hybridoma Bank, Iowa City, IA), NF subunits (SMI31,
SMI32; Sternberger Monoclonals), and GFAP (Sigma). Immunoglob-
ulin isotype controls were purchased from Sigma. Dynactin anti-
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bodies (anti-p1508'ed, anti-p50) were kindly provided by K.T.
Vaughan (University of Massachusetts Medical Center, Worcester,
MA), the anti-HIPYR kinesin peptide antibody was kindly provided
by Arshad Desai (Harvard Medical School, Boston, MA), and the
conventional kinesin heavy chain antibody, SUK4, was kindly pro-
vided by Jonathan Scholey (University of California at Davis, Davis,
CA). AS-2 kinesin toxin was provided by Lawrence S. B. Goldstein
(University of California at San Diego, La Jolla, CA) through a
material transfer agreement. Immunoblots were carried out accord-
ing to standard methods (Towbin et al., 1979).

NF/Dynein Disruption

NFs (0.04 mg/ml) were incubated with anti-dynein intermediate
chain antibody 74.1 (0.02 mg/ml, 1:50 dilution), control antibody
(IgG2b, 0.02 mg/ml; Sigma), or no antibody for 1 h at 4°C, and then
centrifuged at 100,000 X g for 1 h over a 0.8 M sucrose cushion in
RB. Pellets were resuspended in SDS-PAGE sample buffer and
resolved on 7.5% gels (Laemmli, 1970) and proteins detected by
immunoblotting. Protein levels were quantified by scanning densi-
tometry by using NIH-Image software. The antibody signal was
normalized to NF content in each lane to determine the amount of
dynein intermediate chain that was displaced from the NFs.

NF Detergent Extraction

NFs (0.1 mg/ml) were incubated in RB with 0.4 M sucrose, protease
inhibitor cocktail and with 1% Triton X-100, 1 M KClI or buffer for 1 h
at 4°C. The mixture was then centrifuged at 100,000 X g for 1 h over
a 0.8 M sucrose cushion in RB. The two sucrose layers (0.4 and 0.8
M, designated supe and “sucr” in figures) were collected separately
as was the pelleted material. A sample of each fraction was resolved
by SDS-PAGE and immunoblotted for dynein intermediate chain
reactivity (74.1).

Electron Microscopy

Immunoelectron microscopy (immuno-EM) was performed by se-
quentially incubating glow-discharged, formvar-coated copper
grids in the following solutions: RB, buffer A (RB with 2 M glycerol),
NFs diluted to 0.05 mg/ml in buffer A, 10 min wash in buffer A, 10
min wash in buffer B (PBS with 1 M glycerol), 30 min in buffer B
with 1% goat serum, 30 min in primary antibody diluted into buffer
B with 1% goat serum, three 10-min washes in buffer B with 0.1%
goat serum, 30 min in secondary antibody (sheep anti-mouse cou-
pled to 8-nm gold particles, kind gift of ].H. Hartwig, Brigham and
Women’s Hospital, Boston, MA) diluted into buffer B with 1% goat
serum, three 10-min washes in buffer B with 0.1% goat serum, 5-min
wash in buffer B, and then stained by incubating 1 min in 2% uranyl
acetate dissolved in deionized H,O. Staining of NF and MT-NF
mixtures was carried out on glow-discharged, formvar-coated cop-
per grids with 2% uranyl acetate.

For osmium tetroxide-stained sections, NFs in RB + 0.8 M sucrose
were mixed with an equal volume of 2% glutaraldehyde in the same
buffer. The mixture was incubated for 30 min at room temperature
and then spun at low speed, 1000 X g for 5 min. The pellet was
postfixed with 1% osmium tetroxide in deionized H,O for 30 min at
room temperature. The postfixed pellet was washed twice with
deionized H,O and stained en bloc with 1% uranyl acetate in H,O
for 1h at 4°C in the dark. The pellet was then washed with deionized
H,O twice, and dehydrated using the following protocol: 50% eth-
anol 45 min, 70% ethanol 45 min, 90% ethanol 45 min, 100% ethanol
45 min repeated twice. Samples were soaked in epoxypropene once,
followed by 50% epoxypropene 50% epon before incubation for 10
min and removal of epon by gravitation overnight. Final embedding
was in pure epon by polymerization at 37°C for 2 d and 60°C for 2 d.
Sections were cut with glass knives by using a Reichert Ultracut and
grid mounted sections were poststained with 1% uranyl acetate in
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deionized water. All samples were observed in a JEOL-1200EX
electron microscope at 100 kV.

RESULTS

Natively Purified NFs Contain Primarily NF Triplet
Proteins and No Membranous Organelles

NFs were purified in their native polymerized state from
mammalian spinal cords according to previously described
methods (Delacourte et al., 1980; Leterrier and Eyer, 1987;
Leterrier et al., 1996). SDS-PAGE analysis of purified bovine
NFs revealed >95% neurofilament protein composed of the
three subunits NF-H (200 kDa), NF-M (150 kDa), and NF-L
(68 kDa) (Figure 1A). Fluorescent labeling of a rat NF prep-
aration revealed enrichment of the label in the NF triplet
proteins (Figure 1B). Osmium tetroxide-stained sections
(Figure 1C) and uranyl acetate staining (Figure 1D) of the NF
preparation revealed no MT or membranous organelle con-
tamination.

As previously described by Eyer et al. (1989), this NF
preparation contains significant ATPase activity. The AT-
Pase activity was further characterized to demonstrate a
modest (30-40% increase) stimulation by the addition of
taxol-stabilized tubulin polymers and sensitivity to micro-
molar (~10 uM) vanadate and millimolar EDTA (our un-
published results). These data are consistent with the pres-
ence of MT-based molecular motors. Furthermore, the
inhibition of MT-stimulated ATPase activity at low (10 uM)
vanadate concentrations is the biochemical signature of a
dynein-like molecular motor.

Natively Purified NFs Are Translocated along MTs

To test the hypothesis that the ATPase activity represents
MT motors that have copurified with NFs and that these
motors may mediate NF transport, NFs were fluorescently
labeled and visualized on MTs fixed to a substrate. Due to
their intrinsic flexibility, NFs often appear as compact struc-
tures in solution and elongate into filaments when adsorbed
to a glass surface (Leterrier et al., 1996). Rhodamine-labeled
NFs were introduced into a chamber containing adsorbed
fluorescent, taxol stabilized, polarity-marked MTs (Hyman,
1991) at low NF concentrations to permit the visualization of
single NFs. After incubation for 30 min, a large fraction of
MT contours were decorated with compact NFs.

After the addition of ATP a substantial percentage of the
MT-bound NFs (>50%) exhibited bidirectional motion along
MTs. Figure 2, A-F (and supplementary information), show
representative video sequences of bidirectional NF translo-
cation along MTs. Figure 2, A and B, show examples of an
NF with one end bound to the glass surface and the other
end stretched and bound to an MT. Here the filamentous
nature of the preparation is easily visualized. Figure 2, C-F,
show examples of compact NF structures that are deformed
by the force provided through the MT motor and in each
case, the structure reveals a filamentous component (small
arrow). In Figure 2C, the filamentous component appears as
a looping structure connecting two previously consolidated
NF structures. In Figure 2D, a large NF structure moves
predominantly to the plus end of a MT while undergoing a
number of shape changes. Figure 2, E and F, both demon-
strate the colocalization of the filament along the MT con-
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tour, presumably due to opposing forces that stretch out the
NFs during translocation. In most cases, the NFs move a
significant distance (>4 wm) in a processive manner follow-
ing MT contours, characteristics that are inconsistent with a
diffusive mechanism of motion. Motility was not due to
contaminating vesicles because membranous structures
were not observed by electron microscopy (Figure 1, C and
D) or by inclusion of a fluorescent lipid dye in the motility
assay (our unpublished results). In addition, NFs extracted
with a nonionic detergent (1% Triton X-100) had qualita-
tively similar motility characteristics to that of unextracted
NFs. Electron micrographs of motility assay samples dem-
onstrated a number of NF-MT electron dense associations
that indicate contact points potentially responsible for the
motility (Figure 2G).

NF Translocation Is ATP-dependent and Sensitive to
Agents That Disrupt MT Motors

To characterize the MT motor(s) involved in the transloca-
tion of NFs, the biochemical and immunological sensitivity
of the motility was investigated (Figure 3, A-C). Baseline
activity was measured as the percentage of MT-bound NFs
that translocated along MT contours in the presence of 100
uM Mg?*-ATP. Addition of antibodies specific to NFs re-
sulted in a significant decrease in motile NFs. An antibody to
the phosphorylated form of NFs (SMI31) almost completely
eliminated the motile behavior, whereas an antibody to the
dephosphorylated form (SMI32) did not significantly dimin-
ish the motility. The addition of an antibody against glial
fibrillary acidic protein, another IF protein present in the
spinal cord, did not affect motility. Thus, as suggested above
by their filamentous form and purity demonstrated by SDS-
PAGE (Figure 1A), the motile elements are largely com-
posed of NF proteins (Figure 3A).

Depletion of ATP by hexokinase and glucose, and chela-
tion of Mg?" by EDTA resulted in a significant decrease in
motility, consistent with the presence of ATP-dependent
mechanoenzymes (Figure 3B). The addition of vanadate
over a broad range of concentrations (5-200 uM) also sig-
nificantly decreased the motility (Figure 3B). A decrease of
motility at low concentrations of vanadate (5-10 uM) is
characteristic of a dynein ATPase. Addition of erythro-9-(2-
hydroxy-3-nonyl)adenine (EHNA), a specific inhibitor of dy-
nein (versus kinesin) ATPase activity (Penningroth, 1986)
also decreased NF transport, strongly suggesting a role for
dynein in the observed motility. The addition of anti-dynein
intermediate chain (DynIC) antibodies 74.1 (Dillman ef al.,
1996) and 70.1 (Steuer et al., 1990) disrupted NF translocation
along MTs to a similar extent as EHNA (Figure 3C). Anti-
body isotype controls showed similar NF motility to that of
ATP alone, demonstrating a specific effect of the anti-dynein
intermediate chain antibodies. A kinesin motor toxin, ado-
ciasulfate-2 (AS-2), from the Adocia marine sponge (Sakow-
icz et al., 1998), also disrupted NF motility, indicating a
specific role for kinesins in the observed motility.

Figure 3D shows the measured trajectory of representative
NFs demonstrating bidirectional motility. The distances tra-
versed by the NFs before changing direction or stopping (up
to 4 um) are consistent with persistent motor driven motion
of the NF along the MT in direct contrast to a diffusive mode
of motility where the average excursions would be much
shorter and ATP-independent (Figure 3B). The analysis of a
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large number of translocating NFs is summarized in the
velocity histogram of Figure 3E. The average velocity in each
direction was in the 100-250-nm/s range, consistent with
MT motor speeds seen in MT gliding assays (Cohn et al.,
1993) and measurements of organelle motility (Vale et al.,
1985; Wiemer et al., 1997). Motility in the presence of 100 uM
ATP had no significant bias in MT polarity. However, spe-
cific disruption of dynein-mediated motility, through
EHNA, vanadate (Penningroth, 1986), and the 74.1 DynIC
antibody (Leopold et al., 1998), all biased the NF motility
toward the plus end (Figure 3F).

Dynein/Dynactin Are Partly Responsible for Minus
End-directed Motility

The disruption of NF motility by dynein-specific antibodies
directly demonstrates a role for dynein in the translocation
visualized. Previous reports of dynein-mediated motility
disruption by antibodies has been interpreted as a disrup-
tion of dynein-dynactin interactions (Heald et al., 1997; Wa-
terman-Storer et al., 1997). Fractions from the NF purification
were probed with antibodies to dynein and members of the
dynactin complex. The multiprotein dynactin complex binds
dynein and is thought to link the motor to vesicular cargo
and regulate its activity (Gill et al., 1991). An antibody to the
intermediate chain of dynein shows strong reactivity in the
purified NFs (Figure 4A) as does an antibody to the heavy
chain (DHC1) of dynein (our unpublished results). The pu-
rified NF fraction also contains members of the dynactin
complex: p1508tued (Figure 4B), p50/dynamitin (Figure 4C)
and capZ (Figure 4D). The presence of dynactin complex
members in the NF fraction suggests a dynactin-mediated
link between NFs and dynein.

The 74.1 DynIC antibody used to block NF motility (Fig-
ure 3, C and F) recognizes the same epitope (Leopold et al.,
1998) as a previously characterized antibody that displaces
dynein intermediate chain from its cargo (Steffen et al., 1997).
Incubation of NFs with the 74.1 antibody also displaced
DynIC from the NFs (Figure 4E). Similar results were ob-
tained with the 70.1 DynIC antibody (our unpublished re-
sults). Normalization of the Western blot signal shown in
Figure 4E to total NF content per lane shows that ~50% of
the DynlIC is released from NFs by the 74.1 antibody, which
is consistent with the 50% reduction in motility of NFs
observed after treatment with the same antibody (Figures 3C
and 4F). In contrast, p1508'? was not removed by treatment
with the 74.1 antibody, suggesting that members of the
dynactin complex remain associated with NFs (Figure 4F).
The displacement of DynIC from the NFs by the 74.1 anti-
body suggests that the disruption of NF motility was the
result of decoupling the dynein complex from the NFs,
thereby reducing the number of minus end-directed motile
events.

To rule out the possibility of a membranous organelle-
mediated interaction between NFs and dynein, the NF frac-
tion was treated with a nonionic detergent. The dynein-NF
interaction was not disrupted by 1% Triton X-100 (Figure
4G), indicating that the interaction does not involve mem-
branous structures. The interaction between NFs and dynein
could, however, be disrupted by 1 M KCl, indicating that the
association is labile to high salt treatment (Figure 4G). NFs
treated with Triton X-100 had similar motility statistics to
control NFs (our unpublished results).
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Figure 1. NFs purified from bovine spinal cord
have a filamentous structure. (A) SDS-PAGE anal-
ysis of a subset of the fractions from the NF puri-
fication shows the progressive enrichment of NF
triplet protein in the preparation. Supe refers to the
supernatant remaining after centrifugation of
crude NF, which was further purified over a su-
crose cushion to give NF (see MATERIALS AND
METHODS). (B) Fluorescent exposure of rhoda-
mine-labeled NF fraction after SDS-PAGE analysis.
(C) Electron micrograph of osmium tetroxide-
stained sections of pelleted NF fraction. Bar, 200
nm. (D) Electron micrograph of negatively stained
NFs from final NF fraction. Bar, 200 nm.

Dynein Is Localized to NFs

NFs were analyzed by immuno-EM to determine dynein
localization. NFs were adsorbed to grids, incubated with an
anti-DynIC antibody, a gold-conjugated secondary anti-
body, and negatively stained. Figure 5, A-D, show colocal-
ization of dynein immunoreactivity with NF contours and
verify that dynein is not bound to MTs or vesicles. Second-
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ary antibody alone (Figure 5E) or isotype control antibodies
(our unpublished results) showed minimal labeling, demon-
strating that the dynein immunoreactivity reflects the spe-
cific association of dynein with NFs.

The labeling of NFs by anti-DynIlC was quantified for
comparison to labeling by control antibodies and an anti-
body to conventional kinesin (SUK4, Figure 5G). The anti-
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dynein antibody labeled NFs at a higher density than an
isotype-matched immunoglobulin control, secondary anti-
body only control, or the anti-kinesin antibody, which is
consistent with the absence of conventional kinesin reactiv-
ity by immunoblotting (Figure 6A). The pattern of dynein
labeling on NFs was heterogeneous, with some regions
showing dense labeling and other regions sparse labeling.
To further quantify this pattern of labeling the density of
gold particles along NF segments was measured. This anal-
ysis shows that NFs labeled with the secondary antibody
control did not contain any segment <250 nm long with
more than three beads, whereas the dynein-labeled NFs had
many segments that contained anywhere from 4 to 20 beads
(Figure 5F). Based on the distribution shown in the histo-
gram the dynein-labeled NFs were separated into those that
were densely labeled (=32 beads/um) or sparsely labeled
(<32 beads/um). In doing so it was determined that the
densely labeled regions contain on average 50 beads/um,
whereas the sparsely labeled regions averaged 1.38
beads/um (Figure 5G). The densely labeled regions corre-
spond to ~2.7% of the total NF contour length. This result is
inconsistent with a random (Poisson) distribution of labeling
and shows that the distribution of dynein epitopes along the
NFs is heterogeneous.

The density of dynein labeling was compared with the
labeling of NFs by a mixture of two antibodies that recog-
nize phosphorylated and nonphosphorylated NF epitopes,
SMI31 and SMI32, respectively (Sternberger and Stern-
berger, 1983). A mixture of these antibodies was used to
detect all NFs regardless of phosphorylation state. The den-
sity of labeling with the anti-NF antibodies averaged 17.8
beads/um (Figure 5G). The dense labeling by the anti-dy-
nein antibody is of an even greater density than the labeling
by the NF antibodies, possibly due to differences in the
affinity of the antibodies or the availability of their epitopes.
Taken together, these results show that the labeling of NFs
by the anti-dynein antibody is above levels obtained with
control antibodies and is heterogeneous, with regions of
highly labeled NFs that are at least on the order of staining
with NF antibodies. This heterogeneity is also apparent in
the motility assay in which a minority of the added NFs bind
to and translocate along MTs. Furthermore, this pattern of
dynein labeling demonstrates that the binding of dynein to
NFs is specific because a nonspecific interaction would re-
sult in a sparse, homogeneous, and Poisson-distributed la-
beling of the NFs with dynein epitopes.

A Number of Kinesin-like Proteins Copurify with
NFs

An antibody to the heavy chain of conventional kinesin,
SUK4 (Ingold et al., 1988), showed no reactivity in the NF
preparation by Western blotting (Figure 6A) or immuno-EM
(Figure 5G), although reactivity is observed with intermedi-
ate fractions resulting from the NF preparation (Figure 6A).
The absence of conventional kinesin, the most prevalent
form of kinesin, in the purified NF fraction precludes the
possibility of contamination by motor-bound organelles and
nonspecific interactions between NFs and soluble kinesins.
To identify possible kinesin homologues that may be re-
sponsible for the observed plus end-directed motility, an
anti-peptide antibody developed against the MT-binding
region of Xenopus conventional kinesin heavy chain (HIPYR)
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(Sawin et al., 1992) was used to probe the NF fraction. The
anti-HIPYR antibody consistently revealed a number of
polypeptides (Figure 6B). The molecular weights of these
putative kinesin related proteins were 200, 110, 95, and 85
kDa (lower molecular weight bands were also present with
secondary antibody alone and may also represent degrada-
tion products). Dephosphorylated NF samples in which
NEF-H electrophoretic mobility is increased also displayed
HIPYR reactivity at 200 kDa, indicating that the 200-kDa
band is not NF-H (our unpublished results).

DISCUSSION

The movement of NF proteins in the axon occurs at rates 100
times slower than velocities measured for in vitro molecular
motors. Currently, there exists no evidence for a single mo-
lecular motor that may be responsible for this process. The
data presented here indicate that NFs prepared in their
native polymerized state are associated with multiple MT-
dependent motors that directly contribute to the bidirec-
tional translocation of NFs along MTs. The motility of NFs
along MTs is not diffusive and is ATP-dependent. The minus
end-directed component of this motion is partially due to
the dynein/dynactin complex, whereas the complement of
the motility may be due to multiple kinesin-related proteins
found associated with NFs. This bidirectional motion may
represent a novel mechanism for slow NF transport.

Transport of NFs in Partially Filamentous Form

Previous work analyzing intracellular IF transport has
identified a common theme. In work by Prahlad et al.
(1998) and Yabe et al. (1999), the IF proteins vimentin and
NEF-M were fused to a green fluorescent protein to mon-
itor their intracellular motion. Both studies indicated that
IFs are transported along MT in a compact conformation,
referred to as “dots,” which later form filamentous struc-
tures. It is unknown whether these transported dots con-
sist of IF subunits assembled in IF polymers packed into
ball-like aggregates or whether they are unpolymerized IF
subunits belonging to multiprotein cargoes associated
with molecular motors. The progressive transformation of
these transported IF dots into IFs in cells suggests the
unraveling of packed polymers (Prahlad et al., 1998; Yabe
et al., 1999). The present findings in vitro bring some clues
to the possible transition between dot-like IF structures
and elongated IF polymers that was observed in vivo by
Pralhad et al. (1998) and Yabe et al. (1999). The NF prep-
aration used in the present work is obtained from adult
spinal cord as high-speed-pelleted filaments consisting
exclusively of mature phosphorylated polymers (Figure 1,
A, C, and D). These filaments can appear in vitro either as
compact folded structures or as extended polymers (Fig-
ure 2, A-F) because of the high NF flexibility, as previ-
ously shown (Leterrier et al., 1996). Such a conformational
transition in vitro between ball-like dots and extended IFs
is thought to involve ionic interactions of NFs either with
charged surfaces or other polymers (Leterrier et al., 1996).
A similar transition might thus result in situ from changes
in the interactions between the transported IF and other
proteins associated with the transport machinery.

Recent studies by Wang et al. (2000) have directly visu-
alized extended filament-like NF transport in live cultures

Molecular Biology of the Cell
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Figure 2. Neurofilaments translocate bidirectionally along microtubules. (A-E) Digitally colorized video sequences of fluorescently labeled NFs (red)
translocating along a fluorescently labeled MT (green). White bars represent the position of the NFs at time zero. Arrowheads represent position of the
NF on the MT at a particular point in time. In cases where NFs are filamentous the brightest intensity was taken as the position. Arrows indicate
filamentous portions of NFs both along the MT (as in E), bound to glass (as in A) or waving in solution (as in C). The outstretched NFs in A (double arrow)
and B demonstrate the filamentous nature of the preparation. (F) Uncolorized video sequence of NF translocation along MTs. The white line represents
the initial position of the NF and the arrowhead and arrows represent the position of NF and filamentous portions thereof as described above. Bar (A-F),
5 um. NF motility was carried out in the presence of 100 uM Mg>*-ATP. The plus and minus ends of polarity-marked MTs are indicated in those
sequences that use polarity-marked MTs, as are the timings of the video sequences (in seconds). Video sequences corresponding to B, E, and F are available
as supplementary information (2b&e.qt.mov and 2f.qt.mov). (G) An electron micrograph of NFs (arrows) and MTs (double arrow) prepared in the same
manner as the motility assay demonstrates electron dense MT-NF contacts (arrowheads). Bar, 160 nm.
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of superior cervical ganglion cells. In this study, the NFs
undergo bidirectional motion interspersed with long pe-
riods of no motion. The bidirectional motion is consistent
with speeds of “fast” transport motors that are compar-
able to the velocities found in the in vitro system de-
scribed in this investigation. Specifically, the velocities
reported in vitro have slightly lower mean anterograde
(0.38 um/s vs. 0.27 um/s) and retrograde (0.49 um/s vs.
0.29 um/s) velocities than those described by Wang et al.
(2000). Further evidence that fully polymerized NFs are
substrates of in situ active transport is provided by stud-
ies in squid giant axons in which injected fluorescent
mammalian NFs were transported as large nonmono-
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the appropriate control Ig (74.1 and
70.1) or ATP (AS-2). The control Ig
values were not significantly differ-
ent than ATP alone (p > 0.05).
Heights of bars in A-C indicate the
average (= SEM) of at least 10 inde-
pendent video sequences compris-
ing at least 150 NFs measured per
condition. (D) Trajectories for two
representative NFs demonstrate the
bidirectional nature of the NF motil-
ity. Calculated velocities are shown
for various segments of the trajecto-
ries. (E) Distribution of velocities of
transported NFs in the presence of
100 uM Mg>*-ATP, n = 680 motile
events from 90 different NFs. (F) Net
velocities (mean *+ SE) of NFs in the
presence of dynein inhibitors (74.1
antibody, 200 uM vanadate, and 1
mM EHNA) and under control con-
ditions (100 uM Mg2*-ATP), n > 40
motile events for each condition.

time [s]

1mM
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anti-DyniC
antibody
(74.1)

200 UM
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meric complexes (Galbraith et al., 1999). However, the
hypothesis raised by the present analysis that the in vitro
bidirectional motion of fully polymerized mature NF
polymers along MTs may reflect the slow transport of NFs
in vivo does not exclude the existence of other transport
mechanisms of NF subunits in living cells. The transport
of NF-M in immature neurons (Pachter and Liem, 1984)
and that of ectopically expressed epitope-tagged NF-M in
axons of transgenic mice in which most NFs remain in the
cell body as a consequence of the expression of a NF-H-
LacZ fusion protein (Terada et al., 1996) suggests that
NE-M alone can be transported along MTs in a form
distinct from the triplet NF heteropolymeric state.
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A Subset of Phosphorylated NFs Translocate along
MTs

The disruption of motility by phosphorylation-specific NF
antibodies indicated that the translocating NFs are pri-
marily phosphorylated. Furthermore, the heterogeneous
labeling of NFs with dynein epitopes indicated that there
are at least two populations of NFs, one set with dense
motor epitopes and another with sparse or background
motor labeling. This type of labeling is inconsistent with
nonspecific contamination of the NFs with motors and
supports a hypothesis in which small subpopulations of
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the total phosphorylated NFs form a distinct pool of
motile NFs. This finding is consistent with existing data
for NF transport in which Jung and Shea (1999) demon-
strated the phosphorylation of NFs just before and during
NF transport in the murine optic nerve. In addition, in
radiolabeling transport studies Nixon and Logvinenko
(1986) calculate the transport pool size to be ~70% of
radiolabeled NFs, which are themselves a very small frac-
tion of the total axonal NFs, thus the total proportion of
motile NFs is expected to be very small. The percentage of
purified NFs that label with motor epitopes is also very
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small. Because the data from murine optic nerve (Jung
and Shea, 1999) and radiolabeling transport studies
(Nixon and Logvinenko, 1986) are from adult animals
they would reflect the activity of phosphorylated species
of NF, which are similar to the phosphorylated NFs pu-
rified from adult animals described in this study. Dephos-
phorylation of the NFs causes an overall increase in af-
finity for MTs (our unpublished observations) as
previously described by Hisanaga and Hirokawa (1990),
making an assessment of motility difficult. However, the
dephosphorylation of NFs does not dissociate dynein
from NFs (our unpublished observations).
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Figure 5. Dynein epitopes localize heterogeneously
to NF contours. (A-D) Anti-dynein labeling of NFs
shown by Immuno-EM by using anti-DynIC and
secondary antibody conjugated to 8-nm gold beads.
Anti-dynein antibody labels NFs above background
levels and shows a heterogeneous pattern of labeling
with areas of particularly dense antibody accumula-
tion. (E) Control electron micrograph of NF treated
with secondary antibody alone. Bar (A-E), 200 nm.
(F) The number of gold beads was measured along
250-nm segments of NFs from one representative
photomicrograph each of anti-dynein labeling and
secondary antibody control. The total number of
250-nm segments is as follows: anti-dynein 119 and
secondary antibody control 117. (G) The number of
gold beads per micrometer of NF is shown for anti-
dynein, anti-kinesin (SUK4), an IgG isotype control
for the anti-dynein antibody, and a secondary anti-
body only control. The dynein-labeled NFs were
separated into regions that were densely and
sparsely labeled (see text). The density of labeling by
NF-specific antibodies is included for comparison.
The total length of NFs measured for each is as
follows: anti-dynein 196.93 um, anti-kinesin 92.96
pm, IgG control 85.86 um, secondary only control
147.1 pm, and anti-NF 150.52 pwm. The error bars
represent the following number of photomicro-
graphs: anti-dynein 5, anti-kinesin 5, IgG control 18,
secondary only control 3, and NF 3.

Retrograde Motion of NFs

The association of dynein with NFs partially mediates the minus
end-directed motility along NFs. Work by Griffin and colleagues
(Glass and Griffin, 1991; Watson et al., 1993) has demonstrated the
retrograde flow of NFs in axons, i.e., to the minus end of MTs, by
using an in vivo transected nerve model. In these investigations,
sciatic nerves from mice with a delayed Wallerian degeneration
phenotype were transected and both proximal and distal stumps
were monitored for cytoskeletal redistribution. NFs accumulated
at both the proximal and distal stumps, demonstrating that retro-
grade transport of NFs occurs in vivo.
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Additional evidence for retrograde NF transport is pro-
vided by Yabe et al. (1999) and Wang et al. (2000) who have
visualized NF transport in cell culture models. In both stud-
ies, a small fraction of the fluorescently tagged NF-contain-
ing particles engaged in retrograde motion supporting the
presence of a minus end-directed motor.

Together, the retrograde NF motions described in cell
culture models and transected nerves indicate that a retro-
grade component of NF transport functions in vivo. Dynein
is one candidate for mediating this retrograde transport of
NFs. The present findings demonstrating that proteins of the
dynein/dynactin complex are consistently associated with
native NFs and are responsible for the minus end compo-
nent of NF bidirectional motion along MT in vitro support
this hypothesis. This NF-bound dynein represents a minor
fraction of the main pool of dynein molecules transported in
the axon, of which the majority moves with the SCb com-
ponent (Dillman et al., 1996).

Vol. 11, October 2000

Neurofilament Motility along Microtubules

Kinesin-related Proteins Copurify with NFs

The association of intermediate filaments and kinesins has
been previously described in a non-neuronal system by
Prahlad et al. (1998). In spreading cells, a green fluorescent
protein-vimentin fusion protein was transported along MTs
in packets that later form filaments at the cell periphery. The
transport in these cells is mediated by conventional kinesin.

In the neuronal context, Yabe et al. (1999) also identify
conventional kinesin as an important motor in NF motion in
neuroblastoma cells that are actively extending neurites.
Yabe et al. (1999) demonstrated that microinjection of the
SUK4 antibody resulted in cell body accumulation of fluo-
rescently tagged NF subunits. This effect, however, may be
an indirect consequence of vesicular cargo accumulation,
known to require conventional kinesins.

The disruption of the in vitro NF motility by the kinesin
toxin AS-2 provides direct evidence for kinesin-like motor
involvement in the observed translocation (Sakowicz ef
al., 1998). The loss of NF motility in both directions may
be due to an effect of AS-2 on dynein itself. The effect of
AS-2 on dynein was not investigated in the original de-
scription of the toxin (Sakowicz et al., 1998). With a broad-
specificity kinesin antibody, anti-HIPYR (Sawin et al.,
1992), a set of candidate proteins have been identified
each of which may or may not contribute to the motility
observed. Of the NF-associated kinesins identified by the
HIPYR antibody, the 110-kDa polypeptide detected by the
anti-HIPYR antibody does not correspond to the conven-
tional kinesin isoform (kinesin-I) recognized by the SUK4
antibody (Ingold et al., 1988) (Figure 5A). The 110-kDa
kinesin-like protein may, however, represent one of the
other KIF5/kinesin-I isoforms (Nakagawa ef al., 1997) of
which two, KIF5A and KIF5C, are restricted to neural
tissue. The 85/95 doublet is similar in molecular weight to
that of the heterotrimeric kinesin or KIF3/kinesin-II sub-
family (Yamazaki ef al., 1995), which has been shown to be
important in cilia assembly (Nonaka et al., 1998; Marsza-
lek et al., 1999), and is involved in axonal transport
(Kondo et al., 1994; Muresan et al., 1998). Finally, the
200-kDa kinesin may represent a member of the KIF1
family of monomeric kinesins that have been previously
shown to transport membranous organelles (Okada ef al.,
1995; Yonekawa et al., 1998).

A Reconstituted System for Slow Axonal NF
Transport?

The NFs described here have a number of characteristics
that are similar to NFs that are actively transported in
axons. As described by many groups, NFs can be trans-
ported as filaments (Galbraith et al., 1999; Yabe et al., 1999;
Wang et al., 2000) and we have shown here in vitro
transport of filamentous NFs along MTs. Jung and Shea
(1999) reported that NFs transported down the optic
nerve are phosphorylated and antibodies to the phosphoz-
ylated form of NF-H and NF-M specifically disrupt NF
translocation. Wang et al. (2000) demonstrated that NF
transport in sympathetic axons is bidirectional and con-
sists of long pauses interspersed by rapid movements in
both directions. Although prolonged pausing behavior
was not assessed in our study because nonmoving NFs
were not chosen for analysis, filaments exhibited bidirec-
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Figure 6. Kinesin-related proteins copurify with NFs. (A) Frac-
tions from the NF purification were probed with the conventional
kinesin heavy chain antibody SUK4. (B) The NF fraction was
probed with the anti-HIPYR antibody. Arrows mark specific
bands detected by the HIPYR antibody. The 200-kDa band does
not comigrate with NF-H upon dephosphorylation (increased
electrophoretic mobility) and is therefore distinct from NF-H (our
unpublished results).

tional motion interrupted by brief pauses. In addition, the
retrograde motion is apparently due to the dynein/dyn-
actin complex. Finally, the pattern of motor epitopes seen
by immuno-EM demonstrates that only a small subset of
filaments has bound motors, as proposed by Nixon and
Logvinenko (1986) and that the motors are bound to NFs
without an intervening MT. NF transport has been pro-
posed to use binding of NFs to motile MTs (the polymer
sliding model of slow transport [Lasek, 1986]) so that NFs
need not bind MT motors directly. This study shows that,
at least in vitro, NFs can bind MT motors and move along
MTs without an intervening motile MT. Further research
will be necessary to ascertain whether these two different
modes of transport occur in vivo. In conclusion, the in
vitro system described here has revealed a number of
molecular components that mediate the translocation of
NFs along MTs in vitro and may ultimately represent the
motors responsible for slow NF transport.
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