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The pl50Glued component of the dynactin complex binds to both
microtubules and the actin-related protein centractin (Arp-l)
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ABSTRACT pl5OGlued was first identified as a polypep-
tide that copurifies with cytoplasmic dynein, the minus-end-
directed microtubule-based motor protein, and has more re-
cently been shown to be present as a member of the oligomeric
dynactin complex, which indudes the actin-related protein cen-
tractin (Arp-1). Dynactin is thought to mediate dynein-driven
vesicle motility, as well as nuclear transport, in lower eukaryotes.
The mechanism by which dynactin may function in these cellular
processes is unknown. To examine the role of the dynactin
complex in vivo, we overexpressed the rat cDNA encoding
p15OGIuUd in Rat-2 fibroblasts. Overexpression of full-length, as
well as C-terminal deletion, constructs resulted in the decoration
of microtubules with the pi50oGlued polypeptides. This cellular
evidence for microtubule association was corroborated by in vitro
microtubule-binding assays. Amino acids 39-150 of p15oGIud
were determined to be sufficient for microtubule association. We
also tested for a direct interaction between pI5OGlued and cen-
tractin. In vitro translated centractin was specifically retained by
a p15OGIIIed affinity column, and this interaction was blocked by
a synthetic peptide which corresponds to a highly conserved
motif from the C terminus of pl5OGlued. These results demon-
strate that pl5OGlued, a protein implicated in cytoplasmic dynein-
based microtubule motility, is capable of direct binding to both
microtubules and centractin.

pl5OGlued was first identified as a polypeptide of 150 kDa,
which copurifies with the microtubule-activated mechano-
chemical ATPase, cytoplasmic dynein (1). Subsequent bio-
chemical characterization indicated that p15OGlued exists in
cells as part of a stable macromolecular complex (2), termed
the dynactin complex (3), together with nine other polypep-
tides (4). The major components of the dynactin complex
include pl5oGlued, a 50-kDa polypeptide, and the actin-related
protein centractin or Arp-1 (4-6), in a stoichiometry of 2:6:10,
respectively (2, 4). Immunoprecipitation and sucrose gradient
sedimentation studies demonstrated that the dynactin, or Glued,
complex is distinct from cytoplasmic dynein in the cytosol (2);
however, dynactin was found to be required to obtain cytoplasmic
dynein-mediated vesicle motility along microtubules in an in vitro
assay (3). These data suggested a role for the dynactin complex
in cytoplasmic dynein-driven, microtubule-based vesicle motility.
The two best-characterized members of the dynactin com-

plex are p15OGlued and centractin. Molecular analysis of rat
cDNAs encoding pi5sGlued revealed 32% amino acid sequence
identity to the product of the Drosophila gene Glued (7). A
dominant mutation at the Glued locus of Drosophila results in
pleiotropic developmental defects in the eye and optic lobe in
heterozygotes and an embryonic lethal phenotype in homozy-
gotes (8). Centractin is a recently characterized actin-related
protein, which shares 53% sequence identity to human a-actin
(5), compared with the >70% sequence identity found among
conventional actins from divergent sources. Recent genetic
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analyses of centractin mutants identified in Neurospora crassa
(9) and Saccharomyces cerevisiae (10, 11) have pointed to roles
for this protein in nuclear migration and mitotic spindle posi-
tioning. As mutations in the heavy chain of cytoplasmic dynein
in both of these organisms also give rise to similar phenotypes
(10-13), an interaction between cytoplasmic dynein and dyn-
actin in vivo is suggested.
The mechanism by which the dynactin complex may poten-

tiate the dynein-driven processes of vesicular transport, nu-
clear migration, and spindle orientation is not yet known.
Here, we have used overexpression studies and in vitro binding
assays to establish that a member of the dynactin complex,
pl5oGlued, is capable of binding directly both to microtubules
and to centractin. This result provides a mechanistic insight
into how dynactin may mediate the interactions among cyto-
plasmic dynein, its cellular cargo, and the cytoskeleton in vivo.

MATERIALS AND METHODS
Cellular Transfection and Immunocytochemistry. The plas-

mid pc150 was constructed by subcloning the full-length rat
cDNA encoding pi5oGlued (7) by inserting it into the eukary-
otic expression vector pcDNA1/neo under the control of the
human cytomegalovirus promoter (Invitrogen). Deletion con-
structs of pc150 were engineered at appropriate sites to gen-
erate C-terminal truncations of pi5oGlued at amino acids 1082,
942, 811, and 305. All constructs were verified by analyzing
their DNA sequence by using the Sequenase system (United
States Biochemical).
These constructs were used to transfect Rat-2 fibroblasts

[American Type Culture Collection (ATCC)] growing on cov-
erslips by calcium phosphate precipitation (14). Forty-eight
hours after transfection, cells were fixed at -20°C in methanol
with 1 mM EGTA and processed for indirect immunofluores-
cence microscopy with antibodies to pi5oGlued and tubulin.
The polyclonal rabbit anti-pl5oGlued antibody was raised
against a peptide fragment of the rat pi5oGlued protein ex-
pressed in Escherichia coli from a 2.1-kb fragment of rat
pi5sGlued cDNA in the expression vector pET-15b (Novagen)
and purified by means of the His-tag system by affinity chro-
matography on a Ni2+ column. Rabbit serum against this
fusion protein was affinity purified by binding to the immuno-
gen polypeptide immobilized on cyanogen bromide-activated
Sepharose 4B (Pharmacia). The purified antibodies reacted
solely with a doublet of 150/135 kDa on immunoblots ofwhole
Rat-2 cell lysate (not shown). Microtubules were localized with
the rat monoclonal antibody YL1/2 to tubulin (Serotec), and
cytoplasmic dynein was localized by using the mouse mono-
clonal anti-cytoplasmic dynein heavy chain antibody 440.1
(Sigma). In some experiments, to depolymerize microtubules
cells were treated with 10 ,uM nocodazole for 45 min at 37°C
prior to fixation. Immunofluorescence microscopy was per-
formed on a Zeiss Photomicroscope III.

Abbreviation: BSA, bovine serum albumin.
*To whom reprint requests should be addressed.
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Microtubule-Binding Assays. C-terminal deletion con-
structs of pl5oGlued for in vitro transcription and translation
were generated by linearizing the original pBluescript template
at appropriate restriction sites. [35S]methionine-labeled pro-
tein was synthesized by using a coupled transcription/
translation rabbit reticulocyte lysate system (Promega). Fol-
lowing a 1:3 dilution in PEMT buffer (100 mM NaPipes/2 mM
MgCl2/1 mM EGTA/0.2% Triton X-100, pH 6.8), translation
products were incubated for 15 min at 20°C and then centri-
fuged at 35,000 x g for 1 h at 4°C. Eight microliters of the
supernatant was then incubated for 20 min at 20°C with buffer
only, with 20 Ag of DEAE-purified, taxol-stabilized bovine
brain microtubules, or with 20 Ag of the purified and stabilized
microtubules and 1 M NaCl. Microtubules were then sedi-
mented through a cushion of 30% sucrose in PEMT buffer in
a microcentrifuge, and both supernatants and pellets (washed
once with PEMT buffer) were analyzed by SDS/PAGE and
autoradiography. The binding affinity of pi5oGlued for micro-
tubules was determined as described (15).

Construction of the pl5OGlued Affinity Column and the
Centractin-Binding Assay.A polypeptide corresponding to the
C-terminal 1286 amino acids of p150Glued was expressed in
bacteria, purified by Ni2+-affinity chromatography, and bound
to Affi-Gel 10 (Bio-Rad) in PBS buffer (50 mM sodium
phosphate/150 mM NaCl, pH 6.4). The affinity matrix was
blocked with 1.0 M ethanolamine-HCl at pH 8.0 and equili-
brated in PHEM buffer (50mM NaPipes/50mM Hepes/2mM
MgCl2/1 mM EDTA, pH 7.0). Affinity columns containing a
0.5 ml bed volume of pi5oGlued affinity matrix were used to
assay centractin binding. The 2.9-kb cDNA encoding human
centractin was obtained by screening a human fetal brain
cDNA library (Stratagene) by hybridization with a 777-bp
probe (clone EST00370; ref. 16; obtained from ATCC) and
verified by sequencing the DNA. The centractin cDNA was
inserted into pET-15b, which provided a promoter for in vitro
transcription and translation. The [35S]methionine-labeled
translation products were diluted 1:20 in PHEM buffer and
applied to the pi5oGlued affinity column, as well as to a column
that contained an equivalent amount of bound bovine serum
albumin (BSA). Columns were washed extensively with PHEM
buffer, and protein was then eluted with a step gradient of 0.5,
1.0, and 1.5 M NaCl. Eluates were concentrated by methanol
precipitation, analyzed by SDS/PAGE, and processed for au-
toradiography. For peptide-block experiments, diluted cen-
tractin translation products were incubated with a 50-fold
molar excess of the synthetic peptide MKKEKEFEETM-
DALQA or EAKCDTKAEMKLEQFE or with BSA for 1 h at
room temperature with agitation prior to being applied to the
affinity column.

RESULTS AND DISCUSSION
To examine the role of the dynactin complex in vivo, we
transiently overexpressed the pi5oGlued polypeptide in Rat-2
fibroblasts. Transfected cells were assayed by double immu-
nofluorescence labeling with an affinity-purified rabbit poly-
clonal antibody to pi5oGlued and a rat monoclonal anti-tubulin
antibody (Fig. 1). Untransfected control Rat-2 cells displayed
centrosomal and punctate cytoplasmic staining as previously
described (2, 3). Overexpression of the full-length pi5oGlued
polypeptide (1325 amino acids) in transfected cells resulted in
pi5oGlued decoration along the entire length of interphase
microtubules (Fig. 1A). In many transfected cells, overexpres-
sion of p15oGlued altered the normal distribution of microtu-
bules, such that they no longer emanated from a single focal
point at the centrosome but appeared to be grouped into thick,
wavy bundles (Fig. 2C).
To determine the domain within p15oGlued responsible for

microtubule binding, C-terminal deletion constructs for over-
expression were engineered that encoded polypeptides 305,

FIG. 1. Overexpression of full-length p15OGlued in Rat-2 fibro-
blasts. Cells were processed for double-label immunofluorescence
with antibodies directed against pi5sGlued (A) and tubulin (B). (Bar =
10 ,um.)

811, 942, and 1082 amino acids in length. Microtubule deco-
ration and morphological alterations identical to those seen in
full-length p15oGlued transfectants were observed upon over-
expression of each of these deletion constructs (Figs. 2 and 3).
This indicates that p15oGlued contains a microtubule-binding
motifwithin the N-terminal 305 amino acids of the polypeptide
and that this region may be capable of inducing microtubule
bundling.

p15OGlued and cytoplasmic dynein colocalize in cells (17) and
apparently interact during vesicle transport in vitro (3). In
addition, the centrosomal distribution of p15oGlued is micro-
tubule dependent (2) and is believed to be a result of an
accumulation of the polypeptide at the centrosome induced by
association of dynactin with the minus-end-directed motor, cy-
toplasmic dynein. To approach the question ofwhether pi5oGlued
and cytoplasmic dynein interact in vivo, we examined the effect of
overexpression of p15oGlued on the localization of cytoplasmic
dynein in transfected cells. The distribution of cytoplasmic dynein
heavy chain in cells overexpressing the full-length pi5oGlued was
unaltered compared with the distribution in untransfected inter-
phase cells (Fig. 2 C and D). Thus, although colocalization is
observed in untransfected cells, overexpression of pi5oGlued did
not induce recruitment of cytoplasmic dynein to cellular micro-
tubules. This suggests that p150Glued alone may not be capable
of direct interaction with cytoplasmic dynein heavy chain; this
interaction may require other members of the dynactin com-
plex. Alternatively, the interaction may be transient or rely on
posttranslational modifications such as phosphorylation,
which may not be sufficiently regulated in the overexpressed
protein.

Cell Biology: Waterman-Storer et al.



1636 Cell Biology: Waterman-Storer et al.

FIG. 2. (A and B) Localization of pl5OGlued (A) and tubulin (B) in
Rat-2 cells overexpressing the first 305 amino acids of pl5oGlued.
Immunolocalization of p15OGlued (C) and cytoplasmic dynein heavy
chain (D) in transfected cells expressing full-length p15OGlued. (E and
F) Localization of pl5OGlued (E) and tubulin (F) in nocodazole-treated
cells that were overexpressing full-length p15OGlued. (Bar = 10 ,um.)

To test whether the removal of cellular microtubules would
cause overexpressed p15oGlued to collect on any other cellular
structures, such as vesicles or the actin cytoskeleton, cells
transfected with the plasmid encoding the full-length p150Glued
polypeptide were treated with nocodazole to depolymerize
microtubules. This treatment resulted in intense decoration of
apparent microtubule remnants by p5soGlued (Fig. 2 E and F).
Double labeling with anti-tubulin could not confirm the iden-
tity of these structures, but lack of antibody labeling may be
due to steric hindrance imposed by the large excess of p15oGlued
on the surface of the few microtubules that remained (18).
These results demonstrate that depolymerization of microtu-
bules does not cause overexpressed p15oGlued to reassociate
with other intracellular structures, and decoration of micro-
tubules by p15oGlued does not induce significant resistance to
nocodazole treatment, as has been observed in the overex-
pression of other microtubule-associated proteins (18, 19).

In vitro microtubule binding and sedimentation assays were
then used to define more precisely the molecular domain
involved in the pl5OGlued-microtubule interaction, as well as to
corroborate the cellular evidence for this interaction. p150Glued
constructs were translated in vitro, incubated with taxol-
stabilized microtubules, and tested for salt-dependent cosedi-
mentation. In this assay, full-length p15oGlued cosedimented
completely with microtubules (Fig. 3A). Among the constructs
with C-terminal deletions tested using this assay, a fragment
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containing the first 76 amino acids of pi5OGlued was the short-
est polypeptide capable of at least partial cosedimentation with
microtubules (Fig. 3A). In addition, a construct lacking the
first 38 amino acids cosedimented with microtubules com-
pletely, while no cosedimentation was observed for a construct
in which the first 150 amino acids were deleted (Fig. 3A). All
other constructs tested bound to microtubules in a salt-
dependent manner (Fig. 3B). The binding affinity of pi5oGlued
expressed in vitro for microtubules was determined by assaying
the extent of binding as a function of the concentration of
polymerized tubulin (15). A dissociation constant (Kd) of 10
,uM (n = 2) was determined by densitometry of the resulting
autoradiographs.
These results illustrate that a microtubule-binding domain

lies between amino acids 39 and 150 of pl5oGlued. It was
recently shown that the N termini of pi5OGlued and the yeast
microtubule-associated protein BIK-1 (20) share a homolo-
gous motif with CLIP-170, a protein believed to link endocytic
carrier vesicles to microtubules (21). This motif, present as a
tandem repeat in CLIP-170, was shown to be necessary and
sufficient for microtubule binding. CLIP-170 and pi5sGlued
share no significant relatedness outside of this motif, except for
predicted a-helical coiled coils in regions C-terminal to their
microtubule-binding domains. CLIP-170 has been shown to
form a dimer in vivo (21). The observation of microtubule
bundling in cells overexpressing pi5sGlued constructs suggests
that in this experiment, pl50Glued may form antiparallel dimers
capable of cross-linking microtubules. Even the shortest C-
terminal deletion constructs used for transfection encoded a
portion of the predicted coiled-coil domain, and cells expressing
these constructs also displayed the microtubule bundling pheno-
type. The stoichiometry of the dynactin complex suggests the
presence of two molecules of pl5oGlued per complex (4). These
polypeptides may also self-associate in the native complex. Al-
ternatively, the microtubule-bundling phenotype seen in trans-
fected cells may be an artifact of the high levels of pl5OGlued
expression induced in transfected cells, and at normal levels of
expression, the C-terminal coiled coils of pl5OGlued may take part
in heterotypic interactions with other members of the dynactin
complex or with subunits of cytoplasmic dynein.
The recent demonstration that pi5oGlued is a member of a

multisubunit complex that includes the actin-related protein
centractin (2, 6) prompted us to investigate whether these two
polypeptides interacted directly. Binding of centractin by
pi5oGlued was demonstrated by constructing an affinity col-
umn of bacterially expressed pi5oGlued immobilized on agarose
beads and then applying [35S]methionine-labeled human cen-
tractin, which had been synthesized by in vitro translation of
centractin cDNA. Centractin was specifically retained on the
pi5OGlued column through extensive washing and was eluted by
high-salt buffer (Fig. 4 A and B). Centractin was not specifi-
cally retained on a control BSA column (Fig. 4C) or by agarose
beads alone (not shown).

Examination of predicted amino acid sequences of pi5oGlued
from rat (7), chicken (3), and Drosophila (22) revealed a highly
conserved, C-terminal cluster of charged amino acids (KKEK)
that is identical to a motif implicated in actin binding by the
headpiece domain of villin, an actin-bundling protein of the
epithelial brush border (23). To test the hypothesis that cen-
tractin binds to pl5oGlued by means of the conserved KKEK
motif in a manner analogous to the binding of conventional
actin by villin, in vitro translated centractin was incubated with
a 50-fold molar excess of the peptide MKKEKEFEETM-
DALQA (corresponding to amino acids 1005-1019 of
p15oGlued) prior to its application to the p150Glued affinity
column. This peptide effectively blocked a majority of the
binding activity that could be eluted by 0.5 M NaCl (88%
reduction in signal compared with unblocked control, n = 2;
Fig. 4D), while preincubation of translation product with BSA
had no effect on the binding of centractin to the p15oGlued
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FIG. 3. (A) Autoradiograms of in vitro microtubule-binding assays with selected constructs of pl5OGlued. In vitro translated pl5OGlued constructs
were incubated with microtubules (+MT) or with microtubules plus 1 M NaCl (+MT, +salt), and the microtubules were sedimented. Microtubule
binding is demonstrated by cosedimentation of the construct with microtubules into the pellet (P), while lack of association would result in the
protein remaining soluble in the supernatant (S). (B) Summary of the results of transfection and microtubule-binding experiments. For transfection
experiments, + signifies interphase microtubule decoration by pl5OGlued in Rat-2 fibroblasts (in vivo column). For in vitro microtubule binding
experiments, + signifies complete cosedimentation of the translated construct, +/- signifies partial cosedimentation (>50%) and - signifies no
cosedimentation (in vitro column). Stippled area represents the putative microtubule-binding domain, hatched areas represent regions of predicted
a-helical coiled coil, and the black area represents a region of the construct containing the point mutations Lys-65 to Glu and Lys-67 to Glu. ND,
not determined.

column (Fig. 4E). A peptide composed of identical amino

acids but in a randomized order (EAKCDTKAEMKLEQFE)
was similarly tested for its ability to block the interaction
between centractin and pl5OGlued. Preincubation of centractin
translation product with the randomized peptide reduced the
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FIG. 4. Specific binding of centractin to pl5OGlued. Labeled cen-
tractin generated by in vitro translation of cloned cDNA in the pres-
ence of [35S]methionine was applied to a pi5oGlued (A and B) or BSA
(C) affinity column, and the flow-through (lane 1 inA-C), final buffer
wash (lane 2 in A-C), and 0.5 M NaCl eluate (lane 3 in A-C) were

analyzed by SDS/PAGE (A) and autoradiography (B and C). Cen-
tractin was eluted from the p15OGIued column by 0.5 M NaCl, while
there was no salt-dependent retention of centractin on the BSA
column. (D) Specific binding of centractin to p15OGlued was blocked by
incubation with the synthetic peptide of pi5OGIued MKKEKEFEET-
MDALQA. (E) Same experiment as in D, except with BSA block.
Lanes 1 inD andE are column flow-through; lane 2, final buffer wash,.
and lane 3, 0.5 M NaCl eluate. Numbers on the left represent the
positions of molecular mass standards in kDa.

amount of centractin retained by the p15OGlued column by 43%
(n = 2) compared with an unblocked control (data not shown).
As both the native and random sequence peptides are primarily
composed of charged amino acids, the partial disruption of
binding observed with the randomized peptide suggests that
ionic interactions are key to the pl5OGlued-centractin binding
interaction. However, because more complete disruption of
binding was seen with the native peptide, it is likely that the
sequence, as well as the composition of the unscrambled
peptide, was important in disrupting the binding of centractin
to pisOGlued
Taken together, these data demonstrate that p15OGlued is

capable of specific binding to centractin, which may be medi-
ated by a conserved cluster of charged residues. A comparison
of the amino acids immediately adjacent to the KKEK motif of
either p15OGlued or villin demonstrates no apparent primary
sequence homology. This suggests that the residues neighbor-
ing the putative binding motifs in these two proteins may
confer specificity for centractin or conventional actin binding
in vivo. However, in both polypeptides, the binding motif is
localized to the middle of a predicted a-helix; a common
feature of the actin-binding domains of several actin-binding
proteins (reviewed in ref. 24).
We have demonstrated that pl5OGlued, a member of the

dynactin complex, binds to both microtubules and centractin.
As the dynactin complex is believed to be involved in mediating
cytoplasmic dynein-based vesicular transport, the microtu-
bule-binding property of p15oGlued suggests that p15OGlued may
function in vivo as part of a vesicle docking complex, mediating
the link between vesicles and microtubules. A similar function
has been proposed for CLIP-170 (21).
An alternative model may also be proposed in which the

dynactin complex may be continuously required during vesic-
ular transport. Following the vesicle docking event, association
between the dynactin complex and cytoplasmic dynein may
occur. During active transport of the vesicle, the dynactin
complex may act as a tether among cytoplasmic dynein, the
microtubule, and the cellular cargo through the phase of the
mechanochemical ATPase cycle where the dynein heads are

dissociated from the microtubule. Kinetic analysis of the axon-

emal dynein ATPase suggests that both heads of the enzyme are

likely to be dissociated from the microtubule for a significant
fraction of the ATP hydrolysis cycle at physiological ATP con-
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centrations (25). Thus, a tethering complex could serve to prevent
diffusion of the cargo away from the microtubule during the
enzyme's off time. The observation that p150iuled localizes to the
centrosome in a microtubule-dependent fashion (2) lends further
support to the hypothesis that the dynactin complex is required
continuously during minus-end-directed transport.
We have demonstrated that, in addition to binding micro-

tubules, pi5oGlued also interacts directly with the actin-like
protein centractin. The interaction between these two
polypeptides has been implied by means of an ultrastructural
analysis of the native dynactin complex, in which centractin
forms a short, actin-like filament, with pl5oGlued protruding
like a sidearm from the filament (4). Functionally, centractin
may simply serve as a structural element of a vesicle docking
or tethering complex. However, Melki et al. (26) have dem-
onstrated that centractin preferentially associates with fila-
mentous rather than with globular actin in vitro. In addition,
Schafer et al. (4) have shown that one molecule of conventional
actin was present per dynactin complex as a bona fide subunit.
This single actin monomer could serve to link the dynactin
complex to the conventional actin cytoskeleton. In the cell, the
association, of the complex with the actin cytoskeleton could
allow direct interaction of dynactin with both the microtubule
and actin cytoskeletal networks during cytoplasmic dynein-
based motility. Potentially, a simultaneous link between fila-
ment systems could allow switching of vesicular cargo between
the actin/myosin and microtubule/dynein motility systems in
processes such as axonal transport, as has been suggested by
the work of Kuznetsov et al! (27). Alternatively, the dynactin
complex could serve to anchor cytoplasmic dynein to the
cortical actin cytoskeleton during the microtubule-based mo-
tile processes of nuclear migration or spindle orientation.
While the mechanism by which dynein and dynactin drive

such apparently disparate cellular processes as mitosis, vesic-
ular transport, and nuclear migration remains to be deter-
mined, our observation that the pi5oGlued component of the
dynactin complex binds directly to microtubules independent
of cytoplasmic dynein provides insight into this mechanism at
the molecular level.

We thank V. Nachmias, L. Cassimeris, E. Holleran, M. Tokito, J. M.
Sanger, and J- W. Sanger for their scientific input and the Drug
Synthesis and Chemistry Branch of the National Cancer Institute for
the gift of taxol. This work is supported by grants from the Muscular
Dystrophy Association (E.L.F.H.), National Institutes of Health
(E.L.F.H.), and the American Heart Association (C.M.W.-S.).

1. Collins, C. A. & Vallee, R. B. (1989) Cell Motil. Cytoskeleton 14,
491-500.

2. Paschal, B. M., Holzbaur, E. L. F., Clark, S., Meyer, D. & Vallee,
R. B. (1993) J. Biol. Chem. 268, 15318-15323.

3. Gill, S. R., Schroer, T. A., Szilak, I., Steuer, E. R., Sheetz, M. P.
& Cleveland, D. W. (1991) J. Cell Biol. 115, 1639-1650.

4. Schafer, D. A., Gill, S. R., Cooper, J. A., Heuser, J. E. & Schroer,
T. A. (1994) J. Cell Biol. 126, 403-412.

5. Clark, S. W. & Meyer, D. I. (1992) Nature (London) 359, 246-
250.

6. Lees-Miller, J. P., Helfman, D. M. & Schroer, T. A. (1992) Na-
ture (London) 359, 244-246.

7. Holzbaur, E. L. F., Hammarback, J. A., Paschal, B. M., Kravit,
N. G., Pfister, K. K. & Vallee, R. B. (1991) Nature (London) 351,
579-583.

8. Harte, P. J. & Kankel, D. R. (1982) Genetics 101, 477-501.
9. Plamann, M., Minke, P. F., Tinsley, J. H. & Bruno, K S. (1994)

J. Cell Biol. 127, 139-149.
10. Muhua, L., Karpova, T. S. & Cooper, J. A. (1994) Cell 78, 669-

679.
11. Clark, S. W. & Meyer, D. I. (1994) J. Cell Biol. 127, 129-138.
12. Eshel, D., Urrestarazu, L. A., Visers, S., Jauniaux, J. C., van

Vliet-Reedijk, J. C., Planta, R. J. & Gibbons, I. R. (1993) Proc.
Natl. Acad. Sci. USA 90, 11172-11176.

13. Li, Y. Y., Yeh, E., Hays, T. & Bloom, K. (1993) Proc. Natl. Acad.
Sci. USA 90, 10096-10100.

14. Sambrook, J., Fritsch, E. F. & Maniatis, T. (1989) Molecular
Cloning: A Laboratory Manual (Cold Spring Harbor Lab. Press,
Plainview, NY), 2nd Ed.

15. Goode, B. L. & Feinstein, S. C. (1994) J. Cell Biol. 124, 769-782.
16. Adams, M. D., Kelly, J. M., Gocayne, J. D., Dubnick, M., Poly-

meropoulos, M. H., Xiao, H., Merril, C. R., Wu, A., Olde, B.,
Moreno, R. F., Kerlavage, A. R., McCombie, W. R. & Venter, J.
C. (1991) Science 252, 1651-1656.

17. Steuer, E. R., Wordeman, L., Schroer, T. A. & Sheetz, M. P.
(1990) Nature (London) 345, 266-268.

18. Masson, D. & Kreis, T. E. (1993) J. Cell Biol. 123, 357-371.
19. Lewis, S. A., Ivanov, I. E., Lee, G.-H. & Cowan, N. J. (1989)

Nature (London) 342, 498-505.
20. Berlin, V., Styles, C. A. & Fink, G. R. (1990) J. Cell Bio. 111,

2573-2586.
21. Pierre, P., Scheel, J., Rickard, J. E. & Kreis, T. E. (1992) Cell 70,

887-900.
22. Swaroop, A., Swaroop, M. & Garen, A. (1987) Proc. Natl. Acad.

Sci. US4 84, 6501-6505.
23. Friederich, E., Vancompernolle, K, Huet, C., Goethals, M.,

Finidori, J., Vandekerckhove, J. & Louvard, D. (1992) Cell 70,
81-82.

24. Vandekerckhove, J. & Vancompernolle, K. (1992) Curr. Opin.
Cell Biol. 4, 36-42.

25. Holzbaur, E. L. F. & Johnson, K. A. (1989) Biochemistry 28,
7010-7016.

26. Melki, R., Vainberg, I. E., Chow, R. L. & Cowan, N. J. (1993) J.
Cell Bio. 122, 1301-1310.

27. Kuznetsov, S. A., Langford, G. M. & Weiss, D. G. (1992) Nature
(London) 356, 722-725.

Proc. Natt Acad ScL USA 92 (1995)


