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ABSTRACT

In previous work I described the purification and properties of
the microtubule-based mechanochemical ATPase cytoplasmic dynein.
Cytoplasmic dynein was found to produce force along microtubules in
the direction corresponding to retrograde axonal transport.
Cytoplasmic dynein has been identified in a variety of eukaryotes
including yeast and human, and there is a growing body of evidence
suggesting that this "molecular motor" is responsible for the
trarisport of membranous organelles and mitotic chromosomes.

The first part of this thesis investigates the molecular basis of
microtubule-activation of the cytoplasmic dynein ATPase. By
analogy with other mechanoenzymes, this appears to accelerate the
rate-limiting step of the cross-bridge cycle, ADP release. Using
limited proteolysis, site-directed antibodies, and N-terminal
microsequencing, I identified the acidic C-termini of o and B-tubulin
as the domains responsible for activation of the dynein ATPase.

The second part of this thesis investigates the structure of the
74 kDa subunit of cytoplasmic dynein. The amino acid sequence
deduced from cDNA clones predicts a 72,753 dalton polypeptide
which includes the amino acid sequences of nine peptides
determined by microsequencing. Northern analysis of rat brain
poly(A) revealed an abundant 2.9 kb mRNA. However, PCR
performed on first strand cDNA, together with the sequence of a

partially matching tryptic peptide, indicate the existence of three
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isoforms. The C-terminal half is 26.4% identical and 47.7% similar to
the product of the Chlamydomonas ODAG6 gene, a 70 kDa subunit of
flagellar outer arm dynein. Based on what is known about the
Chlamydomonas 70 kDa subunit, I suggest that the 74 kDa subunit is
responsible for targeting cytoplasmic dynein to membranous
organelles and kinetochores of mitotic chromosomes.

The third part of this thesis investigates a 50 kDa polypeptide
which co-purifies with cytoplasmic dynein on sucrose density
gradients. Monoclonal antibodies were produced against the 50 kDa
subunit and used to show that it is a component of a distinct 20S
complex which contains additional subunits of 45 and 150 kDa.
Moreover, like cytoplasmic dynein, the 50 kDa polypeptide localizes
to kinetochores of metaphase chromosomes by light and electron
microscopy. The 50 kDa-associated complex is reported to stimulate
cytoplasmic dynein-mediated organelle motility in vitro. The
complex is, therefore, a candidate for modulating cytoplasmic dynein

activity during mitosis.
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CHAPTER I
INTRODUCTION

Microtubule-based motility is a feature common to most types
of eukaryotic cells. Processes as diverse as the beating of cilia and
flagella, transport of membranous organelles, and chromosome
segregation during mitosis are accomplished by microtubules and
their associated proteins. The microtubule-associated proteins
(MAPs) are of two general types, structural and mechanochemical.
The structural MAPs such as MAP1A, 1B, 2A, 2B and tau promote the
assembly and stabilization of microtubule polymer by binding with
high affinity to the surface of the microtubule lattice. The
mechanochemical MAPs cytoplasmic dynein and kinesin are force-
producing molecules which couple the energy of ATP hydrolysis with
microtubule-based movement.

The diécovery of microtubule-based motors was facilitated by
advances in light microscopy in the early 1980's (Allen et al. 1981).
The combination of differential interference contrast microscopy and
video image processing made it possible to view individual
microtubules and associated organelle transport in squid axoplasm
(Allen et al., 1983). ' Using this technology, Vale and coworkers
purified a soluble factor which when adsorbed to glass coverslips
promoted the gliding of microtubules (Vale et al., 1985a). The factor,
which was named kinesin, also powered the transport of polystyrene

beads and membranous organelles along microtubules.



Kinesin was found to be an anterograde motor, as defined by
the inherent polarity of the microtubule. However, when
unfractionated squid cytosol was used in the motility assays,
micratubule-based transport was bbserved in both the }anterograde
and retrograde directions (Vale et al.,, 1985b). The pharmacological
profile of the retrograde activity differed from that of kinesin, and
its activity persisted in cytosol after immunodepletion using anti-
kinesin antibodies. These data seemed to indicate that a distinct
protein was responsible for retrograde transport, though its
identification remainedv elusiVe.

The discovery of cytoplasmic dynein in our laboratory came as
a result of our interest in microtubule-associated ATPases. Collins
and Vallee (1986) showed that sea urchin egg cytosol contained a
novel ATPase activity which was potently stimulated by the
presence of microtubules, suggesting a role in mechanochemistry.
Furthermore, it established a biochemical assay for cytosolic
microtubule-activated. . .enzymes.

Curiously, the ATP hydrolysis rate initially reported for kinesin
was 10 nmol/min/mg (Vale et al.,, 1985a). This activity, which is at
the level of detectability, seemed low in comparison with the ATPase
activity of other microtubule-based mechanoenzymes such as
flagellar dynein (>1000 nmol/min/mg; Johnson, 1985). I reasoned
that the kinesin ATPase, like that of the sea urchin factor described
by Collins and Vallee (1986), might be stimulated by microtubules.

This proved to be correct. Our lab and others found that the kinesin




ATPase was activated several-fold by microtubules (B.P.,
unpublished data; Kuznetsov et al., 1986). More important was my
observation thét ATPase activity profiles of gel filtration columns
(used' to purify kinesin) revealed the presence of a second
microtubule-activated ATPase which eluted just before kinesin. We
purified this activity to homogeneity (Paschal et al., 1987), and as
discussed below, demonstrated that it was a microtubule-based
retrograde motor (Paschal and Vallee, 1987). In addition, the
properties of this enzyme were consistent with its identification as a
cytoplasmic form of what had previously been known as a ciliary

and flagellar enzyme (Paschal and Vallee, 1987; Vallee et al., 1988).

Properties of cytoplasmic dynein.

Cytoplasmic dynein was found to be a multi-subunit complex
containing polypeptides with molecular weights of 53, 55, 57, 59, 74,
and 440 kDa in a stoichiometry of 1:1:1:1:3:2 (Paschal et al., 1987;‘
Vallee et al.,, 1988). In accordance with axonemal (ciliary and
flagellar) dynein nomenclature, the >400 kDa polypeptides are
referred to as heavy chains and the 53-74 kDa accessory subunits
are referred to as intermediate chains. Cytoplasmic dynein does not
contain low molecular weight (14-20 kDa) light chains which Iare
typically found associated with axonemal dynein. Scanning
transmission electron microscopy (STEM) revealed that the
holoenzyme has a mass of 1.2 mDa and contains two large globular

"heads" (diameter=13.7 nm) connected to a basal domain the




morphology of which is~less well defined. The heads, which probably
correspond to the high molecular weight catalytic heavy chains, are
thought to rtepresent the structures which interact with the
microtubules in a mechanochemical cross-bridge cycle. The
composition of the basal domain of cytoplasmic dynein is unknown,
though it seems reasonable to predict that it contains one or more of
the accessory subunits.

One of the hallmarks of a mechanochemical enzyme is an
associated nucleotidase activity which is stimulated upon binding to
the appropriate cytoskeletal polymer (reviewed by Johxison, 1985).
:Thus, the ATPases of myosin and axonemal dynein are stimulated by
actin filaments and microtubules, respectively. The ATPase of
cytoplasmic dynein is activated up to seven-fold by polymeric
tubulin (Paschal et al., 1987). The Ky, for microtubules is 0.16 mg/ml
and the Vnpax at saturating tubulin concentrations is 186
nmol/rhin/mg (Shpetner et al.,, 1988). The microtubule-activated
ATPase exhibits a steep..dependence on ionic strength, being
inhibited by ~70% at 100 mM KCl. Increasing the ionic strength
appears to decrease the apparent affinity of cytoplasmic dynein for
microtubules, since the the Ky for microtubules is dramatically
increased while the Vmax is relatively unaffected (Shpetner et al.,
1988). The .actin-activated ATPase of myosin is similarly affected by
elevated ionic strength (Eisenberg and Moos, 1968).

The biochemical analysis of a variety of ATPases has been

aided by the use of pharmacological reagents. Cytoplasmic dynein,




like axonemal dynein -(Gibbons et al., 1978), is potently inhibited by
sodium metavanadate with half-maximal inhibition observed at 5-10
pM (Shpetner et al.,, 1988). The adenosine analogue EHNA is also an
effective inhibitor of both forms of dynein, inhibiting the cytoplasmic
enzyme by 85% (at 1 mM) when assayed in high ionic strength
buffer (Shpetner at al., 1988; Penningroth et al., 1985). Cytoplasmic
dynein is also sensitive to NEM (67% inhibition at 1 mM), though this
sulfhydryl alkylating reagent inhibits the activity of many other
cytosolic proteins. Inhibitors of membrane-bound ATPases (ouabain,
sodium azide, oligomycin) did not inhibit the cytoplasmic dynein
ATPase (Shpetner et al., 1988).

The force producing properties of cytoplasmic dynein have
been studied with several in vitro motility assays. Cytoplasmic
dynein supported gliding of microtubules on glass coverslips at 1.25
+ 0.11 pm/sec (mean + SD; Paschal et al.,, 1987). Chlamydomonas
flagellar axonemes were used to determine that cytoplasmic dynein
- generates force towards the "minus ends” of microtubules (Paschal
and Vallee, 1987), a direction opposite to that observed for kinesin
(Vale et al., 1985). Cytoplasmic dynein is also referred to as a
retrograde motor since its direction of force production along axonal
microtubules would be from the synaptic terminal towards the cell

body (Paschal and Vallee, 1987; Vallee et al., 1989).




Evidence for cytoplas}nic dynein-mediated organelle transport using
reconstituted motility systems.

A role for cytoplasmic dynein in retrograde organelle transport
is supported by experiments using pharmacological reagents and in
vitro motility systems. Retrograde axonal transport in detergent-
permeabilized lobster axons was inhibited by sodium metavanadate
(Forman et al., 1983a) and EHNA (Forman et al., 1983b), both of
which inhibit the cytoplasmic dynein ATPase (Paschal and Vallee,
1987; Shpetner et al., 1988). Microtubule-dependent pigment
granule aggregation in permeabilized melanophores was also blocked
by these reagents (Clark and Rosenbaum, 1982).

 While these pharmacological data are consistent with a dynein-
like motor activity, more compelling evidence has come from the use
a photocleavage reaction which inactivates cytoplasmic dynein.
Exposure of purified cytoplasmic dynein to UV light in the presence
sodium vanadate and MgATP resulted in cleavage of the high
molecular weight (>400 kDa) catalytic subunit into enzymatically-
inactive fragments of 185 and 225 kDa (Paschal et al., 1987).
Application of the photocleavage reaction to a cell-free system
containing organelles, cytosol, and taxol-polymerized microtubules
resulted in >90% inactivation of the retrograde vesicle transport
activity (Schroer et al., 1989; Schnapp and Reese, 1989). Subsequent
addition of cytoplasmic dynein to the UV light-inactivated system
partially restored retrdgrade organelle motility. Purified cytoplasmic

dynein is not sufficient to support vesicle motility, suggesting that




additional soluble factbrs are necessary to drive organelle motility
(Schroer et al.,1989).

The role of microtubule-based motors has also been examined
in anfassay which reproduces some of the fusion events in the
endocytic pathway. In vivo, endocytic vesicles derived from apical
and basolateral domains of MDCK epithelial cells converge at the
~ level of late endosomes (Bomsel et al., 1989). In a cell-free assay,
this fusion event was stimulated 25-fold by the presence of
microtubules (Bomsel et al., 1990). UV light irradiation in the
| presence of sodium vanadate and MGATP reduced the fusion event
by 60%, suggesting cytoplasmic dynein may act as a motor for

endosome transport (op. cit.).

Immunolocalization studies suggest a role for cytoplasmic dynein in
organelle and chromosome transport.

The normally observed organization and distribution of
endosomes and lysosomes (Herman and Albertini, 1984; Matteoni
and Kreis, 1987), the Golgi apparatus (Wehland et al., 1983a; Rogalski
and Singer, 1984), and the endoplasmic recticulum (Terasaki et al.,
1986) is disrupted by treating cells with drugs such as nocadazole
which depolymerize the microtubule network. After microtubules
are allowed to reassemble, endosomes, lysosomes and Golgi elements
translocate along linear tracts towards the microtubule-organizing
center (MTOC) and resume their normal perinuclear location

(Matteoni and Kreis, 1987; Ho et al.,, 1989). The microtubules of




interphase cells are oriented with their minus ends at the MTOC,
suggesting the transport of these organelles was probably driven by
the minus end-directed motor cytoplasmic dynein.

'The results obtained by immunocytochemistry with antibodies
to cytoplasmic dynein support a specific role for this enzyme in
organelle and chromosome motility. Lin and Collins (1992) found
that an anti-serum generated against native cytoplasmic dynein
reacted with vesicular structures which concentrate near the MTOC.
The vesicles were found to accumulate rhodamine-labeled dextran,
indicating they are probably late endosomes and lysosomes. The
authors also noted weak staining which was coincident with
structures labeled with fluorescein-conjugated wheat germ
agglutinin, suggesting that Golgi elements may be transported by
cytoplasmic dynein (Lin and Collins, 1992). Since wheat germ
agglutinin labels structures in addition to the Golgi apparatus, this
issue will require analysis using Golgi-specific markers.

The immunolocalization of cytoplasmic dynein in
experimentally-modified axons of the peripheral nervous system has
also suggested an association with membranous organelles. When
the saphenous nerves of mice were ligated to block axonal transport,
immunofluorescence microscopy revealed an accumulation of
cytoplasmic dynein immunoreactivity on both the proximal and
distal sides of the ligation (Hirokawa et al.,, 1990) while kinesin
immunoreactivity became concentrated primarily on the proximal

side (Hirokawa et al., 1991). Analysis by electron microscopy



revealed the accumulation of mitochondria and tubulovesicular
elements proximal to the ligation, and lysosomes, multi-vesicular
bodies, and mitochondria on the distal side (HirokaWa et al., 1990);
Using cryoultrathin sections and gold labeled secondary antibodies,
the authors showed that some of the membranous organelles were
decorated by anti-dynein antibodies. The appearence of cytoplasmic
dynein on both sides of the site of ligation presumably reflects its
ongoing delivery to the axon terminus (anterograde direction) prior
to its utilization as the motor for the transport of organelles back to
the cell body (retrograde' direction). o

Evidence for a role for cytoplasmic dynein in chromosome
movement during cell division has also been obtained. During
anaphase A, chromosomes attached to the mitotic spindle are
transported along microtubules towards the spindle poles (minus
end-directed). It was suspected that cytoplasmic dynein might be
the motor activity responsible since the poleward direction of
chromosome movement coﬁesponds to that of organelles undergoing
retrograde transport in axons. Polyclonal and monoclonal antibodies
.have been used to show that cytoplasmic dynein is indeed a
component of the kinetochore of chromosomes isolated from Hela,
CHO, and chicken cells (Pfarr et al., 1990; Steuer et al., 1990;
Wordeman et al., 1991). Staining was also demonstrated in whole
mitotic cells, although the kinetochore labeling was obvious only
during prometaphase (Pfarr et al., 1990).” Immunoelectron

microscopy has further shown that cytoplasmic dynein is localized to
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the fibrous corona, th-e outermost structure of the kinetochore
(Wordeman et al., 1991). These immunocytochemical observations ‘
have been complemented by results from an in vitro assay which
showed that a microtubule motor activity in the kinetochores of
isolated chromosomes has cytoplasmic dynein-like properties
(Hyman and Mitchison, 1991; see also Vallee, 1991).

Based on my earlier work on the in vitro properties of
cytoplasmic dynein (Paschal et al., 1987; Paschal and Vallee, 1987;
Vallee et al., 1988; Shpetner et al., 1988) as well as the existing
physiology, pharmacology, and cytology, this enzyme appears to be
the motor responsible for membranous organelle transport and some
aspects of chromosome movement during mitosis. The experiments
described in this thesis were designed to provide insight into the
molecular basis of the interaction of cytoplasmic dynein with

microtubules and its subcellular targets.
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CHAPTER 11
INTERACTION OF BRAIN CYTOPLASMIC DYNEIN AND MAP2
WITH A COMMON SEQUENCE AT THE C-TERMINUS OF TUBULIN

Two types of microtubdle-associated proteins (MAPs) have
been identified in neuronal cells. The fibrous MAPs, including
MAPIA and1B, MAP 2A, 2B and 2C, MAP 4, and the tau MAPs
represent fibrous molecules that project from the microtubule
surface (Voter and  Erickson, 1982; Hirokawa et al., 1985; Hirokawa et
al., 1988). These prote‘ins are thought to be structural components of
the cytoskeleton which organize and space microtubules and other
cytoskeletal fibers. They also promote the assembly of tubulin
polymer in vitro, and probably determine the stability of
microtubules in vivo as well. A second, distinct class of MAPs has
been identified which is involved in microtubule-associated
movement. These proteins are mechanochemical ATPases which are
thought to provide the forces necessary for bidirectional organelle
transport and perhaps other motile phenomena such as chromosome
movement. These proteins include kinesin (Vale et al., 1985a) and
cytoplasmic dynein (Paschal et al., 1987, Paschal and Vallee, 1987).

Nothing is known about the site of interaction of the
mechanochemical proteins with the microtubule. However, evidence
has accumulated that the prime site of interaction of MAP2 and tau
is with the C- (carboxyl) terminus of both the o« (alpha) and B (beta)

subunits of the tubulin dimer (Serrano et al., 1984; Littauer et al.,
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1986). This conclusion was based on analysis of MAP binding to
proteolytically modified tubulin and to tubulin fragments and
synthetic peptides (Serrano et al.,, 1984; Littauer et al., 1986;
Maccibni et al.,, 1988). Removal of ‘the C-terminus of a and B-tubulin
with the protease subtilisin was reported to decrease the binding of
MAP 2 to microtubules (Serrano et al.,, 1984). The site of cleavage
was proposed to reside ~40 amino acids in from the C-terminus
based on the apparent 4 kD reduction in the size of the subunits
after the protease treatment.

| The present study describes the effect of MAP2 on the
interaction of cytoplasmic dynein with microtubules. It was
motivated by observations made during our initial characterization
of brain cytoplasmic dynein. We observed that in the presence of
ATP, microtubules glided over the surface of coverslips which had
been coated with cytoplasmic dynein (Paschal et al., 1987). This
provided direct evidence for its force-producing activity, and
subsequently allowed us to show that it generated force in the
direction corresponding to retrograde axonal transport (Paschal and
'Vallee, 1987). In the course of this work we noted that microtubule
gliding activity waS inconsistent in crude dynein preparations, but
improved dramatically during purification. This suggested that some
other component of brain microtubules, possibly some of the
previously described MAPs, were capable of inhibiting dynein

activity,
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We report here that purified MAP2 and other MAP
preparations are, indeed, potent inhibitors of cytoplasmic dynein-
mediated motility as well as the microtubule activated ATPase of
dynein, suggesting that MAP2 and other proteins in this class may be
important modulators of motility in vivo. By proteolytic modification
of tubulin, we found that the site of interaction of dynein with
microtubules is at the C-terminus of o and B-tubulin, the region
previously reported to be the site for the interaction of MAP2.
Finally, by monitoring the modification of tubulin with sequence-
specific antibodies, we made the surprising finding that the key

interaction site for both MAP2 and dynein may consist of only a

tetrapeptide sequence at the extreme C-terminus of «-tubulin, and a

similar sequence near the C-terminus of the B-subunit.
Materials and Methods

Protein purification.

Cytoplasmic dynein was purified as previously described
(Paschal et al., 1987; Paschal et al., 1991; see also Materials and
Methods, Chapter IV). Microtubule protein was prepared from
bovine brain by cycles of temperature-dependent assembly and
disassembly (Vallee, 1986). Tubulin was purified from microtubule

protein by ion exchange chromatography on DEAE Sephadex (Vallee,
1986). MAP2 and tau were purified from a heat-stable MAPs




14

fraction by Bio-gel ASm chromatography. Protein concentrations

were determined with the BCA reagent (Smith et al., 1985).

Assay of cytoplasmic dynein activity.

Microtubule gliding motility was assayed by video enhanced
differential interference contrast microscopy as described (Paschal et
al., 1987) in 20 mM Tris, pH 7.6, containing 50 mM KCl, 5 mM MgSO4,
and 0.5 mM EDTA (Tris-KCl buffer). The final assay volume (10 pl)
contained 0.1 mg/ml microtubules, 0.08 mg/ml cytoplasmic dynein, \
and 2 mM MgATP.

The microtubule-activated ATPase of cytoplasmic dynein was
measured as described in the presence of taxol-stabilized
microtubules (Paschal et al.,, 1987). To examine the effect of MAP2 |
on the ATPase, purified MAP2 was added to the taxol-stabilized ,
microtubules 15 minutes prior to the assay. Protease-modified |
microtubules (see below) were sedimented at 40,000 g for 30
minutes, washed successively with Tris-KCl buffer containing 0.5 M

NaCl and Tris-KCl buffer alone.

Proteolytic digestions.

Pure tubulin subunits (5 mg/ml) were equilibrated into Tris-
KCl buffer by chromatography on Sephadex G-25, assembled into
microtubules using excess taxol, and digested with protease at 37°C.
The concentrations of subtilisin and thermolysin (Boehringer

Mannheim, Indianapolis, IN) are specified in the legends. Subtilisin
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was inactivated by the addition of PMSF to 5 mM, and thermolysin

digestion was terminated by the addition of EGTA to 5 mM.

Gel electrophoresis and immunoblotting.

For optimal resolution of o and B-tubulin, samples were
analyzed on 7% polyacrylamide gels containing 0.1% sodium lauryl
sulfate (Sigma, St. Louis, MO) at pH 9.2 ((Sackett et al., 1985).
Electroblotting onto nitrocellulose was performed in a methanol-
containing buffer (Towbin et al, 1979). Samples for microsequence
analysis were blotted onto Immobilon (Millipore, Medford, MA) and
visualized by Coomassie blue staining. The bands were excised and
subjected to N-terminal microsequencing (Matsudaira, 1987).

The anti-tyr and anti-Glu antibodies, provided by Dr. J.
Bulinski, were used as unfractionated serum diluted 1:500. The
monoclonal antibodies DM1A and DM1B (Amersham, Arlington
Heights, IL) were l;SCd as ascites fluid diluted 1:1000. Immunoblots
were reacted with peroxidase-labeled secondary antibodies (Cappel,
Durham, NC) and developed with 4-chlord-1-napthol and hydrogen

peroxide.
Results
MAP2 inhibits the interaction of dynein with microtubules.

Purification of cytoplasmic dynein involves assembly of

microtubules in brain cytosolic extracts, followed by ATP extraction
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of the dynein and further fractionation on sucrose density gradients.
When the crude ATP extracts were evaluated for their ability to
support microtubule gliding, only a small fraction of the microtubules
displayed any motility. Movement was intermittent and the
microtubules appeared to be impeded in their forward progress as
though adhered to the coverslip at sites along their length. In
contrast, sucrose gradient-purified dynein supported smooth and
uninterrupted gliding of >90% of the microtubules in the preparation.
Other than tubulin, the major polypeptides separated from dynein
during this latter step of purification are the high My MAPs (Paschal
et al.,, 1987), suggesting that these proteins might be responsible for
the poor motility at earlier stages of purification.

To test this possibility directly, we assayed for gliding activity
using taxol-stabilized microtubules with or without MAPs.
Microtubules containing MAPs (Figure 1, lane 1) displayed no
motility, while those from which the MAPs had been extracted with
0.5 M NaCl (lane 2) showed excellent gliding motility. MAPs
prepared from calf brain by a variety of procedures were combined
with microtubules composed of purified tubulin and assayed for
gliding activity. The samples used for these experiments included
unfractionated DEAE-purified MAPs, purified MAP2 and tau, and
microtubule binding fragments of heat stable MAPs prepared by
chymotrypsin digestion (Vallee, 1986). All of these preparations

were found to inhibit microtubule gliding.
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In the case of the high molecular weight MAPs, inhibition of
motility could be envisaged to result from steric hindrance of the
interaction of the microtubule with dynein on the coverslip by the
extremely long (~90-100 nm) MAP arms (Voter and Erickson, 1982).
Alternatively, it might reflect competition between dynein and the
other MAPs for a common microtubule-binding site. To distinguish
between these possibilities we examined the effect of purified MAP2
on the brain cytoplasmic dynein ATPase activity (Figure 2). MAP2
was found to inhibit the microtubule activated component of the
ATPase activity by 80%, with 50% inhibition occurring at a MAP
2:tubulin dimer ratio of 1:15 mol:mol (Figure 2). Microtubule-
binding fragments of MAP2 produced by chymotryptic digestion of
calf brain microtubules followed by exposure to elevated
temperature (Vallee, 1986) also inhibited the dynein ATPase by 80-
97% (not shown). Together, these results indicated that cytoplasmic
dynein and MAP2 competed for common or overlapping binding sites

~on the microtubule surface.

Interaction of dynein with the tubulin carboxyl terminus.

In view of evidence that MAP2 interacts with the C-terminus
of o and B-tubulin (Serrano et al., 1984; Littauer et al., 1986), we
exposed microtubules to subtilisin and examined the effect of this
treatment on the interaction with cytoplasmic dynein. Since the
assembly of subtilisin-treated tubulin subunits leads to the

formation of morphologically abberant polymers (Serrano et al,,
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1986) we used taxol-stabilized microtubules as the substrate for the
protease. Thin section electron microscopy fevealed that subtilisin
had no detectable effect on the morphology of the taxol-stabilized
microtubules (Figure 3). Nonetheless, the fragmentation pattern was
identical to that obtained by digestion of tubulin dimers
(Bhattacharyya et al., 1985). Proteolysis proceeded sequentially,
first with the cleavage of B and subsequently with the cleavage of o-
tubulin (Figure 4A; Sackett et al., 1985). We confirmed the removal
of the carboxyl region of a-tubulin by probing with an antibody

~ which recognizes the C-terminus in its tyroSinated form (anti-tyr,
Gunderson et al., 1984). The shift of o-tubulin to a faster migrating
species (120") was coincident with the loss of antibody
immunoreactivity. Similarly, the shift in B-tubulin resulted in the
loss of immunoreactivity with an antibody directed to the extreme
C-terminus (residues 439-445; see Banerjee et al., 1988) of this
subunit (not shown). Subtilisin treatment of microtubules greatly
reduced the binding of the high molecular weight MAPs to
microtubules as previously reported (Serrano et al., 1984). We note
that the binding of the MAPI1 polypeptides as well as MAP2 was
reduced.

Figure 4B shows the effect of microtubules on the cytoplasmic
dynein ATPase during the time-course of subtilisin digestion. The
microtubule-activated ATPase activity was reduced by 80% after
digestion of both « and B-tubulin. About 50% of the reduction could

be accounted for by the digestion of B alone, while the remainder
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was accounted for by the digestion of a-tubulin. We also measured
ATPése activity as a function of microtubule concentration. In the
presence of undigested microtubules, the ATPase activity saturated
at ~1 mg/ml (Figure 4C, upper curve), consistent with previous data
from our laboratory (Shpetner et al., 1988). Subtilisin digestion of the
microtubules greatly reduced the extent of activation (Figure 4C,
lower curve). In a separate experiment, the removal of the C-
terminus of B-tubulin (with «-tubulin left intact) increased the Km
from 0.53 mg/ml (control) to 2.22 mg/ml (not shown). We conclude
that the C-terminus of both a and B-tubulin are directly involved in
activation of the cytoplasmic dynein ATPase.

The residual microtubule activation after subtilisin treatment
suggested that there could be an additional site of interaction with
dynein. We treated taxol-stabilized microtubules with thermolysin, a
protease which had been reported to cleave the o subunit of tubulin
at a single site (Brown and Erickson, 1983). The «-tubulin shifted to
a position near that of B-tubulin (Figure 5A) corresponding to an
apparent loss of ~5 kD (op. cit.). The retention of C-terminal
immunoreactivity (anti-tyr) indicated that , in contrast to subtilisin,
the site of cleavage was near the N- (amino) terminus. To establish
the exact site of cleavage, we subjected the thermolysin-digested
tubulin to N-terminal microsequence analysis. The resulting
sequence, IGGGDDSF, identified the site of cleavage on a-tubulin as
the N-side of isoleucine 42 (cf. Ponstingl et al., 1981). Exposure of

dynein to thermolysin-treated microtubules revealed no detectable
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effect on the microtubule-activated ATPase activity (Figure 5B).
i,,We al;o found that unfractionated MAPs rebound to thermolysin-
cleaved tubulin (not shown), indicating that the N-terminus of «-
tubulin is required neither for activation of the dynein ATPase or for

binding to the structural MAPs.

Site of subtilisin cleavage.

As noted above, we monitored the removal of the C-terminus
of a-tubulin with a site-directed antibody prepared against the
terminal octapeptide of the tyrosinated form of o-tubulin, referred to
as anti-tyr tubulin (Gunderson et al., 1984). In the course of these
experiments, we also used an antibody prepared against the same
sequence but lacking the C-terminal tyrosine (op. cit.). This antibody
is referred to as anti-Glu since glutamic acid is the C-terminal amino
acid. = The immunoreactivity of each of the two antibodies is
monospecific for the sequence against which it was generated.

To our surprise, the anti-Glu antibody was immunoreactive
with the subtilisin-treated tubulin (Figure 6A). This was in contrast
to the result obtained with the anti-tyr antibody and suggested that
the site of cleavage was much closer to the C-terminus (Figure 6B)
than previously reported (Serrano et al., 1984; Maccioni et al., 1986).
This conclusion was corroborated by the immunoreactivity with
antibody DM 1A (Figure 6A), a probe reported to show its strongest
reactivity with amino acids 426-430 of alpha tubulin (Breitling and

Little, 1986). Thus, the epitopes for the DM 1A monoclonal antibody
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| and the site directed detyrosinated tubulin (anti-Glu) antibody both
,fresidé in the region previously thought to be removed by subtilisin
treatment. In addition, the modified tubulin was reactive with
antibody DM 1B (Figure 6A), a monoclonal reported to react with
~amino acids 416-430 of B-tubulin (Breitling and Little, 1986).
Together, these data indicated that subtilisin removed a very
limited number of amino acids from the C-terminus of o and B-
tubulin. To determine whether the apparent molecular weight shift
on gels might have been due to similtaneous cleavage of the N-
terminus, the subtilisin-treated tubulin was subjected to N-terminal
microsequence analysis. The resulting sequences were MRECIS and
MREIVH for « and B-tubulin, respectively, which correspond to the
N-termini of the intact subunits. Direct C-terminal sequencing of the
subtilisin-treated tubulin failed to provide useful information despite
repeated attempts (D. Lane, Harvard Microchemistry Facility,

personal communication).
Discussion

Our earlier observation that microtubule gliding motility
improved during the purification of brain cytoplasmic dynein
indicated that brain microtubules contained a motility inhibitory
factor (Paschal et al., 1987). Here we have shown that the high
molecular weight MAPs inhibit microtubule gliding, suggesting that
they were responsible for the earlier observation. Imhibition of

motility could in part be due to interference by the long MAP arms
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with the accessibility of microtubules to the dynein-coated covefslip.

Hdv&é;ér, inhibition of the dynein ATPase (Figure 2) indicates that
the MAPs compete with cytoplasmic dynein for binding sites on the
microtubule surface. This was independently confirmed by the
observation that the chymotryptic binding fragments of the MAPs
were sufficient to inhibit motility and ATPase activities. We found
that both purified MAP2 (Figure 2) and tau (B. P., preliminary
observations) inhibited the cytoplasmic dynein ATPase activity. This
result is consistent with recent evidence indicating homology within
the microtubule binding domains of MAP2 and tau (Lee et al., 1988;
Lewis et al.,, 1988).

Both MAP2 and tau have been reported to interact with the C-
terminus of o and P-tubulin (Serrano et al., 1984; Littauer et al.,
1986; Maccioni et al., 1988), and our MAP inhibition data suggest
‘that the C-termini are likely sites for the interaction of cytoplasmic
dynein as well. The earlier localization of the MAP2 and tau binding
sites was in part based on the loss of MAP binding after modification
of tubulin with subtilisin (Serrano et al., 1984). This protease was
reported to remove the C-termini of both o and B-tubulin, though our
work has now raised serious questions as to the precise sites of
subtilisin cleavage (Figure 6, and see below). Thermolysin was used
to modify microtubules in the present study, and found to
specifically remove the N-terminus of o-tubulin.

Unlike earlier workers, we used taxol-stabilized microtubules

as the substrate for proteolytic modification. This was to minimize
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the likelihood that proteolytic modification would alter the structure
of /the microtubule, and perhaps indirectly affect the interaction with
cytoplasmic dynein. In fact, we found that both rates and patterns of
fragmentation for taxol-stabilized microtubules were the same as
had been reported using tubulin dimers as substrate, and that the
microtubules were of normal morphology after enzymatic
modification. Our data indicate that at least three of the polypeptide

termini of « and B-tubulin are exposed on the microtubule surface.

~ This is consistent with the accessibility of the termini in the polymer

o enzymes (Kumar et al.,, 1981) and to antibodies (Wehland et al.,
1983b). The accessibility of amino acids 41-42 to thermolysin
suggests that the acetylation site at lysine 40 of o-tubulin is also
exposed on the microtubule surface.

We found that subtilisin treatment dramatically reduced the
ability of microtubules to stimulate the brain cytoplasmic dynein
ATPase. Lineweaver-Burke plots of experiments such as shown in
Figure 4C indicated that this effect was principally due to a
decreased affinity of microtubules for dynein, reflected by the large
increase in Ky. The time course of digestion indicated that both o
and B-tubulin were involved in the interaction. Subtilisin-treated
microtubules also showed a reduced ability to glide on dynein coated
coverslips. We note, however, that even after extensive digestion of
the microtubules (to the point where C-terminal tyrosine was
undetectable by immunoblotting) some activation of the dynein

ATPase (Figure 4) and some microtubule gliding were observed.
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‘These data suggest that tubulin residues other than those liberated
by /s/\ﬁlri)itilisin probably contribute to the dynein interaction site.

Digestion with thermolysin had no effect on the ability of
microtubules to activate the dynein ATPase. This indicated that the
N-terminus of a-tubulin is probably not involved in th¢ interaction
of the microtubule with cytoplasmic dynein. This result has
particular significance because sequence analysis of the thermolysin-
digested tubulin revealed the removal of ~5 kD from the N-terminus,
including the site of tubulin acetylation. Thus, our data suggest that
this post-translational modification, the function of which is
unknown, is not involved in regulating dynein activity.

The site of subtilisin cleavage was initially assigned to the C-
terminus based on the loss of 14C-labeled tyrosine that had been
‘introduced at this end of the polypeptide by tubulin tyrosine ligase

(Serrano et al.,, 1984). The site of cleavage of B-tubulin could not be

similarly monitored due to the lack of an appropriate labelling
’ mechanism. Subtilisin cleavage was estimated to release ~4 kD from
each subunit based on the change in electrophoretic mobility
(Serrano et al., 1984). In a subsequent study, however, native gel
electrophoresis indicated that the charge reduction in the tubulin
dimer following subtilisin digestion corresponded to the net loss of
about 9 negatively charged amino acids (Sackett et al., 1985). This is
substantially fewer than would be predicted from the removal of 4

kDa from the C-termini of the two subunits.
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We confirmed that the C-terminus of «-tubulin was removed
by subtilisin by using the anti-tyr antibody. We have also
established that the sequence removed from B-tubulin is at the C-
‘terminus, since a mAb directed against the terminal nonapeptide
failed to react with the subtilisin-treated tubulin. However, two
different antibodies which recognize sequences near the C-terminus
of a-tubulin, and one antibody which recognizes a sequence near the
C-terminus of B-tubulin, all reacted with the subtilisin-treated
tubulin. We considered the possibilty that the large electrophoretic
shift could result from the loss of ~4 kD from the N-termini.
However, direct N-terminal sequence analysis of the subtilisin
modified o and B-tubulin revealed that the N-termini remained
intact. Thus, we conclude that removal of only a small portion of the
tubulin C-terminus results in an anomalously large electrophoretic
shift of each subunit.

How close to the C-terminus is the site of subtilisin cleavage?
Remarkably, the persistence of reactivity with the anti-Glu antibody
suggests that the site must reside within the final eight amino acids
of a-tubulin. We note that the antibody shows no reactivity with the
tyrosinated form of tubulin (Gunderson et al., 1984). This suggests
that the epitope must include the carboxyl end of the immunogenic
heptapeptide GEEEGEE. We find only one way in which a similar
epitope can be generated by proteolysis, and that is by removal of
the four C-terminal amino acids of a-tubulin. This, interestingly,

exposes exactly the same tetrapeptide sequence found in the native
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detyrosinated tubulin molecule. Thus, the epitope likely consists of
the '/s;auence EGEE, with antibody recognition requiring the C-
terminal glutamic acid to be unmodified. Cleavage at this site
disrupts the cytoplasmic dynein and MAP interaction with the

- microtubule. This seems to imply that the sequence EGEE represents
not only the anti-Glu epitope, but the site of interaction of MAP 2
and dynein as well. However, subtilisin cleavage would then
generate a new MAP interaction site, much as its generates a new
epitope for the anti-Glu antibody. Thus, the interaction site may be
somewhat larger than EGEE, for example EEGEE, or it may span the
subtilisin cleavage site. This could explain why subtilisin cleavage
inhibits the dynein interaction with the microtubule but does not
completely abolish it (Figure 4B,C). _

We note that, despite the relative variable nature of the o and
B-tubulin C-termini, EGEE and EEGEE are both well conserved
phylogenetically (reviewed by Cleveland and Sullivan, 1985: Little
and Seehaus, 1988). EGEE is found at the C-termini of 15 of 21
metazoan a-tubulins, and EDEE in one Drosophila o-tubulin. EEGEE or
~ related sequences (such as DEGEE) are found in the same tubulins.
Twelve of 24 B-tubulins contain EEGEE or EEAEE close to their C-
termini. This suggests that this may be the site of dynein and MAP
interaction in the B as well as the «-subunit. It is conceivable that
Some variant forms of tubulin bind MAPs and cytoplasmic dynein via

only the o or B-subunit, or have a decreased affinity for the

associated proteins.
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It has been estimated by Wolff and coworkers that a total of

nine’w'ciiciidic residues are lost from the ap dimer upon subtilisin

treatment (Sackett et al., 1985).  Our model predicts the removal of
| three regative charges from the a-subunit, suggesting that six acidic
residues are removed from the B-subunit. The loss of six negatively
charged amino acids from the C-terminus of B-tubulin is consistent
~with cleavage site lying between the DM 1B epitope, which is
preserved during subtilisin treatment, and the sequence EGEE, which
is presumably lost. Our findings are also. consistent with an earlier
study which examined the binding of MAPs to protease-derived and
synthetic tubulin peptides imobilized on nitrocellulose (Littauer et
al.,, 1986). Based on the binding to overlapping peptides, it was
concluded that the sequence GEFEEEG in rat. B-tubulin was involved
‘in the interaction with MAP2 and tau. The sequence EFEE within this
region could be functionally equivalent to EGEE, though we suggest
‘that the sequence EEGED, which represents the C-terminal
continuation of this sequence, is also a candidate for the MAP binding
site. In a separate study, peptides derived from the C-terminal
region of a-tubulin showed a weak interaction with MAP2 and tau
(Maccioni et al., 1988), and no attempt was made to precisely define
‘the binding site.  Our data, and those of Bhattacharyya et al. (1985)
and Littauer et al. (1986) all indicate that the MAP and cytoplasmic
7dynein interaction site is much smaller than previously proposed
(Serrano et al., 1984; Maccioni et al., 1986). On the basis of the shift

:‘in electrophoretic mobility and amino acid analysis of the subtilisin
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digestion products, Maccioni and coworkers (Serrano et al., 1984;
Maccioni et al., 1986) placed the site of subtilisin cleavage at Phe408
and Phe418 in o and B-tubulin, respectively.

Our results with the anti-Glu antibody indicate that a limited
sequence within the pentultimate eight amino acids of o-tubulin is
involved in cytoplasmic “dynein and MAP interaction. However, they
do not address the role of the C-terminal tyrosine in a-tubulin.
Extensive evidence indicates a correlation between the removal of
this tyrosine by a specific tubulin carboxypeptidase with increased
stability of the microtubule (Gunderson et al., 1987). However,
dramatic differences in MAP binding of tyrosinated and
detyrosinated tubulin have not been observed (J. C. Bulinski,
personal communication).

Recently, Rodionov and coworkers (Rodionov et al., 1990) have
reported than kinesin interacts with a domain of tubulin which is
outside of the C-terminal region characterized in' this study. The
authors also suggested that cytoplasmic dynein binds outside the C-
terminal region based on a sedimentation experiment with subtilisin-
modified tubulin (op. cit.). In preliminary experiments, we also have
observed limited rebinding of cytoplasmic dynein to subtilisin-
tubulin. These data indicate that the site of interaction of
cytoplasmic dynein with tubulin is complex. Thus, the acidic C-
terminal region identified in the present study is nécessary for

activation of the dynein ATPase, while sequences outside the C-
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terminus may be sufficient for rebinding of cytoplasmic dynein to
tubulﬂirih.

The existence of a common site for the interaction of the
structural MAPs and cytoplasmic dynein with microtubules would
seem to be problematic for the cell. Perhaps there are distinct
populations of MAP-containing and MAP-free microtubules in cells,
the latter serving as the tracks for organelle transport. Trains of
organelles have, in fact, been observed in lobster axons following
release from a cold block, ‘suggesting that transport may occur along
a subset of microtubules (Miller et al., 1987).

It is also possible that the MAPs serve as regulators of motility
in the cell. Since MAP2 is restricted in its distribution to neuronal
dendrites (DeCamilli et al. 1984), it could potentially serve to prevent
certain classes of organelles from entering the dendrite.
Alternatively, if the cellular levels of MAPs are below saturation for
tubulin binding sites, the MAPs could serve to regulate the rate or
frequency of organelle movement. This role would be analogous to
that of tropomyoSin regulation of myosin. Since phosphorylation of
the microtubule binding domain of MAP2 has been found to weaken
its affinity for microtubules (Burns et al., 1984), this modification
could, in turn, serve to regulate dynein function.

Clearly, further work will be needed to explore the implications
of this novel role for the MAPs, and to determine the effect of the C-
terminal tyrosine on the interaction of microtubules with MAPs and

with the motor molecules.
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Figure Legends

Figure 1.  Microtubules with and without MAPs differ in gliding
activity. Taxol-stabilized microtubules were assayed for dynein-
mediated gliding activity in the presence and absence of MAPs. The
samples were analyzed on an 8% polyacrylamide gel. The MAP-
containing microtubules (lane 1) displayed no motility (-), while
removal of the MAPs with Tris-KCl containing 0.5 M NaCl (lane 2)

restored gliding activity (+).
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Figure 2. The microtubule activated ATPase activity of cytoplasmic
dynein is inhibited by MAP2. The data shown represents the
microtubule activated ATPase activity after subtraction of the basal

activity.




1.0

[MAP 2] (mg/ml)




34

Figure 3. Thin section electron microscopy of unmodified and
subtilisin-treated taxol-stabilized microtubules.  Microtubules were
digested for 0 (A,B), 15 (C), and 140 minutes (D,E) and processed for
electron microscopy as previously described (Vallee, 1982).
Protease-treated microtubules maintain a normal morphology when
stabilized with taxol prior to digestion. In contrast, digestion of
tubulin dimers with subtilisin results in the formation of hook-like

structures (cf. Serrano et al., 1986). Bar, 50 nm.
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Figure 4. The effect of subtilisin digestion of o and B-tubulin on
cytoplasmic dynein ATPase activity. (A) Electrophoretic analysis of
digested tubulin. Taxol-stabilized microtubules were exposed to
subtilisin for 0, 60, and 120 minutes and examined by Coomassie
Blue staining (CB) and immunoblotting with an antibody to the
tyrosinated form of «o-tubulin (anti-tyr). p-tubulin was observed to
shift to a lower molecular weight by 60 minutes, while a-tubulin
shifted to a lower molecular weight by 120 minutes. The shift of a-
tubulin coincided with the loss of immunoreactivity, indicating that
the C-terminus of o-tubulin was removed during subtilisin digestion.
(B) Effect of subtilisin digestion on microtubule activation of the
dynein ATPase. Taxol-stabilized microtubules were exposed to
subtilisin for the times indicated, and assayed for activation of the
dynein ATPase. The reduction in activity appears biphasic, with a
relatively rapid decline corresponding to the digestion of B-tubulin,
and a slower decline corresponding to the digestion of a-tubulin. (C)
The ATPase activity of cytoplasmic dynein as a function of
microtubule concentration. ATPase activity in the presence of

untreated microtubules ( M ) and microtubules previously exposed to
| subtilisin for 140 minutes ( O ). The data in B and C are expressed

~after subtraction of the basal (unstimulated) ATPase.
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Figure 5. The effect of thermolysin digestion of o-tubulin on
cytoplasmic dynein ATPase activity. (A) Electrophoretic analysis of
digested tubulin. Taxol-stabilized microtubules were exposed to O,
0.1%, and 1.0% thermolysin and examined by Coomassie blue staining
(CB) or immunoblotting with the anti-tyr antibody used in figure 4A.
The shift of a-tubulin to a faster migrating species did not result in a
loss of reactivity, indicating that the N-terminus was removed during
digestion. (B) The microtubule-activated ATPase activity of
cytoplasmic dynein as a function of microtubule concentration.
ATPase activity in the presence of untreated microtubules ( M ) and
microtubules previously exposed to 1.0% thermolysin for 15 minutes
( O ). The data shown represents the microtubule-activated ATPase

activity after subtraction of the basal activity.
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Figure 6. Analysis of the sites, of subtilisin cleavage. (A)
Immunoblot analysis of subtilisin-treated tubulin. Taxol-stabilized
microtubules were digested with 1.2% subtilisin for 60 and 120
minutes and analyzed by gel electrophoresis and immunoblotting.
CB, Coomassie blue; TYR, immunoblot using a site directed antibody
generated against the C-terminal sequence GEEEGEEY of tyrosinated
o-tubulin (Gunderson et al., 1984); GLU, site-directed antibody
generated against GEEEGEE of detyrosinated a-tubulin (op. cit.);
DM1A, mAb reported to react most strongly with amino acids 426-
430 of o-tubulin (Breitling and Little, 1986); DMI1B, mAb whose
epitope lies within amino acids 416-430 of B-tubulin (op. cit.). The
anti-Glu reactivity was weaker with the subtilisin fragment, but was
clearly positive. (B) Schematic representation of protease cleavage
sites and epitope locations within the C-terminal regions of o and B-
tubulin. The positions of the subtilisin (Sub) and thermolysin
(Therm) cleavage sites deduced from the present study are indicated,
along with the previously proposed sites of subtilisin cleavage (open
arrows). On the basis of the shift in electrophoretic mobility and
amino acid analysis of the subtilisin digestion products, the sites of
subtilisin cleavage were previously assigned to Glu#17-Phe418 and
G1u407-Phe408 in o and B-tubulin, respectively (Serrano et al., 1984;
Maccioni et al., 1986). Our results are consistent with the removal of
a total of nine acidic residues from the tubulin dimer as judged by
native gel electrophoresis (Sackett et al., 1985). The antibody
JDR.3B8 was generated against the sequence EGEEDEA, which
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corresponds to the C-terminus of B-tubulin (Banerjee et al, 1988).
The subtilisin cleavage site in B-tubulin (dashed line) is predicted to
fall between the DM1B and JDR.3B8 epitopes, the latter of which is
lost by subtilisin treatment. (C) C-terminal sequence of porcine o
and B-tubulin beginning at the previous proposed subtilisin cleavage
sites (single letter code). The sequence of the peptide used to
generate the anti-Glu antibody is bracketed. The sequence EGEE
(bold) comprises a significant portion of the anti-Glu epitope, and of

the MAP2 and cytoplasmic dynein . interaction site as well.
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CHAPTER III
MOLECULAR CLONING OF THE 74 kDa SUBUNIT OF MAMMALIAN
CYTOPLASMIC DYNEIN REVEALS HOMOLOGY WITH THE 70 kDa
SUBUNIT OF CHLAMYDOMONAS FLAGELLAR OUTER ARM DYNEIN

Cytoplasmic dynein is a multisubunit enzyme complex which
couples ATP hydrolysis with force production towards the
microtubule minus end (Paschal et al.,, 1987; Paschal and Vallee,
1987). It is thought to be responsible for. retrogrograde axonal
transport (Paschal and Vallee, 1987; chhnapb and Reese, 1989;
Schroer et al., 1989; Hirokawa et al.,, 1990; Lacy and Haimo, 1992) as
well as minus end-directed movements of organelles such as
lysosomes (Lin and Collins, 1992) and chromosomes (Reider and
Alexander, 1990; Pfarr et al.,, 1990; Steuer et al., 1990; Hyman and
Mitchison, 1991).

Biochemical and structural studies of cytoplasmic dynein have
revealed several common properties with its axonemal counterparts,
but significant differences as well (Paschal et al., 1987; Shpetner et
al., 1988; Vallee et al., 1988). Among the conserved features are the
high molecular weight heavy chains, responsible for ATP hydrolysis
and force production. Both cytoplasmic and axonemal dyneins also |
contain a collection of accessory subunits, known in the case of
axonemal dyneins as intermediate and light chains. However, the
composition of accessory subunits is strikingly different between

axonemal and cytoplasmic forms of the enzyme, suggesting that
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these polypeptides may specify distinct functions. Cytoplasmic
dynein from mammalian brain, testis, and liver all contain
copurifying polypeptides of 150, 74, 59, 57, 55, 53 and 40-50 kDa
(Paschal et al., 1987; Neely and Boekelheide, 1988; Collins and Vallee,
1989). The intermediate and light chains of axonemal dyneins range
in size from 69-120 kDa and 14-20 kDa depending on the species
examined (Pfister et al., 1982; Piperno and Luck, 1979; Tang et al,,
1982; reviewed by Johnson, 1985).

Relatively little is known about the function of the accessory
subunits, but recent work has suggested that several of these
polypeptides could be involved in subcellular targeting. The most
extensively studied axonemal dynein accessory subunits are those of
Chlamydomonas flagellar outer arm dynein. Direct evidence for a
role for these proteins in targeting has come from cross-linking
studies in detergent permeabilized axonemes, which revealed direct
binding between the 80 kDa intermediate chain and alpha tubulin
(King et al., 1991). The 80 kDa subunit can also be dissociated from
the dynein holoenzyme in a complex with the 70 kDa intermediate
chain (Mitchell and Rosenbaum, 1986), the latter of which has been
localized to the base of the holoenzyme by immunoelectron
microscopy (King and Witman, 1990). The 70 kDa subunit has been
identified as the product of the ODAG6 gene in Chlamydomonas
(Mitchell and Kang, 1991) and mutations in this locus result in
defective flagellar motility (Kamiya, 1988). Whether the accessory

subunits of cytoplasmic dynein are similarly localized and play
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comparable roles in organelle or kinetochore targeting remain
unanswered questions of considerable importance.

To address the role of the cytoplasmic dynein accessory
subunits, we have set out to determine their primary structures by
cDNA cloning. In an earlier study we described the molecular cloning
and sequencing of a 150 kDa cytoplasmic dynein-associated
polypeptide. We found this polypeptide to be the apparent
mammalian homologue of a similar-sized Drosophila protein, the
product of the Glued locus (Holzbaur et al., 1991). The p150Glued
polypeptide is present in most (Collins and Vallee, 1989; Gill et al.,
1991), but not all cytoplasmic dynein preparations (Paschal et al.,
1987). It also is a component of a biochemical fraction reported to
stimulate in vitro vesicle motility (Schroer and Sheetz, 1991), though
-a specific role for the 150 kDa polypeptide in the active fraction has
not been resolved.

The present study regards the molecular cloning of the 74 kDa
subunit of cytoplasmic dynein. This polypeptide has been found to
copurify with the brain cytoplasmic dynein complex at a constant
stochiometry of 3.1 + .2 :1 (mean + SD) by sucrose gradient
centrifugation, gel filtration, ion exchange, and hydroxylapatite
chromotography (Paschal et al., 1987). It has also been found at
comparable levels in cytoplasmic dynein purified from rat liver and
testis (Collins and Vallee, 1989; Neely and Boekelheide, 1988), and
what appears to be the same polypeptide has been described in Hela

cells (Pfarr et al., 1990) and chick brain (Steuer et al., 1990).
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We report here the primary structure of the 74 kDa subunit
along with evidence for the existence of at least three isoforms. We
find that the 74 kDa species contains significant sequence identity
with the product of the ODAG6 locus in Chlamydomonas (Mitchell and
Kang, 1991), the 70 kDa intermediate chain of outer arm dynein
(Mitchell and Kang, 1991). This suggests that the cytoplasmic and
axonemal intermediate chains may carry out related functions within

their respective holoenzymes.
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Materials and Methods

Protein chemistry.

Cytoplasmic dynein was purified from calf brain white matter
cytosol as previously described (Paschal et al.,, 1991). For peptide
sequencing, the 20S sucrose gradient fractions were pooled and
centrifuged at 45,000 rpm for 16 hours in a 50Ti rotor (Beckman
Instruments, Palo Alto, CA) to concentrate the cytoplasmic dynein.
The resulting small, clear pellet was resuspended in 0.5 ml of SDS
PAGE sample buffer (Laemmli, 1970) modified to contain 10% SDS,
and boiled for 10 minutes. The sample, containing approximately
250 pg of total protein, was applied to a 9% polyacrylamide minigel
(Biorad, Richmond, CA) and electrophoresed at 25 milliamps constant
current. The gel was transferred to nitrocellulose (0.45 pm pore size,
Schleicher and Schuell, Keene, NH) in a methanol-containing buffer
(Towbin et al.,1979) at 100 volté constant voltage for one hour. The
nitrocellulose filter was stained with 0.1% Ponceau S in 1% acetic acid
for 1 minute to visualize protein. The filter was destained for 1-2
minutes in 1% acetic acid. The 74 kDa band was excised and further
destained in 0.2 mM NaOH for 1-2 minutes, washed in distilled
water, and stored wet at -20°C until use. Trypsin digestion of the
nitrocellulose-immobilized pfotein (in situ digestion), elution of the
peptides, and HPLC using a Ci1g reverse phase column were carried
out essentially as described (Aebersold, 1989). The amino acid

sequences of seven HPLC-purified peptides were determined on an
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Applied Biosystems Model 470A sequenator at the Worcester
Foundation for Experimental Biology Protein Chemistry Facility.

The sequence of peptide 8 was derived from an SDS PAGE-
purified 40 kDa tryptic fragment of 20S dynein, the details of which
will be described elsewhere. Peptide 9 was generated by
Staphylococcus aureus V8 protease digestion of SDS PAGE-purified
74kDa protein (Gooderham, 1984). The fragments resulting from the
V8 digest were separated on a 9% polyacrylamide gel, transferred to
Immobilon (Millipore, Medford, MA), visualized by Coomassie blue
staining, and excised for N-terminal microsequence analysis

(Matsudaira, 1987).

cDNA cloning.

The 57 base sense strand oligonucleotide, 5'-
AAGCCTGTGGCTGTGACAGGCATGGCCTTCCCCACAGGGGATGTGAACAACT
TTGTG-3', was a "guessmer” whose design was based on the sequence
of peptide 6 (Lathe, 1985). Subsequent cDNA sequence analysis
revealed this oligonucleotide to be 87.7% identical with the actual 74
kDa cDNA. An oligo(dT);2-18 primed AgtlO library (provided by Dr.
Atsushi Mikami, Worcester Foundation) prepared from adult rat
brain poly(A) RNA was plated and screened using standard methods
(Sambrooke et al.,, 1989). Hybridization of the 32p end-labeled
57mer (8 x 106 cpm/pmol oligonucleotide) was carried out in 6X SSC,
5X Denhardt's solution, 0.5% SDS, 100 pg/ml sheared salmon sperm
DNA, and 0.05 M sodium phosphate, pH 6.8, at 52°C overnight. The
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final wash condition, determined empirically, was 1X SSC/0.1% SDS at
56°C for 25 minutes. The positive clones were plaque purified by
two additional rounds of screening. The inserts of four clones
ranging in size from 1.4 to 2.6 kbp were amplified by polymerase

. chain reaction (PCR) using Agtl0 forward and reverse primers,
restriction digested with the enzymes Alul, Haelll, and Hinfl (New
England Biolabs, Beverly, MA), repaired with Klenow, and
electrophoresed on a 2% agarose gel. The gel was photographed and
processed for Southern blotting according to standard methods
(Sambrooke et al., 1989) using the membrane Duralon-UV
(Stratagene, La Jolla, CA). The blot was probed with the 57mer as
described above, and the final wash condition was .2X SSC/.1%SDS at
60°C for 30 minutes. An Alul fragment of ~100 bp was found to
hybridize to the 57mer under these conditions.

The ~100 bp Alul fragment was purified by adsorption to glass
beads (GeneClean, Bio 101, La Jolla, CA) and subcloned into EcoRV
and alkaline phosphatase-treated pBluescript SK(-) vector. Double
stranded DNA sequencing with Sequenase (US Biochemical,
Cleveland, OH) was performed according to the supplier's
recommendations, except that primer annealing was at 60°C for 30
minutes.

The A DNA was prepared from polyethylene glycol precipitated
phage (Sambrooke et al., 1989) and subcloned into EcoRI and alkaline
phosphatase-treated pBluescript SK(-). The 2.6 kbp insert of p74

contains an internal EcoRI site, and was, therefore, subcloned as two
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fragments. The orientation of the two fragments was unambiguously
established by comparison with the sequence of peptide 9 which
spans the internal EcoRI restriction site. Subclones of the p74 cDNA
were sequenced on both strands as described above.

All sequence manipulations, with the exception of the coiled-
coil prediction (see legend to Figure 9), were performed with
Genetics Computer Group Software (University of Winsconsin). The
statistical significance of alignment scores was evaluated using the
RDF2 Program (Lipman and Pearson, 1985) according to the equation
z = (similarity score - mean of random scores)/ (SD of random

scores). A value of z > 10 is considered significant (op. cit.).

Analysis of transcripts encoding 74kDa isoforms.

Northern blotting was carried out by standard methods
(Sambrooke et al.,, 1989) using the Duralon-UV membrane. The blot
'was probed with the 839 bp 5' EcoRI fragment of p74 labeled with
32p by nick translation. The probe for B-actin message, designed
from the highly conserved second exon, was the antisense
olignucleotide 5'-CCAAATCTTCTCCATATCGTCCCAGTTGGT-3' (Nudel et
al., 1983).

Transcript analysis by PCR was performed on first strand cDNA
prepared using rat brain poly(A) RNA, AMV reverse transcriptase
(BRL, Bethesda, MD), and oligo(dT)12-18 primers. Twenty-eight
cycles of PCR were carried out using Taq polymerase (Perkin Elmer,

Norwalk, CT) and standard nucleotide, primer, and buffer
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concentrations (Innis et al., 1990). The initial denaturation was at
05°C for 2 minutes. Denaturation during cycling was at 94°C for 30
seconds, primer annealing was at 52°C for 30 seconds, and extension
was at 72°C for 30 seconds. The PCR products were repaired with
Klenow, analyzed on a 4% NuSieve GTG agarose gel (FMC BioProducts,
Rockland, ME), and subcloned into pBluescript for sequencing. The
primer pairs are given below, with the corresponding region
amplified in parentheses. a: 5'-GCAAATATGTCTGACAAGAGCG-3' and
5'-GGAGTGCTCACTGATTTCGAAG-3' (153-475). b: 5'-
TCTTCGAAATCAGTGAGCACTC-3' and 5'-CCAGCTCTCGGCCGCTGTAGTC-
3' (453-933). ¢: 5'-CCTCCAAGAGAGCTGACGGAAG-3' and 5'-
TGTTCCAAACCAAGGCCACTCC-3' (786-1128). d: 5'-
GCTGATGGTTGCTTCTTATAGC-3' and 5'-CCATTCCTGTAACAGCCACAGG-
3' (1055-1488). e: 5'-TCAACAACTTCGTGGTCGGCAG-3' and 5'-
TATTGGCGCGGATCTCCACCAG-3' (1507-2046). f: 5'-
GACCTCTGGAACCTCAACAGTG-3' and 5'-
GACACCGATACGGAAAGGACA-3' (1824-2195).

Gel electrophoresis and immunoblotting.

SDS PAGE was performed according to the method of Laemmli
(1970), with the acrylamide concentrations noted in the legends. The
gel in Fig.6 was a 5-10% polyacrylamide gradierit with dimensions
160 x 140 x 1.5 mm, and was electrophoresed at 30 milliamps
constant current. The method of Oakley et al. (1980) was used for

silver staining. For western blots, post-transfer nitrocellulose filters
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were blocked overnight in a solution containing 5% nonfat dry milk,
0.1% Tween-20, and 1 mM sodium azide in TBS. The anti-74kDa
monoclonal antibody was used as ascites fluid in TBS containing .1%
Tween-20 and 2% BSA. The dilutions were 1:1000 or 1:10,000 for 1
or 16 h incubations, respectively. Washes (3 x 20 minutes each)
were in TBS containing 0.1% Tween-20. The secondary antibody was
an affinity-purified peroxidase-conjugated sheep anti-mouse diluted
1:10,000 in TBS containing 0.1% Tween-20 and 2% BSA. Detection
was achieved with Enhanced Chemiluminescence (Amersham,

Arlington Heights, IL), using exposure times of 2-5 seconds.

Preparation of samples for expression analysis.

Tissue samples were taken from adult male Sprague-Dawley
rats (Charles River Laboratories, Wilmington, MA). Tissues were
homogenized with a motor-driven teflon pestle unit at 2000 rpm in 2
vol of buffer containing 100 mM Pipes, 1 mM MgSO4, 0.25 M sucrose,
and 1 mM PMSF. The homogenate was centrifuged for 30 seconds at
half speed in a tabletop centrifuge to sediment debris and unbroken
cells. Brain samples at different stages of development were
prepared in a similar manner, except that sucrose was omitted and
homogenization was performed using a Dounce tissue grinder.
Aliquots for SDS PAGE and protein determination (Bicinchoninic acid
method, Pierce, Rockford, IL) were frozen in liquid nitrogen and
stored at -80°C until use.

Ram testes, prepared from tissue which had been stored at
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-80°C, was homogenized with a teflon pestle and processed as
described above. Pig tracheal cilia, a kind gift of Dr. Annette Hastie,
Thomas Jefferson University School of Medicine, were prepared
according to published methods (Hastie, 1991). Ram sperm tails
were generously provided by Drs. Jovi San Agustin and George
Witman (Worcester Foundation), and were isolated essentially as

described by Calvin (1976).
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Isolation of ¢cDNA’s encoding the 74 kDa polypeptide.

Tryptic peptides prepared from the nitrocellulose-immobilized
74 kDa electrophoretic species by in situ digestion were purified by
HPLC on a Cig column (Figure 7). The sequences of seven peptides as
determined by pulse liquid phase microsequencing are shown in
Figure 7. Two additional peptide sequences were obtained from
tryptic digestion of dynein in solution (peptide 8) and from
Staphylococcus aureus protease digestion of SDS PAGE-purified 74
kDa (peptide 9).

Using the amino acid sequence of peptide 6, a 57 nucleotide
"guessmer" was designed taking into account codon bias and the
selective deficiency of the intercodon dinucleotide pair 5' C-G 3' in
higher eukaryotes (Lathe, 1985). An adult rat brain Agtl0 cDNA
library was screened and four clones containing inserts of 1.5 to 2.6
kb were isolated. The inserts were amplified by polymerase chain
reaction (PCR) using AgtlQ library primers, and examined by
restriction enzyme analysis and Southern blotting with the 57mer
probe. The fragment patterns generated with Alul, Haelll, and HinfI
revealed extensive overlap between the four clones. A short (~100
bp) Alul fragment which hybridized to the 57mer probe was
sequenced, and the deduced amino acid sequence was found to

match exactly with that of tryptic peptide 6. The longest cDNA,
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designated p74, was amplified in E. coli and subcloned into
pBluescript for DNA sequencing.

The first 158 bp of the p74 cDNA was found to be closed in all
reading frames (Figure 8). Translation initiation is predicted to begin
with the first in-frame AUG at base 159, which is preceded by a
purine (A) in the -3 position (Kozak, 1991). The open reading frame
encodes a 643 amino acid polypeptide with an isoelectric point of 4.9
and a molecular weight of 72,753 daltons, in good agreement with
our estimate of 74,000 daltons by SDS PAGE. The open reading
frame terminates with the stop codon UAA, and is followed by 568
bp of 3' untranslated sequence including the polyadenylation signal
AAUAAA and a terminal poly A tract. The amino acid sequences of
all nine peptides were identified within the single open reading
frame. Single amino acid substitutions were observed in peptide 5
(valine for isoleucine) peptide 7 (serine for asparagine), and peptide
9 (threonine for valine and arginine for aspartic acid). Surprisingly,
despite an exact match over the first twelve residues, peptide 4
diverged completely from the deduced amino acid sequence after the
first aspartic acid. This issue will be addressed further below.

Inspection of the deduced amino acid sequence reveals a
striking density of charged residues in the first 220 amino acids
including two predicted alpha helical regions, the amino (N-)
terminal 60 amino acids and another 90 amino acids centered about
residue 240 (Figure 9A). The highly charged N-terminal region,

which shows a significant degree of surface probability (Figure 9A),
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includes the sequences 13RK(X)10KKRK and 42KK(X)10RKRR (one letter
code, (X)10 denotes a ten residue spacer). These sequences are
similar to the bipartite nuclear targeting signal of Xenopus
nucleoplasmin, KR(X)10KKKK (Robbins et al., 1991).

We analyzed the 74 kDa sequence for the presence of heptad
repeats with the potential to form coiled-coil structures using the
algorithm developed by Lupas et al. (1991). Residues 2-44 show a
high probability (>0.99) of forming a coiled-coil structure which
contains six heptad repeats (Figure 9B). Since this number of repeats
is close to the minimum number (four to five) required to form a
stable coiled-coil structure, it may be involved in interchain rather

than intrachain interactions.

Relationships to other dynein polypeptides.

We searched the GenBank, EMBL, and SwissProt data bases
with the complete 74 kDa coding sequence and found no significant
relatedness to other proteins. However, a direct comparison of 74
kDa with a 70 kDa subunit of Chlamydomonas reinhardtii flagellar
dynein (Mitchell and Yang, 1991) revealed that the two polypeptides
are 23.9% identical and 47.5% similar. A dotplot comparison of the
aligned sequences is shown in Figure 10A.  The C-terminal halves of
the cytoplasmic and flagellar polypeptides are 26.4% identical and
47.7% -similar. The optimal alignment of this region (Figure 10B)
obtained with the GCG Program BESTFIT required only four minor

gaps in the cytoplasmic sequence and five minor gaps in the flagellar
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sequence. The region of highest identity (28.5%) spans amino acids
330-598 and 208-473 of the cytoplasmic and flagellar polypeptides,
respectively.

To evaluate the statistical significance of the extent of sequence
identity between the cytoplasmic and flagellar polypeptides, we
compared the authentic alignment score with the mean of the
alignment scores of the 74 kDa sequence and 1000 randomized 70
kDa sequences using the RDF2 Program (Lipman and Pearson, 1935).
The mean score of the authentic alignment of the full-length
comparisons was 34.74 SD (z value) above the mean score of the
randomized sets, indicating that the match between the cytoplasmic
and flagellar polypeptides is indeed significant. This analysis applied
to the C-terminal comparison (26.4% identity) gave a z value of
34.88. In contrast, a comparison of the N-terminal halves of the two
polypeptides (20.1% identity) revealed a z value of -0.33, indicating
that a statistically significant relationship is restricted to the C-
terminal region.

Our earliest attempts to isolate cDNA's encoding the 74 kDa
polypeptide using a monoclonal antibody had led to the selection of
nine clones encoding the 150 kDa dynein-associated polypeptide
(Holzbaur et al., 1991). This result, and our demonstration of cross-
reactivity by immunoblotting (op. cit.) and immunoprecipitation
(Paschal et al., in preparation) suggested a potential structural
relationship between the two species. Comparison of their primary

sequences revealed that the two polypeptides are 21.7% identical.
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However, analysis using the RDF2 Program indicates the authentic
alignment score is only 1.49 SD above the mean score of the
randomized sets, suggesting that this degree of relatedness is
probably not significant. Alignments generated by the GCG programs
BESTFIT and GAP did not reveal any common domains in the 74 and
150 kDa species, though the sequence LKAE is found in the N-
terminal region of both polypeptides. Since the monoclonal antibody
recognizes bacterially-expressed 150 kDa, the epitope is probably not
defined by a posttranslational modification. It is more likely that the
epitope resides in secondary structure conserved between the two

polypeptides.

Analysis of transcripts encoding 74 kDa isoforms.

The mass analysis of cytoplasmic dynein by scanning
transmission electron microscopy and the stoichiometry of the
copurifying subunits indicated that there are approximately three
copies of the 74 kDa subunit per complex (Paschal et al., 1987; Vallee
et al.,, 1988). On well-resolving SDS PAGE gels, two to three bands
can be identified, each of which is recognized by an anti-74 kDa
monoclonal antibody (Figure 11A, and unpublished data). To
determine the basis for 74 kDa heterogeneity, we probed northern
blots of adult rat brain poly(A) RNA and observed a single, albeit
broad, species at 2.9 kb (Figure 11B).

As a further means of testing for mRNA heterogeneity,

overlapping regions of first strand rat brain cDNA were amplified by
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PCR (Figure 11C). Each of the primer pairs generated a product of
the expected size. In addition, PCR amplification of the region
corresponding to bases 453-933 of the cDNA generated a second,
smaller product which migrated at about 430 bp. The larger PCR
product yielded a sequence identical to that of p74. However, the
sequence of the smaller PCR product revealed that it contained a 63
base deletion (Figure 11D). The corresponding polypeptide is
predicted to have a 21 amino acid deletion and a total molecular

weight of 70,383 daltons.

Analysis of expression 74 kDa.

Given the significant relatedness of the rat 74 kDa cytoplasmic
and Chlamydomonas 70 kDa flagellar dynein polypeptides (Figure
10A,B), we tested whether mammalian cilia and flagella contain
proteins which are immunologically related to the brain cytoplasmic
dynein 74 kDa species. Western blotting using our anti-74 kDa
monoclonal antibody identified a major immunoreactive species of
74 kDa in sheep testes, consistent with the M of the subunit in rat,
mouse, calf, and human (Figure 12A, and unpublished data). In
contrast to this result, no reactivity was seen with a 74 kDa species
in isolated ram sperm flagella and pig tracheal cilia; however, strong
immunoreactivity was observed with a 67 kDa polypeptide (Figure
12A). Since purified mammalian ciliary dynein contains a 67 kDa
intermediate chain (Hastie, 1991), our results suggest immunological

relatedness between the axonemal and cytoplasmic dynein subunits
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Examination of other rat tissues revealed that expression of the
74 kDa polypeptide was highest in brain and testes (Figure 12B),
consistent with the yield of cytoplasmic dynein from these sources
(Paschal et al., 1987; Neely and Boekelheide, 1988; Collins and Vallee,
1989). The expression of 74 kDa as a function of brain development

was relatively constant from day 1 through day 29 (Figure 12C).
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Discussion

We have determined the nucleotide and deduced polypeptide
sequences of the 74 kDa cytoplasmic dynein intermediate chain from
mammalian brain. Significant relatedness was found with only one
other polypeptide, the 70 kDa intermediate chain of flagellar outer
arm dynein from Chlamydomonas reinhardtii (Mitchell and Kang,
1991). This suggests that the genes.for the intermediate chains for
cytoplasmic and axonemal dyneins evolved from a common ancestral
gene, and raises the possibility of related functions for these

polypeptides within the respective holoenzymes, as discussed below.

Functional implications of 74kDal70kDa homology.

Molecular genetic analysis of the Chlamydomonas 70 kDa
intermediate chain has revealed an essential role in flagellar dynein
function (Kamiya, 1988; Mitchell andiKang, 1991). oda6 mutants fail
to assemble flagellar outer arms, resulting in a reduced beat
frequency (Kamiya, 1988). It is unknown whether the dynein
complex fails to assemble in these mutants, or whether it assembles
but fails to attach to the A subfiber microtubule. Recently identified
, : intragenic revertents of oda6 have an apparently normal

complement of outer arms, but are still abnormal with regard to beat

frequency (D.R. Mitchell, personal communication). This indicates
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that the force-tranducing activity of the holoenzyme is closely linked
with the function of the 70 kDa intermediate chain.

Electron microscopy with anti-70 kDa monoclonal antibodies
has show this polypeptide to be located at the base of the flagellar
dynein complex (King and Witman, 1990), which is closely associated
with the A subfiber microtubule in the axoneme (Goodenough and
Heuser, 1984). The 70 kDa polypeptide can be isolated as a
heterodimer with a second intermediate chain of 80 kDa (Mitchell
and Rosenbaum, 1986), which can be chemically crosslinked to alpha
tubulin in detergent permeabilized axonemes (King et al., 1991).
Together, these data suggest a model whereby the 70-80 kDa
heterodimer constitutes a subcomplex which is responsible for
structural binding of the flagellar outer arm dynein to the A subfiber
microtubule (King and Witman, 1990).

The relationship reported here between the primary structure
of the flagellar 70 kDa and cytoplasmic 74 kDa accessory subunits
suggest that the latter is also likely to be located at the base of the
cytoplasmic dynein complex. This is consistent with analysis by
scanning transmission electron microscopy which revealed the base
of the axonemal (Johnson and Wall, 1983; Witman et al., 1983) and
cytoplasmic (Vallee et al., 1988) dynein complexes to have a similar
mass, which could be accounted for by the combined masses of most
of the non-catalytic subunits.

By analogy with the 70 kDa flagellar subunit, the 74 kDa

cytoplasmic dynein subunit may also play a role in substrate
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attachment. In the case of cytoplasmic dynein there is little evidence
for the nucleotide-insensitive, microtubule-binding site found in
axonemal dynein (Paschal et al., 1987; Shpetner et al., 1988).

Instead a growing body of evidence points to a specific interaction of
cytoplasmic -dynein with minus end directed organelles (Paschal and
Vallee, 1987) such as lysosomes (Lin and Collins, 1992; Matteoni and
Kreis, 1987), neuronal vesicles (Schnapp and Reese, 1989; Schroer et
al., 1989; Hirokawa et al., 1990; Lacy and Haimo, 1992),

chromosomes (Reider and Alexander, 1990; Pfarr et al., 1990; Steuer
et al.,, 1990; Hyman and Mitchison, 1991), and possibly the Golgi
apparatus (Rogalski and Singer, 1984). Thus, our finding of a
structural relationship between the flagellar and cytoplasmic dynein
subunits suggests a role for the 74 kDa species in attachment to the
organelle surface and to the kinetochore. Whether the 74 kDa
subunit links the cytoplasmic dynein holoenzyme to these structures
directly or indirectly will be an important issue to be resolved by

further work.

Comparison of the primary structures of cytoplasmic 74 kDa and
flagellar 70 kDa.

Several features of the primary structures of the cytoplasmic
74kDa and flagellar 70kDa polypeptides are conserved. The two
polypeptides are similar in total mass and have very acidic
isoelectric points, 4.9 (this study) and 5.2 (Mitchell and Kang, 1991)

for the cytoplasmic and flagellar subunits, respectively. The
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cytoplasmic and flagellar subunits contain a total of nine and eight
cysteines, respectively. Seven of these are located in the homologous
C-terminal region of each polypeptide, indicating that the number
and relative distributions of cysteines has been conserved. Most
conspicuous is the amino acid sequence homology within the C-
terminal halves, which are 26.4% identical and 47.7% similar. It
seems reasonable to assume that the C-terminal halves of the two
polypeptides are involved in a conserved function such as binding to
the dynein heavy chains.. In the case of the axonemal polypeptide,
extraction of the Chlamydomonas outer arm dynein complex with
increasing levels of SDS revealed the 70 kDa subunit to be the last
polypeptide released from the B heavy chain, consistent with a direct
interaction between these two species (Mitchell and Rosenbaum,
1986).

The N-terminal regions of the 70 kDa and 74 kDa subunits
appear to be unrelated, suggesting that this domain is specialized for
functions unique to the flagellar and cytoplasmic enzymes,
respectively. The amino acid composition of this region of the 74kDa
cytoplasmic subunit is unusual, with lysine, arginine, glutamic and
aspartic acid comprising 65% of the N-terminal 60 amino acids.
Within this highly-charged region are two nucleoplasmin-type
bipartite nuclear targeting signals. There is, as yet, no evidence for
localization of cytoplasmic dynein to the kinetochore prior to nuclear
envelope breakdown. However, a search of the SwissProt data base

revealed that the nucleoplasmin-type motif is conserved in nearly
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half of all nuclear proteins, and it occurs in less than 5% of non-
nucleaf proteins (Robbins et al., 1991). Thus, a potential role for this
motif in nuclear targeting of cytoplasmic dynein warrants further
investigation.

The charge clusters in the N-terminus of the 74 kDa
polypeptide are also reminiscent of sequences which have been
postulated to mediate dimerization in some eukaryotic transcription
factors (reviewed by Brendel and Karlin, 1989). For example, the
essential region of Fos which is necessary for Fos-Jun dimerization
contains a mixed charge cluster (Turner and Tjian, 1989). In this
regard, we note that the N-terminal 44 amino acids are strongly
predicted to participate in coiled-coil formation. We predict é role
for this domain in subunit-subunit interactions or in the binding of
hypothetical receptors on the surface of cytoplasmic organelles or

kinetochores.

Multiplicity of isoforms.

In earlier work, approximately three copies 74 kDa polypeptide
were deduced to copurify with each cytoplasmic dynein holoenzyme.
This conclusion was based on the relative content of the 74 kDa
species as determined by gel densitometry (Paschal et al.,, 1987) and
the mass of the holoenzyme as determined by scanning transmission
electron microscopy (Vallee et al.,, 1988). SDS gels show some
evidence of 74 kDa heterogeneity, revealing from one to three bands

depending on the gel system. In the present study, northern blotting
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and PCR were used to test for possible transcript heterogeneity. This
analysis and the peptide sequence data are consistent with the
existence of three isoforms which differ near their N-termini. The
molecular weight of the polypeptide calculated from the predicted
amino acid sequence of the full-length ¢cDNA is 72,753 daltons, and
the PCR analysis predicts a second isoform of 70,383 daltons
assuming there are no additional deletions or insertions. This is
about the difference we estimate between the largest and smallest
electrophoretic species from well-resolving gels. The sequence of
peptide 4 indicates there is a third, distinct isoform which contains
an insertion after residue 113. Together, the multiple isoforms
suggested by the sequence data seem likely to account for the three
similarly-sized polypeptides which migrate at approximately 74 kDa
on SDS gels (Figure 11A,D).

The importance of multiple forms of 74 kDa in cytoplasmic
dynein function is unknown. They may account for the 3:1
stochiometry of 74 kDa:holoenzyme complex (Paschal et al., 1987;
Vallee et al.,, 1988). However, it appears that the 74 kDa isoforms
are expressed unequally, both from examination of protein gels
(Figure 11A) and from the relative intensity of PCR products
generated across the region of transcript heterogeneity (Figure 11C).
Such unequal expression could be better explained by differences in
isoform composition between individual cytoplasmic dynein
molecules with some forms predominating. In this case a role for

isoform diversity in specifying function would seem a reasonable
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speculation, for example in targeting cytoplasmic dynein to the
surface of different organelles or to the kinetochore

While the multiple sequences may be generated by an
alternative splicing mechanism, we note that preliminary genomic
Southerns are more complex than expected for a single copy gene.

Further work will be needed to resolve this issue.

Evolutionary considerations.

One of the noteworthy differences between cytoplasmic,
flagellar, and ciliary dyneins is in the composition of their accessory
subunits. Nonetheless, some evidence for immunological relatedness
of evolutionarily distant flagellar dynein intermediate chains has
been obtained. King and coworkers (King et al.,, 1990) showed that a

monoclonal antibody directed against the 70 kDa flagellar dynein

- subunit in Chlamydomonas recognized subunits of M, 73 kDa and 76

kDa in trout and sea urchin, respectively. A second monoclonal
antibody directed against the 80 kDa subunit in Chlamydomonas, also
recognizes the 73 kDa subunit in trout. These data suggest some
degree of conservation within the primary structure of metazoan and
protozoan flagellar dynein subunits. Our observation of cross-
reactive mammalian brain, flagellar, and ciliary polypeptides
suggests‘ that the cytoplasmic and axonemal intermediate chains in
the same taxonomic class are related as well.

Our discovery of a relationship between mammalian

cytoplasmic and algal axonemal dynein accessory subunits points to a
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common origin for the two genes. Assuming that cytoplasmic
microtubules predate axonemal microtubules (though for a
counterargument see Margulis, 1981), it seems reasonable to
speculate that the ancestral gene would have encoded a cytoplasmic
dynein component. Molecular cloning of the mammalian axonemal
subunit and comparison with the 74 kDa polypeptide sequence
should provide additional insight into their structural, functional, and

evolutionary relationships.
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Figure Legends

Figure 7. In situ tryptic digestion of the 74kDa intermediate chain
of brain cytoplasmic dynein. (A) HPLC elution profile of tryptic
peptides chromatographed on a Cjg reverse phase column. Sequence
was obtained from the seven peptides indicated. (B) N-terminal
amino acid sequences of peptides generated by in situ tryptic
digestion (1-7), by tryptic digestion in solution (8), and by
Staphlococcus aureus V8 protease digestion (9). The in situ digestion,
HPLC, and microsequencing were performed by Dr. John Leszyk at

the Worcester Foundation.
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Figure 8. Nucleotide and predicted amino acid sequences of the
full-length rat brain cDNA (p74) encoding the 74kDa intermediate
chain of brain cytoplasmic dynein. The sequences of nine peptides
derived from the bovine 74kDa subunit are underlined. Translation
from the predicted translation initiation site AUG (159) to the
termination codon UAA (2088) would produce a polypeptide of
molecular weight 72,753, in good agreement with our estimate of 74
kDa from SDS gels (Paschal et al.,, 1987). The 3' untranslated
sequence includes the polyadenylation signal AAUAAA (2623) and a
terminal poly A tract. The GCG program MOTIFS revealed a total of
27 potential phosphorylation sites, two for cAMP dependent kinase
(R/KXXS/T), seven for protein kinase C (S/TXR/K), and 18 for casein
kinase II (S/TXXD/E). These sequence data are available from
EMBL/GenBank/DDBJ under accession number X66845.
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Figure 9. Structural features of the 74kDa polypeptide. (A) The
surface probability was predicted using the method of Emini et al.
(1985). Secondary structure predictions are based on the method of
Garnier et al. (1978). The graphic representation was generated with
the GCG Programs PEPTIDESTRUCTURE and PLOTSTRUCTURE on a Vax
11/750 computer. In the uppermost plot, regions predicted to reside
on the surface of the polypeptide are indicated by positive values.

In the secondary structure analysis, regions which are predicted to
be P-turn, a-helix, and B-sheet are indicated when the line in the
respective graph is in the up position. Amino acid coordinates are
shown along the bottom. (B) Probability of forming a coiled-coil
structure. The coiled-coil prediction algorithm analyzes the relative
occurence of amino acids at the seven positions of the heptad repeat
using the sequences of the coiled-coil domains of myosins,

tropomyosins, and keratins as a database (Lupas et al., 1991).
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Figure 10. Alignment of the deduced polypeptide sequences of rat
cytoplasmic 74 kD and Chlamydomonas flagellar 70 kDa intermediate
chains. (A) Comparison of the full-length polypeptides generated
using the GCG Programs COMPARE and DOTPLOT with a stringency of
15 in a window size of 30. Overall the two polypeptides show 23.9%
identity and 47.5% similarity. (B). Comparison of the C-terminal
regions of the cytoplasmic (cyto) and flagellar (flag) subunits using
the GCG Program BESTFIT with the default settings. Beginning at
amino acids 330 and 208 of the cytoplasmic 74 kDa and flagellar 70
kDa sequences, respectively, the polypeptides are 26.4% identical and
and 47.7% similar. Comparisons > similarity threshold of 1.5 are
indicated by vertical bars, and represent identities. Comparisons >

the similarity threshold of 0.5 are indicated by colons, and those > 0.1

are indicated by single dots.
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Figure 11. Identification of multiple 74 kDa isoforms and mRNA's.
(A) SDS PAGE showing heterogeneity of the 74kDa polypeptides. A
linear gradient of 5-10% acrylamide was used, and the gel was
stained with silver by the method of Oakley et al. (1980). (B)
Northern blot of adult rat brain poly(A) RNA (10 pg) probed with an
839 bp EcoRI fragment of p74. An abundant 2.9 kb message was
detected in brain, and in testes as well (not shown). (C) PCR analysis
of transcripts encoding portions of the 74 kDa subunit. Diagram
illustrates the full-length cDNA and the six overlapping regions (a-f)
of the open reading frame (ORF) amplified by PCR. Also shown is an
ethidium bromide-stained agarose gel (4% NuSieve) of the PCR
products resulting from amplification of first strand brain cDNA.
Two products were generated using primers corresponding to region
b, which were subcloned into pBluescript for dideoxy sequencing. (D)
Comparison of the amino acid sequence predicted from a subclone of
the smaller PCR product amplified from region b with the full-length
cDNA (p74) and tryptic peptide 4. The 21 amino acid deletion,
deduced from the 63 bp deletion in the smaller PCR product, is
indicated by the horizontal bar. Amino acid identities in the three
isoforms are shown in boldface type. Peptide 4 was identical to the
sequence encoded by the cDNA at 12 contiguous residues, but then
diverged completely after the first aspartic acid (regular type). This
suggests that it represents a third isoform, though it is possible that
the divergent residues in the peptide are due to species-specific

sequence differences.

L



2.9kb

102 '
PCR SVSTPSEAGSQDDLGPLTR RLNKLGVSPEPT. ..
p74 ...SVSTPSEAGSQDDLGPLTRTLOWDTDPSVLOLOSDSELGRRLNKLGVSPEPT. . .
peptide 4 SVSTPSEAGSQDSGDGAVG



79

Figure 12. Tissue distribution and developmental expression of the
74 kDa cytoplasmic dynein subunit, and identification of cross-
reactive axonemal species. (A) Nitrocellulose blot of a 7%
polyacrylamide gel of ram testes and flagella and pig cilia reacted
with a monoclonal antibody against the 74 kDa cytoplasmic dynein
subunit. A major immunoreactive product of M. 74 kDa was
observed in sheep testes, while flagella and cilia showed only a M.
67 kDa species. (B) Nitrocellulose blot of an 8% polyacrylamide gel
of adult rat tissues. 50 pg of total protein was applied to each lane.
Expression was highest in brain and testes and lowest in cardiac and
skeletal muscle. The weak immunoreactivity with a M, 67 kDa
species in rat and sheep testes may reflect the presence of
spermatozoa. (C) Nitrocellulose blot of an 8% polyacrylamide gel of
whole rat brain samples (50 pg total protein per lane) prepared on

day 1 through day 29 of development.
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CHAPTER 1V
IDENTIFICATION OF A 50 kDa SUBUNIT OF A 20S CYTOSOLIC
COMPLEX AND ITS LOCALIZATION TO THE KINETOCHORE OF
MITOTIC CHROMOSOMES

There is a growing body of evidence which suggests that the
motor proteins cytoplasmic dynein and kinesin account for most, if
not all, of the microtubule-based transport in eukaryotic cells
(reviewed by Vallee and Shpetner, 1991). The mechanism by which
these microtubule-based motors interact with cytoplasmic targets
remains obscure. However, recent progress in the analysis of the
non-catalytic polypeptides of Chlamydomonas dynein indicates that
subcellular targeting is mediated by the co-purifying 70 and 80 kDa
accessory subunits. As discussed in the previous chapter,
immunoelectron microscopy (King and Witman, 1990), chemical
cross-linking (King et al.,, 1991), and microtubule binding data (S.
King, personel communication) suggest that a 70/80 kDa heterodimer
provides the structural link between the holoenzyme and the A-
subfiber microtubule in the axoneme. This data, together with the
sequence relationship between the cytoplasmic dynein 74 kDa
subunit and the flagellar 70 kDa subunit, led us to propose that 74
kDa is responsible for targeting the cytoplasmic enzyme to structures
such as membranous organelles and kinetochores (Paschal et al., in

press).
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In addition to the 74 kDa subunit, cytoplasmic dynein also
contains four accessory polypeptides with molecular weights of 353,
55, 57, and 59 kDa. The function of the 53-59 kDa species is
unknown. However, they are components of cytoplasmic dynein
purified from brain, liver, and testes (Paschal et al., 1987; Collins and
Vallee, 1989), suggesting a role in both neuronal and non-neuronal
cytoplasmic dynein function.

We set out to develop monoclonal antibodies (mAb) specific for
the 53-59 and 74 kDa accessory polypeptides of cytoplasmic dynein
as reagents for probing their function. The two hybridoma lines
which were subsequently isolated secrete mAb's which react with a
50 kDa polypeptide which is present in purifed cytoplasmic dynein
at only trace levels. There was no evidence suggesting that 50 kDa is
a proteolytic product of the previously described 53-59 kDa subunits
of 20S cytoplasmic dynein. The 50 kDa polypeptide was detected in
brain, fibroblast, and epithelial cells from several species, indicating
that its function is probably conserved in most cell types.

The polypeptide composition of native immunoprecipitations
indicates that the 50 kDa polypeptide is a component of a multi-
subunit 20S complex reported to stimulate cytoplasmic dynein-
mediated vesicle transport in vitro ("dynactin”, Gill et al., 1991).
Furthermore, we ha\)e used immunoelectron microscopy to show
that, like cytoplasmic dynein (Wordeman et al., 1991), the 50 kDa

polypeptide localizes to the fibrous corona of the kinetochore. This



83

raises the intriguing possibility that the dynactin complex may play a

role in modulating the activity of cytoplasmic dynein during mitosis.
Materials and Methods

Protein purification.

Cytoplasmic dynein was purified from bovine brain cytosol as
previously described (Paschal et al., 1987; 1991). Briefly, white
matter was dissected from five calf brains and homogenized,_‘iﬁg_:_,_}v.:(,).,,,,_
vol of ice-cold extraction buffer by two passes (2000 rpm) 1n;1 o
motor-driven Teflon pestle homogenizer (Kontes, Vineland, NJ). The
extraction buffer consisted of 10 mM sodium phosphate, 100 mM
sodium glutamate, pH 7.0, containing 1 mM MgSO4, 1 mM EGTA,
protease inhibitors (1 mM PMSF, 10 pg/ml leupeptin, 10 pg/ml tosyl

argine methyl ester, 1 pg/ml pepstatin A) and 1 mM dithiothreitol.

The homogenate was centrifuged at 24,000 g for 30 min at Z‘TC‘ The
supernate was recovered and centrifuged at 150,000 g for 60
minutes at 2°C. The high speed supernate, referred to as brain
cytosol, was recovered and stored on ice.

To assemble the microtubules, taxol (10 mM stock in
dimethylsulfoxide) was added to a final concentration of 20 pM and
the cytosol was incubated at 37°C for 12 minutes with occasional
mixing. The microtubules were collected by centrifugation at 40,000
g for 30 min at 35°C through a 7.5% sucrose cushion made in

extraction buffer. Buffer washes and nucleotide extractions were
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performed by thorough resuspension of the microtubule pellet in
extraction buffer alone, or buffer supplemented with 3 mM GTP and
3 mM AMP-PNP, or 5 mM ATP. The resuspended pellets were
subsequently recentrifuged to yield a supernate and pellet.

The ATP extract was fractionated on a 5-20% sucrose gradient
prepared in 20 mM Tris, pH 7.6, containing 50 KCl, 5 mM MgSOg4, and
0.5 mM EDTA. The gradients were centrifuged at 125,000 g for 16 hr
at 4°C. Under these conditions, cytoplasmic dynein sediments in a

symmetrical peak at 208S.

Monoclonal antibody production.

Monoclonal antibodies were produced by the method of
Brodsky (1985) as modified by Pfister et al. (1989). Briefly,
approximately 5 pg of 20S cytoplasmic dynein in Ribi adjuvant
(Chem Research, Hamilton, MT) was injected into the footpads of 6-
week old female Balb/c mice at 3 day intervals for a total of seven
injections. An intraperitoneal injection of 20S cytbplasmic dynein
(100 pg) without adjuvant was given 3 days prior to the fusion. The
popliteal lymph node lymphocytes were fused with NS-1 myeloma
cells at a ratio of two lymphocytes per myeloma cell in the presence
of 37% polyethylene glycol and 5% dimethylsulfoxide. The fusion
was plated into 24-well dishes in spleenocyte-conditioned RPMI
1640 medium containing 20% fetal calf serum and 1X Hybrimax
hybridoma enhancing supplement (Sigma, St. Louis, MO). HAT

(hypoxanthine-aminopterin-thymidine)-resistant colonies were
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screened by immunoblotting and immunofluorescence against 20S
cytoplasmic dynein and 3T3 cells, respectively. The antibody
isotypes (IgGi1, 50-1; IgM, 50-2) were determined with a kit from
Sigma (St. Louis, MO).

Gel electrophoresis and immunoblotting.

Gel electrophoresis was carried out according to the method of
Laemmli (1970) using polyacrylamide mini-gels (BioRad, Richmond,
CA). Immunoblotting using nitrocellulose (0.45 pum pore size,
Schleicher and Schuell, Keene, NH) or PVDF membrane (0.45 pm pore
size, Millipore, Medford, MA) was performed in a methanol-
containing buffer (Towbin et al., 1979). Culture fluid from the 50-1
and 50-2 hybridomas was used undiluted when using 4-chloro-
napthol as the substrate for detection of peroxidase-labeled
secondary antibody, and 1:10 when using Enhanced
Chemiluminescence (ECL) development. The anti-74 kDa mAb
(ascites fluid) was used at 1:1000 or 1:20,000 with 4-chloro-napthol

or ECL development, respectively.

Immunoprecipitation.

Immunoprecipitations were performed on extracts prepared
from 35S-methionine-labeled 3T3 cells. Approximately 105 cells
were labeled for 24-48 hr with 100 pCi 35S-methionine. The labeled
3T3 cells were harvested by trypsinization, washed with DMEM
containing 20% FCS, and lysed in 1 ml of TBS containing 1% NP-40
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and protease inhibitors. The cell extract was then clarified by
centrifugation at 10,000 g for 20 minutes at 4°C. Alternatively, the
washed cells were resuspended in TBS with protease inhibitors,
mechanically disrupted with a Teflon homogenizer, and clarified as
above.

The antibody affinity beads were pre-loaded by mixing goat
anti-mouse agarose beads (Hyclone, Logan, UT) with 50 vol of
hybridoma culture fluid for at least 24 hours at 4°C. The beads were
recovered by a brief centrifugation and washed five times with TBS
containing 0.5% NP-40 or Tween-20. 100 ul of a 50% bead
suspension was combined with 0.5 ml of labeled extract, and the
.sample was mixed with gentle agitation overnight at 4°C. The beads
were then washed five times with TBS containing 0.5% NP-40, and
the immunoselected polypeptides were eluted with 1X Laemmli
sample buffer lacking reducing agent. p-mercaptoethanol was added
to the bead eluate to a final concentration of 5%, and the samples
were analyzed by gel electrophoresis and autoradiography.

Native immunoprecipitations were performed using rat brain
cytosol. Whole rat brains (adult Sprague Dawley) were homogenized
(see above) in 2 vol of Pipes-Hepes buffer (50 mM Pipes, 50 mM
Hepes, pH 7.0, containing 2 mM MgSO4, 1 mM EDTA, and protease
inhibitors). The homogenate was centrifuged successively at 40,000
g for 30 minutes and 150,000 g for 60 minutes, both at 2°C. NP-40
was added to the cytosol to a final concentration of 0.1%, and the

cytosol was pre-cleared with goat anti-mouse agarose beads for 1
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hour at 4°C. 100 ul of pre-loaded affinity beads (see above) was
combined with 1 ml of rat brain cytosol, and the samples were gently
agitated for 6 hours at 4°C. The beads were washed twice with TBS
containing 0.1% NP-40, eluted as described above, and analyzed by

gel electrophoresis and immunoblotting.

Immunofiuorescence microscopy.

Cell lines were maintained and processed for
immunofluorescence microscopy by standard methods. Cells were
grown on glass coverslips for 24-48 hours, rinsed in 37°C PBS, and
fixed in methanol at -20°C for 5 minutes. The coverslips were
rehydrated, blocked in Tris-buffered saline (TBS) containing 10%
bovine serum albumin, and incubated with primary antibody for 1
hour at 37°C in a humid chamber. The 50-1 and 50-2 hybridoma
culture fluids were used undiluted, and the CREST serum (provided
by Dr. Bill Brinkley, Baylor University) was used at a dilution of
1:200. Following at least three rinses in TBS, fluorescently-labeled
secondary antibodies were diluted in 10% BSA and incubated as
above. .After washing in TBS, the coverslips were mounted in
gelvatol and viewed on a Zeiss Axioskop microscope equipped with a
100X Plan-Neofluar objective and a Zeiss MC100 camera (transfer
factor, 0.25X). All photomicrographs were recorded using the
automatic exposure mode with T-Max film (ASA 400).

The CREST and 50-2 staining patterns were compared by

double label immunofluorescence microscopy on NIH 3T3 cells. The
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images were enlarged photographically (final magnification, 3250x)
and traced onto acetate sheets. The number of CREST-positive
structures aligning with foci recognized by the 50-2 mAb was
determined for the two nuclei shown in Figure 30.

Chinese Hamster Ovary (CHO) chromosomes, isolated from
vinblastine sulfate-treated cells, were provided by Dr. Linda
Wordeman, University of California, San Francisco. CHO chromosomes
were pre-fixed for 10 minutes in 0.5% formaldehyde, sedimented
onto glass coverslips through a 30% glycerol cushion, and post-fixed
for 5 minutes in methanol at -20°C.l Alternatively, the chromosomes
were fixed in either formaldehyde or -20°C acetone. The coverslips
were then processed for immunofluorescence miéroscopy exactly as

described above for whole cells.

Immunoelectron microscopy.

The isolated CHO chromosomes were processed for
immunoelectron microscopy by Dr. Linda Wordeman as described by
Wordeman et al. (1991). Briefly, the chromosomes were fixed in
0.5% paraformaldehyde for 10 minutes at 20°C, centrifuged onto
glass coverslips through a glycerol cushion, and labeled with the 50-
1 mAb. After rinsing, the samples were fixed in 6% glutaraldehyde
and 1% OsOg4 in 62 mM S-collidine buffer (Ted Pella, Inc.), rinsed in
double distilled water, dehydrated in ethanol, and embedded in LR

White resin (Polysciences, Inc., Warrington, PA). The samples were
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sectioned, mounted on grids, and labeled with goat anti-mouse

antibody conjugated to 5 nm gold particles.

Results

Biochemical analysis of a 50 kDa component of 20S cytoplasmic
dynein.

We used cytoplasmic dynein purified by microtubule affinity
and sucrose gradient centrifugation (Paschal et al.,, 1987) as the
immunogen for monoclonal antibody (mAb) production. Two mAb's
were isolated and characterized in detail. mAb 50-1 (IgG1) reacts
with a 50 kDa electrophoretic species in 20S cytoplasmic dynein
(Figure 13A) which is distinct from the 53, 55, 57 and 59 kDa
intermediate chains (Paschal et al., 1987). The 50 kDa polypeptide
was detected in calf and rat brain, NIH 3T3, and PtK cells (Figure
13B). No reaction was observed with chicken, however, suggesting
that the mAb's crossreactivity may be restricted to mammals.

The second mAb (50-2) is an IgM which recognizes 20S
cytoplasmic dynein immobilized on nitrocellulose. The epitope is
denatured by treatment with Laemmli sample buffer and boiling
(Figure 13C) and, therefore, the antibody does not react with protein
on immunoblots. Both the 50-1 and 50-2 mAb's immunoprecipitate
a single electrophoretic species of 50 kDa from 35S-methionine-
labeled 3T3 cell extracts prepared byv lysis with 1% NP-40 (Figure
13D).
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To evaluate whether the 50 kDa species is a component of
cytoplasmic dynein, we tested for co-purification with the 74 kDa
subunit of the cytoplasmic dynein complex (Paschal et al., 1987). In
the initial steps of taxol-dependent microtubule assembly and
sedimentation, 78% of the 74 kDa subunit and 29% of the 50 kDa
polypeptide co-sedimented with microtubules (Figure 14, lane 2).
The level of the 50 kDa polypeptide in the microtubule pellet fraction
may have been underestimated because the heavy tubulin band
causes distortion of the 50-60 kDa region of the gel. Only trace
amounts of the 50 and 74 kDa polypeptides were released from
microtubules by the initial buffer wash (lane 3) and virtually none
was released by the second buffer wash (lane 5). Extraction with
GTP and AMP-PNP, a nucleotide combination which releases dynamin
from microtubules (Shpetner and Vallee, 1989), also failed to
dissociate detectable 50 or 74 kDa polypeptides (lane 7). However,
treatment of the microtubules with ATP resulted in release of 47%
and 54% of the 50 and 74 kDa polypeptides, respectively. Thus,
while much of the 50 kDa species remained in the post-microtubule
supernate in the first step of the purification, the fraction which did
co-sediment with microtubules appeared to behave in a manner
similar to that of the 74 kDa subunit of cytoplasmic dynein.

The ATP extract (Figure 14, lane 9) was subsequently
fractionated by sucrose gradient centrifugation, and the samples
were analyzed by gel electrophoresis, immunoblotting, and gel

densitometry. The 50 kDa polypeptide was only faintly visible by
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Coomassie blue staining (arrowhead, Figure 15A), but its presence in
the 20S fraction was clearly seen using the 50-1 mAb (Figure 15B).
A densitometric comparison of the cytoplasmic dynein heavy chain
(gel) with the 50 kDa polypeptide (blot) indicated that the two
species co-sedimented at a constant ratio throughout the 20S peak
(Figure 15C), consistent with a direct physical interaction. To test
this possibility further, we performed the sucrose gradient
fractionation of the ATP extract in the presence of 0.6 M NaCl. We
reasoned that, as with axonemal dyneins (Foltz and Asai, 1988), the
elevated ionic strength would reduce the sedimentation coefficient of
cytoplasmic dynein. The cytoplasmic dynein complex displayed a
shift in S-value from 20S to 16S (Figure 16). The 50 kDa polypeptide
exhibited the same shift in sedimentation coefficient, suggesting an
ionic strength independent interaction with the cytoplasmic dynein
complex.

The fact that much of the 50 kDa species remained in the post-
microtubule supernate at the initial stage of the c'ytoplasmic dynein
purification (Figurel4, lane 1) raised the possibility that 50 kDa
might exist in two states, in association with cytoplasmic dynein or
free in solution. Furthermore, if 50 kDa sedimented at 20S because
of ifs interaction with cytoplasmic dynein, then it might be possible
to identify a pool of 50 kDa (which is not cytoplasmic dynein-
associated) at a lower S-value. To test this hypothesis, we
fractionated brain cytosol by sucrose gradient centrifugation and

determined the sedimentation profile of cytoplasmic dynein by
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measurement of CTPase activity (Shpetner et al., 1988) and of 50 kDa
by immunoblotting with the 50-1 mAb. All of the the 50 kDa
polypeptide appeared to sediment in a single peak at 20S, coincident
with a peak of CTPase activity (Figure 17). In addition, we
considered the possibility that 50 kDa is quantitatively bound to
cytoplasmic dynein in brain cytosol, but that binding of the
holoenzyme to microtubules results in dissociation of most of the 50
kDa polypeptide. This was tested by parallel sucrose gradient
fractionation of brain cytosol and a post-microtubule supernate
(Figure 18A) followed by immunoblotting with the 50-1 mAb. In
both cases the 50 kDa polypeptide sedimented quantitatively at 20S
(Figure 18B). The results of Figures 17 and 18 imply that the 50 kDa
polypeptide is part of an independent 20S complex. However, we
cannot exclude the possibility that 50 kDa sediments at 20S by virtue
of its association with the residual cytoplasmic dynein in the post-

microtubule supernate.

Native immunoprecipitation using mAb’s against the 50 kDa
polypeptide and cytoplasmic dynein.

As an alternative approach to determining whether the 50 kDa
polypeptide is associated with cytoplasmic dynein, we performed
native immunoprecipitations using brain cytosol. The
immunoprecipitates were generated using antibodies against the 50

kDa polypeptide (50-1 mAb) and the 74 kDa intermediate chain of
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cytoplasmic dynein and analyzed by Coomassie blue staining and
immunoblotting.

The anti-50 kDa immunoprecipitate contained polypeptides of
Mr 45 kDa as well as a doublet at ~150 kDa (Figure 19A). The 50 kDa
polypeptide in this sample was obscured by the antibody heavy
chain, but its presence was readily revealed by immunoblotting
(Figure 19B). In contrast, the anti-74 kDa immunoprecipitate
contained, in addition to the 74 kDa subunit, the high molecular
weight cytoplasmic dynein heavy chain (DHC, Figure 19A).
Immunoblotting of this sample did not reveal any 50 kDa
polypeptide (Figure 19B).

We have shown previously that cytoplasmic dynein prepared
by ATP extraction of brain microtubules contains nine polypeptides
with molecular weights of 440, 74, 59, 57, 55, and 53 kDa (Paschal et
al.,, 1987). Cytoplasmic dynein released from brain microtubules by
a high salt treatment appears to be more complex in its composition.
In addition to the subunits found in ATP-extracted preparations (see
above), salt-extracted cytoplasmic dynein fractionated by sucrose
gradient centrifugation contains thel50 kDa mammalian homologue
of the Drosophila Glued protein (p150Glued Holzbaur et al., 1991). To
detefmine if the 150 kDa polypeptide doublet present in the anti-50
immunoprecipitate is related to the 150 kDa component of salt-
extracted cytoplasmic dynein, the blot was re-probed with affinity-
purified anti-serum to p150Glued, The antibody reacted with both
molecular weight forms of the 150 kDa doublet in the 50 kDa
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immunoprecipitate (Figure 19C). The anti-p150Glued antibody did
not react with components of the anti-74 kDa immunoprecipitate or
with the sample prepared with beads alone.

Together, these data suggest that the 50 kDa polypeptide in
brain cytosol exists in a complex with the 45 and 150 kDa species.
The 45, 50, and 150 kDa polypeptides can be detected as trace
components of 20S cytoplasmic dynein (arrowheads, Figure 19D).
Moreover, the M; and relative ratios of these polypeptides suggests
that the complex is the likely mammalian equivalent of the 20S
"dynactin" particle purified from chick brain cytosol (Gill et al.,
1991).

Native immunoprecipitations were also performed on 35S-
methionine-labeled 3T3 cell extracts. Both anti-50 kDa mAb's
immunoprecipitated 45 and .50 kDa species (Figure 20). In addition,
the 50-2 mAb immunoprecipitated a 60 kDa species. The apparent
absence of the 150 kDa polypeptide in these immunoprecipitates
could be a result of proteolysis, thought it is formally possible that it
dissociated from the complex because of the ~100-fold dilution of the

cytosol.

Imrﬁunolocalization of the 50 kDa polypeptide to the kinetochore of
isolated chromosomes.

The above experiments identified the 50 kDa polypeptide as a
component of a complex which has been reported to stimulate

cytoplasmic dynein-based vesicle motility in vitro (Schroer and
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Sheetz, 1991; Gill et al., 1991). We therefore examined its subcellular
location to determine if its distribution was consistent with a such a
role in vivo as well. Since several antibodies prepared against
cytoplasmic dynein have been reported to label the the kinetochore,
(Pfarr et al., 1990; Steur et al., 1990, Zinkowski et al., 1991;
Wordeman et al., 1991), we performed immunofluorescence
microscopy on isolated CHO chromosomes. The 50-1 mAb revealed
labeling in the form of pairs of spots at the primary constriction, a
pattern which is suggestive of reactivity with centromere or
kinetochore antigens (Figure 21).

To resolve the localization of the 50 kDa polypeptide more
precisely, we performed immunoelectron microscopy on isolated CHO
chromosomes using 5 nm gold-labeled secondary antibodies.
Labeling at the kinetochore was restricted to the fibrous corona
(Figure 22B,C,D), a pattern observed for cytoplasmic dynein using a
mAb against the 74 kDa intermediate chain (Wordemen et al., 1991).
Immunostaining with secondary antibodies alone resulted in minimal
labeling of the chromosomes (Figure 22A). The presence of the 50
kDa polypeptide in the isolated chromosome fraction was confirmed

by immunoblotting (Figure 23).

Immunolocalization of the 50 kDa polypeptide in mitotic cells.
To further test for whether the 50 kDa polypeptide is a
kinetochore component, we examined its distribution in mitotic cells.

Indian muntjac cells were chosen for this analysis because of their
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low chromosome number (2n=6, females) and their relatively large
kinetochores. Immunofluorescence microscopy using the 50-1 mAb
did not, however, reveal an obvious kinetochore staining pattern
(Figure 24). Rather, we observed labeling of spindle poles along with
diffuse cytoplasmic staining (Figure 24A,C,E). We also noted some
limited labeling of the mitotic spindle in the region adjacent to the
poles (Figure 24A). Incubation with the secondary antibody alone
did not result in labeling of these structures (Figure 24G).
Comparable results were obtained using the 50-2 mAb on mitotic
3T3 cells as well (Figure 25).

The apparent discrepancy in labeling of isolated chromosomes
and dividing cells could be explained by (1) the inaccessibility of the
the antibody to antigens situated between the chromosome and the
spindle fibers, or (2) an inability to resolve the kinetochore staining
because of the diffuse cytoplasmic fluorescence. In an attempt to
address the first possibility, we isolated 3T3 cells by mitotic
shakeoff, sedimented them onto polylysine-coated glass coverslips to
flatten the cells, and examined them by double label
immunofluorescence microscopy with the 50-2 mAb and CREST
antisera. The CREST antigens, which are mostly centromeric proteins,
weré clearly labeled at metaphase, anaphase, and telophase (Figure
26B,D,F). The 50-2 mAb did not reveal any kinet‘ochore staining,
though- it did show a diffuse, granular cytoplasmic pattern (Figure
26A,C,E) similar to that obtained with the 50-1 mAb using Indian

muntjac cells.
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To address the possibility that kinetochore reactivity might
have been obscured by cytoplasmic labeling of the 50 kDa
polypeptide, we extracted mitotic Hela cells with 0.2% NP-40 prior to
fixation in -20°C methanol. This treatment releases many cytosolic
proteins but leaves cytoplasmic dynein bound at the kinetochore
(Pfarr et al.,, 1990). The staining was essentially identical to that
shown in Figure 26, that is, the diffuse cytoplasmic staining persisted

and there was no evidence of kinetochore labeling (data not shown).

Immunolocalization of the 50 kDa polypeptide in interphase cells.

Immunofluorescence microscopy was performed on several cell
lines to determine the interphase distribution of the 50 kDa
polypeptide. The 50-1 mAb showed faint, diffuse cytoplasmic
staining in interphase Indian muntjac cells (Figure 27A), similar to
that obtained in mitotic cells. Some cells showed staining of a single
spot in the region of the nucleus, raising the possibility that the 50
kDa may associate with the microtubule-organizing center.

The 50-2 mAb also revealed a diffuse and sometimes granular
cytoplasmic staining pattern in 3T3 cells, but it also labeled discrete
foci in the nucleus, distinct from nucleoli (Figure 28A,C).
InteArestingly, the nuclear reactivity is manifest in only a subset of
cells, suggesting that it may be cell-cycle dependent. For example,
the phase contrast image in Figure 28 shows seven nuclei, only two

of which revealed obvious nuclear labeling with the 50-2 mAb. The
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nuclear staining was also observed in 3T3 cells fixed with
formaldehyde (Figure 29).

Some of the foci labeled with the 50-2 mAb appeared as pairs
of dots, suggesting that the reactivity was with centromeres. Double
label immunofluorescence microscopy was performed, using the
CREST antiserum as a marker for centromeric antigens (Figure 30).
The coincidence of staining with the 50-2 mAb and CREST antiserum
was low. For example, only about 3% of the CREST-positive
structures co-align with the foci detected with the 50-2 mAb in the
two nuclei shown in Figure 30A-F. This indicated that the nuclear
antigen recognized by the 50-2 mAb is probably not a centromere
antigen. Double label immunofluorescence also revealed the nuclear
staining was different from that obtained with human autoimmune
sera to the recently described "novel nuclear domains" (Maul et al.,

1991).
Discussion

In previous work we identified cytoplasmic dynein as a multi-
subunit complex composed of at least nine polypeptides (Paschal et
al., 1987). These include a pair of high molecular weight (>400 kDa)
catalytic heavy chains and seven accessory polypeptides, the
molecular weights of which range from 53 to 74 kDa (Paschal et al.,
1987). These polypeptides are thought to represent integral

subunits of the complex because they co-purify with the heavy chain
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at constant stoichiometry by sucrose gradient centrifugation and ion
exchange, gel filtration, and hydroxylapatite chromatography
(Paschal et al., 1987). The function of the intermediate chains is
unknown, though recent sequence analysis of the 74 kDa polypeptide
has suggested a role subcellular targeting (Paschal et al., in press).

In the present study, we set out to develop mAb's specific for
the accessory subunits of cytoplasmic dynein. Immunoblotting with
sera from mouse tail bleeds indicated that an immune response was
elicited against the 53-74 kDa subunits as well as several additional
polypeptides which co-sediment with cytoplasmic dynein at 20S.
Two hybridoma cell lines were subsequently cloned and
characterized. The mAb's secreted by these cell lines react with a 50
kDa polypeptide which is present as a minor component of 20S
cytoplasmic dynein.

We interpreted the high S-value of this species as an
indication of a probable interaction with cytoplasmic dynein, because
the predicted sedimentation coefficient for a monomeric, 50 kDa
globular protein is only ~3-4S (Cantor and Schimmel, 1980). A series
of experiments were carried out to test whether the 50 kDa
polypeptide is indeed a subunit of cytoplasmic dynein. Although
only a relatively small fraction of the 50 kDa polypeptide was found
to co-purify with cytoplasmic dynein in the initial microtubule
assembly step, the portion which did co-sediment with microtubules
subsequently behaved in a manner similar to the 74 kDa subunit.

Furthermore, the 50 kDa polypeptide and cytoplasmic dynein co-
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sedimented on sucrose gradients in both low and high salt, despite
the decrease in S-value for the complex in high salt.

Surprisingly, native immunoprecipitations using brain cytosol
indicated that the 50 kDa polypeptide can be recovered in a complex
along with electrophoretic species of 45 and 150-160 kDa. The anti-
50 kDa immunoprecipitate contained only trace levels of the
cytoplasmic dynein 74 kDa subunit, suggesting that the 20S
sedimentation value observed for the 50 kDa polypeptide is a
consequence of its interaction with the 45 and 150 kDa polypeptides

rather than dynein.

Relationship to other 20S complexes.

A comparison of the molecular weight of the components
immunoprecipitated with the 50-1 mAb (45, 50, 150-160 kDa) with
those found in previously characterized complexes of comparable S-
value in mammalian cytosol (Table I) indicates that we have
probably isolated the mammalian equivalent of the chicken dynactin
complex (Gill et al., 1991), so named because of its reported ability to
activate cytoplasmic dynein in a vesicle motility assay (see below).
The dynactin complex purified from 20S cytoplasmic dynein by
MonoQ chromatography was reported to contain polypeptides of 32,
37, 45, 50,_ 62, 150, and 160 kDa at an apparent molar stoichiometry
of 1:1:8:3:1:1:1, respectively (Gill et al.,, 1991). Components of 32, 37,
and 62 kDa detected in chicken dynactin were not obviously present

in the anti-50 kDa immunoprecipitate, though the relatively high
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background and may have precluded their detection by Coomassie
blue staining (Figure 19).

There are two additional pieces of evidence which support our
identification of the 50 kDa-associated complex as dynactin. First,
the 150 kDa doublet in the anti-50 kDa immunoprecipitate is
recognized by an affinity-purified antibody to p150Clued (Holzbaur et
al.,, 1991). Molecular cloning has shown that the 150 kDa component
of dynactin purified from chick brain cytosol is the avian homologue
of p150Glued (Gill et al., 1991; see below). Second, the 45 and 50 kDa
polypeptides both appear as supra-stochiometric components
relative to the 150 kDa doublet in both the purified chicken dynactin
(op. cit.) and in the immunoprecipitate isolated with the anti-50 kDa
mAb (Figure 19A).

The dynactin complex has been reported to play a role in
cytoplasmic dynein-mediated vesicle motility in vitro. A
reconstituted system containing KI-extracted membranes,
microtubules, and purified cytoplasmic dynein did not show
measurable vesicle motility. Supplementing the system with MonoQ-
purified dynactin complex resulted in microtubule-based vesicle
movements at a frequency of 3.7 + 0.3 (mean + SD) movements per
minute (Gill et al.,, 1991). We note, however, that the frequency of
dynactin-stimulated movement in this assay was ~10-fold less than
that which was observed with crude extracts of chick embryo

fibroblasts (Dabora and Sheetz, 1988).

e
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Although the molecular basis for the stimulation of cytoplasmic
dynein activity is unknown, the structure of the 150 kDa component
Q of the dynactin complex has been deduced by cDNA cloning in both
rat (Holzbaur et al., 1991) and chicken (Gill et al., 1991). The rat and
chicken 150 kDa polypeptides are the apparent homologues of the
148 kDa product of the Glued locus in Drosophila. The rat and
Drosophila polypeptides are 31% identical (Holzbaur et al., 1991) and
the chicken and Drosophila polypeptides are 50% identical (Gill et al.,
1991). The function of this polypeptide in Drosophila is unknown,
though genetic analysis indicates that Glued encodes a product which
is essential for the survival of many cell types; defects are most

dramatically manifested in neurons (Harte and Kankel, 1982).

Subcellular distribution of the 50 kDa polypeptide.

The subcellular distribution revealed by immunofluorescence

microscopy with the anti-50 kDa mAb's seems consistent with a
potential role in modulating cytoplasmic dynein activity. The 50 kDa
polypeptide was observed associated with the primary constriction
of isolated chromosomes (Figure 21), indicating that it might reside
at the centomere or kinetochore. We were able to demonstrate by

immunoelectron microscopy that, like cytoplasmic dynein

(Wordeman et al., 1991), it is restricted to the fibrous corona of the
kinetochore (Figure 22). We note that the anti-50 kDa reactivity is
eliminated by extraction of the chromosomes with 150 mM KI (L.

Wordeman, personal communication). This treatment releases
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cytoplasmic dynein but not centromeric antigens from chromosomes
(Wordeman et al., 1991).
| Immunofluorescence microscopy using mitotic cells revealed
spindle pole staining, similar to that obtained with several antibodies
to cytoplasmic dynein (see below). However, obvious kinetochore
labeling was not observed. This result seems to be in conflict with
our immunofluorescence and immunoelectron microscopy data, and
with the fact that blots of isolated chromosomes contain a 50 kDa
immunoreactive species. There are several possible explanations to
account for this apparent discrepancy. For example, the 50 kDa
antigen may not be accessible to antibody because of epitope-
masking in the mitotic spindle. In this regard, it is noteworthy that
the detection of cytoplasmic dynein at the kinetochore in whole cells
using other antibodies has been technically difficult. The best

demonstration of kinetochore staining was achieved in PtK;j cells

using an affinity-purified polyclonal anti-74 kDa antibody (Pfarr et
al., 1990). Nonetheless, obtaining clear images of kinetochore
labeling required detergent extraction prior to fixation, the staining
was most obvious only during prophase and prometaphase, and most
of the immunofluorescent signal was associated with the spindle and
spindle poles, not with kinetochores (Pfarr et al., 1990).
Immunofluorescence microscopy on chick embryo fibroblasts using
mAb's to the cytoplasmic dynein heavy chain yielded similar results
as well (Steuer et al.,, 1990). A more recent study using an affinity-

purified anti-74 kDa antibody on mitotic BHK cells revealed only
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very weak spindle staining and without obvious kinetochore staining
(Lin and Collins, 1992). Together, these studies emphasize the
difficulties in localizing putative kinetochore components in mitotic
cells as compared with isolated chromosomes.

The interphase distribution of the 50 kDa polypeptide was
examined in CHO, Hela, Indian muntjac, PtKj, and 3T3 cells and found
to be diffuse. A diffuse staining pattern has been observed with
some antibodies to cytoplasmic dynein (Koonce et al., 1990; K. Pfister,
personal communication). The distribution of cytoplasmic dynein in
interphase BHK cells using an affinity-purified polyclonal antibody is
punctate, showing co-alignment with lysosome-positive structures
(Lin and Collins, 1992). A polyclonal antibody to the 150 kDa
component of the dynactin complex also shows a punctate staining
pattern (Gill et al., 1991), although it is unknown whether the
immunoreactive structures co-localize with cytoplasmic dynein.
Additional work using a battery of immunological probes will be
required to determine whether the diffuse cytoplasmic staining with
the 50-1 and 50-2 mAb's reflects the in vivo distribution.

The nuclear staining pattern obtained with the 50-2 mAb was
unexpected because none of the aforementioned antibodies, nor the
50-1 mAb, stain nuclear structures. In addition, cytoplasmic dynein
is not thought to have an intranuclear function. It is conceiveable
that the nuclear signal is due to cross-reaction with a related epitope.
Nonetheless, the apparent cell cycle-dependent appearance of the

antigen in a nuclear compartment distinct from those identified with
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human autoimmune sera suggests that the 50-2 mAb might be a
useful reagent for laboratories interested in nuclear structure.

In summary, mAb's have been used to identify a 50 kDa
component of the mammalian equivalent of the chicken dynactin
complex. We have provided the first demonstration that dynactin
can be isolated directly from cytosol, indicating that the complex
purified from 20S dynein is unlikely to be a non-specific protein
aggregate. We have localized the 50 kDa polypeptide to the
kinetochore of isolated CHO chromosomes and shown that it is a
éomponent of the fibrous corona, a location which is consistent with
its potential role as an activator of cytoplasmic dynein. Given that
the 50 kDa polypeptide is one of the two major subunits of the
dynactin particle, the reagents described in this study should prove

valuable for analysis of the structure and function of the complex.
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Figure Legends

Figure 13. Characterization of anti-50 kDa mAb's. (A) Immunoblot
(10% gel) demonstrating that the 50-1 mAb reacts with a 50 kDa
component of 20S cytoplasmic dynein (arrow) which is distinct from
the 53-59 kDa subunits. Lane 1, molecular weight standards
(kilodaltons); lanes 2 and 3, 20S cytoplasmic dynein. CB, Coomassie
blue; HC, cytoplasmic dynein heavy chain. (B) Immunoblot (9% gel)
of calf, rat, and chicken brain cytosol, PtKi, and 3T3 cell lines using
the 50-1 mAb. A single immunoreactive species with a My of 50 kDa
was observed in each of the mammalian samples. No reactivity was
detected in chicken. (C) The 50-2 mAb recognizes a component of
20S cytoplasmic dynein which is sensitive to denaturation.
Approximately 5 pg of dynein was diluted into Tris-KCl buffer, 0.01%
SDS, or 1x Laemmli sample buffer (followed by boiling) and applied
to a nitrocellulose membrane with a slot-blotter (Schleicher and
Schuell). The adsorbed protein was detected by Amido black
staining (Amido) and immunoblotting with the 50-2 mAb (Blot). (D)
Immunoprecipitation using the 50-1 and 50-2 mAb's and 35S-
methionine-labeled 3T3 cell extract prepared by lysis with 1% NP-40
(7-14% gradient gel). Both mAb's immunoprecipitated a 50 kDa
polypeptide.



0.01% SDS

1x SB




108

Figure 14. Preparation of cytoplasmic dynein from brain cytosol and
analysis by immunoblotting. Equivalent loadings of the prep
fractions were analyzed by gel electrophoresis (9% gel) and
immunoblotting using anti-74 kDa and anti-50 kDa mAb's.
Microtubules were assembled from calf brain white matter cytosol
using taxol, washed with buffer to remove contaminating proteins,
and extracted with nucleotides. Lanes 1 and 2, supernate and pellet
after taxol-mediated assembly of microtubules; lanes 3 and 4,
supernate and pellet after first buffer wash; lanes 5 and 6,

supernate and pellet after second buffer wash; lanes 7 and 8,
supernate and pellet after extraction with 3 mM GTP and 3 mM
AMP-PNP; lanes 9 and 10, supernate and pellet after extraction with
5 mM ATP. Gel densitometry of the ECL reaction products (~10
second film exposure) indicated that 78% of the 74 kDa subunit and
29% of the 50 kDa polypeptide co-sedimented with microtubules

| (lane 2). The ATP extraction released 54% of the 74 kDa subunit and
47% of the 50 kDa polypeptide (lane 9).
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Figure 15. The 50 kDa polypeptide co-sediments with cytoplasmic

| dynein on a sucrose density gradient. ATP extract (similar to that in
7‘ | lane 9, Figure 14) was fractionated on a 5-20% sucrose gradient. (A)
| The gradient fractions were analyzed by gel electrophoresis (9% gel)
g and (B) immunoblotting with the 50-1 mAb. (C) Densitometric scans
= of the cytoplasmic dynein heavy chain stained by Coomassie blue
(closed boxes) and the 50 kDa polypeptide detected by ECL reaction

/ product (open boxes). HC, cytoplasmic dynein heavy chain.
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Figure 16. Cytoplasmic dynein and the 50 kDa polypeptide shift
from 20S to 16S in high salt buffer. ATP extract was fractionated by
v sucrose gradient centrifugation and analyzed by gel electrophoresis
(9% gel) and immunoblotting with the 50-1 mAb. The high salt
sample was prepared by dissolving 0.05 g sodium chloride in 1.5 mls
ATP extract and incubating on ice for 1 hour. It was then
fractionated on a 5-20% sucrose gradient made in Tris-KCl buffer
supplemented with 0.58 M sodium chloride. The arrows indicate the
peak fractions of the cytoplasmic dynein heavy chain as. determined
by Coomassie blue staining. The sedimentation standards were
rabbit IgG (7S), catalase (11.3S), and thyroglobulin (19S). The
sedimentation coefficient of cytoplasmic dynein in high salt (16S)
was derived from a standard curve provided by Dr. Christine Collins,

Northwestern University.
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Figure 17. The 50 kDa polypeptide in brain cytosol sediments

. quantitatively at 20S. Rat brain cytosol was subjected to sucrose
gradient centrifugation (5-20% in Tris-KCl buffer), and the CTPase
activity of the fractions was measured colorimetrically (Lanzetta et
al., 1979). The 50 kDa polypeptide was detected with the 50-1 mAb

and a peroxidase-labeled secondary antibody.
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Figure 18. The fraction of the 50 kDa polypeptide which does not co-
purify with microtubules is a 20S species. Samples of rat brain
chtosol and a post-microtubule supernate (A) were fractionated on
5-20% sucrose gradients (B). The fractions were collected, spotted
onto nitrocellulose, probed with the 50-1 mAb, and developed with
ECL. Note that the pl150Glued product is labeled by the anti-74 kDa
mADb on this blot (the cross-reactivity of this mAb is discussed under

Results, Chapter III).
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Figure 19. The anti-50 and anti-74 kDa mAb's immunoprecipitate
distinct multi-subunit complexes from brain cytosol. (A) Coomassie
blue staining of the immunoprecipitates, showing that electrophoretic
species of My 150 (doublet) and 45 kDa co-immunoprecipitate with
the 50 kDa polypeptide. The anti-74 kDa mAb immunoprecipitated
the cytoplasmic dynein heavy chain (DHC) and 74 kDa subunits. A
60 kDa species also co-immunoprecipitated, however the identity of
this polypeptide is unknown. AbHC, antibody heavy chain; AbLC,
antibody light chain; CB, Coomassie blue. (B) Parallel blot of the
immunoprecipitated samples probed with a mixture of the anti-50
and anti-74 kDa mAb's. (C) The same blot shown in (B) was
reprobed with an affinity-purified polyclonal anti-serum to the rat
p150Glued product. The 150 kDa protein is referred to as the 150
kDa cytoplasmic dynein-associated polypeptide in Holzbaur et al.
(1991) and dynactin in Gill et al. (1991). (D) The 45, 50, and 150
kDa polypeptides are present as minor components of 20S
cytoplasmic dynein. 20S cytoplasmic dynein analyzed by gel
electrophoresis (9% gel) and immunoblotting. The blot was probed
with a mixture of anti-50 and anti-74 kDa mAb's and subsequently

reprobed with the anti-p150Glued gantiserum (see above).
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Figure 20. Immunoprecipitation and electrophoretic analysis (9%

gel) of 50 kDa-associated polypeptides from 33S-methionine-labeled
| 3T3 cell extract using the 50-1 and 50-2 mAb's. The cell extract was
prepared in the absence of detergent by mechanical lysis. The co-
immunoprecipitating 45 kDa species appears to be supra-
stoichiometric relative to the 50 kDa polypeptide. The presence of a
150 kDa polypeptide is not obvious, perhaps due to proteolysis or
dissociation from the complex. The ~60 kDa polypeptide which co-
immunoprecipitated using the 50-2 mAb could be related to the 62
kDa subunit of chick brain dynactin (Gill et al., 1991).
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Figure 21. Immunofluorescence microscopy of isolated CHO
chromosomes using the 50-1 mAb. The pairs of spots co-align with
the primary constriction observed by phase contrast microscopy.
Fixation conditions: 0.5% formaldehyde (1,8); -20°C acetone (2,5,7);
0.5% formaldehyde and -20°C methanol (3,4,6,9).
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Figure 22. Immunoelectron microscopy of isolated CHO
chromosomes. (A) Chromosome incubated with 5 nm gold-labeled
secondary antibody alone. (B,C,D) Chromosomes stained with the 50-
1 mAb and gold-labeld secondary antibody. The immunoelectron
microscopy was performed by Dr. Linda Wordeman, UCSF. Bars, 0.2

pum.
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Figure 23. Immunoblotting of isolated CHO chromosomes. Calf brain
cytosol and CHO chromosomal proteins were visualized on an Amido
black-stained nitrocellulose filter (Amido). The immunoreactive
species detected in the isolated CHO chromosomal fraction co-

migrates with the 50 kDa polypeptide in brain cytosol (Blot).



Amido

Blot

50 kD
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Figure 24. Immunofluorescence microscopy of mitotic Indian
muntjac cells. The cells were fixed in -20°C methanol and stained
with the 50-1 mAb (A,C,E) or secondary antibody alone (G). The
phase contrast images are shown on the right (B,D,F,H). Bar, 10 um.
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Figure 25. Immunofluorescence microscopy of a mitotic NIH 3T3 cell
using the 50-2 mAb. The spindle pole staining is similar to that

obtained with the 50-1 mAb using Indian muntjac cells. Bar, 10 pm.
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Figure 26. Double-label immunofluorescence microscopy of mitotic
NIH 3T3 cells. The cells were isolated by mitotic shake-off,
sedimented onto coverslips, and labeled with the 50-2 mAb (A,C,E)
and CREST anti-serum (B,D,F). The centromere antigens were
intensely labeled by the CREST anti-serum at metaphase (B), late
anaphase (D), and telophase (F). Spindle components did not appear
to be labeled by the 50-2 mAb, though there was some punctate

cytoplasmic staining. Bar, 10 um.
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Figure 27. Immunofluorescence microscopy of interphase Indian
muntjac cells usihg the 50-1 mAb. The staining was predominantly
- diffuse, though we did observe occassional labeling of a structure
near the nucleus which could correspond to the microtubule-
organzing center. MTOC-staining has been observed with anti-
dynactin antibodies (Gill et al., 1991). The fluorescence and phase
contrast images are shown in panels (A) and (B), respectively. Bar,

10 pm.
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Figure 28. Immunofluorescence (A,C) and phase contrast microscopy
(B,D) of interphase NIH 3T3 cells using the 50-2 mAb. The antibody

labels foci in the nuclei of a subset of cells. Bar, 10 pum.
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Figure 29. Immunofluorescence (A) and phase contrast microscopy
3 ~(B) of sister interphase NIH 3T3 cells using the 50-2 mAb. The

nuclear epitope appears to be resistant to aldehyde fixation. Bar, 10
um,
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Figure 30. Double-label immunofluorescence microscopy of
interphase NIH 3T3 cells. The foci labeled by the 50-2 mAb (A,D,G)
are distinct from those detected by CREST autoimmune serum (B,E,H).

Alignment with the phase contrast images (C,F,I) indicated the 50-2

mAb does not recognize nucleoli. Bar, 10 pm.
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CHAPTER V
DISCUSSION

As discussed in the previous chapters, there is a growing body
of evidence indicating that cytoplasmic dynein is the motor for
retrograde organelle and chromosome transport. However, the
molecular details of cytoplasmic dynein-based transport are
unknown. To this end, we set out to (1) define the sites of o and B-
tubulin which activate the cytoplasmic dynein ATPase, (2) determine
the primary structure of the 74 kDa subunit, and (3) use mAb's to
study the properties of a co-purifying 50 kDa polypeptide. The
results of these experiments and the implications for future work are

discussed below.

Activation of the cytoplasmic dynein ATPase by tubulin.

Microtubules were found to act as specific, potent activators of
the cytoplasmic dynein ATPase (Paschal et al., 1987; Shpetner et al.,
1988). Based on what is known about other mechanochemical
enzymes this is likely to accelerate the rate-limiting step of the
cross-bridge cycle, ADP release (reviewed by Johnson, 1985).
Furthermore, this provides for efficient utilization of cellular ATP
since maximal nucleotide hydrolysis would occur only in association
with force production along microtubules.

We have identified the acidic C-termini of o and B-tubulin as

the regions responsible for activation of the cytoplasmic dynein
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ATPase (Paschal et al., 1989). This conclusion, which is consistent
with our finding that activation of the ATPase is sensitive to ionic
conditions .(Shpetner et al., 1988), is supported by two independent
lines of evidence. First, MAP2, which has been shown previously to
bind to the C-terminus of tubulin (Serrano et al., 1984; Littauer et al.,
1986) inhibited the microtubule-activated ATPase in a dose-
dependent manner. Second, removal of the C-termini of o and B-
tﬁbulin with subtilisin reduced the microtubule-activated ATPase by
97%.

Together, these data indicate that the C-terminal domains of
tubulin constitute a site of interaction for both mechanochemical and
structural MAPs. Recent evidence showing that MAP2 inhibits
microtubule activation of the dynamin GTPase suggests that the C-
terminus is probably an interactive site for other proteins as well
(Shpetner and Vallee, 1992). These observations may prove useful
for identifying functional domains of cytoplasmic dynein and
dynamin. For example, it should be possible to ch’emically cross-link
these proteins to the tubulin C-termini and identify the sequences
which bind to o and B-tubulin (Leszyk et al., 1990). In addition, if
the C-termini of o and B-tubulin are required for growth or viability
in organisms such as yeast, it may be possible to clone microtubule-
interacting proteins by identifying suppressors of C-terminal

mutations.
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Molecular cloning of a subunit of cytoplasmic dynein.

The polypeptide components of cytoplasmic dynein include two
catalytic subunits and at least seven accessory subunits whose
function is unknown. To gain insight into the role of these accessory
subunits in dynein function, I determined the nucleotide and
deduced polypeptide sequences of the 74 kDa subunit and obtained
evidence for isoform diversity. This represents the first published
report of a sequence for a cytoplasmic dynein subunit.

"The 74 kDa subunit was found to be related to one other
polypeptide, the 70 kDa subunit of Chlamydomonas flagellar outer
arm dynein (Mitchell and Kang, 1991). The C-terminal ~300 amino
acids of the two subunits are 26.4% identical, suggesting that this
domain mediates a function conserved between the cytoplasmic and
axonemal polypeptides such as binding to the catalytic heavy chain.
In contrast, the N-termini of the two subunits appear to be
unrelated. We speculate that this region of the 74 kDa polypeptide
may specify a cytoplasmic-specific function such as targeting the
holoenzyme to membranous organelles or kinetochores.

It should be possible to test this hypothesis by analyzing the
subcellular distribution of 74 kDa transfected into cultured cells. If
the 74 kDa subunit is sufficient for targeting, then transfected
polypeptide (epitope-tagged) should localize to retrogradely-
transported organelles such as endosomes, lysosomes, and mitotic
chromosomes. Expression of N-terminal nested deletidn mutants

might then, in principle, allow the identification of domains
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necessary for targeting to these organelles. In addition, bacterially-
expressed 74 kDa could be used as a ligand to purify interacting

proteins such as the putative cytoplasmic dynein "receptor".

Identification of a major 50 kDa subunit of a 20S cytosolic complex.

We have used mAb's to investigate the properties of a 50 kDa
polypeptide which co-purifies with cytoplasmic dynein by sucrose
gradient centrifugation. Immunoprecipitation experiments indicated
that the 50 kDa polypeptide is a major subunit of a distinct 20S
particle which contains additional polypeptides of 45 and 150 kDa.
The 50 kDa polypeptide, like the 74 kDa and catalytic subunits of
cytoplasmic dynein, was localized to the kinetochores of isolated
chromosomes by light and electron microscopy. This result, together
with data reporting that the 50 kDa-associated complex (dynactin)
stimulates cytoplasmic dynein motility in vitro (Gill et al., 1991),
raises the possibility that the complex plays a role in regulating the
activity of dynein at the kinetochore.

In the course of mitosis, chromosomes are translocated towards
the spindle midzone during prometaphase and subsequently directed
poleward during anaphase. It seems reasonable to expect that the
activity of one or several proteins controls the timing and direction
of these movements. In this regard, Hyman and Mitchison (1991)
used an in vitro assay to demonstrate a cytoplasmic dynein-like
microtubule-motor activity present in the kinetochores of isolated

chromosomes. Interestingly, the direction of transport could be
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switched by thiophosphorylation, suggesting a possible mechanism

for regulating motor activity. It is of obvious interest, therefore, to
further characterize the 50 kDa polypeptide and its associated

subunits and examine their potential role in mitosis.
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