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Dynactin, a large multisubunit complex, is required for intracellular
transport by dynein; however, its cellular functions and mechanism
of action are not clear. Prior studies suggested that dynactin
increases dynein processivity by tethering the motor to the micro-
tubule through its own microtubule binding domains. However,
this hypothesis could not be tested without a recombinant source
of dynactin. Here, we have produced recombinant dynactin and
dynein in Saccharomyces cerevisiae, and examined the effect of
dynactin on dynein in single-molecule motility assays. We show
that dynactin increases the run length of single dynein motors, but
does not alter the directionality of dynein movement. Enhance-
ment of dynein processivity by dynactin does not require the
microtubule (MT) binding domains of Nip100 (the yeast p150G!ued
homolog). Dynactin lacking these MT binding domains also sup-
ports the proper localization and function of dynein during nuclear
segregation in vivo. Instead, a segment of the coiled-coil of Nip100
is required for these activities. Our results directly demonstrate
that dynactin increases the processivity of dynein through a
mechanism independent of microtubule tethering.
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D ynactin, a large (=1.2 MD) complex, was first identified as an
activator of dynein-mediated, minus-end-directed vesicle
transport (1, 2), and has subsequently been shown to be essential for
nearly every cellular function of cytoplasmic dynein (3, 4). Several
dynactin alleles have been linked to human neurological disease,
which most likely results from a defect in intracellular trafficking (5,
6). Dynactin is composed of a filament of the actin-related protein
Arpl, capped at each end by additional subunits. The barbed end
subcomplex contains a dimer of the largest subunit, p150CMed
(Nip100 in yeast), which binds to dynein directly (4). The N-
terminus of p1509¢d contains a CAP-Gly domain and a basic
region, both of which have been shown to bind microtubules (MTs)
(7-9), followed by a coiled-coil that projects as a 24-nm stalk from
the Arpl filament (10, 11).

Two general mechanisms have been proposed through which
dynactin could aid the cellular function of dynein. First, many
studies have provided evidence that dynactin is important for
localizing cytoplasmic dynein to its proper intracellular cargo
(4). Dynactin also might modulate dynein motor activity, an idea
that has been explored through several in vitro motility assays.
Dynactin has been proposed to increase the processivity of
dynein, based on findings that dynactin increases the run length
of dynein-coated beads in vitro (12). Increased processivity
might be important in the cell for uninterrupted transport over
long distance or for transport under high load. However, because
dynactin and dynein were nonspecifically adsorbed onto beads in
this study, it could not be determined whether dynein—dynactin
complexes were observed, or if dynactin bound separately from
dynein on the bead surface and exerted its effects by interacting
independently with MTs.

www.pnas.org/cgi/doi/10.1073/pnas.0900976106

The MT binding domains of the p1509'd subunit of dynactin
have been proposed to have important roles in both dynactin
functions. The MT-binding CAP-Gly domain of p1506Mued ig
required for dynactin to localize to MT plus ends in some cell
types, and has been implicated in dynein recruitment and MT
anchoring at the centrosome (13-15). The initial discovery of the
CAP-Gly MT binding domain at the N-terminus of p150©tued
also led to the hypothesis that dynactin might increase the
processivity of dynein by tethering dynein to the MT, thus
suppressing dynein release and the termination of a run (7).
Consistent with this idea, antibodies against the CAP-Gly do-
main were shown to abrogate the ability of dynactin to increase
the run length of dynein-coated beads (12), and short polypep-
tides containing the MT binding basic region of p150Giued
increased bead run length when coadsorbed with dynein onto
beads (8). However, it was not possible to directly test the MT
tethering hypothesis by assaying dynactin lacking its MT binding
domains, because these studies were performed with native
bovine dynactin, rather than dynactin from a recombinant
source.

A recent study suggested that dynactin also might modulate
the directionality of dynein. Dynein—dynactin complexes con-
taining a GFP-tagged dynactin subunit were purified from
transgenic mice, and their movements along MTs were observed
by single-molecule fluorescence microscopy (16). In striking
contrast to previous observations, these dynactin-dynein com-
plexes exhibited frequent plus-end-directed excursions (often
>1 wm), in addition to the minus-end-directed movement
previously observed for dynein. Ross et al. raised the possibility
that dynactin might facilitate these reversals in the direction of
dynein movement, although the motility of the dynein alone was
not observed in this study (16).

Here, we have developed a new system for examining the
effects of dynactin on single molecule dynein motility using
purified, recombinant dynein and dynactin complexes from
Saccharomyces cerevisiae. We show that the dynein—dynactin
cocomplex is more processive than dynein alone, but does not
exhibit more plus-end-directed motion. Dynactin does not re-
quire the MT binding domains of Nip100 (the yeast p1506tued
subunit) to increase dynein processivity or for dynein localization
and function in nuclear segregation. Instead, our data indicate
that a coiled-coil region adjacent to the MT binding regions in
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Purification of dynactin from S. cerevisiae. (A) Diagram of the dynactin complex. Intact dynactin complexes were affinity purified by using a ZZ-TEV tag

on the N terminus of Arp10, and the Nip100 subunit was labeled with a TMR-conjugated C-terminal HaloTag (white asterix). (B) Reconstituted dynein—dynactin
complexes move processively and unidirectionally along axonemes. Kymographs of dynein-TMR (Left) or unlabeled dynein and dynactin-TMR (Right) moving

along axonemes are shown.

Nip100 is critical for these activities. Therefore, dynactin is
unlikely to act as a simple MT tether.

Results

Yeast Dynein-Dynactin Is a Unidirectional Motor Complex with En-
hanced Processivity. We have used the budding yeast S. cerevisiae
as a source of recombinant dynactin for our experiments, using
a strategy similar to one previously used to purify dynein [Fig.
14; purification shown in Fig. S1A4] (17). An N-terminal affinity
tag was introduced at the genomic locus of ARPI0O (which
encodes a protein that binds to the pointed end of the Arpl
filament, see Fig. 1.4). We also introduced a C-terminal HaloTag
(Promega) at the genomic locus of NIP100 (the yeast p150G!ued
subunit), which allowed us to site-specifically label the dynactin
complex with a fluorescent dye [tetramethyl rhodamine (TMR)].
Because the purification tag and fluorescent tag were placed on
different subunits at opposite ends of the complex, only intact
complexes were purified and labeled with TMR.

Using purified dynactin, we sought to determine the effect of
dynactin on the motility of single dynein complexes, using total
internal reflection fluorescence microscopy (TIRF). We found
that TMR-labeled dynactin molecules displayed no detectable
interaction with the MT, even when imaged at a high frame rate
(30 per second). The lack of observable binding could reflect a
very weak MT binding affinity of yeast dynactin, or that purified

dynactin in the absence of dynein is in an inhibited state.
However, when coincubated with unlabeled recombinant yeast
dynein, TMR-labeled dynactin now bound to MTs and moved
processively toward the minus-end of axonemal MTs (Fig. 1B;
Movie S1). Because dynactin-TMR alone did not move, and
dynein was unlabeled in this assay, these moving particles must
be dynein—dynactin complexes.

The S. cerevisiae dynein—dynactin-TMR complexes moved at
a similar velocity to dynein-TMR alone (77 + 37 nm/s, mean =
SD), compared with 87 = 36 nm/s for dynein) (Fig. 24 and Movie
S2). Notably, the dynein—dynactin complexes had a significantly
longer run length (2.54 * 0.17 wm, mean * SE) than dynein
alone (1.14 = 0.04 um) (Fig. 2B; Fig. S2).

One possible explanation for this longer run length is that
dynactin could link 2 or more dynein complexes together; one
dynein motor in a multimeric complex might remain bound while
another dissociated, leading to an apparent increase in run
length. To determine the number of dynein motors within a
moving dynein—dynactin complex, we analyzed photobleaching
events of GFP-labeled dynein, with and without dynactin. When
dynactin was present, we confirmed that GFP-dynein spots were
bound to TMR-labeled dynactin by 2-color observation. In both
cases, we observed only 1- and 2-step photobleaching of dynein,
indicating that the dynein—dynactin complex contains a single
dynein dimer (Fig. 2C). To determine the number of dynactin
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Fig. 2. Single dynein—-dynactin complexes exhibit robust minus-end-directed motility with enhanced processivity. (A) Histograms of dynein and dynein-
dynactin velocities. The velocity of dynein is 87 = 36 nm/s (mean = SD; n = 1499), and the velocity of dynein—dynactin is 77 = 37 nm/s (n = 560). Curved lines
represent Gaussian fits of the data. A few outlying points are truncated from histograms of run lengths and velocity for display purposes. (B) Histograms of dynein
and dynein—dynactin run lengths. The run length of dynein is 1.15 = 0.04 um (mean = SE), and the run length of dynein—-dynactin is 2.54 = 0.17 um (determined
from cumulative probability functions; see Fig. S2). Dashed lines indicate the mean. (C) Histogram of bleaching events. All bleaching events observed occurred
in 1 or 2 steps. GFP-dynein, n = 18; GFP-dynein—dynactin, n = 19; dynein-dynactin-TMR, n = 26.

5670 | www.pnas.org/cgi/doi/10.1073/pnas.0900976106 Kardon et al.


http://www.pnas.org/cgi/data/0900976106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/content/vol0/issue2009/images/data/0900976106/DCSupplemental/SM1.mov
http://www.pnas.org/content/vol0/issue2009/images/data/0900976106/DCSupplemental/SM2.mov
http://www.pnas.org/content/vol0/issue2009/images/data/0900976106/DCSupplemental/SM2.mov
http://www.pnas.org/cgi/data/0900976106/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/data/0900976106/DCSupplemental/Supplemental_PDF#nameddest=SF2

SINPAS

displacement

0+ T T T - 7
;32 0 32 64 96 128 160
unidirectional run length (nm)
T T T T T T
0 20 40 60 80 100 120 140

time (s)

Fig.3. Highspatial precision measurements of dynactin movement along MTs. Gaussian fits of the position of moving dynein-dynactin-TMR spots at each point
in time are displayed as black circles connected by lines, and steps extracted from these fits are displayed as cyan lines. Horizontal lines are separated by 8 nm.
(Inset) Histogram of the length of unidirectional segments (distance traveled before a =8-nm reversal) of dynein-dynactin movment.

complexes bound to each dynein, we observed photobleaching of
moving TMR-labeled dynactin spots. Again, we observed only 1-
and 2-step photobleaching events, indicating that each dynein
binds 1 dimer of Nip100, and thus a single dynactin complex (Fig.
2C). Therefore, a single dynactin complex can enhance the
processivity of a single dynein motor.

A previous study of dynein—dynactin motility reported plus-end-
directed runs exceeding 1 um (16). From our kymograph analysis,
we did not observe any plus-end-directed runs >0.3 wm, the
diffraction limit. To characterize the directionality of dynein—
dynactin movement with higher spatial precision, we tracked
dynein—dynactin complexes using Gaussian fitting, with a mean
rmsd of 4.9 nm (Fig. 3) (18). Because this precision is lower than in
previous studies of Qdot-labeled dynein, assigning individual steps
was difficult, but within some traces, we observed stepwise move-
ment of dynein—dynactin complexes that was grossly similar to the
stepping behavior that has been observed for dynein alone (17). To
quantify plus- and minus-end-directed components of dynein—
dynactin movement, we measured the length of each unidirectional
segment of each run. Movement toward the plus-end persisted over
much shorter distances than movement toward the minus-end; only
2% of plus-end-directed segments were >24 nm long, compared
with 36% of minus-end-directed segments (Fig. 3). Previously,
dynein was shown to exhibit short plus-end-directed movement,
taking only a few plus end-directed steps in a row (17). We conclude
from this that dynactin does not induce bidirectional movement in
the yeast dynein motor.
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CC1 Region of Dynactin, but Not Its MT Binding Domains, Are Required
for Enhanced Processivity. Having shown that dynactin is a dynein
processivity factor using a recombinant system, we next per-
formed structure-function studies to investigate the mechanism
of this effect. The N-terminal CAP-Gly domain of p150©!ued and
an adjacent basic region (7-9) have been shown to interact with
MTs, and it has been hypothesized that MT tethering by these
domains might prevent dynein from dissociating from a MT and
terminating a processive run. However, without a recombinant
source of dynactin, it was not possible to test whether these
domains are responsible for the effect of dynactin on dynein
processivity. We truncated the CAP-Gly domain (ACAP-Gly) or
the CAP-Gly domain and the adjacent basic region (Abasic)
from the single genomic copy of NIP100 and purified dynactin
complexes containing these truncated Nip100 subunits (Fig. 44).
These truncated dynactin complexes associated with dynein and
moved along axonemes with similar velocities (Fig. 4B) to
wild-type dynein—dynactin complexes. Notably, the run lengths
were not significantly reduced by these truncations, and re-
mained 2-fold longer than that of dynein alone (Fig. 4C).
Therefore, dynactin does not require its MT binding domains to
increase the processivity of dynein.

To identify a domain that might be required for this activity,
we performed further truncations of NIP100. C-terminal to the
CAP-Gly domain and basic region is a coiled-coil region that has
been reported to bind to the N-terminus of the dynein interme-
diate chain (19). The first half of this coiled-coil is thought to
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Fig. 4. The N-terminal coiled-coil (CC1) of Nip100, but not its N-terminal MT binding domains, is required for dynein processivity enhancement. (4) Diagram
of truncations of the Nip100 subunit of dynactin. The N-terminally truncated Nip 100 subunits lack the following residues: ACAP-Gly, 1-68; Abasic, 1-102; ACC1a,
1-182; ACC1, 1-377. (B) Mean velocities of dynein-dynactin containing truncations in Nip100 or lacking Arp1, determined from a Gaussian fit. Error bars show
SD. Dynein, n = 1,499; dynein plus dynactin, n = 560; dynein plus ACAP-Gly-dynactin, n = 899; dynein plus Abasic-dynactin, n = 487; dynein plus ACC1A-dynactin,
n = 496; dynein plus ACC1-dynactin, n = 939; dynein plus AArp1-dynactin, n = 599. (C) Mean run lengths of dynein—-dynactin variants, determined from
cumulative probability distributions (Fig. S2). Error bars show SE.
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form the 24-nm projecting stalk seen by EM (10, 11), whereas the
second half may fold back into the shoulder of dynactin. We
prepared dynactin complexes containing truncations of the first
half (ACC1A) or the entirety (ACC1) of this coiled-coil domain,
and examined how these alterations affected dynein—dynactin
motility (Fig. 44). We observed robust movement of dynein—
dynactin cocomplexes with these truncations, and dynein coim-
munoprecipitated weakly with both WT and ACC1A-dynactin,
indicating that CCl1 truncation does not grossly perturb the
interaction of dynactin with dynein (Fig. S1B). Cocomplex
formation instead may depend on an interaction between the
central region of Nip100 and the dynein intermediate chain (20).
Dynein bound to ACC1A-dynactin exhibited a longer run length
(1.88 = 0.10 wm) (Fig. 4C) than dynein alone, although this
activation was reduced compared with wild-type dynein—
dynactin. However, dynein in complex with ACC1-dynactin had
a mean run length of 1.42 = 0.06 um (Fig. 4C), approaching the
run length of dynein alone (1.15 = 0.04 um) (see SI Methods,
showing that shorter run length is not due to premature dynactin
dissociation from dynein). Therefore, CCl1 is crucial to dynac-
tin’s effect on dynein processivity.

We next wished to determine whether the ability of dynactin
to enhance dynein processivity is solely contained in the Nip100-
containing “shoulder” subcomplex of dynactin, or whether the
Arpl filament contributes to this activity. Deletion of Arpl or
overexpression of p50 (Jnml in yeast) separates the shoulder
subcomplex of dynactin, containing p150Ced p50, and p24
(Ldbl18 in yeast), from the rest of the complex (21-23), and
causes strong perturbations of cellular dynein functions. We
purified dynactin lacking the Arp! filament, using an affinity tag
on the Nip100 subunit in a yeast strain harboring a deletion in
the ARPI gene. Although deletion of ARPI destabilizes
p15061ued in some cell types (23-25), we found that Nip100 was
stable in an arplA background, as was previously observed in
yeast (Fig. S1B) (23). AArpl-dynactin moved along axonemes
with dynein, but the run length of this cocomplex (1.35 * 0.08
pm, see Fig. 4C) was similar to dynein alone, indicating that
an intact dynactin complex is necessary for increasing dynein
processivity.

Nip100 CC1, but Not Nip100 MT Binding Domains, Is Required for
Dynactin Function in Vivo. Having determined which parts of the
dynactin complex contribute to its in vitro enhancement of dynein
processivity, we wished to test whether these domains are required
for dynactin function in live cells. Dynactin is essential for the only
function of dynein in yeast, pulling the nucleus into the bud neck
during early anaphase (26-28). Cells with defects in dynein or
dynactin function frequently missegregate their nuclei, retaining
both in the mother cell. We found that nuclear segregation occurred
normally in yeast harboring truncations of the N-terminal MT
binding sites (ACAP-Gly and Abasic) or the first half of CC1
(ACCla) of NIPI00, but was strongly perturbed in yeast with a
complete CC1 truncation (Fig. 54). In this ACCI-NIP100 strain, a
similar percentage of binucleate mother cells were observed as in
a nipl00A strain. Immunoblots revealed that the cellular levels of
ACCla-Nip100 and ACC1-Nip100 are reduced relative to wild-type
Nip100 (~4-fold, see Fig. S1C). However, because the levels of both
CCl-truncated proteins are similar, but only ACC1-Nip100 causes
a cellular phenotype, this phenotype most likely arises from a
specific requirement for CCl1.

To perform its cellular function, yeast dynein must localize to
the bud cortex, where it walks along the astral MTs; thus pulling
the nucleus toward the bud. The dynactin components Nip100
and Arpl are required for this localization; dynein accumulates
at the plus-ends of astral MTs in strains bearing deletions of
these genes (29, 30). From this evidence, it has been proposed
that dynactin may assist in transferring dynein from the plus-end
of MTs to the cortex before motility begins. To determine

5672 | www.pnas.org/cgi/doi/10.1073/pnas.0900976106
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Fig. 5. Effect of Nip100 truncations on dynactin function in yeast cells. (A)
The fidelity of nuclear segregation in cells containing truncated Nip700, as
indicated by the percentage of anaphase cells with binucleate mothers. Error
bars show SEM; n > 200 for each strain. (B) Localization of dynein in cells
containing truncated Nip100, displayed as Z-projections of confocal stacks.
Images on the right are duplicates of those to their left, scaled such that
wild-type localization is easily visible. Dyn1-3xGFP is shown in green, and
mCherry-Tubl is shown in red. Examples of astral MT plus-end and cortical
localization are indicated with blue and white arrows, respectively. (C) Quan-
tification of Dyn1-3xGFP intensity at astral MT plus-ends. Intensities are
normalized to intensity in WT cells. Error bars show SEM. WT, n = 22; ACAP-
Gly-NIP100, n = 8; Abasic-NIP100, n = 6; ACCTA-NIP100, n = 12; ACC1-NIP100,
n =11, ANIP100, n = 11.

whether the N-terminal domains of Nip100 are required for this
transfer step, we observed the localization of Dyn1-3xGFP in the
background of NIP100 truncations. Dyn1-3xGFP localized nor-
mally in ACAP-Gly-NIP100, Abasic-NIP100, and ACC1A-NIP100
cells; these cells exhibited cortical spots of dynein and wild-type
levels of dynein at astral MT plus-ends (Fig. 5 B and C). In
contrast, ACCI-NIP100 cells lacked cortical dynein, and exhib-
ited a 2-fold increase in dynein at astral MT plus-ends, similar to
that observed in nipI00A cells (Fig. 5 B and C). Thus, the first
Nip100 coiled-coil, but not the N-terminal MT binding domains,
is needed for proper localization of dynein during cell division.

Kardon et al.
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Discussion

Dynactin is essential to dynein-mediated intracellular trans-
port, but its size and complexity have hindered the elucidation
of its function. Using dynactin purified from a recombinant
source in a direct, single molecule assay, we have shown that
dynactin increases the processivity of single dynein motors.
Previous studies of mammalian dynactin and dynein (8, 12)
first showed that dynactin could increase the processivity of
dynein bound to beads. However, these early experiments were
performed by nonspecific adsorption of the complexes to
beads, which complicated mechanistic interpretation of these
results. For example, dynactin and dynein might have bound
separately on the bead and independently interacted with the
MT, rather than operating as a dynein—dynactin cocomplex.
Here, we show through direct observation that a single dynein
with a single bound dynactin moves for longer distances along
a MT than dynein alone.

Dynactin has been proposed to increase dynein processivity by
acting as a tether to the MT surface (8, 9, 12). This hypothesis
is supported by observations that beads coated with mammalian
dynactin or N-terminal fragments of 1509"¢¢ bound to MTs and
diffused 1-dimensionally (8, 9, 12). A monoclonal antibody to the
N-terminal MT binding region of dynactin also was found to
reduce the processivity of dynein and dynactin-adsorbed beads
(12). However, by truncation of the Nip100 subunit within the
intact dynactin complex, we find that the N-terminal MT binding
regions of Nip100 are not required for dynactin to increase the
processivity of yeast dynein. Also, we have not observed dynactin
binding to or diffusing along MTs on its own; this lack of MT
interaction may reflect an inhibited state of dynactin, as sug-
gested by some studies in yeast and mammalian cells (13, 23).
The MT interactions observed for bead-adsorbed dynactin and
p150C1ued fragments and the often pleiotropic effects of antibody
inhibition also may not reflect the behavior of the intact
complex. Nevertheless, our results indicate that dynactin in-
creases the processivity of dynein by a mechanism other than MT
tethering. The mechanism of this effect remains unknown;
however, a possible model is that dynactin alters the coordina-
tion of the motor domains of dynein in a manner that reduces its
probability of dissociation during processive motion.

A recent study suggested that dynactin can induce large plus
end-directed movements of dynein, which the authors proposed
were facilitated by MT tethering (16). We did not observe similar
micrometer-scale plus-end-directed movements in our prepara-
tion of dynein-dynactin by kymograph analysis, and high-
precision tracking of dynein—dynactin did not show longer plus
end-directed movements than were previously observed for
dynein alone (36 nm maximum, compared with 70 nm previously
measured) (17). Therefore, our results indicate that the dynein—
dynactin complex functions essentially as a unidirectional motor
that takes an occasional one or few backwards steps, and no
additional mechanism is required to ensure minus-end-directed
transport by dynein in the cell. The difference between our
observations and the study performed by Ross et al. (16) may
reflect different behaviors of dynein—dynactin from yeast and
mammals, and will require further investigation.

Our in vivo studies also reveal that the known MT binding
regions of dynactin are not required for the functions of dynactin
in yeast. This finding is surprising, given the high conservation
of the p1506ed CAP-Gly domain across species. However,
dynactin lacking the MT binding domains of p150©ued (CAP-Gly
and basic regions) has been shown to support normal dynein-
driven organelle motility in Drosophila S2 cells and in HeLa cells,
indicating that the primary role of dynactin in cargo transport
may not be as a MT tether (31, 32). However, mitotic functions
of dynactin in S2 cells do require these domains (31). A neuronal
isoform of p1506ed that lacks these MT binding domains

Kardon et al.

incorporates into dynein—dynactin cocomplexes, and partici-
pates in axonal transport, again implying that some functions of
dynactin may not involve MT tethering (33, 34). Thus, the MT
binding domains of dynactin may be necessary only for a subset
of activities of dynactin.

We also show that CC1, but not the N-terminal MT binding
regions of Nip100, is required for the dynactin-mediated transfer
of dynein from the plus-ends of MTs to the cell cortex. This
requirement may reflect an undescribed role for dynactin as a
cargo adapter at the cell cortex. However, as the in vitro and in
vivo activity of dynactin are both disrupted by truncation of
Nip100 CC1, perhaps dynactin’s regulation of dynein motor
function is important for the transfer process from the MT
plus-end to the cortex. Supporting this idea, a small deletion (8
amino acids) in the catalytic core of dynein also causes dynein to
accumulate at astral MT plus-ends (30). The specific require-
ment for the CC1 domain of Nipl00 for in vitro processivity
enhancement and nuclear segregation in vivo suggests that
dynactin’s regulation of dynein motor activity is important for
dynein function in living cells.

Materials and Methods

Yeast Strains. Strains used in this study are listed in Table S1. Deletion, tagging,
and truncation of dynein and dynactin subunits were performed at chromo-
somal loci by using standard homologous recombination techniques. The
genomic copy of Dyn1 was tagged with 3 tandem repeats of GFP by using a
plasmid provided by John Cooper (Washington University School of Medicine,
St. Louis, MO) (29).

Purification and Fluorescent Labeling of Yeast Cytoplasmic Dynein and Dynactin.
Yeast cultures were grown in YPD to an ODggo between 0.8 and 1. Cells were
harvested by centrifugation and washed once with water; the pellet then was
resuspended in residual water, and frozen by drops in liquid nitrogen. The
frozen cell pellet was lysed by grinding in a liquid nitrogen-cooled coffee
grinder, and the resulting powder was thawed with 0.3 volumes of 4X lysis
buffer (1X lysis buffer: 30 mM Hepes, pH 7.2/50 mM potassium acetate/2 mM
magnesium acetate/1 mM EGTA/10% glycerol/1 mM DTT/0.1 mM Mg ATP/1
mM Pefabloc/10 png/mL leupeptin/10 ug/mL pepstatin A/0.2% Triton X-100).
The crude lysate was centrifuged at 290,000 X g for 25 min, and the resulting
supernatant was incubated with IgG Sepharose (Amersham Pharmacia) for 1 h
at 4 °C. The IgG beads were then washed twice with lysis buffer, and bound
Halotag fusion proteins were labeled with 10 uM TMR-conjugated Halotag
ligand (Promega). The beads were washed 3 times with TEV cleavage buffer
(10 mM Tris, pH 8.0/150 mM KCI/10% glycerol/0.1 mM ATP/1 mM DTT/1 mM
Pefabloc), and the beads containing bound dynein or dynactin were incu-
bated with TEV protease for 1 h at 16 °C. The resulting solution of dynein or
dynactin was aliquotted and frozen in liquid nitrogen.

Motility Assays. For single molecule TIRF microscopy, Cy5-labeled sea urchin
axonemes were added to a flow chamber, where they adhered tightly to the
glass coverslip, and the chamber was washed to remove free axonemes.
Dynein, dynactin, or a mixture of the complexes were flowed into the cham-
ber, and incubated for 2 min. If dynein-dynactin complexes were to be
observed, dynein and dynactin were first preincubated for 5 min. The chamber
was washed again and motility buffer (30 mM Hepes, pH 7.4/100 mM potas-
sium acetate/2 mM magnesium acetate/1 mM EGTA/10% glycerol/1 mM DTT/1
mM MgATP/oxygen scavenger system; see ref. 17) was added. TMR-labeled
single molecules and Cy5-labeled axonemes were visualized with a custom
built objective-type total internal reflection microscope equipped with a
100X, 1.45 NA objective and a 1.6 X optovar, using an argon laser with 514-nm
illumination at 3 mW to image TMR and a helium-neon laser with 633-nm
illumination to image Cy5. Images were acquired every 2 s for 8 min with a
cooled, intensified CCD camera (Mega10 S30Z, Stanford Photonics), controlled
with QED software. Velocities and run lengths of moving molecules were
determined from kymograph analysis in ImageJ as previously described (17).
Mean velocity was determined by fitting a Gaussian function to a histogram
of velocities by using Origin software. Mean run length was calculated by
evaluating the cumulative probability function of the measured run lengths,
correcting for photobleaching, and for the length of the axonemes, as previ-
ously described (17). Every construct was assayed from at least 2 separate cell
growths and protein preparations.

Photobleaching experiments to determine dynein—dynactin stoichiometry
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were performed under the above described motility assay conditions, with the
exception that the oxygen scavenger solution was not included when observ-
ing Nip100-TMR photobleaching. Samples were observed by using an inverted
microscope (TE2000U, Nikon) equipped for TIRF with a 100X, 1.45 NA objec-
tive. The sample was illuminated and imaged continuously with 491 nm (GFP
photobleaching) or 561 nm (TMR photobleaching) diode lasers, and images
were captured every 100 ms (GFP photobleaching) or 200 ms (TMR photo-
bleaching) by using a back-thinned electron multiplying CCD camera (iX-
onfM+ Andor). The system was controlled with uManager (www.micro-
manager.org) software. Fluorescence intensities of moving motors were
determined from kymographs by using ImageJ.

High spatial precision measurements of dynein-dynactin stepping were
performed by using the microscope setup described for photobleaching ex-
periments. To prepare slides for these observations, flow chambers were
coated with biotinylated BSA, incubated with streptavidin, and then incu-
bated with biotinylated and Cy5-labeled microtubules. Dynein-dynactin com-
plexes were introduced and exchanged into motility buffer as described
above, except ATP was included at 300 nM with an ATP regenerating system
(1% pyruvate kinase and 10 mM phosphoenolpyruvate); 6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid was added to the motility buffer at 0.5
mg/mL to reduce TMR blinking. A 2D Gaussian fit to determine the centroid of
dynactin-TMR spots was performed as described previously (18).
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Nuclear Segregation Assay. To assess the fidelity of nuclear segregation, cells
were grown in YPD at 30 °C to ODggo = 0.3-1, diluted to ODggo = 0.3, and
grown for 16 h at 16 °C. Cells were fixed and stained with DAPI, and wild-type
and binucleate anaphase mother cells were counted.

Live Cell Microscopy. Dyn1 was C-terminally tagged with 3xGFP by using a
previously described plasmid (29). Cells were grown overnight in minimal
medium supplemented with 20 mg/L adenine, and plated on agarose pads, as
previously described (35). Samples were imaged at room temperature by using
aspinning disc confocal scanhead (Yokogawa Electricand Solamere) mounted
on an inverted microscope (Axiovert 200M, Zeiss) with a 100X, 1.45 NA
objective. Images were captured on a cooled CCD camera (C9100-13,
Hamamatsu), and image acquisition was controlled with uManager (www.
micro-manager.org) software. Stacks of 0.2-um slices were collected and
collapsed into 2D projections by using ImageJ.
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