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Mitotic chromosomes segregate at the ends of shortening spindle
microtubules (MTs). In budding yeast, the Dam1 multiprotein
complex supports this dynamic attachment, thereby contributing
to accurate chromosome segregation. Purified Dam1 will track the
end of a depolymerizing MT and can couple it to microbead
transport in vitro. The processivity of such motions has been
thought to depend on rings that the Dam1 complex can form
around MTs, but the possibility that alternative coupling geome-
tries contribute to these motilities has not been considered. Here,
we demonstrate that both rings and nonencircling Dam1 oligomers
can track MT ends and enable processive cargo movement in vitro.
The coupling properties of these two assemblies are, however,
quite different, so each may make a distinct contribution to
chromosome motility.

chromosome motions | kinetochore-microtubule interactions |
microtubule end tracking

M itotic chromosomes are attached to spindle fibers by a
multiprotein complex, the kinetochore (1-3). Kinetochores
bind strongly to the plus ends of spindle microtubules (MTs), but
tubulin subunits can still be added or lost from these MT ends as
the chromosomes move. Kinetochores are also sites where forces
can be generated to move chromosomes either toward or away from
the pole that a kinetochore faces, so this interface provides multiple
important mitotic functions. Kinetochores include MT-dependent
motors and several protein complexes that lack motor activity but
can still bind to a MT wall or end. These nonmotor complexes too
may be important for chromosome motion, because depolymeriz-
ing MTs can generate enough force to move chromosomes without
the help of motors, both in vivo and in vitro (4-7).

The mechanism by which a kinetochore is coupled to the end of
a shortening or lengthening MT is still unknown, but a 10-subunit
protein complex from budding yeast kinetochores, called Dam1 or
DASH, is important for chromosome—spindle attachments and
spindle integrity in this organism (3). Purified Dam1 heterodecam-
ers assemble around MTs into rings of 16-25 subunits (8§, 9). At
higher protein concentrations, both multiple rings and helices of
Dam1 will form (10, 11).

In yeast spindles, Dam1 is found primarily at kinetochores,
although some of it associates with spindle MTs (12). A careful
estimate of the number of Dam1 subunits at metaphase kineto-
chores in budding yeast gave 16-20 heterodecamers (12), enough
to form a single ring. The behavior of kinetochore-associated Dam1
fluorescence suggests that these subunits are stably attached to
kinetochore MTs, showing little or no turnover. However, a second
population of Dam1, which is dimly localized to spindle MTs, shows
faster turnover, indicating the presence of a dynamic pool of
complexes (12).

Oligomers of Dam1 can travel with a shortening MT in vitro (8),
suggesting that this complex may be the primary MT-chromosome
coupler in yeast. A bead coated with Dam1 will also associate with
a MT in vitro and follow its end during either assembly or disas-
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sembly (13, 14), properties that are reminiscent of chromosome
motions in vivo. Because Dam1 will assemble into rings that encircle
MTs, all aspects of Daml behavior in vitro have so far been
interpreted as a result of its forming ring-like structures.

To test this assumption and to gain insight into the structural
requirements for Dam1 motility and coupling, we have examined
MT depolymerization-dependent Dam1 behavior in vitro under
conditions that are permissive for ring formation, or when ring
formation is blocked or highly reduced. Our quantitative analyses
demonstrate that not only rings but also other configurations of
Daml1 can harness the energy available from MT depolymerization.
These results strongly suggest that different oligomeric forms of
Dam1 may contribute to mitotic chromosome motion.

Results

Dam1 Complexes That Track an MT End Move Steadily While Main-
taining Their Size. To study Dam1 motility at the ends of shortening
MTs under conditions permissive for the assembly of ring-shaped
oligomers, we used MTs that projected into solution but were firmly
attached to a coverslip at their minus ends (Fig. 14). MT plus ends
were temporarily stabilized with caps of rhodaminated tubulin,
assembled with a slowly hydrolyzable analog of GTP (GMPCPP),
so depolymerization of the labile MT segment could be induced at
will by dispersing its fluorescent cap [ref. 15; supporting informa-
tion (SI) Text, Part 1]. Dam1 labeled with Alexa488 formed static
green dots with various intensities along these stabilized MTs.
Previous studies suggest that such dots could correspond to single
rings, stacks of rings, or short spirals (11). To determine the
structure of the Dam1 oligomers in our experimental system, we
examined samples from these chambers by EM, but the MTs that
projected into solution tended to break, so only the shortest MTs,
perhaps those that were GMPCPP-stabilized, survived on EM
grids. Furthermore, at the range of Daml concentrations where
there were only a few fluorescent dots on MTs 10-20 wm long (2-20
nM), it was impossible to find representative samples of Dam1-MT
complexes by EM, where the field of view is small. We therefore
mixed taxol-stabilized MTs with Dam1 at higher Dam1 concentra-
tions (200-350 nM). The resulting MTs were uniformly green in the
fluorescence microscope, and in the EM, both single and double
rings were now readily seen on the MTs (Fig. 1B), suggesting that
these are the most common structures that form under our exper-
imental conditions.

When the stabilizing cap was dispersed on our segmented MTs
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Fig. 1. Quantitative analysis of A
the tracking Dam1 complex. (A)
Schematic of the experimental sys-
tem (not to scale). (B) EM of Dam1
oligomers that assembled on taxol- f
stabilized MTs. (Scale bar, 100 nm.)
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(C) Kymograph of Alexa488-Dam1
on a depolymerizing MT in motility
buffer with BME. The majority of
dots formed by wild-type Dam1 do
not move until a MT end comes by
(example marked with arrowhead;
diffusion <1073 cm?/sec). Colored
vertical bars on these and other ky-
mographs indicate the fluorescent
channel with which images were ac-
quired. (Scale bar, 2 um.) (D) With-
out BME, Dam1 does not track the
shortening MT end and inhibits MT
depolymerization. (Scale bar, 2
um.) (E) Kinetics of a distal Dam1
dotand its normalized intensity (ar-
bitrary units) for the same MT as in
C. Inset shows the initial image of
this MT decorated with Alexa488-
Dam1. Horizontal lines show the av-
erage intensity for a given time in-
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tically significant, because not all captured images of the jiggling MTs are in perfect focus. (F) Typical photobleaching curves for coverglass attached, dim Dam1
dots. The step size in these images corresponds to a value determined by two different step-identifying algorithms. (G) Intensity histogram for Dam1 dots
(average of 17 experimental curves with total of 486 data points) and its Gaussian fitting. (H) The intensities of tracking complexes show that they have a preferred

size.

decorated with Alexa488-Daml, a green dot followed the short-
ening MT end (Movie S1, Fig. 1C), as described in a different
system (8). This tracking of the MT end by Daml complexes
depended on our addition of 2-mercaptoethanol (BME). Without
this reducing agent, Alexa488-Daml still formed dots on MTs, but
MT depolymerization was severely inhibited, and the dots did not
move, indicating an importance for sulthydryl (SH) groups in
MT-mediated Dam1 sliding (Fig. 1D). In the presence of BME, a
distal Dam1 spot tracked the shortening MT end with a rather
constant speed (Fig. 1E, and Fig. S1). The brightness of a tip-
associated Dam1 complex was also relatively constant during the
segments of linear motions on MTs free of other complexes,
indicating the maintenance of a constant end-tracking structure.
However, it was also apparent that steady Daml tracking was
sometimes interrupted; pauses usually occurred when the tracking
complex encountered a bright lattice-bound complex. Before the
resumption of tracking, spot brightness usually returned to its
original level (Fig. 1 C and E and Fig. S1), strongly suggesting that
the tracking complex had a preferred size. These observations
prompted us to examine the size of the tracking complexes and the
nature of their pausing.

An End-Tracking Dam1 Complex Can Be a Single Ring but Not a Larger
Complex. To assess the number of Dam1 subunits in the tracking
complexes, we first quantified the fluorescence of motionless
coverslip-associated dots of Alexa488-Daml and measured the
kinetics of their photobleaching. When dim dots were photo-
bleached with the 488-nm line from a stable Argon-ion laser, their
intensity decreased in visible steps (Fig. 1F). To test this assertion
and to identify the size of a single step, we used two algorithms:
Gaussian fitting of the fluorescence-intensity histogram (16) and
the pairwise distance difference (PDF) method (17) (SI Text, Part
2). Both methods revealed the presence of statistically significant
stepwise changes in fluorescent intensity (P < 107>). The unit
brightness of Alexa488 fluorophores in our system was 15,800 +
1,200 and 16,362 = 1,990 arbitrary units, as determined with these
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two algorithms, respectively (Fig. 1G). The molar ratio of fluoro-
phores to protein for our labeled Daml was 2.1 * (.1, so spot
brightness before bleaching provided a measure of the number of
Daml1 subunits in that oligomer. For example, the dim, motionless
spots attached to a coverslips contained 1.9 * 04 (n = 44)
heterodecamers, suggesting a dimer. In the same experimental
chambers and under identical conditions, the distribution of inten-
sities of the spots that tracked with shortening MTs showed a
significant grouping (Fig. 1H): they contained 19 = 3 (n = 18)
heterodecamers. The largest moving complex observed contained
~25 subunits. We concluded that the oligomers that tracked
shortening MT ends had a composition consistent with a single but
not a double ring.

A Moving Dam1 Complex Can Shed Subunits When It Encounters a
Large Static Complex. Although the tracking Dam1 complex moved
with a constant speed on a MT wall that was free of other
complexes, its behavior was more complex when it encountered
another Dam1 oligomer. Occasionally, the MT wall-associated
Daml1 dots were “collected” by the shortening end, as in ref. 8, but
such dots were usually dimmer than the tip complex and contained
on average 9 = 1 Daml heterodecamers (Fig. 24). These dots did
not slow MT shortening significantly: the ratio of average rates for
segments with and without such dots was 1.2 = 0.1 (n = 94 and 85,
respectively). For examples, see the dimmer dots on Fig. 1 C and E
and Fig. S14. However, Dam1 complexes with intensities similar to
or brighter than that of the tracking complex usually halted MT
depolymerization, although it resumed later with a highly similar
speed (e.g., brighter dots on Fig. 1 C and E and Fig. S1). In 90% of
such cases (n = 29), the resumption of motion occurred only after
a decrease in Alexa488-Daml brightness, indicating that large
complexes could not track MT ends processively. Together, these
quantitative analyses strongly suggest that when a tracking ring
encounters one or more static MT wall-associated rings (Fig. 24),
a shedding of excess Dam1 is required for tracking to resume.
We have used laser photobleaching to ask whether the tracking
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Shedding of Dam1 complexes under the depolymerization force. (A) Intensity histogram of tracking (in green, same data as in Fig. 1H) and MT

wall-associated complexes that retard MT depolymerization (in red) or are collected without a significant change in the tracking rate (blue). (B) Two models to
explain Dam1 shedding. Bleached rings are black. (Cand D) Photobleaching of MT-associated Alexa488-Dam1 complexes (MT plus end cap is red, Alexa488-Dam 1
is green). Target area (blue box in graphs) was illuminated with a 488-nm laser (b in C and D). Depolymerization paused in the bleached area, as is common in
unbleached areas with dots, suggesting that photobleaching did not change these properties of the complexes. (Scale bars, 3 um.) Arrowheads point to

tip-associated complexes.

Dam1 complexes displaced “downstream” wall-associated ones or
vice versa. If the moving (upstream) complex displaced the mo-
tionless downstream one, then the brightness of the tracking signal
should be constant and unaffected by the intensity of the down-
stream complex (Fig. 2B Left), whereas if the downstream complex
displaces upstream, the opposite should prevail (Fig. 2B Right). To
discriminate between these possibilities, we photobleached MT-
associated Alexa488—Dam1 complexes that were not at the MT tip.
Photobleached static complexes on MT walls remained dim for
minutes, confirming a slow rate of exchange between soluble and
MT-bound Daml (11). After such photobleaching, we induced
tubulin depolymerization. The brightness of the tip-associated
signal decreased as it moved into a bleached area, and fluorescence
reappeared only after MT depolymerization continued into an
unbleached region and the tracking complex encountered a bright,
static complex (Fig. 2 C and D).

When Dam1 Is in Solution, a Tip-Associated Microbead Slides Along
the MT Surface. We then analyzed the cargo-moving properties of
Daml complexes. Previous studies have demonstrated that mi-
crobeads coated with Dam1 protein can move processively at the
ends of shortening MTs (8, 13, 14). In our system, too, Dam1-coated
beads bound readily to MTs preincubated with Alexa488-Dam1,
and when MTs were induced to disassemble, the beads moved
processively (Movie S2).

Two observations suggested that the beads in our system tracked
the MT end while stably attached to a Dam1 ring. First, at reduced
levels of Dam1 decoration, the beads moved processively, reminis-
cent of the steady tracking by tip-associated complexes on MT
segments free of Daml decoration. However, with higher Dam1
density on the MTs, the tracking beads sometimes encountered a

6920 | www.pnas.org/cgi/doi/10.1073/pnas.0801811105

static Dam1 complex. Such encounters frequently resulted in bead
detachment (Fig. S2A4), as expected from the results on the
shedding of a tracking Dam1 complex described above. Second, we
tested the ring-attachment hypothesis by examining the 3D motions
of beads that were tracking a shortening MT end. If the beads were
bound to MTs by rings, these motions should comprise a simple
sliding along the MT wall, so any point on the bead’s surface, not
just its center, should move parallel to the MT axis. To test this
prediction, we spiked one side of our beads with fluorescently
labeled Daml, then saturated the remaining binding sites with
unlabeled Daml. This process produced beads with a uniform
distribution of Dam1 but unevenly distributed fluorescence. When
these Dam1-coated beads were allowed to associate with MTs in the
presence of soluble Dam1, they moved with simple sliding motions,
as expected, if these beads were being pulled by rings (Movie S3).

Dam1-Coated Beads Can Track MT Ends in the Absence of Ring
Formation. We have asked whether rings are required for bead
transport on shortening MTs by coating microbeads with Alexa488-
Daml, then thoroughly rinsing them free of soluble protein (S Text,
Part 1). These beads attached only to the GMPCPP portions of our
segmented MTs, not to their GDP-containing segments (Fig. S2B).
Even when the beads were held against the MT wall with the laser
trap, without soluble Daml, they failed to form a firm association
with the GDP-MT wall. This suggested that without Dam1 in
solution, the bead-MT links were formed by only a few bead-
associated Dam1 heterodecamers, rather than by a multisubunit
encircling ring. Such weak binding was apparently stabilized by the
higher affinity of Dam1 for a GMPCPP-tubulin-containing lattice
at the MT caps (11).

When the GMPCPP caps were photodispersed, 46% of 420
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Fig. 3. Dam1-mediated motions of microbeads. (A) A histogram of rates for MT disassembly-driven movements of Dam1-coated beads. When Dam1 is in

solution, beads move significantly slower than when soluble Dam1 is absent. (B) The relative rates of MT depolymerization-dependent movement of
Dam1-coated beads in the absence of soluble Dam1 for different average numbers of Dam1 molecules bound to each bead, plotted on a semilog scale. (C)
Schematic of the experimental system (not to scale) to examine beads rotational mobility with (Upper) and without (Lower) ring-shaped coupling. Red marks
represent projections on the MT axis of the vector from the bead'’s center to the brightest fluorescent dot. These projections were used to compare the rotational
freedom of different beads, as shown in E-G. The rotational mobilities of 1 um streptavidin and Dam1-coated beads attached to MTs were monitored before
and after the initiation of MT depolymerization (only Dam1-coated beads move). Dam1-coated beads were examined with or without soluble Dam1; the
streptavidin-coated beads were attached to biotinylated MTs; beads that stuck to the coverslip were used as an additional control. Motions of one bead from
each of these categories are shown in D (time-lapse images) and E [trajectories of the center of the bead (red) and the brightest fluorescent dot on its surface
(green curves) in the imaging XY plane relative to the reference point (0, 0)]. Insets in E show movement of the brightest fluorescent dot (green tracks) relative
to the bead'’s center (red circle). Grid size 0.25 micron. (F) The graphs show the projections on the MT axis of the vector that connects the bead’s center and the
brightest fluorescent dot on the bead’s surface for these four beads. SD for such curves were used as a measure of the bead'’s rotational activity, summarized

inG.

beads fell off, but the rest moved steadily toward the MT minus ends
at 29.9 = 1.2 pm/min (Movie S4). Such MT end tracking by
Daml-coated beads in the absence of soluble Daml has been
interpreted previously as a result of bead-associated rings, which
somehow formed around the MTs from the bead-bound Dam1 (13,
14). If this interpretation were correct, then adding soluble Dam1
to this system should have no effect on the system’s kinetics, but in
the presence of soluble Daml, the speed of bead movement
dropped to 7.9 = 1.0 wm/min (Fig. 34, Fig. S2C).

Remarkably, without soluble Dam1, the Daml-coated beads
increased the rate of MT depolymerization, which in our system was
21.9 £ 2.0 um/min, n = 57. When more Dam1 was bound to the
beads, their average speed increased even further (Fig. 3B), con-
trary to expectations based on the hypothesis that rings can form
from bead-associated Dam1. Furthermore, beads coated with the
S4D phosphomimetic Dam1 complex, in which the oligomerization
of Dam1 heterodecamers is reduced (18), also tracked shortening
MT ends (Fig. S2D). Finally, MT end-tracking by Dam1-associated
beads occurred even in the absence of BME (Fig. S2D), indicating
a biochemically different requirement for this type of motility than
when rings can form. Together, these results strongly suggest that
Dam1-coated beads can be transported by depolymerizing MTs in
the absence of ring assembly. Previous studies using such beads in
the absence of soluble Dam1 and BME (13, 14) are likely to be
pertinent to this ring-independent motility (SI Text, Part 3).

Dam1-Coated Beads Roll Rather Than Slide When Soluble Dam1 Is

Absent. Previous reports have shown that proteins other than Dam1
can transduce the energy from MT depolymerization into bead
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motility (19). A ring-like structure was most unlikely to have
contributed to the nucleotide-independent motions of these beads,
which were coated with dynein, kinesin, or the chimeric kinesin
NK350 (19). It has been suggested that this kind of bead motility
resulted from a bead’s rolling in front of the protofilaments that
bend as the MT shortened (20, 21). To test this model, we used the
above-described approach with unevenly fluorescent beads. In the
absence of soluble Dam1, some of the Dam1-coated beads obvi-
ously rotated while moving with a shortening MT (Fig. 3 C and D,
Movie S5), a behavior that is incompatible with ring-based attach-
ment. The rolling is obvious, however, only when the plane of bead
rotation remains perpendicular to the optical axis. Because the
beads oriented randomly, and thermal motions were significant, we
quantified the degree of bead rotation by determining the projec-
tions of their brightest spot onto the MT axis in the image plane
(Fig. 3 C and E-G). Beads moving with depolymerizing MTs
showed significantly higher rotational mobility than the same beads
before their start of directed motion, beads monitored in the
presence of soluble Dam1, beads that were statically attached to
MTs via biotin-streptavidin link, or than beads that were stuck to
the coverglass (Fig. 3G). Because mitotic chromosomes do not
rotate while moving, it appears that the mechanism by which Dam1
supports bead motion in the absence of rings is unlikely to be
directly relevant to the situation in vivo.

Nonencircling Dam1 Assemblies Have Diverse Shapes and Diffuse

Rapidly. The above results demonstrated that Dam1 heterodecam-
ers can bind MTs and even support bead transport in the absence
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Fig.4. Motility of MT-associated Dam1 when ring formation is prevented or reduced. (A) Schematic of the experimental system to sterically prevent the formation
of rings (not to scale). (B) A kymograph, which illustrates changes over time in the positions and intensities of Alexa488-Dam1 complexes on a coverglass-attached MT.
(Scale bar, 4 um.) (C) Diffusion coefficients of Dam1 patches plotted against their initial intensities. (D) EM images of negatively stained MTs attached to an immobilizing
layer in the absence (i) or presence of Dam1 (ii, iii). Image in iii was obtained from MTs first incubated with soluble Dam1 and then attached to the immobilizing layer
in Dam1's presence, so both rings and nonencircling complexes (arrows) could assemble. Example of a Dam1 ring formed on MTs suspended in Dam1 solution is shown
in iv. (Scale bar, 50 nm.) (E) Time lapse of a depolymerizing MT coated with Alexa488-labeled S4D-Dam1. Unlike with wild-type Dam1, the MT-wall associated dots of
mutant protein are faint and diffusive (arrow), but they still show increased brightness at the shortening end.

of ring formation. Structural studies, however, have suggested the
ring formation is highly favored, because nonring complexes are
infrequently seen by EM [Fig. 1B (10, 11)]. There may, however, be
a bias toward the visualization of rings if they preferentially survive
specimen preparation or are easier to see. To ask whether Dam1
will bind MTs when ring formation is prevented, we attached
biotinylated MTs to a streptavidin-coated coverslip, thereby block-
ing the formation of MT-encircling structures (Fig. 44). Alexa488-
Dam1 protein still bound to these MTs, forming fluorescent dots
that diffused rapidly, frequently merging and separating (Fig. 4B).
As with ring sliding, these motions depended on the presence of
BME (Fig. S3). The rate of spot movement decreased with increas-
ing fluorescence intensity, as expected for randomly diffusing
particles with different numbers of bonds to their substratum (Fig.
4C). EM of these preparations, which were lightly fixed to stabilize
weak interactions, revealed complexes with various sizes and
shapes, some of which resembled arcs (Fig. 4D). Thus, Dam1
heterodecamers can bind MTs not only as encircling assemblies (10,
11) but also as mobile, structurally diverse complexes, which we call
“patches.”

Nonencircling Dam1 Assemblies Can Follow a Depolymerizing MT End.
To examine the structural requirements for MT end-tracking by
Daml in the absence of beads, we analyzed the properties of a
Dam1 mutant in which ring formation is reduced (18). Alexa488-
labeled S4D mutant Dam1 bound readily to MTs that projected
into solution, consistent with its reported affinity for these polymers
(11). It failed, however, to form the discrete, well contrasted
MT-associated dots that were characteristic of the wild-type com-
plex. Mutant protein decorated MTs more evenly, and the areas of
increased brightness appeared to diffuse more rapidly than wild-
type Dam1 complexes. When MTs coated with this mutant Dam1
depolymerized, the distal Dam1 dot moved processively with the
shortening MT ends at 25.1 = 2.9 um/min, n = 38 (Fig. 4E).
Furthermore, with this mutant, we observed some events similar to
those originally described for wild-type Daml1 (8, 11), such as MT
bundling and motions indicative of force-coupling properties. For
example, a shortening MT end attached to the wall of another MT
by a S4D Dam1 dot exerted a pulling force, so the attached MT
bowed (Movie S6). Clearly, visible manifestations of MT end
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tracking and force generation by Dam1 protein complexes do not
require the efficient formation of rings.

Discussion

Kinetic and Coupling Properties of the Dam1 Oligomers in Vitro.
Previous work has demonstrated different MT-dependent motions
of the Dam1 complexes in vitro (8, 13, 14). Although EM studies
imply that a MT encircling is the prevalent form of Dam1 oligomer-
ization [Fig. 1B (8, 10)], it appears that a noticeable fraction of
Dam1 complexes formed in vitro consists of incomplete rings and
patches. Our discovery that these small complexes can exhibit all
known types of Dam1-mediated motility, most notably the tracking
of MT ends and microbead transport, highlights the importance of
detailed examination of all aspects of these phenomena, so that
each of these different oligomeric forms receives an accurate
description.

Our evidence that the majority of complexes that track shorten-
ing MT ends in vitro are single rings is not compelling, but it is strong
and similar in nature to the arguments that suggest the presence of
rings at yeast kinetochores (12). Most importantly, the tracking
complex has a number of subunits similar to the ring size seen by
EM. The tracking complex is also remarkably robust: it travels with
a constant speed and unchanged brightness over MT segments free
of other complexes, and it can even collect smaller Dam1 complexes
without significant slowing. A microbead carried by the tracking
complex shows no significant rotation, consistent with a sliding
motion, which a ring must exhibit for processive motility. There are
no detectable saltatory motions of the complexes that are large
enough to form a ring, both when they track the MT end and when
they are bound to the MT wall (Fig. 1C and Fig. S14), consistent
with a notion that these complexes adhere strongly to the MTs
(11, 22).

A previous study of Daml bound to GMPCPP MTs that were
depolymerized by the destabilizing kinesin XMCAKI1 found a
higher density of rings at the MT ends than on the walls; this was
thought to result from the accumulation of sliding rings that had
stacked together (11). Strongly bound rings, however, should not
collect easily, consistent with our finding that the tracking com-
plexes did not contain enough subunits to form more than one ring
(Fig. 1H). Indeed, in this work, where GDP-MTs were induced to
depolymerize by removal of a stable cap, the tracking Daml
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complex disintegrated when it encountered another such complex
(Fig. 2). We hypothesize that the increased density of rings at the
ends of shortening MTs, reported in ref. 11 reflected the retarda-
tion of MT depolymerization by large Dam1 stacks rather then their
collection. The Dam1 shedding that occurs during pausing might be
detrimental to processive cargo movement (Fig. S24), but because
the intracellular Daml1 protein level is low (10, 12), such events are
unlikely to occur during kinetochore motions in vivo.

Unlike ring-size Dam1 complexes, Dam1 patches diffuse fast.
They too can travel with the shortening MT ends (Figs. 1H and 4E).
The dimly labeled population of Dam1 complexes along spindle
MTs (12) and the rapidly diffusing complexes seen along kineto-
chore MTs (6) are likely to represent these nonring Dam1 com-
plexes in vivo. Future work should focus on determining detailed
kinetics properties of Dam1 patches, such as the rate at which they
track MT ends and the degree of their collection, because these
characteristics are vital for determining whether they could serve as
good kinetochore couplers. Although the Dam1-coated beads can
track shortening MT ends in the absence of Dam1 rings, the beads
roll on the MT surface rather than slide. We take this as an
indication that the Daml patches cannot ensure the kind of
coupling required for the translational motions of chromosomes,
but further work is required to address this important issue.

On the Nature of Dam1 Complexes That Function at the Budding Yeast
Kinetochore. If Dam1 nonencircling complexes can support MT-
dependent motility in vitro, as our work suggests, could they carry
on this task in live cells? The deletion of any component of the
Dam1 complex is lethal in budding yeasts, but cells with the S4D
mutation are viable (3). Such cells do, however, have defective
kinetochore-MT attachments, as evidenced by lagging chromo-
somes in anaphase (23). Based on this phenotype and our own
observations, we suggest that these ring-deficient Dam1 complexes
can support depolymerization-dependent cargo motions, but they
are less effective than rings in some aspect of a task that is important
for accurate chromosome segregation.

Early in mitosis, the two forms of Dam1 oligomers may coexist
dynamically to facilitate the formation of rings on properly biori-
ented kinetochores, during which time the ringless geometries of
Dam1 may provide auxiliary functions for chromosome motilities.
However, the ring-forming Dam1-coupler may be preferred for
maintaining a force-transducing link, because these attachments
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have to be very stable (24). Interestingly, the number of Dam1
complexes per kinetochore in fission yeast is estimated to be less
than that required for a full ring, suggesting that nonencircling
assemblies may be the preferred functional form in these cells (25);
other MT end-tracking proteins may also be involved (26). In
mammalian cells, where a close Dam1 homolog has not been found,
processive kinetochore-MT attachment may be facilitated by fibril-
lar complexes rather than rings (J.R.M., unpublished work). Future
studies should focus on defining the biophysical properties of these
structurally different couplers, so that we may learn about their
respective strengths and limitations.

Materials and Methods

Reagents and Experimental Conditions. Bacterially expressed Dam1 complexes
were purified and labeled as in refs. 10 and 11. After dialysis and centrifugation
(130,000 X g, 15 min), Dam1 was kept on ice; immediately before experiment, it
wasdiluted to 1-20 nM into “motility” buffer: 80 mM K-Pipes, pH 6.9; 1 MM EGTA;
4 mM MgCly; 1-2 mM DTT; casein (0.5 mg/ml); BSA (4 mg/ml); and 0.5-1% BME.
All in vitro assays were performed as in ref. 15, unless stated otherwise. To
sterically block ring formation, MTs were grown from a mixture of unlabeled and
biotinylated tubulin (2.5:1), stabilized with taxol, and attached to a streptavidin-
containing coat on a coverglass (0.5 mg/ml biotinylated BSA followed by rinsing,
then by 0.5 mg/ml streptavidin). In all other experiments, Chlamydomonas ax-
onemes or Tetrahymena pellicles were affixed to a coverslip to nucleate MT
growth with 1 mM GTP. MTs were subsequently stabilized by capping them with
rhodamine-labeled tubulin in 0.5 mM GMPCPP (15). Disassembly of such capped
MTs was induced with the light from an HBO100 lamp, filtered for Texas red.
Under conditions in which the minus MT end was also dynamic, the movement of
end-proximal Dam1 dots occurred similarly at both MT ends. We used 0.52-um
silica beads (carboxylate-modified; Bangs Laboratories) and polystyrene beads
with covalently bound streptavidin (0.44 um from Spherotech and 0.51 um from
Bangs Laboratories). The results from these different beads were notsignificantly
different, so they were grouped. Detailed information about other experimental
protocols, preparation of the Dam1-coated beads, data acquisition, and EM is
provided in S/ Text, Part 1, and Fig. S4.
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Part 1: Additional Materials and Methods

Reagents and Experimental Conditions. Dam1 complex was pre-
pared at 0.5-1 uM; the stoichiometry of Alexa488 labeling in
different preps was 1.9-2.1 moles of dye per mole of protein. The
concentration of soluble Dam1 was determined from its optical
density at 280 nm (assumed extinction coefficient 10° M/cm).
Each thawed aliquot of Alexa488-Dam1 was used for 2-4 days
(kept on ice and protected from light). Late in this time window,
more protein was required to obtain the same degree of MT
decoration, suggesting that some activity was lost over time, so
we used the fluorescence of MT-bound Dam1 as a guide to assess
the amount of Dam1 protein to add. We analyzed data obtained
with protein from different days after thawing and found no
statistically significant differences in their behavior, so the
results from different days were pooled. In experiments with
proteins from different preparations (e.g., wild type vs. mutant)
the amount of added protein was chosen such that it decorated
MTs with a similar density of dots. For example, S4D-Dam1 was
used at 30 nM to produce visible MT decoration, consistently
with the reduced formation of oligomeric complexes by this
mutant protein.

Work with Dam1-Coated Beads. Streptavidin (Pierce) was conju-
gated to carboxylated silica beads using the protocol provided by
Bangs Laboratories. The streptavidin-coated beads (silica or
plastic) were then incubated with biotinylated anti-penta-His
antibodies (Qiagen) for 45 min at room temperature or for 1 h
at 4°C. After washing and a brief treatment in the bath of a sonic
cleaner (Branson, model 3510), 1.4-108 beads were incubated for
1-3 h at 4°C with 5-300 nM 6His-Dam1 complex, labeled with
Alexa488. The latter protein bound to these beads when anti-
penta-His antibodies were used, but not when biotinylated IgG
(Jackson Immunoresearch) was used as a control. The beads
were then washed twice in BRB80 supplemented with 1 mM
DTT and 60-120 uM BSA at a bead concentration of 0.01% by
mass and kept on ice for 1-4 days. Immediately before their use,
the beads were washed twice more, as above.

To estimate the maximum density of Dam1 conjugation, after
Dam1 had been allowed to bind to the beads via the above
protocol, the beads were spun in a microcentrifuge, and the
supernatant with unbound Dam1 was collected and combined
with a fresh sample of beads coated with anti-penta-His anti-
bodies. The fluorescent intensity of these beads was ~20% of the
intensity of the beads incubated with Dam1 first, suggesting that
the initial binding adsorbed ~80% of the soluble Daml. The
maximal Dam1 density we could achieve was 2-4-10* hetero-
decamers/bead; lower levels of Dam1 conjugation were obtained
by using more diluted Dam1 solutions. Reduced conjugation was
confirmed by measuring bead fluorescence intensity. The min-
imum density that allowed the beads to move with depolymer-
izing MTs was 20—40 complexes per bead; such beads bound to
MTs inefficiently, but some tethered and/or moving beads could
be found.

To coat the beads unevenly with Alexa488-Dam1 we created
amonolayer of the 0.97 um beads, which had been evenly coated
with anti-penta-His antibodies, by brief centrifugation in the
filter devices (Pall corp.). Alexa488-Dam1 was added carefully to
the beads, so that the monolayer was not disturbed, and incu-
bated for 10 min. After the fluorescent Dam1 was washed away,
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beads were resuspended and then incubated with a saturating
concentration of unlabeled Daml1, as described above.

Imaging and Data Acquisition. All light microscopic observations
were made at 32°C on a Zeiss Axiophot2. Images were acquired
with a Photometrics Cascade 650 CCD camera (Roper Scien-
tific) equipped with a remote fan. Images of moving Daml
complexes were acquired as z-stacks (3—4 planes 0.3 wm apart)
to ensure that different parts of the MT appeared in focus,
because the free, plus MT end was always deeper in the chamber
than the coverglass-attached portion of the MT. The planes in
best focus were then selected manually and used for further
analysis with Metamorph 6.1 (Universal Imaging). This program
was also used to track positions of both the beads and the Dam1
fluorescence. To enable a comparison of signal brightness during
spot movement, integrated spot intensity was measured in
constant areas that encompassed a distal MT tip, in control
regions, such as non-moving dots, and in the image background.
After subtracting the background, the intensity of the moving
dot was divided by that of the control dot, to compensate for
bleaching. Supporting information (SI) Movie S1 and Movie S2
were assembled from average projections of 2-4 images or best
focus images (each exposure 400 msec) acquired in stacks.
Photobleaching of Alexa-488 Daml complexes was accom-
plished with the 488 nm line from an Argon ion laser (Melles
Griot, series 532, model 35 LAS 450), optically connected with
the microscope’s epi-illumination path. To bleach static com-
plexes on the MT walls (Fig. 2), the laser beam was focused into
the 3-4 um spot. To quantify the brightness, and therefore the
size, of the tracking Alexa488-Daml complexes, we incubated
our segmented MT with this protein to form stable fluorescent
dots, induced MT depolymerization and confirmed Dam1 track-
ing with attenuated light from an HBO100 arc lamp, then turned
on the Argon laser with defocused beam, as described in
Supplement Part 2, and recorded the initial intensity of the
tracking complex before it bleached.

Electron Microscopy. MTs were grown from unlabeled tubulin or
its mixture with biotinylated tubulin (2.5:1) and stabilized with
taxol. Formvar-coated, glow-discharged EM grids were addi-
tionally coated with the streptavidin layer, then allowed to bind
biotinylated MTs for 5 min. This method should attach MTs
uniformly to their substratum, inhibiting the subsequent forma-
tion of MT-surrounding rings. Dam1 (10-70 nM) in motility
buffer was then added for 2 min, after which the grids were
washed once with a protein-free buffer and lightly fixed by the
addition of formaldehyde and gluteraldehyde (final concentra-
tions 1% and 0.05%, respectively) for 2 min. These grids were
washed with BRB80 and negatively stained with 2% Uranyl
Acetate. To examine complexes formed on MTs suspended in
the solution (Fig. 1B and 4D, panel iv), unlabeled MTs were
incubated for 2 min in a solution of Dam1 (200-350 nM) in
BRBS80 with 1% BME, then applied to a Formvar-coated grid
and stained with Uranyl Acetate. Specimens were imaged with
an F20 electron microscope from FEI Inc (Eindhoven, NL).

Data Analysis. All numbers in figures are mean = SEM, unless
stated otherwise. Since most of the rate distributions are asym-
metric and non-Gaussian (P = 0.98) (e.g., Fig. 3A), they were
fitted with MatLab6.5 using the Rayleigh approximation
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or the sum of two such approximations to produce a fit with P =
0.95. Rates quoted in text are the positions of maximum peaks
of these fits (parameter a) and their standard errors.

Part 2: Mathematical Analysis of the Kinetics of
Photobleaching

To quantify the fluorescent intensity of Alexa488-Daml com-
plexes, we flowed the protein in “motility” buffer into a micro-
chamber topped with the acid-washed glass coverslip. The
coverslip-attached dots were photobleached with Argon laser
beam, which was defocused to illuminate ~ 30 wm circular area,
and the intensities were recorded every 300 msec. To minimize
the unevenness of illumination of the field of view we analyzed
dots located close together in the central part of the field. The
analysis was carried out on the dimmest dots, in which single
steps could be detected more easily. Using similar approach we
quantified bleaching of the coverslip-associated dots in experi-
mental chambers, in which Dam1 end-tracking was also re-
corded.

Mathematical Analysis of the Photobleaching Curves. The recordings
from each dot were first smoothed (average with the sliding
window of 3 points). Then we subtracted the intensity of the
background, acquired from a nearby area that was free of
fluorescent dots. The resulting data were analyzed with two
algorithms: Gaussian fitting (2) and the PDF-based algorithm
(3). First, we tested the “null” hypothesis that our data repre-
sented gradual exponential photobleaching that was free of
steps. Then, each of the algorithms was used to calculate the
magnitude of the single bleaching step that would provide the
best fit to the photobleaching curves.

Gaussian Fitting Algorithm. To test the null hypothesis we first
averaged the curves from all experiments and fitted the resulting
curve with an exponent (Fig. S4A). This curve was then modified
with a theoretical noise function that fit a normal distribution
and had a mean amplitude equal to that of the experimental
noise. We generated 1000 of such randomly modified curves,
plotted their intensity histograms and averaged them. The
resulting histogram (Fig. S4B, blue) shows the distribution of
intensities expected within the framework of the null hypothesis
with the characteristics corresponding to our experimental con-
ditions.

To generate the histogram for the experimental data, we built
intensity histograms for each of the experimental curves, and
then pooled them together (Fig. S4B, red). This histogram
differed significantly from the theoretical histogram generated
as above (x* test, P < 107>), which implies that the experimental
curves contain discrete steps. To identify the most likely size for
this step we fitted the average experimental histogram with
equidistant Gaussian functions, similar to described in (2) (Fig.
1G). The step size, which is equal to the distance between the
peaks of two adjacent Gaussian curves of 15,800 = 1,200 a.u.
provided the best fitting of the experimental histogram, as
determined by the method of least squares.

PDF-Based Algorithm. To confirm that our experimental curves
contained discrete steps, we analyzed our data with an alterna-
tive method. First, we averaged 17 individual bleaching curves
and fitted the resulting curve with a descending exponent, as
above (Fig. S4A). Then we generated 17 theoretical curves by
modifying the exponential curve with normal noise that had the
same mean amplitude as our experimental curves. All resulting
points were then pooled and used to calculate the pairwise
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differences of the intensities, as in (3). Such a procedure was
repeated 100 times, and the resulting PDF histograms were
averaged. The average histogram (Fig. 4SC, blue) describes the
theoretical pairwise difference distribution for the null hypoth-
esis.

The data points from 17 experimental curves (n = 486) were
then pooled and used to generate the experimental PDF histo-
gram (Fig. 4SC, red). According to the ? test this histogram
differed significantly from the theoretically determined distri-
bution of the null hypothesis (P < 107°), so this method too
reveals the presence of steps in the experimental data. The
experimental PDF histogram was then fit with equidistant
Gaussian curves (Fig. 4SD). The step size calculated with this
algorithm was 16,362 = 1,990 a.u., which is highly similar to the
size obtained with the first method.

Part 3: Behavior of DAM1-Coated Bead in the Absence of
Soluble DAM1: A Comparison of Our Results with Published
Data

The experiments with Dam1-coated beads carried out in the
absence of soluble Dam1 reported in refs. 4 and 5 have been
thought to indicate weak Dam1-MT binding under the assump-
tion that the beads were attached to MTs via rings (6). Several
arguments were proposed to support this assumption; the most
persuasive was the finding that the beads could not move over a
segment of the MT that was attached to the coverslip (4).
However, this argument is quite indirect, while other observa-
tions reported in this work suggest that the data in (4, 5) were
obtained in the absence of ring formation.

(i) The interactions used to immobilize Dam1 on the surfaces
of beads in both the cited papers and our own experiments are
strong, noncovalent chemical bonds; it seems improbable that
some Daml protein could then detach from these beads and
form rings around the MTs. Indeed, we could not detect any
green staining on MTs in the presence of these beads for 2 h at
32°C (our routine experimental conditions). During all this time,
the beads remained brightly fluorescent, supporting our view
that Dam1 remained stably attached to the beads.

(@) Our rates of movement for lightly and intermediately
covered beads in the absence of soluble Dam1 were similar to
that reported in (4) when adjusted for the difference in exper-
imental temperatures (7), suggesting that a similar mechanism
was involved.

(#ii) In the cited work, the authors report that not washing the
unbound Daml away from the beads did not change their
behavior (note, however, that neither the resulting concentration
of soluble Daml nor evidence for the formation of MT-
associated Dam1 complexes were reported for these conditions)
(4, 5). In our assays, visible fluorescent dots formed along the
MTs when soluble Dam1 was present (e.g., Fig. S2A4), and the
beads moved significantly slower than in the absence of soluble
Daml (Fig. 34).

The difference between these studies with respect to the effect
of adding back the soluble Dam1 may have resulted from the
presence of soluble tubulin in the published studies (4, 5) but not
in our assays. When we added Alexa488-Dam1 to MTs in the
presence of 13 uM soluble tubulin, using the “motility buffer” of
our experiments, we could not detect any green dots on the MTs
at concentrations of Alexa488-Daml that would have been
sufficient to decorate MTs in tubulin’s absence. It appears that
soluble tubulin, which in in vitro assays is commonly in excess to
polymerized tubulin, inhibits the formation of Dam1-MT com-
plexes. This may explain why the experiments in (4) with washed
and unwashed Daml-beads gave identical results: most likely
rings failed to form under both conditions.

(iv) If bead-associated Daml could somehow form rings
around MTs, one would expect that beads with more bound
Dam1 would move more slowly than beads associated with fewer
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Dam1 molecules, because beads move slower in the presence of
soluble Dam1. Our results, however, show the opposite effect
(Fig. 3B).

(v) The buffers used in refs. 4 and 5 lacked strong reducing
agents, which in our experiments were required for Daml
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Fig.S1. When tubulin depolymerization reached an MT-associated, non-diffusing Dam1 complex, the steady movement of end-associated, or “'distal”’ dot was
usually interrupted by a short pause (e.g., at the brighter dot on the kymogram in A). The resumption of motion correlated with a decrease in brightness of the
complex down to the level indicated with the lower dotted line on the graph, indicating depolymerization-induced loss of some Dam1. In other instances,

brightness of the tip-associated Dam1 complex increased slightly when it approaches the dimmer Dam1 dots, while its movement continues uninterrupted
(dimmer dot in A). (Scale bar, 2 um.) B shows a MT with three static Dam1 dots. None was collected, and two caused noticeable pausing.
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Fig. S2. (A) A Dam1-coated bead tracked a shortening MT end until it fell off at a spot of MT-associated Dam1 (black line). Inset shows the initial image with
Dam1 decoration, attached bead (green), and MT cap (red). (B) Left image combines a DIC view of a Dam1-coated glass bead (green) and a red fluorescentimage
of the MT cap. As the MT cap disperses, this bead moves toward the MT’s minus end at the axoneme in the absence of soluble Dam1, as shown on the kymograph
(Right). About half of such cap-associated beads detached with photo-induced cap dissolution. Beads moved more frequently and more processively when we
used Tetrahymena pellicles, probably because these nucleate denser arrays of MTs than axonemes, and bead attachment was stabilized by multiple MTs. Example
trajectories (yellow) of Dam1-coated beads (C Left) and their graphs (C Right). Initial bead positions are indicated with white arrows; the pellicle is at the bottom
of each DICimage. Bead #1 was observed in the presence of 16 nM Dam1, while beads #2 and 3 moved in the absence of soluble Dam1. In the presence of soluble
Alexa488-Dam1, beads frequently attached to the GDP portion of the MTs, presumably through interaction between beads-associated Dam1 and Dam1 in the
MT-associated dots. D. Beads coated with S4D-Dam1 complexes, which forms rings less efficiently than wild type Dam1 (1), also can track the end of
depolymerizing MT in the absence of any soluble Dam1 (left). Beads coated with wild type Dam1 can follow the shortening MT end without soluble Dam1 even
in the absence of BME (Right), consistent with the notion that these motions are ring independent. (Scale bars, 2 um.)
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Fig. S3. (A) Thermal motions of Dam1 patches. On coverglass-attached, taxol-stabilized GDP MTs the weakly stained dots undergo fast random walks (red
arrows; faster moving dots create lines closer to horizontal), while some, usually brighter, Dam1 complexes remain motionless (arrowhead). (B) Analogous
experiment carried out without BME showed absence of detectable Dam1 diffusion. (Scale bars, 2 um.)
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Fig.S4. (A) The kinetics of photobleaching (average of 44 experimental curves) and its exponential approximation. (B) Distributions of fluorescence intensities
as seen in our experiments (red) and as expected from the null hypothesis of no steps in photobleaching (blue).(C) PDF histograms for experimental intensities

(red) and theoretically generated on the basis of null hypothesis (blue). (D) Gaussian fitting (red line) of the experimental PDF histogram to identify the most
probable size of a single step.
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Movie S1. Movement of a Dam1 complex associated with the tip of a disassembling MT. MTs where grown from Chlamydomonas axonemes, capped, then
washed and incubated with Alexa488-Dam1. Images in green were acquired with a GFP filter; red images show photo-induced depolymerization of the
rhodaminated cap with light from a Texas red filter. Two Dam1 complexes on the GDP part of MT (arrowheads) show no motion until the arrival of the distal
complex. (Scale bar, 2 um.) This dot moves at 3 um/min (Fig. S1A); the weaker dot on another MT in the upper part of the video moves at 6 um/min (played 15X
faster than recorded). The slow movement of the Dam1 dot and its relatively unchanged intensity appear to be features of Dam1 ring motility.

Movie S1.mov
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Movie S2. Bead movement under conditions permissive for ring assembly. MTs were grown as for Movie S1, then decorated with Alexa488-Dam1, and
incubated with beads coated with Alexa488-Dam1. Arrowhead pointsto a Dam1 spot where the bead falls off. The quantified data are shown on Fig. S2 A. Played
15X faster than recorded. (Scale bar, 2 um.)

Movie S2.mov
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Movie S3. Sliding of the Dam1-coated bead in the presence of soluble Dam1. The experiment was carried out as in Movie S2. Images were acquired every 100
msec, using a GFP fluorescence filter to visualize the Alexa488-Dam1 spot on bead’s surface. Played 1.5 faster than recorded. (Scale bar, 3 um.)

Movie S3.mov
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Movie S4. Transport of the Dam1-coated beads in the absence of ring-formation. MTs were grown from Tetrahymena pellicles and capped with
rhodamine-labeled tubulin. The soluble tubulin was then washed away, and Alexa488 Dam1-coated beads were introduced into the chamber and allowed to
bind the MTs. No green fluorescence could be detected on MTs anywhere in the chamber, so the labeled Dam 1 remained stably attached to the beads. After
the GMPCPP MT caps were dispersed, bead movement was followed with DIC optics. A small particle is seen diffusing randomly in some of the video frames, but
the attached bead’s movements are not random. Its initial Brownian movements are almost parallel to the surface of the nearby pellicle, because they are
restricted by the attached MT. Once MT depolymerization begins, the bead moves processively toward the pellicle at ~35 um/min (played 2X faster than
recorded). (Scale bar, 2 um.)

Movie S4.mov
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Movie S5. Rotational motions of a Dam1-coated bead in the absence of soluble Dam1. This experiment was carried out as in Movie S4 (in the absence of soluble
Dam1), but the bead had a spot of brighter fluorescence on its surface. There is a short delay between visualizations in DIC (exposure 25 msec) and the fluorescent
channel (exposure 50 msec), so bead positions in the corresponding frames are not identical. Images were acquired every 6 sec. (Scale bar, 3 um.)
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Movie S6. MT end-tracking and transduction of force by the S4D-Dam1 mutant complex. The experiment was carried out as in Movie S1 but using mutant
S4D-Dam1, Alexa488-labeled protein. Brighter dots travel with the ends of several MTs that grew from one axoneme (arrow) and that depolymerize
asynchronously. Images were acquired in stacks of 3 planes every 2 sec (150 msec exposure per plane). Video shows selected planes, so that focus is maintained
on a bright junction between the shortening end of one MT and the wall of another, where a force-transducing attachment has formed. (Scale bar, 3 um.)
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