
© 2007 Nature Publishing Group 

 

letters

Phosphoregulation and depolymerization-driven 
movement of the Dam1 complex do not require ring 
formation
Daniel R. Gestaut1, Beth Graczyk1, Jeremy Cooper2, Per O. Widlund1, Alex Zelter1, Linda Wordeman2,  
Charles L. Asbury2, Trisha N. Davis1,3

During mitosis, kinetochores form persistent attachments 
to microtubule tips and undergo corrective detachment in 
response to phosphorylation by Ipl1 (Aurora B) kinase1. 
the Dam1 complex is required to establish and maintain 
bi-oriented attachment to microtubule tips in vivo, and it 
contains multiple sites phosphorylated by Ipl1 (refs 2–10). 
Moreover, a number of kinetochore-like functions can be 
reconstituted in vitro with pure Dam1 complex11–14. these 
functions are believed to derive from the ability of the complex 
to self-assemble into rings12,13,15–17. Here we show that rings 
are not necessary for dynamic microtubule attachment, Ipl1-
dependent modulation of microtubule affinity or the ability of 
Dam1 to move processively with disassembling microtubule 
tips. Using two fluorescence-based assays, we found that 
the complex exhibited a high affinity for microtubules (Kd of 
approximately 6 nM) that was reduced by phosphorylation 
at ser 20, a single Ipl1 target residue in Dam1. Moreover, 
individual complexes underwent one-dimensional diffusion 
along microtubules and detached 2.5-fold more frequently 
after phosphorylation by Ipl1. Particles consisting of one to 
four Dam1 complexes — too few to surround a microtubule 
— were captured and carried by disassembling tips. thus, even 
a small number of binding elements could provide a dynamic, 
phosphoregulated microtubule attachment and thereby 
facilitate accurate chromosome segregation.

Purified recombinant Dam1 complex possesses many properties 
important for kinetochore–microtubule attachment. Similarly to kine-
tochores, the complex tracks with the tips of both growing and short-
ening microtubules, even under tensile forces up to 3 pN11–13. It also 
modulates filament dynamics in a tension-dependent manner14. When 
mixed with stabilized microtubules, the complex self-assembles into 
rings, each composed of 16–25 individual heterodecamers encircling a 

filament12,13,15–17. This discovery has led to the development of a model, 
now widely embraced18–20, in which rings function as sliding clamps that 
allow kinetochores to maintain dynamic attachments to microtubule 
tips. Theoretical considerations suggest that the ring mechanism is an 
ideal way to harness microtubule disassembly for the production of force 
and movement21–24. However, direct evidence that kinetochores in vivo 
contain rings25,26, or even that the in vitro kinetochore-like functions of 
the Dam1 complex require rings, is lacking.

We have developed two methods using fluorescence microscopy to 
quantify the interaction between the Dam1 kinetochore complex and 
microtubule filaments. First we constructed a fluorescent version of the 
Dam1 complex. Previous work showed that a carboxy-terminal GFP 
tag on Dad1 of the Dam1 complex has no detectable phenotype27. We 
added this GFP tag into the polycistronic vector expressing the Dam1 
complex components15 and purified the complex. In the resulting com-
plex, Dad1–GFP is present at stoichiometric levels (Fig. 1a). The GFP-
tagged complex migrates as a single peak on gel filtration with a Stoke’s 
radius of 78 Å (Fig. 1b), which is slightly larger than that  reported for 
the unlabelled complex (76 Å)15. The purified complex forms rings 
on microtubules and tracks the tips of depolymerizing microtubules  
(T. Gonen and C. L. A, unpublished observations).

Previously, the affinity of the Dam1 complex for microtubules was 
estimated using western blot analysis to measure the amount of complex 
that co-pellets with microtubules. These assays tested concentrations of 
microtubules ranging from 0.1–5 μM12,28. We measured the binding of 
the GFP-tagged complex to microtubules using quantitative fluorescence 
microscopy and detected binding at 2.5 nM microtubules (Fig. 2a–c), 
well below the detection limit of the previous analysis. The increased 
sensitivity of our assay allows us to measure binding at low microtubule 
concentrations, thereby avoiding inhibition by unpolymerized tubulin.

Increasing amounts of the Dam1 complex were bound to a constant 
concentration of taxol-stabilized microtubules. A standard plot of 
binding density (Dam1 complex bound/tubulin dimer) versus the 

1Department of Biochemistry and 2Department of Physiology and Biophysics, University of Washington, Seattle, Washington 98195 USA. 
3Correspondence should be addressed to T.N.D. (e-mail: tdavis@u.washington.edu)

Received 2 January 2008; accepted 21 February 2008; published online 23 March 2008; DOI: 10.1038/ncb1702

nature cell biology  volume 10 | number 4 | APrIl 2008 407   

© 2008 Nature Publishing Group 

 



© 2007 Nature Publishing Group 

 

l e t t e r s

concentration of free Dam1 complex (Fig. 2j) shows half-maximal 
binding occurs at 3.5 nM Dam1 complex. A Scatchard plot of the 
same data (Fig. 2l) was non-linear with a downward curvature, which 
indicates positive cooperativity29.

A model to describe cooperative binding of a ligand to a linear lat-
tice was developed previously30. This approach provides a measure of 
the apparent affinity (Kd) of the ligand for the lattice, the number of 
lattice subunits bound per ligand (n) and a measure (w) of the coop-
erativity between ligands. Fitting our binding data to this model gave 
a Kd of 6.2 ± 0.9 nM, an n of 0.74 ± 0.045 tubulin dimers per Dam1 
complex and w of 2.3 ± 0.35 (Fig. 2l). The value for n suggests 18 Dam1 
complexes would complete a ring around a 13-protofilament micro-
tubule, consistent with that reported previously (16–25; refs 13,16). 
The parameter w is the increase in affinity gained by a Dam1 complex 

binding to the lattice next to another Dam1 complex, compared with 
binding to a bare lattice; a value of 2.3 indicates positive cooperativity. 
Images of the Dam1 complex bound at high microtubule concentra-
tions highlight its cooperative-binding characteristics; some microtu-
bules seemed to be completely decorated, whereas others in the same 
field were only sparsely labelled (Fig. 2g–i). Together, these results 
show that the Dam1 complex binds to microtubules cooperatively, 
with a Kd 30-fold higher  than that reported previously12.

In vivo, phosphorylation by Ipl1 causes detachment of aberrantly 
attached kinetochores, but the mechanism for this corrective detach-
ment is unknown31. Using our quantitative epifluorescence assay, we 
found that phosphorylation of the wild-type Dam1 complex reduced 
its Kd for microtubules (Fig. 2a–f, j). A Scatchard plot (Fig. 2l) of this 
data showed a nearly linear trend, indicating reduced cooperativity, 
compared with the unphosphorylated complex. Application of the 
McGhee and von Hippel model30 gave a Kd of 10.8 ± 1.4 nM Dam1 
complex, an n of 0.96 ± 0.05 and w of 1.4 ± 0.22, indicating some 
positive cooperativity. Thus, phosphorylation decreases affinity and 
cooperativity.

Mutation of the four Ipl1 phosphorylation sites on Dam1 is lethal 
and three of these sites cluster on the C-terminal end of Dam1 (Ser 257, 
Ser 265 and Ser 292; ref. 9). Previous work showed that replacing all 
four Ipl1 target residues with Asp, a phosphomimetic amino acid, 
decreases affinity for the Ndc80 complex, whereas replacing just the 
C-terminal targets decreases the tendency for self-assembly with no 
apparent affect on microtubule affinity17,32. We used two different 
mutant Dam1 complexes to determine which sites were required for 
the decreased affinity and cooperativity of binding that we observed 
with Ipl1 phosphorylation. In the first mutant, the three C-terminal 
Ipl1 target sites in Dam1 were mutated to alanine (Dam1 3 × A) to 
block phosphorylation. In the second mutant, Ser 20 alone (the fourth 
target site) was mutated to Ala (Dam1 S20A). The binding affinities of 
these mutant complexes were determined in the absence and presence 
of Ipl1 phosphorylation. Surprisingly, preventing phosphorylation of 
Ser 20 blocked Ipl1 regulation of microtubule binding, whereas pre-
venting phosphorylation of all three C-terminal sites had no effect on 
Ipl1 regulation (Fig. 2k). Thus, the binding of the Dam1 complex to 
microtubules is regulated by Ipl1 phosphorylation of a single residue, 
Ser 20, in the amino-terminus of Dam1.

To investigate the effects of phosphorylation on microtubule-bind-
ing of the Dam1 complex at concentrations below those accessible by 
epifluorescence, we developed an assay using total internal reflection 
fluorescence (TIRF) microscopy (Fig. 3a). The TIRF assay allows 
binding and movement of single GFP-tagged molecules on individual 
microtubules to be observed at high temporal resolution (here, 10 
frames per second). At a concentration of 40 pM, individual parti-
cles composed of either phosphorylated or unphosphorylated Dam1 
complexes bound transiently to taxol-stabilized microtubules. The 
particles diffused along the microtubule lattice and occasionally coa-
lesced into brighter diffusing oligomers (Fig. 3b–d; Supplementary 
Information, Movies 1, 2), consistent with previous observations at 
higher concentrations of the complex13. Occasionally, diffusing parti-
cles appeared to transfer from one microtubule to another at locations 
where the filaments overlapped (for example, see Supplementary 
Information, Movie 3). Long-duration events (>5 s) were more 
common with the unphosphorylated Dam1 complex than with the 
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Figure 1 Purification of the GFP-tagged Dam1 Complex. (a) The relative 
abundance of each component of the Dam1 complex was similar for 
the wild-type (WT) and GFP-tagged complexes. The components of the 
complexes were separated by SDS–PAGE and detected by Coomassie 
brilliant blue staining. The left gel (14% acrylamide) shows separation of 
the small components of the Dam1 complex. The right gel (8% acrylamide) 
shows separation of Dad1–GFP from Dam1. (b) During gel filtration, 
the GFP-tagged Dam1 complex eluted in a single peak with an apparent 
Stoke’s radius of 78 Å (solid trace). The elution profile for a mixture of 
standard proteins is shown for comparison (dotted trace: ferritin, 61 Å; 
aldolase, 48 Å; RNAse A, 18 Å).
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Figure 2 Phosphorylation of Dam1 Ser 20 by Ipl1 decreases microtubule 
affinity of the Dam1 complex. Binding of GFP-tagged Dam1 complex to 
microtubules assembled from Alexa-568 labelled-tubulin was recorded by 
fluorescence microscopy, as described in the Methods. (a–f) Representative 
images of Dam1 complex (1 nM) either unphosphorylated (a–c) or 
phosphorylated by Ipl1 (d–f), bound to taxol-stabilized microtubules (2.5 nM 
tubulin dimer). Thousands of such images (n >2000) were analysed to 
generate the binding curves shown below (j–l). (g–i) Images of higher 
concentrations of the Dam1 complex (50 nM) binding to microtubules (at 
90 nM tubulin dimer) highlight the cooperativity of binding. The scale bar in 
(g) applies to panels (a–i) and represents 10 μm. The intensities of images 
in a given column were scaled the same. (j) Plot of binding data with binding 
density, v, on the vertical axis plotted against free ligand concentration, 
L. Unphosphorylated Dam1 complex (black symbols), Dam1 complex 

phosphorylated by Ipl1 (blue symbols). Data are mean ± s.e.m. from 8–11 
(unphosphorylated) and 4–10  (phosphorylated) replicates (exact numbers 
for each point are shown in l). (k) Plot comparing microtubule binding of 
mutant Dam1 complexes with Ala substitutions at residues targeted by Ipl1. 
Even when phosphorylation was blocked at three of four target residues 
(3XA), the affinity of the complex for microtubules was severely reduced 
after Ipl1 treatment (blue dotted curve), compared with the untreated control 
(black dotted curve). Conversely, when phosphorylation was blocked at a 
single Ser residue (S20A), Ipl1 treatment caused no significant reduction in 
binding (blue solid curve) relative to an untreated control (black solid curve). 
Data are mean ± s.e.m. from three replicates. (l) Scatchard plot of the same 
data shown in (j), unphosphorylated Dam1 complex (black symbols), Dam1 
complex phosphorylated by Ipl1 (blue symbols). The curves represent the fit 
to the McGhee and von Hippel model30 . 
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phosphorylated complex (compare Fig. 3c with 3d). Residence times 
for the particles were distributed exponentially (Fig. 3e). The mean 
residence time for unphosphorylated particles (τunphos) was 2.1 ± 0.1 s 
(n = 514), which is significantly longer than that for the Ipl1-phos-
phorylated complex (τphos of 0.85 ± 0.04 s, n = 145), indicating that 
phosphorylation decreases their affinity for microtubules. The mean 
squared displacement for both types of particles increased linearly 
with time (Fig. 3f), as expected for a random diffusive process. From 
the slope of each plot, the average diffusion coefficient for unphos-
phorylated particles (Dunphos) was 0.083 ± 0.001 µm2 s–1, which is 
significantly lower than that for phosphorylated particles (Dphos  of 
0.113 ± 0.002 µm2 s–1). These data show that Ipl1 phosphorylation 
directly weakens the interaction between the Dam1 complex and 
microtubules.

Fluorescence intensities of the individual particles diffusing on sta-
bilized microtubules (Fig. 4) were quite dim and inconsistent with the 
brightness that would be expected for rings composed of 16 or more 
GFP-tagged Dam1 complexes. Most particles disappeared in a single 
step, which probably represents detachment of an individual Dam1 

complex (Fig. 4a, c). However, many of the brighter particles showed 
stepwise decreases in intensity while they remained attached to the 
microtubule (Fig. 4b, d), consistent with photobleaching of two GFP 
molecules sequentially. At the low concentrations used here (40 pM) 
the distributions of initial brightness values for unphosphorylated and 
phosphorylated particles were not significantly different (Fig. 4e, f). 
This indicates that the measured phosphorylation-dependent dif-
ferences in residence time and diffusion coefficient (Fig. 3e, f ) are 
not caused by differences in oligomeric state. The combined initial 
brightness-distribution for all particles was fitted by the sum of two 
Gaussian functions (Fig. 4g), corresponding to a large population 
(90%) with a unitary brightness of 37,500 ± 12,300 arbitrary units 
(a.u., mean ± s. d.) and a small population (10%) with twice the 
brightness (75,000 ± 12,300 a.u.) The unitary brightness is consistent 
with that of single GFP molecules (44,500 ± 10,900 a.u.), measured in 
control experiments where GFP–MCAK was bound tightly to micro-
tubules under otherwise identical conditions (Fig. 4h). These data 
establish that a single Dam1 complex is sufficient to form a dynamic 
attachment to the microtubule lattice.
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Figure 3 Ipl1 phosphorylation speeds lattice diffusion and decreases the 
residence time of the Dam1 complex on microtubules. (a) Schematic 
representation of the TIRF assay developed to observe the dynamics of 
GFP-tagged Dam1 complexes (green spheres) interacting with individual 
microtubules (red). Microtubules were immobilized above the glass surface 
by an engineered ‘rigor’ kinesin mutant that binds tightly to microtubules38. 
Excitation by total internal reflection, in combination with a surface-blocking 
treatment that prevents non-specific adsorption, allowed movement of 
individual Dam1 complexes to be recorded in the evanescent field.  
(b) Selected frames from Supplementary Information, Movie 4 showing 
one-dimensional diffusion of the Dam1 complex (green) along a taxol-
stabilized microtubule (red). Time, s; scale bar, 1 μm. (c, d) Kymographs 
showing the effect of Ipl1 phosphorylation on microtubule-binding and 
one-dimensional diffusion of the Dam1 complex (total concentration, 
40 pM). Position along the microtubule is depicted on the vertical axis 
while time changes along the horizontal axis. Long-duration events (>5 s) 

are more common with unphosphorylated complex (c), compared with 
the phosphorylated complex (d). Scale bars, 3 μm. (e) Residence-time 
distributions for unphosphorylated (black histogram, n = 514 binding 
events on 14 microtubules, 8 recordings) and Ipl1 phosphorylated complex 
(blue histogram, n = 145 events, 10 microtubules, 5 recordings). Dotted 
lines show exponential fits used to determine mean residence times, τphos 
and τunphos. For comparison, the exponential distribution of bleach times for 
single GFP molecules recorded under identical experimental conditions is 
also depicted (τbleach, from Supplementary Information, Fig. S1). (f) While 
attached to microtubules, the phosphorylated complex diffused more rapidly 
than the unphosphorylated complex. Mean squared displacement is plotted 
against time for unphosphorylated (black symbols) and phosphorylated (blue 
symbols) Dam1 complex. Dotted lines show linear fits used to determine 
diffusion coefficients, Dphos and Dunphos. Data are mean ± s. e. m., computed 
from 514 and 145 records of unphosphorylated and phosphorylated 
complexes, respectively.
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The ability of single Dam1 complexes to diffuse along a microtubule 
suggests that rings may also be unnecessary for processive movement 
driven by microtubule depolymerization. To test this hypothesis, we 
modified our TIRF assay to study interactions with dynamic rather than 
stabilized microtubules. Short, GMPCPP-stabilized microtubule seeds 
were anchored to a coverslip and the Dam1 complex was then intro-
duced with free tubulin and GTP, to allow microtubule growth. The 
affinity of the complex for microtubules was decreased significantly by 
the free tubulin; a 25-fold higher concentration was required to achieve 
binding levels similar to those seen with taxol-stabilized microtubules 
(1 nM versus 40 pM). Notably, the short seeds were decorated much 
more brightly with Dam1 than the dynamic extensions grown from 
them (Fig. 5a; Supplementary Information, Movies 5–7), confirming 
earlier observations showing a higher affinity for GMPCPP-contain-
ing microtubule segments12. After microtubule-extensions of several 
micrometers were grown, the free tubulin level was lowered by buffer-
exchange to induce disassembly.

When Dam1 particles initially diffusing on the microtubule lattice 
encountered a disassembling tip, they began to move with the tip in 
the direction of shortening, sometimes encountering and coalesc-
ing with additional particles (Supplementary Information, Movies 
5–7). To determine the minimum number of complexes required for 

disassembly-driven movement, we measured the initial brightness 
values for a subset of tip-tracking particles that fulfilled two criteria: 
they were closest to the tip at the onset of filming and they began 
tracking before encountering any other particles. These criteria 
excluded particles that could have tracked because of oligomeriza-
tion with other particles. The initial brightness values for 19 out of 
21 particles was between 5,000 and 30,000 a.u. (Fig. 5b–e), which, 
under the conditions of these experiments, corresponds to 1–4 GFP 
molecules (Fig. 5f). This result indicates that oligomerization into 
a ring is not required for disassembly-driven movement, as many 
more than four Dam1 complexes are required to form a complete 
ring encircling a microtubule.

The simplest explanation for processive tip-tracking of Dam1 parti-
cles is that their diffusion is biased at the microtubule tip. As described 
previously21, the diffusion of a particle with multiple microtubule-
binding elements is expected to become biased at the filament tip 
because fluctuations towards the lattice allow more binding interac-
tions to be made and therefore lower the free energy of the system. In 
principle, particles with as few as 2–4 microtubule-binding elements 
can track shortening tips through this mechanism if the free energy 
change associated with each binding interaction is large enough and 
the stepping rate is fast enough for the biased diffusion to outrun 
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Figure 4 Single Dam1 complexes are sufficient to form a dynamic 
microtubule attachment. (a, b) Kymographs showing the binding and one-
dimensional diffusion of individual particles, each composed of one or more 
Dam1 complexes, along taxol-stabilized microtubules. Position along the 
microtubule is depicted on the vertical axis while time changes along the 
horizontal axis. Scale bar, 2 µm. (c, d) Records of brightness versus time 
for the particles shown in a, b. The brightness of most diffusing particles 
was roughly constant over time (as in a, c). However, some particles showed 
stepwise reductions in intensity during the interval when they remained 
attached to the microtubule (b, d, arrows), consistent with photobleaching of 
individual GFP molecules. (e–g) Distributions of initial brightness values for 
Dam1 particles diffusing on taxol-stabilized microtubules, each fit by the sum 
of two Gaussians (dotted lines). Distributions for unphosphorylated (e) and 
Ipl1 phosphorylated (f) Dam1 particles were not significantly different. Both 

datasets are pooled in (g), which shows a large population (90% of particles) 
with a unitary brightness of 37,500 ± 12,300 a.u. (mean ± s. d.) and a small 
population (10%) with twice the brightness, 75,000 ± 12,300 a.u. (n = 659 
events, 24 microtubules, 13 recordings). The unitary brightness exhibited 
by most diffusing particles was close to that of single GFP molecules, 
indicating that oligomerization of many Dam1 complexes (for example, into 
a ring encircling the microtubule) is not required for binding and diffusion 
on the microtubule lattice. (h) Control data showing the distribution of 
brightness values for single GFP molecules (n = 72 bleach events from 5 
recordings) fused to the kinesin-family motor, MCAK, which was bound 
tightly to microtubules (see also Supplementary Information, Fig. S1). The 
experimental conditions were otherwise identical to those in (a–g). The dotted 
line shows a single Gaussian fit, which indicates that under these conditions 
one GFP molecule corresponds to a brightness of 44,600 ± 10,700 a.u.
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microtubule disassembly. The equilibrium Kd and diffusion coefficient 
measured for the Dam1 complex suggest a binding energy of approxi-
mately 19 kBT and a stepping rate of approximately 2500 s–1 (assuming 
a step distance of 8 nm, the spacing of tubulin dimers in the microtu-
bule lattice), which are well within the range of parameters that can 
produce tip-tracking by the Hill mechanism21. This biased diffusion 
model differs fundamentally from the purest form of the ring model, 

in which peeling protofilaments push directly against the ring (that is, 
the ‘conformational wave’ model or ‘forced-walk’ model)22,24. Although 
previous observations of microtubule-driven Dam1 movement were 
consistent with either mechanism, the tip-tracking of small oligom-
ers is incompatible with the conformational wave mechanism. Thus, 
the microtubule-driven movement of the Dam1 complex is probably 
driven, at least in part, by a biased diffusion mechanism. The contri-
bution these small oligomers can make to the load-bearing capacity 
of the kinetochore remains a subject of future study.

Accurate chromosome segregation during cell division requires kine-
tochores to make regulated attachments to the tips of dynamic micro-
tubules. We found that small particles containing as few as one to four 
individual Dam1 complexes were sufficient to reconstitute the features 
required for dynamic attachment to a microtubule, for phosphoregu-
lation and for disassembly-driven movement. This finding shows that 
rings are not necessary for these activities. The Dam1 complex is one 
of several kinetochore components known to bind to microtubules33,34. 
Future work will show how the other microtubule-binding components 
contribute to the floating grip of kinetochores. 

MetHoDs
Construction of the Dad1–GFP–Dam1 complex plasmid. PCR was 
used to amplify a region of PC4 SPC34H15 to include the unique Pci1 site 
5´of the Dad1 gene and to add a Pac1 site on the 3´ end of Dad1 (5´ primer 
TTTGTGATGCTCGTCAGGG, 3´ primer TTAATTAACTTCGTTTTCGATT
GA). GFP was amplified by PCR out of pFA6a, which has a native Pac1 site 5´ of 
GFP and a BstX1 site was added to the 3´ end (5´ primer AGAGTCAAGCCTGA
AAATAATATGTCAGAAACATTCGCAACTCCCACTCCCAATAATCGAGG
TCGACGGATCCCCGGG; 3´ primer CCAATTCACTGGGCTTATTTAGAAG
TGGCGCGCC). Both fragments were ligated into Topo Zero Blunt (Invitrogen). 
A triple ligation was then performed between PC4 SPC34H, cleaved with Pci1 
and BstX1, the Dad1 fragment cleaved with Pci1 and Pac1 and the GFP fragment 
cleaved with Pac1 and BstX1. Ser to Ala mutations were made by site-directed 
mutagenesis of Dam1 in a separate vector followed by replacement of the wild-
type Dam1 with the mutated Dam1 in the polycistronic vector.
Purification of the Dam1 complex. Dam1 complex polycistronic vectors were 
transformed into BL21 Rosetta (Novagen). Cultures were grown to about 30 Klett 
units, and the cultures were induced overnight at 23°C. Pellets were lysed using 
a French press in 50 mM sodium phosphate buffer (pH 6.9) containing 350 mM 
NaCl and protease inhibitors (0.01 mg ml–1 chymostatin, 0.01 mg ml–1 aprotinin, 
0.01 mg ml–1 leupeptin, 0.01 mg ml–1 pepstatin, 0.002 mg ml–1 benzamadine and 
1 mM phenylmethylsulfonyl fluoride). Proteins were purified by affinity chro-
matography using talon resin, according to the manufacturer’s instructions (BD 
Biosciences). Peak elutions were concentrated to approximately 1 ml (using 
an Amicon Ultra centrifugal filter with a molecular weight cut-off of 50,000, 
Millipore) and then subjected to gel filtration chromatography on an SD × 200 
16/60 column (GE Healthcare). Peak fractions were concentrated and cleared at 
13,000g. Glycerol (10%, final concentration) was added and aliquots were snap-
frozen and stored at –80°C.
Phosphorylation of the Dam1 complex. GST–Ipl1 was expressed from plas-
mid pSB196 (a gift from Sue Biggins, Fred Hutchinson Cancer Research Center, 
Seattle, WA) at 21°C and purified using glutathione–Sepharose 4B, according to 
the manufacturer’s instructions (GE Healthcare Biosciences) except that the elu-
tion buffer was 50 mM Tris buffer, pH 8.0, containing 100 mM NaCl and 5 mM 
glutathione. GST–Sli15 (residues 554–698) was expressed from plasmid pSB503 (a 
gift from Sue Biggins) at 37°C and purified using glutathione–Sepharose 4B resin, 
according to the manufacturer’s instructions, except that the elution buffer was 
20 mM Tris buffer, pH 8.0, containing 200 mM NaCl, 1 mM β-mercaptoethanol, 
1 mM EDTA and 10 mM glutathione.

Purified recombinant Dam1 complex was phosphorylated in a reaction 
(50 μl) containing 4 μM Dam1 complex, 0.5 μM GST–Ipl1, 0.5 μM GST–
Sli15 (residues 554–698), 200 mM NaCl, 10 mM ATP, 25 mM MgCl2 and 
50 mM HEPES buffer, pH 7.2. Reactions were incubated for 90 min at 30°C. 
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Figure 5 Rings are not required for processive disassembly-driven movement 
of the Dam1 complex. (a) Selected frames from Supplementary Information, 
Movie 6 showing processive movement of the Dam1 complex (upper 
green particle, indicated by arrow) driven by the disassembling tip of an 
individual microtubule (red). The lower portion of the microtubule, which 
corresponds to a GMPCPP-stabilized segment of the filament, is also brightly 
decorated with Dam1–GFP. Elapsed times are in seconds. Scale bar, 2 μm. 
(b–d) Records of brightness versus time for several particles that exhibited 
processive disassembly-driven movement. The brightness of some particles 
was roughly constant over time (as in b and c), whereas others showed a 
stepwise loss of brightness consistent with photobleaching of single GFP 
molecules (arrows in d). (e) Distribution of initial brightness values for 
individual particles that exhibited disassembly-driven movement before 
additional particles accumulated at the disassembling microtubule tip. Initial 
brightness values for most particles (19 out of 21) were between 5,000 
and 30,000 a.u., a range corresponding to 1–4 GFP molecules. This result 
indicates that oligomerization into a ring is not required for dissasembly-
driven movement of the Dam1 complex, as many more than 4 complexes are 
required to form a complete ring encircling the microtubule12,16. (f) Control 
data showing the distribution of brightness values for single GFP molecules 
(histogram, n = 664 bleach events from 38 recordings) fused to MCAK, 
which was bound tightly to microtubules. The experimental conditions were 
otherwise identical to those in (a–e). The dotted line shows a Gaussian fit, 
which indicates that under these conditions one GFP molecule corresponds 
to a brightness of 8,000 ± 3,300 a.u. (mean ± s. d.). Note that the mean 
value corresponding to a single GFP is different here from that in Fig. 4, 
primarily because a different camera was used for these experiments.
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Glycerol (5%) was added, aliquots were snap-frozen and stored at –80°C. 
The conditions were optimized to obtain an average stoichiometry of 3.0 
phosphate molecules per Dam1 molecule. Using mass spectrometry, we 
detected phosphorylation on residues Ser 20, Ser 265 and Ser 292 in Dam1 
(ref. 10). The peptide containing Ser 257 was difficult to detect by mass 
spectrometry, and we could not assess the phosphorylation state of the 
Ser 257 Ipl1 consensus site.

In our comparisons of the unphosphorylated complex and the phosphorylated 
complex, controls with either no kinase (Fig. 2) or no ATP (data not shown) were 
performed and gave similar results. 

Microtubule binding assays. The binding assay was adapted from an assay 
designed to measure microtubule nucleation35. Briefly, increasing concen-
trations of GFP-tagged Dam1 complex were incubated with taxol-stabilized 
microtubules. The Dam1 complex bound to microtubules was pelleted onto 
a coverslip and quantified by fluorescence microscopy. See Supplementary 
Information for details of the assay.

Plots were generated and curves were fitted using IGOR software (Wavemetrics). 
Confidence intervals were computed by maximum likelihood estimation, as 
implemented by IGOR and described previously36. In addition to the fit using 
the McGhee and von Hippel model30 described earlier, we also fitted the data to 
the Hill model37. Both the McGhee and von Hippel model and the Hill model 
support the conclusions that Ipl1 phosphorylation of Dam1 complex reduces its 
affinity for microtubules and reduces the cooperativity of binding.

TIRF Microscopy. A TIRF illumination system was custom built on a Nikon 
inverted stage microscope. The coverslips used to construct flow cells were 
acid-washed, followed by silanization with a short chain PEG–silane (Gelest). 
Holes were drilled in the slides allowing attachment of tubing to adapters such 
that solutions could be flowed in and out of the flow cells using a peristal-
tic pump. Flow cells were first washed with double-distilled water. To secure 
microtubules to the coverslip, kinesin with a mutation (G234A) that causes 
rigor-like microtubule-binding was used38. The rigor kinesin was allowed to 
adhere to the coverslip surface for approximately15 min and then washed in 
BRB80 containing 70 mM KCl and 1 mg ml–1 κ-casein. For comparison of 
phosphorylated and unphosphorylated complexes, taxol-stabilized Alexa-647 
labelled microtubules were flowed in and allowed to bind for approximately 
5 min. The microtubules were then washed with BRB80 containing 70 mM 
KCl, 1 mg ml–1 κ-casein and 10 μM taxol. Finally, GFP-tagged Dam1 com-
plex in BRB80 containing 70 mM KCl, 1 mg ml–1 κ-casein, 10 μM taxol and 
an oxygen scavenger was flowed in at reported concentrations. The oxygen 
scavenger was 200 μg ml–1 glucose oxidase, 35 μg ml–1 catalase, 25 mM glucose 
and 5 mM DTT.

For live microtubules, Alexa-647 labelled GMPCPP seeds were flowed 
in and allowed to bind for approximately 5 min. Bound microtubules were 
washed with BRB80 containing 70 mM KCl, 1 mg ml–1 κ-casein and 1 mM 
GTP. GFP-tagged Dam1 complex was flowed in at reported concentrations in 
BRB80 containing 70 mM KCl, 1 mg ml–1 κ-casein, 1 mM GTP, 2 mg ml–1 tubu-
lin (Alexa-647 labelled 1:100) and oxygen scavenger. Finally, depolymerization 
was induced by flowing in the same buffer without tubulin or Dam1 complex. 
Flow cells were constructed such that each coverslip contained two separate, 
side-by-side chambers. Experiments were performed in the first chamber and 
in the second MCAK–GFP was always used as a control so that the brightness 
of a single GFP could be determined.

TIRF data analysis. Software was developed to analyse the TIRF movies 
using Labview (National Instruments). This software allowed the tracking 
of the position and brightness of individual fluorescent particles. Only iso-
lated particles that did not cross paths with other particles were tracked. For 
calculating detachment rates and diffusion coefficients, only events lasting 
longer than one second were included. We note that the non-zero y-intercepts 
in our squared displacement versus time plots (Fig. 3) reflect localization 
uncertainty inherent in the position measurements due to background noise, 
limited photostatistics, and any errors introduced by our particle tracking 
software. The offset was approximately 0.026 μm2, which corresponds to a 
localization uncertainty of 160 nm.

Note: Supplementary Information is available on the Nature Cell Biology website.
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Figure S1 Quantifying the brightness of individual GFP molecules. (a) 
Kymograph showing binding of individual GFP-MCAK molecules to a taxol-
stabilized MT.  Position along the MT is depicted on the vertical axis while 
time changes along the horizontal axis.  MCAK is a dimeric, kinesin-family 
protein that binds tightly to MTs in the absence of nucleotides.  At the low 
GFP-MCAK concentration used here (~20 pM), the MT is sparsely decorated 
so that individual dimers remain visible until the GFP is photobleached.  
Scale bar, 3 µm.  (b and c) Records of brightness versus time for individual, 
MT-bound GFP-MCAK molecules.  As expected for dimers of GFP, many 
molecules (26 of 46 records, or 56%) photobleached in two steps (arrows 
in b).  However, due to partial proteolysis during purification (see e, below), 
a significant fraction (44%) bleached in a single step (arrow in c). In either 
case the step amplitudes were similar, and well-fit by a Gaussian distribution 
centered at ~45,000 a.u., so step amplitudes from both double- and 

single-bleach traces were pooled to generate the histogram of Figure 4f.  (d) 
Photobleach times were distributed exponentially, as expected for bleaching 
of single fluorophores.  The dotted curve shows an exponential fit used to 
determine the mean bleach time (τbleach) of 16 ± 1 (n = 72).  (e) Coomassie 
brilliant blue-stained SDS-PAGE gel (left, false color) showing full-length 
MCAK-GFP plus degradation products, which represent 37% of the total 
MCAK (by gel densitometry).  Immunoblot analyses using antibody to GFP 
(Santa Cruz Biotechnology, Santa Cruz, CA) (scanned blot in the middle) and 
antibody to MCAK1 (scanned film on the right) indicates that the degradation 
products lack GFP and contain MCAK.  Assuming all the GFP-free MCAK 
is competent for dimerization and MT binding, the expected fraction of 
fluorescent molecules with two GFP tags is 46%, reasonably close to our 
measured fraction (56%).  We observed no significant degradation of Dad1-
GFP (See Figure 1a).

15

10

5

0

N
u

m
b

er

50403020100

Bleach time (s) 

GFP bleach steps 

 = 16 ± 1 s

160x10
3

120

80

40

0

B
ri

g
h

tn
e

ss
 (

a.
u

.)
 

302520151050

120x10
3

80

40

0

B
ri

g
h

tn
e

ss
 (

a.
u

.)
 

302520151050

Time (s) 

0 50Time (s) 

MCAK without nucleotide a

b

c

d

M
CAK-GFP 

M
CAK-GFP 

195

117

97

50

38

kDa

α-GFPCoomassie 

M
W

 std 

M
W

 std 

e

M
CAK-GFP 

α-MCAK

© 2008 Nature Publishing Group 

 



© 2007 Nature Publishing Group 

 

S U P P L E M E N TA RY  I N F O R M AT I O N

2  WWW.NATURE.COM/NATURECELLBIOLOGY

Supplementary movies

Movie S1 Unphosphorylated Dam1 complex binding and diffusing along MTs

Movie S2 Ipl1 phosphorylated Dam1 complex binding and diffusing along MTs

Movie S3 Dam1 complex particles transferring between MTs

Movie S4 Dam1 complex diffusing on an MT

Movie S5 Dam1 complex tracking depolymerizing MTs

Movie S6 Dam1 complex tracking a single depolymerizing MT

Movie S7 Dam1 complex particle jumping from one MT onto another, getting caught by the depolymerizing tip and following it back to the seed
In all movies, red represents MTs (tubulin tagged with Alexa-647) while green represents the Dam1 complex (Dad1-GFP).  Movies S1-S4 show the Dam1 
complex (40 pM) interacting with taxol stabilized MTs. Movies S5-S7 show the Dam1 complex (1 nM) interacting with dynamic MTs grown from GMPCPP MT 
seeds.  Depolymerization is induced by flowing in buffer lacking tubulin and the Dam1 complex.  Experiments are further described in Methods.

© 2008 Nature Publishing Group 

 



© 2007 Nature Publishing Group 

 

Supplementary Methods 

Microtubule binding assay 

Taxol-stabilized MTs were made as follows. Alexa-568 labeled bovine brain tubulin was 

mixed with unlabeled tubulin at a ratio of 1:41 to a final concentration of 52 µM in 34 µL 

BRB80 containing 1 mM GTP. BRB80 was made as described 

http://mitchison.med.harvard.edu/protocols/poly.html. The mixture was cleared at 4 ˚C at 

90,000 × g for 10 min. The tubulin in the supernatant was then polymerized in a total volume 

of 40 µL BRB80 containing 5 mM MgCl2, 1.75 mM GTP and 3.5% DMSO at 37 ˚C for 30 

min. MTs were diluted 6-fold in BRB80 containing 10 µM taxol. A small sample was used to 

determine the concentration of polymerized tubulin. We find between 80% to 90% of the 

tubulin is polymerized by this method.  

Varying concentrations (0-50 nM) of phosphorylated and unphosphorylated complex 

were added to bovine brain taxol-stabilized MTs (2.5 nM, 1:41 Alexa-568-labeled 

tubulin/unlabeled tubulin) in BRB80 containing 45 mM NaCl, 4 mM phosphate buffer and 9 

µM taxol in a total volume of 250 µL. The mixture was incubated for 10 minutes at 21 ˚C.  

The reaction was fixed by addition of 750 µL of 2% glutaraldehyde in BRB80 and incubated 

for 15 minutes at 20 ˚C. An aliquot (250 µL) of the reaction mixture was layered onto a 15% 

glycerol cushion (1 mL) on top of a polylysine glass coverslip in a Beckman TLS-55 

centrifuge tube fitted with a custom spacer (Ellard Instrumentation, Monroe, WA).  The MTs 

were pelleted onto the coverslip at 135,000 × g for 10 minutes at 21 ˚C in a Beckman Optima 

TLX ultracentrifuge. The glycerol cushion was removed by aspiration and the coverslip was 

taken out of the tube, placed MT side down on a drop of Citifluor (Ted Pella, Redding CA) 

on a slide and sealed with nail polish.  
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The slides were imaged on a DeltaVision microscopy system (Applied Precision, 

Issaquah, WA). The system incorporates an Olympus IL-70 microscope, a u-plan-apo 100X 

oil objective (1.35 NA), a CoolSnap HQ digital camera from Roper Scientific (Tucson, AZ), 

and optical filter sets from Chroma Technology Corporation (Rockingham, VT). Ten sections 

(0.3 µm) were taken of 10 consecutive panels (512 × 512) for each slide using a TRITC filter 

set (555/28x, 617/73m) to detect Alexa-tubulin and then an FITC filter set (490/20x, 

555/28m) to detect Dad1-GFP. The images were binned 2 × 2. The average pixel intensity for 

the second section of the FITC stack for each panel from a slide was averaged to give the 

observed fluorescence for the bound Dam1 complex. Background was measured on the slide 

in which MTs were incubated with no Dam1 complex. Values obtained on different days 

were corrected for lamp intensity using the photosensor value. 

A standard curve was made to convert observed fluorescence to nM Dam1 complex 

bound as follows. Increasing concentrations of Dam1 complex (0 nM – 30 nM) were bound 

to saturating amounts of MTs (50 nM) such that all the Dam1 complex in the assay was 

bound to MTs. The MTs were pelleted and the fluorescence was measured as described 

above. An immunoblot of the supernatant detected no Dam1. A plot of fluorescence vs. 

Dam1 concentration fit a straight line with an R2 value of 0.995 and a slope of 167.  

Concentration of Dam1 bound to MTs (in nM) was calculated as the observed GFP 

fluorescence pelleting with MTs divided by 167.   Concentration of free Dam1 complex was 

calculated as the concentration of total Dam1 complex added to the assay minus the 

concentration bound.  
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