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EB1 targets to polymerizing microtubule ends, where it is favorably positioned to regulate
microtubule polymerization and confer molecular recognition of the microtubule end. In this
study, we focus on two aspects of the EB1–microtubule interaction: regulation of microtubule
dynamics by EB1 and the mechanism of EB1 association with microtubules. Immunodepletion of
EB1 from cytostatic factor-arrested M-phase Xenopus egg extracts dramatically reduced microtu-
bule length; this was complemented by readdition of EB1. By time-lapse microscopy, EB1
increased the frequency of microtubule rescues and decreased catastrophes, resulting in increased
polymerization and decreased depolymerization and pausing. Imaging of EB1 fluorescence re-
vealed a novel structure: filamentous extensions on microtubule plus ends that appeared during
microtubule pauses; loss of these extensions correlated with the abrupt onset of polymerization.
Fluorescent EB1 localized to comets at the polymerizing plus ends of microtubules in cytostatic
factor extracts and uniformly along the lengths of microtubules in interphase extracts. The
temporal decay of EB1 fluorescence from polymerizing microtubule plus ends predicted a
dissociation half-life of seconds. Fluorescence recovery after photobleaching also revealed disso-
ciation and rebinding of EB1 to the microtubule wall with a similar half-life. EB1 targeting to
microtubules is thus described by a combination of higher affinity binding to polymerizing ends
and lower affinity binding along the wall, with continuous dissociation. The latter is likely to be
attenuated in interphase. The highly conserved effect of EB1 on microtubule dynamics suggests it
belongs to a core set of regulatory factors conserved in higher organisms, and the complex pattern
of EB1 targeting to microtubules could be exploited by the cell for coordinating microtubule
behaviors.

INTRODUCTION

Multiple diverse proteins regulate the polymerization dy-
namics of microtubules (reviewed in Cassimeris and Spittle,
2001). Together, these regulatory factors enhance the intrin-
sic dynamic instability of microtubules in vivo over that in
vitro and in mitosis compared with interphase. Studies have
suggested that some factors also produce regional effects on
microtubules, as seen in the leading edges of polarized cells
(Wadsworth, 1999; Akhmanova et al., 2001; Palazzo et al.,
2001) and at kinetochore vs. nonkinetochore microtubules

(Zhai et al., 1995). Although effects on microtubule stability
have been demonstrated for many proteins, Kinoshita et al.
(2001) recently reported that a minimal pair of microtubule
regulatory proteins, XMAP-215 and XKCM1, was sufficient
to achieve near physiological rates of microtubule dynamic
instability in vitro. These results lead the authors to con-
clude that dynamic instability in Xenopus egg extracts is
derived solely from the action of these two factors (Kinoshita
et al., 2001). However, it is likely that cells use other micro-
tubule regulatory proteins besides XMAP-215 and XKCM1
to build on (or diverge from) this minimal system to meet
the specialized needs of cell division and differentiation. For
example, regional changes in microtubule dynamics during
interphase contribute to reorientation of the microtubule
organizing center in activated lymphocytes, whereas in-
creases in catastrophe frequency during mitosis allow more
efficient searching of space for capture of attachment sites on
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kinetochores (reviewed in Desai and Mitchison, 1997). Local
action of other microtubule regulatory proteins is likely to
contribute to these local changes in microtubule stability.
Understanding how the cell uses its available microtubule
regulators will require a combination of detailed mechanis-
tic studies and in vivo observations.

EB1 family proteins, conserved from humans to yeasts
and plants, are small (�35-kDa) proteins that specifically
recognize the polymerizing plus ends of microtubules (Tir-
nauer and Bierer, 2000; Schuyler and Pellman, 2001a). In this
location, they are positioned to modify the structure of the
protofilament ends and thus to regulate microtubule poly-
merization dynamics, as well as to “flag” the plus end as a
recognition site for other subcellular structures (Schroer,
2001). The budding yeast EB1 homolog Bim1p serves both
roles: Bim1p promotes microtubule dynamicity by increas-
ing transitions and reducing pauses (Tirnauer et al., 1999),
and it spatially marks microtubule plus ends for linkage to
the cell cortex, mediated by its binding to the cortical protein
Kar9p (Lee et al., 1999; Tirnauer et al., 1999; Korinek et al.,
2000; Miller et al., 2000). In the fission yeast Schizosaccharo-
myces pombe, disruption of the EB1 homologue Mal3 causes
chromosome loss, implicating similar roles for EB1 on kinet-
ochore microtubules (Beinhauer et al., 1997). Further support
for the role of EB1 at the kinetochore comes from recent
studies showing microtubule polymerization-specific target-
ing of EB1 to kinetochores (Tirnauer et al., 2002), and loss of
microtubule–kinetochore interactions in cells lacking the
EB1 binding partner adenomatous polyposis coli (APC),
(Fodde et al., 2001; Kaplan et al., 2001).

Details of EB1 function at microtubule ends in higher
eukaryotes, including whether EB1 promotes microtubule
stability, end-on attachment, or both, are unknown. Overex-
pression of GFP-EB1 in tissue culture cells produces long
microtubules, but the specific mechanism has not been de-
scribed (Bu and Su, 2001). EB1 has been reported to bind
microtubules in vitro (Berrueta et al., 1998), but it fails to
induce microtubule polymerization when combined with
purified tubulin (Nakamura et al., 2001). Like other micro-
tubule plus end tracking proteins, EB1 forms comet-shaped
streaks on polymerizing microtubule ends (Mimori-Kiyosue
et al., 2000). Here, we ask how EB1 promotes microtubule
stability during meiosis and interphase, and what deter-
mines the binding pattern of EB1 to microtubules. We per-
formed these experiments in cytoplasmic extracts prepared
from Xenopus laevis eggs, because these extracts can be stably
arrested in interphase and M phase, and they are convenient
for protein addition and depletion and high-resolution im-
aging. These analyses are essential to forming a comprehen-
sive picture of how EB1 integrates with other microtubule
dynamics regulators and polarity markers at various sites
within the cell.

MATERIALS AND METHODS

Xenopus Egg Extract Preparation, Immunodepletion,
and Western Blotting
Crude extracts were prepared from X. laevis eggs as described
previously (Desai et al., 1999a). Cytostatic factor (CSF)-arrested ex-
tracts were made and used without addition of nondegradable
cyclin or phosphatase inhibitors. Interphase-arrested extracts were
made from eggs cycled into interphase with the calcium ionophore

A23187 (Sigma-Aldrich, St. Louis, MO) at 1 �g/ml for 5 min, with
the crushing spin carried out at 4°C; cyclohexamide (Sigma-Aldrich)
was then added to the extracts to a final concentration of 100 �g/ml
before freezing to prevent synthesis of cyclin B and its activation of
the mitotic cdc2 kinase. All extracts were aliquoted (10–100 �l) in
polymerase chain reaction tubes and flash frozen in liquid nitrogen
before use. Cell cycle state of the extracts was confirmed before and
after thawing by visual inspection of the morphology of Xenopus
sperm nuclei DNA incubated in the extracts.

Immunodepletions were performed on fresh interphase- and
CSF-arrested extracts by using a monoclonal antibody (mAb) to EB1
(GD10; generous gift of Marilee Burrell, Oncogene Science, Cam-
bridge, MA). Incubations in the ratio of 150 �l of extract to 25 �l of
protein A-agarose beads (precoated in 1 mg/ml fraction V bovine
serum albumin [BSA]; Sigma-Aldrich) to 24 �g of antibody (GD10
or mouse IgG) were done in the cold for 2 h with continuous
rotation. Each set of immunodepletions was confirmed by Western
blotting. Liquid chromatography/mass spectrometry (LC/MS) of
the 35-kDa protein eluted from the beads showed homology to
human EB1 but not EBF3; and the antibody to human EB1 recog-
nized a single band that matched the mobility of the depleted
protein but not Xenopus EBF3 (our unpublished data), suggesting
that only the EB1 homologue was depleted. LC/MS was used to
identify other proteins codepleted with EB1, and these were con-
firmed with Western blotting.

Western blotting was done to assess the degree of immunodeple-
tion and to calculate the approximate stoichiometry of EB1 in Xe-
nopus egg extracts. Xenopus egg extracts and bacterially purified
human EB1 protein (see below) were boiled in sample buffer, sep-
arated on 10% SDS-PAGE gels, transferred to polyvinylidene diflu-
oride (PVDF; Millipore, Bedford, MA), blocked with 1–2% BSA in
Tris-buffered saline/Tween 20, and probed for EB1 by using the
GD10 antibody diluted 1:5000 in Tris-buffered saline/Tween 20.
Antibody detection was by anti-mouse-horseradish peroxidase sec-
ondary antibody (1:10,000; Amersham Biosciences, Piscataway, NJ)
followed by enhanced chemiluminescence (ECL) (Pierce Chemical,
Rockford, IL). Blotting for p150glued was with a mAb (Transduction
Laboratories, San Jose, CA). Blot overlay assays were performed as
described above, except the proteins eluted from the immunopre-
cipitation were separated by SDS-PAGE and transferred to polyvi-
nylidene difluoride, and the transferred proteins were renatured on
the blot by using serial guanidine dilutions. They were then blocked
with BSA and probed with biotinylated EB1 (Pierce Chemical) (bi-
otinylated according to the manufacturer’s instructions), followed
by detection using streptavidin-horseradish peroxidase and ECL
detection. Quantitation of Coomassie-stained and ECL-detected
bands was done using the quantitation feature of the public domain
software NIH Image (available at http://rsb.info.nih.gov/nih-
image/).

Human EB1 Protein Expression, Purification, and
Labeling
Human EB1 (Berrueta et al., 1998) was cloned as a BamHI-HindIII
fragment into the pet28A (Novagen, Madison, WI) to fuse six his-
tidines to the N terminus of EB1, and 6His-human EB1 was ex-
pressed in BL21 PLysS cells (Novagen) and purified using nickel-
agarose beads (Sigma-Aldrich) according to the manufacturer’s
instructions. The protein was labeled with the succinimidyl ester of
Alexa488 (Molecular Probes, Eugene, OR), according to the manu-
facturer’s instructions, eluted in PBS, and flash frozen in liquid
nitrogen in 5–10-�l aliquots before use. Similar results for protein
localization studies were obtained with Alexa488- and Alexa594-
labeled EB1.

Tubulin Purification and Labeling
Tubulin was purified from calf brain by two cycles of polymeriza-
tion-depolymerization and phosphocellulose chromatography as
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described previously; aliquots were thawed and labeled with tetra-
methyl- or- X-rhodamine (Molecular Probes) according to Hyman et
al. (1991).

Imaging of Centrosomally Nucleated Microtubule
Asters
Centrosomes were purified from Chinese hamster ovary (CHO)
cells as described previously (Mitchison and Kirschner, 1986) and
stored at �80°C. Microtubule asters were nucleated in EB1-depleted
or mock-depleted crude extracts containing centrosomes and a final
concentration of �5 �M rhodamine-labeled bovine (calf) brain tu-
bulin and incubated for 10–20 min at a room temperature of �23°C.
For add-back experiments, phosphate-buffered saline or EB1 (10
ng/�l final concentration) was added to the reaction before room
temperature incubation. Additions were �10% of the reaction vol-
ume. Reactions were diluted into BRB80 (80 mM K-PIPES, 1 mM
MgCl2, 1 mM EGTA, pH 6.8) in 30% glycerol and centrifuged at
6000 � g for 10 min through a 5-ml cushion of 40% glycerol in
BRB80 onto poly-lysine–precoated coverslips (Desai et al., 1998).
Images of fixed asters were acquired on an upright Nikon E-600 or
E-800 microscope equipped with a cooled charge-coupled device
camera (Princeton Instruments, Trenton, NJ) by using MetaMorph
software (Universal Imaging, West Chester, PA). Aster radii were
measured from digital images (radii were used instead of diameters
because some asters were rendered asymmetrical by the pelleting
and fixation procedures). In each case, three or four independent
experiments gave similar results. For determining the ratio of Al-
exa488-EB1 on microtubule tips vs. walls, the ratio of the maximum
comet fluorescence was compared with the mean wall fluorescence
for each of 36 microtubules, and the mean (� SD) was calculated
from these ratios. EB1 fluorescence on microtubules nucleated in
CSF vs. interphase extracts was compared under identical micro-
scope and camera settings by using precise EB1 and tubulin con-
centrations, from the same aliquot in each case.

Microtubule Dynamics Microscopy and Analysis
Frozen extracts were thawed on ice and incubated with CHO cen-
trosomes, tetramethyl-rhodamine-tubulin, and Alexa488-labeled
6His-human EB1 protein in a final volume of 20 �l, with additives
accounting for �10% of the final reaction volume. Human EB1 was
added to a final concentration of 0.34 �M (total of Xenopus plus
human EB1 2.5�) or 1.72 �M (total of Xenopus plus human EB1

8.5�), as noted in Table 1. Coverslip squashes were made with 1.2
�l of the reaction and imaged immediately at a room temperature of
23°C. Time-lapse series were taken at 100�/1.4 numerical aperture
magnification on an upright E800 microscope (Nikon, Tokyo, Japan)
equipped with a CS10 spinning disk confocal head (PerkinElmer
Life Sciences, Boston, MA) and acquired digitally by an Orca ER
cooled charge-coupled device camera (Hamamatsu Photonics,
Bridgewater, NJ) by using MetaMorph software.

Microtubule dynamics was measured in the time-lapse images by
using the MetaMorph “track points” function, assigning the origin
to the centrosome. On paused microtubules with extensions, the
length was measured to the base of the extension. Coordinates were
entered into an Excel (Microsoft, Redmond, WA) spreadsheet, and
mean distance from the centrosome was calculated using X2 � Y2 �
Z2. Microtubule life-history tables and polymerization and depoly-
merization rates were plotted using CricketGraph (Computer As-
sociates, Islandia, NY). Rates that failed to fulfill R2 � 0.9 were
omitted from the analysis. Excel (Microsoft) was used for statistical
analysis of the microtubule dynamics parameters.

Fluorescence Recovery after Photobleaching of EB1
Extracts containing centrosomes, rhodamine-tubulin, and Alexa488-
labeled EB1 were prepared as described above. Photobleaching was
performed using a 25-ms exposure to a 100-mW, 488-nm beam from
an Ar-ion laser (Spectra Physics, San Jose, CA) expanded and fo-
cused by a 60�/1.4 Plan Apo objective on the field diaphragm of an
inverted TE300 microscope (Nikon). Epifluorescence images were
acquired with an Orca ER camera (Hamamatsu Photonics) by using
the MetaMorph software “stream acquisition” feature, which di-
rectly streams data to memory. For background subtraction, the
brightness of a 5 by 5 pixel area was integrated for the entire time
series, and three squares of the same size were subtracted from the
bleached spot as well as a control, nonbleached spot on the same
microtubule. To control for photobleaching from the mercury arc
lamp during image acquisition, a reference integrated brightness
value was obtained from three squares placed on fluorescent mi-
crotubules distant from the bleached spot (control nonbleached
spot). The value of the bleached spot was divided by the value for
the control nonbleached spot at each time point in the series, as was
done in Maddox et al. (2000). The time dependence of the bleached
signal was described by the function F � (FR � Fblch)(1 � e�kt) �
Fblch, where F is the fluorescence signal corrected for background
fluorescence, FR is the recovered fluorescence, k is fluorescence

Table 1. Microtubule dynamics in Xenopus egg extracts with endogenous and additional EB1

Parameter

CSF Interphase

1� EB1 2.5� EB1 8.5� EB1 1� EB1 2.5� EB1

Polymerization rate 10.0 (10.7–13.3) 8.7 (9.0–10.4) 10.4 (10.3–11.5) 6.4 (6.7–8.9) 14.1 (13.8–14.3)
Depolymerization rate 9.1 (9.2–11.2) 5.9 (4.3–8.1) n.a. 12.5 (10.5–18.4) 7.0 (4.3–9.8)
Catastrophe frequency 0.37 0.05 0 0.12 0.05
Rescue frequency 0.16 1.60 2.80 0.39 0.99
Time polymerizing, % 51 90 96 52 78
Time depolymerizing, % 19 3 0 5 1
Time pausing, % 30 6 3 43 21

Measurements were made during CSF arrest and interphase arrest. 1� EB1 refers to extract without added EB1, 2.5� EB1 refers to extract
with additional 0.34 �M EB1, and 8.5� EB1 refers to extract with additional 1.72 �M EB1. Rates of polymerization and depolymerization are
in microns per minute (with 95% confidence intervals). Frequencies of rescue and catastrophe are in events per minute. For CSF 1�, 76
microtubules were analyzed for 133 min; for CSF 2.5�, 131 microtubules were analyzed for 397 min; for CSF 8.5�, 114 microtubules were
analyzed for 341 min, for interphase 1�, 28 microtubules were analyzed for 101 min; and for interphase 2.5�, 27 microtubules were analyzed
for 61 min.
n.a., not applicable because no depolymerizations were observed.
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recovery constant, and Fblch is the fluorescence at the time of bleach-
ing (Bulinski et al., 2001). The t1/2 is calculated as ln(2)/k. The
average percentage of recovery (FR � Fblch)/(Fpreblch � Fblch), 70 �
25%, was similar for CSF and interphase extracts. The remaining
30% of fluorescence not recovered likely represents more stably
bound or nonexchangeable EB1. The large degree of variability in
fluorescence recovery after photobleaching (FRAP) half-lives in CSF
and interphase extracts (�50% in both cases) is consistent with
values found by other investigators (Olmsted et al., 1989; Maddox et
al., 2000; Bulinski et al., 2001).

Correlation of Comet Length and Polymerization
Rate: Regression Analysis
Sections of time lapses during which rates were stable for several
time points were chosen for a variety of microtubules on the same
coverslip. For this set of microtubules, comet spatial distribution
and temporal decay was determined by regression analysis by using
Kaleidograph (Synergy Software, Reading, PA).

Microtubule Copelleting and Pure Tubulin
Polymerization Assays
Binding of EB1 to in vitro-assembled microtubules was assayed in a
copelleting assay. Briefly, 300 nM EB1 was precleared by centrifu-
gation and incubated with Taxol-stabilized microtubules (Bristol-
Meyers-Squibb, New York, NY) in a titration from 0.05 to 10 �M for
15 min at 37°C. The reaction was pelleted at 60,000 rpm for 30 min
at 20°C in a TLA 100 rotor (Beckman Coulter, Fullerton, CA).
Pelleted proteins were resuspended in SDS-PAGE sample buffer
and analyzed by densitometry of a Coomassie-stained SDS-PAGE.
The Kd was determined from the best fit line.

A visual assay was used to test whether EB1 could enhance the
polymerization of microtubules in vitro. GMPCPP microtubule
seeds (brightly labeled using twice-cycled tubulin in a ratio of 1:3
X-rhodamine–labeled tubulin to unlabeled tubulin, polymerized
with 1 mM GMPCPP (Hyman et al., 1992), pelleted, and resus-
pended in BRB80) were used to nucleate the polymerization of
microtubule extensions (dimly labeled using twice-cycled tubulin in
a ratio of 1:22 X-rhodamine–labeled tubulin to unlabeled tubulin) at
a tubulin concentration of 20 �M in BRB80 with 1 mM GTP, 1 mM
dithiothreitol, 100 mM NaCl, and 100 ng/�l EB1 protein or control
buffer. At 2, 4, and 6 min, microtubules were fixed with 0.2%
gluteraldehyde in BRB80/64% glycerol, imaged immediately, and
the lengths of the dim extensions were measured using MetaMorph
software. Mean lengths were similar in the presence and absence of
EB1 (n � 65–272 microtubules for each condition).

RESULTS

Immunodepletion of EB1 from Xenopus Egg Extracts
Before manipulating the levels of EB1 in Xenopus egg ex-
tracts, we determined the endogenous level of EB1 in the
extracts in comparison with known amounts of bacterially
expressed EB1. The amount of EB1 in both CSF and inter-
phase extracts was �8 ng/�l (�0.27 �M), almost 100-fold
less than the amount of endogenous tubulin (18 �M; Parsons
and Salmon, 1997) (Figure 1a; our unpublished data). Using
a mAb generated against human EB1, we were able to
immunodeplete �95% of detectable EB1 from the extracts
(Figure 1b; our unpublished data). Depletion of EB1 from
both CSF and interphase extracts also removed several EB1-
interacting proteins from the extracts (Figure 1c). These were
identified by LC/MS as components of cytoplasmic dynein
and the dynactin activator complex. The interaction between
EB1 and dynein/dynactin seemed to be mediated by the

p150glued component of dynactin, because EB1 bound di-
rectly to p150glued in a blot overlay assay (Figure 1d). Al-
though substantial amounts of dynein/dynactin bound EB1,
at least 50% of p150glued remained in the extract, as deter-
mined by Western blotting (our unpublished data). By West-
ern blotting, we did not detect APC in the EB1 immunopre-
cipitates (our unpublished data).

EB1 Is a Major Regulator of Microtubule Dynamics
To test the role of EB1 in microtubule dynamics, we first
assayed microtubule length at fixed time points in Xenopus
egg extracts, by using CHO centrosomes to nucleate micro-
tubules and rhodamine-labeled tubulin to visualize asters.
As shown in Figure 1, e and f, asters in EB1-immunode-
pleted CSF extracts were barely visible due to their small
diameter, whereas mock-depleted extracts were competent
to nucleate large asters. The mean aster radius was 2.7 � 1.1
�m in EB1-depleted extracts (n � 83), compared with 14.2 �
5.3 �m in mock-depleted extracts (n � 113), a 5.3-fold dif-
ference (3–5-fold greater aster radii in EB1-depleted vs.
mock-depleted extracts was confirmed in three additional
experiments). In contrast, depletion of EB1 from interphase
extracts did not reduce microtubule length (Figure 1, g and
h). In interphase extracts, mean aster radius was 7.9 �m in
both EB1 (n � 20; SD � 2.0) and mock-depleted extracts (n �
28; SD � 2.1) (similar mean aster radii were confirmed in
EB1-depleted vs. mock-depleted extracts in three additional
experiments). Thus, EB1 immunodepletion substantially re-
duced microtubule length in CSF but not interphase extracts.

To test whether the effect we saw on microtubule length
was due to depletion of EB1 rather than partial depletion of
dynein/dynactin or another protein, we added back human
EB1, expressed and purified from Escherichia coli, to near
endogenous levels (0.23 �M). Human EB1 was used because
we were unable to successfully clone Xenopus EB1 for these
studies. As shown in Figure 1, i–l, the microtubule length
reduction caused by EB1 depletion was fully complemented
by the readdition of EB1 to the extracts. Readdition of EB1 to
the EB1-depleted extracts increased aster radius 4.9-fold,
returning them to the size typical of asters in mock-depleted
extracts. Doubling the amount of EB1, by adding EB1 to
mock-depleted extracts, resulted in further lengthening of
microtubules, increasing aster radius 2.3-fold (n � 104 mea-
surements in two independent experiments). The results
described here were also true for the Alexa488-labeled hu-
man EB1 used for subsequent fluorescence microscopy stud-
ies (our unpublished data). These assays indicate that EB1
was the critical component for microtubule stability re-
moved by the immunoprecipitation.

EB1 Is an Antipause, Anticatastrophe Factor
Because the fixed time-point assays showed a dramatic effect
of EB1 on microtubule length, we proceeded to analyze life
histories of individual microtubules to determine which pa-
rameters of dynamic instability were modified by EB1. Mi-
crotubules in EB1-depleted extracts were too short to mea-
sure reliably, so for CSF extracts, we compared endogenous
levels of EB1 with two concentrations of added EB1. On the
basis of our stoichiometry analysis, these corresponded to
1� (endogenous EB1 only), 2.5� (endogenous plus 0.34 �M
EB1), and 8.5� (endogenous plus 1.7 �M EB1). We found a
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dose-response effect of EB1 on parameters of microtubule
dynamic instability (Table 1). These included a decrease in
the catastrophe frequency (from 0.4/min for endogenous to
0.1/min for 2.5� and 0/min for 8.5�), and an increase in the
rescue frequency (from 0.2/min to 1.6/min and 2.8/min).
The polymerization rate was essentially unaffected, whereas
the depolymerization rate was slowed from 9.1 to 5.9 �m/
min. Of note, we did find significant variation in polymer-
ization rates among microtubules within the same extract
preparation, and for a single microtubule during its lifetime.
Pause time (lack of statistically significant polymerization or
depolymerization �3–4 data points) was also decreased in
the presence of excess EB1 (from 30 to 6 to 3%). This number
may underestimate the pause frequency, because micro-
pauses of 5 s or less would not be counted in this analysis.

This combination of changes led to an increase in the time
spent polymerizing (from 51 to 91 to 96%) and a reduction in
the time spent depolymerizing (from 19 to 3 to 0%). The 5-s
recording interval we used may have made our measure-
ments insensitive either to numerous microexcursions or
brief pauses, but the dose-response relationship we ob-
served suggests that we were recording enough of each type
of dynamic instability state to measure a true biological
effect. The net result of EB1 addition was to decrease
catastrophe frequency and pause time, to increase rescue
frequency and polymerization time, and to slow depoly-
merization rate, effects that together stabilized microtu-
bules.

For interphase extracts, similar effects of EB1 addition
were observed. Addition of the highest EB1 concentration

Figure 1. EB1 stabilizes microtu-
bules in Xenopus egg extracts. (a)
Determination of EB1 concentra-
tion in extracts. Anti-EB1 Western
blot shows a titration of known
input amount of bacterially ex-
pressed EB1 vs. a known volume
of extract. We estimated the con-
centration of EB1 in extracts to be
�8 ng/�l. (b) EB1 can be immu-
nodepleted from extracts. Anti-
EB1 Western blot of CSF and
interphase extracts mock immu-
nodepleted using mouse IgG or
immunodepleted of EB1 show
�95% removal of EB1 protein. (c)
Coomassie-stained gel of proteins
eluted from the EB1 immunopre-
cipitation. Identities of the eluted
proteins were determined by LC/
MS of bands cut from the gel and
were independently established
by Western blotting. Dynein
heavy chain (DHC), p150glued

(glued), dynein IC (DIC),
p50dynamitin (p50), arp1/centractin
(arp1), and EB1 were present in
the EB1 but not the mock immu-
noprecipitation. The immunopre-
cipitating antibody heavy chains
(HC) and light chains (LC) are in-
dicated. (d) EB1 and mock immu-
noprecipitations probed with bio-
tinylated EB1 show direct binding
of EB1 to the p150glued dynactin
component. The band marked
“glued” was identified as biotin-
ylated EB1 bound to 150glued be-
cause it exactly comigrated with a
p150glued band from the EB1 im-

munoprecipitation, run on a different portion of the same gel and directly stained with Coomassie as in c. The lower intensity bands near
the p150glued band have not been characterized. (e–h) Immunodepletion of EB1 results in shorter microtubules in CSF but not interphase,
extracts. Representative centrosome-nucleated asters were visualized by rhodamine-tubulin fluorescence in mock-immunodepleted and
EB1-immunodepleted crude extracts (see MATERIALS AND METHODS). (e and f) CSF extracts. (g and h) Interphase extracts. (e and g) Mock
immunodepletion. (f and h) EB1 depletion. The CSF and interphase experiments are separate experiments and are not directly comparable.
See text for quantitation. (i and l) Readdition of EB1 to depleted CSF extracts reveals the importance of EB1 for microtubule stability.
Examples of centrosome-nucleated asters visualized by rhodamine-tubulin fluorescence are shown; separate experiments show add-back of
EB1 to mock depleted and EB1-depleted extracts. These experiments are separate from the experiments in e and f and are not directly
comparable because different extract preparations varied slightly in their abililty to form asters. (i) Mock depletion, no EB1 add-back. (j) EB1
depletion, no EB1 add-back. (k) Mock depletion, EB1 add-back. (l) EB1 depletion, EB1 add-back. See text for quantitation. Bars, 10 �m.
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(8.5�) produced severe microtubule bundling that prohibited
reliable tracking of individual microtubules. Similar bundling
has been observed using overexpressed protein in interphase
tissue culture cells (Bu and Su, 2001). We were, however, able
to measure microtubule dynamics in unmodified extracts vs.
extracts with addition of EB1–2.5�, although we did so for
fewer microtubules than for the CSF arrest. Essentially, the
effects of EB1 addition on catastrophe and rescue frequencies,

depolymerization rate, and time distribution were similar to
those seen in CSF extracts. The one significant difference was
that in interphase extracts, EB1 increased the polymerization
rate from 6.4 to 14 �m/min. Thus, although immunodepletion
of EB1 from interphase extracts did not dramatically reduce
microtubule length, EB1 addition decreased catastrophes and
pauses, increased rescues and polymerization, and increased
polymerization rate.

Figure 2. EB1 localization varies with cell cycle and microtubule polymerization status. (a) EB1
localizes uniformly along the lengths of microtubules in interphase extracts. Tubulin fluorescence
and EB1 fluorescence on a centrosome-nucleated aster assembled in an interphase extract are shown,
with the corresponding line scans of the microtubule indicated by the arrows (tubulin in red; EB1 in
green). (b) EB1 localizes both along the sides and as a comet at the tips of polymerizing microtubules
in CSF-arrested extracts. Tubulin fluorescence and EB1 fluorescence on a centrosome-nucleated aster
assembled in a CSF extract are shown, with the corresponding line scans of the microtubule
indicated by the arrows (tubulin in red; EB1 in green). For this line scan, the y-axes for tubulin
fluorescence (left) and EB1 fluorescence (right) were plotted separately to emphasize the approxi-
mately fourfold difference in EB1 intensity between the microtubule tip and the wall. In both a and
b, the line scan extends beyond the microtubule end, and EB1 fluorescence drops to background
level. (c) Correlation between microtubule dynamic instability and comet appearance. One example
of EB1 fluorescence on microtubules nucleated from a centrosome in CSF extracts is shown from a

time lapse taken at 1.5-s intervals. Microtubule polymerization, pausing, and depolymerization are indicated. A different microtubule
undergoing polymerization and depolymerization is illustrated in a kymograph. The position of the centrosome and microtubule end is
indicated. Note the appearance of the EB1 comet during polymerization and its disappearance during pausing and depolymerization. The
images are scaled and contrast enhanced to show the low level EB1 fluorescence along the microtubule length. Bars, 10 �m.
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EB1 Localization on Microtubules Is Cell Cycle
Regulated in Xenopus Egg Extracts
To determine its localization, we added EB1 that was di-
rectly labeled with the Alexa488 fluorophor to Xenopus egg
extracts, during interphase and CSF arrest (Figure 2, a and
b). We saw a dramatically different pattern of localization
under these two conditions. In CSF extracts, EB1 localized in
a bright comet-shaped streak at the plus ends of polymer-
izing microtubules, and in a fainter signal along the walls1 of
all microtubules (Figure 2b). Of note, the level of EB1 we
added was low enough that the fluorescence on the micro-
tubule was somewhat speckled rather than completely uni-
form. The peak intensity of the comet was 4 � 2-fold
brighter than the microtubule wall (n � 36). When a micro-
tubule plus end underwent a catastrophe, the EB1 comet
was lost, whereas the faint uniform signal on the wall per-
sisted unchanged in intensity. During microtubule pauses,
loss of the EB1 signal occurred coincident with the pause,
but occasionally preceded or followed it (an example of the
former is seen in Figure 2c). These localization characteris-
tics are illustrated in Figure 2, c and d. In the CSF extract
system, free microtubules were released from centrosomes
and nucleated spontaneously, as visualized by EB1 fluores-
cence. In cases where both ends of a free microtubule were
visible, we did not see EB1 comets at the minus end (polarity
was inferred from the presence of dynamic instability, ab-
sent from minus ends in Xenopus egg extracts; Gard and
Kirschner, 1987; Parsons and Salmon, 1997). The bright EB1
fluorescence at the centrosome is therefore likely to be due to
labeling of the plus ends of very short microtubules or of the
centrosome itself, rather than microtubule minus ends.

In extracts made from interphase-arrested eggs, we saw a
dramatically different pattern of EB1 localization. EB1 was
distributed uniformly along the entire length of the micro-
tubule, with occasional speckles visible (Figure 2a). This
pattern persisted even when we lowered the concentration
of added EB1 to 25% of that used in CSF extracts (our
unpublished data). In addition to differing from the local-
ization seen in CSF extracts, this localization differs from the
comet-like pattern that others and we have seen in inter-
phase tissue culture cells. Moreover, the difference was more
dramatic in arrested extracts than in extracts traversing the
cell cycle after addition of calcium (Tirnauer and Grego,
unpublished data). Compared with the intensity of EB1 on
microtubule walls in CSF extracts, the intensity of EB1 flu-
orescence on interphase microtubules was 3 � 2-fold
brighter (n � 32). Consistent with greater EB1 binding, the
EB1 speckles were less pronounced on microtubules in in-
terphase extracts than on microtubules in CSF extracts, for
the same concentration of EB1 added and the same exposure
time (the contrast of fluorescent speckles decreases with
higher concentrations of bound fluorescent protein; Water-
man-Storer and Salmon, 1999). Comparison of the CSF and

interphase image intensities shows that the brightest signal
on the CSF comets was similar to the uniform wall signal on
interphase microtubules. Thus, the ratio of EB1 tip to wall
binding in CSF extracts was due to a reduction in microtu-
bule wall binding rather than to an increase in microtubule
tip binding.

EB1 Binds to Microtubule Plus Ends and Walls by
Separate Mechanisms
The differences in the spatial distribution of EB1 along the
lengths of microtubules in CSF extracts and in the pattern of
EB1 distribution between CSF and interphase arrest sug-
gested different mechanisms of EB1 binding. We addressed
these microtubule wall vs. tip-binding mechanisms sepa-
rately. First, to probe the dynamics of EB1 binding to the
walls of intact microtubules, we performed FRAP experi-
ments on Alexa488-EB1 protein bound to microtubule walls.
We added equal amounts of labeled EB1 to microtubule
asters in CSF- and interphase-arrested extracts and used a
focused laser to bleach a spot of EB1 fluorescence on a
microtubule wall. We recorded recovery of fluorescence, as
EB1 with bleached fluorophors dissociated and EB1 with
unbleached fluorophors associated with sites on the micro-
tubule wall. In both cell cycle arrest states, we found rapid
recovery of the majority of EB1 fluorescence (to 70%; see
MATERIALS AND METHODS). However, as shown in Fig-
ure 3, there was a significant difference between the two cell
cycle states, with a recovery half-life of 3.6 � 2.4 s in CSF
extracts (n � 21) and 12.0 � 6.5 s in interphase extracts (n �
21). EB1 thus bound to the walls of intact microtubules by a
microtubule polymerization-independent mechanism, with
exchange occurring more rapidly at binding sites on the
microtubule during CSF arrest. Because the change in
steady-state binding between CSF and interphase (threefold
greater in interphase) was similar to the change in dissoci-
ation rate inferred from the FRAP experiments (threefold
slower dissociation in interphase), we conclude that EB1
most likely has the same effective concentration and associ-
ation rate in CSF arrest and interphase and that the different
targeting is regulated only by the dissociation rate.

To test whether EB1 dissociation from the polymerizing
microtubule end was similar to dissociation from the wall,
we measured the decay of EB1 fluorescence over time. Flu-
orescence intensity at a single point on the microtubule wall
was measured in sequential frames of a time-lapse series
(Figure 4). When we analyzed fluorescence intensity vs.
time, we found a close fit to an exponential decay, with a
half-life of 2.6 � 1.5 s (n � 34), close to the value of 3.6 s
measured by FRAP for EB1 dissociation half-life from the
microtubule wall (Figure 4). This time-based analysis indi-
cated that once EB1 bound the microtubule tip, it dissociated
with first order rate kinetics. If polymerization rate were
constant, a line scan along the comet, representing the dis-
tribution of EB1 in space, would also be expected to fit an
exponential. When we plotted the intensity of EB1 fluores-
cence along the length of the comet, we found a less robust
decay curve, and we measured a half-length of the comet of
0.7 � 0.3 �m (n � 32) (Figure 4). Of the two values, the
temporal decay fits better with the mean polymerization rate
of 10 �m/min. The spatial decay curve may be affected by
variable polymerization rates of the microtubule and non-

1 “Older microtubule lattice” and “newer lattice” are technically
more accurate. We do not mean to imply that EB1 interacts
exclusively with the ultimate sheet of protofilaments on the
microtubule plus end, but rather the region near the end com-
posed of newly polymerized subunits. We use “microtubule
plus end or tip” and “microtubule wall” herein for convenience.
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uniformity of EB1 binding to the microtubule wall, so we
believe the temporal decay rate gives a more accurate de-
scription of EB1 dissociation. Using the temporal decay rate,
we conclude that EB1 dissociates from newly polymerized
(tip) and older lattice (wall) at similar rates, and thus that the
same process is probably rate limiting. In contrast, EB1
seems to use different binding mechanisms at the microtu-
bule tip vs. the wall.

We were unable to directly assess the fluorescence recov-
ery of EB1 in the comets at microtubule tips, due to the rapid
microtubule polymerization rate. We were, however, able to
ask whether EB1 underwent transport along the microtu-
bule. We used the appearance of fluorescent protein speck-
les and intervening gaps created by inhomogeneities in the
binding of fluorescent EB1 to the microtubule tip and wall
(Waterman-Storer et al., 1998; Waterman-Storer and Salmon,
1999). Time-lapse analysis of these speckles demonstrated
that EB1 remained static within the comet, rather than mov-
ing toward the tip (for example, Figures 2, c and d, and 3). In
many cases, fiduciary marks of EB1 fluorescence remained
for approximately 4 to 5 s before disappearing, consistent
with the EB1 dissociation half-life measured by FRAP. This
speckle analysis eliminates transport of EB1 as a mechanism
of accumulation or depletion at the microtubule end.

Curved Filaments at Microtubule Plus Ends, Visible
by EB1 Fluorescence, Appear during Pauses in
Microtubule Polymerization
While tracking microtubule dynamic instability, we fre-
quently saw pauses in polymerization lasting for several

seconds, without a transition to depolymerization. Such
pauses have been observed by others in vivo and in vitro
(Walker et al., 1988; Tirnauer et al., 1999; Davis et al., 1993;
Grego et al., 2001; Rusan et al., 2001), but their origins are
obscure. On pausing microtubule ends visualized by EB1
fluorescence, the high signal-to-background ratio of EB1
binding allowed visualization of a novel structure not pre-
viously reported: curved filamentous extensions with the
intensity expected for EB1 bound to a few tubulin protofila-
ments (Figure 6). The extensions appear to contain tubulin,
although our images do not allow us to conclude this un-
equivocally (Figure 6b). The lengths of the filaments were
variable, extending up to several microns in length (Figure
6c). They consistently curved outwards from the microtu-
bule tip, with a curvature radius on the order of 1 �m
(Figure 6a). They occasionally polymerized, depolymerized,
and, most strikingly, they were often observed to break off
the microtubule, at which point the microtubule immedi-
ately commenced polymerization at near constant velocity.
Thus, loss of these extensions correlated with bursts of po-
lymerization. These observations suggest that formation of
curved filaments at the microtubule tip contributed to non-
productive polymerization, perhaps by stabilizing a small
group of protofilaments unable to undergo tubule closure,
leading to microtubule pauses.

In Vitro, EB1 Binds Weakly to Purified
Microtubules
We wished to determine whether the effect of EB1 on mi-
crotubules was direct or mediated by another factor. To

Figure 3. EB1 fluorescence recov-
ery after FRAP reveals rapid turn-
over of EB1 on microtubule sides.
Alexa488-EB1 was added to the ex-
tract and laser photobleaching of the
microtubule (bleach site marked by
an arrowhead) was done during a
digital stream acquisition of 1.2
s/frame. (a) Fluorescence recovery
on a microtubule in CSF extract. The
bleach mark is visible in the third
frame. (b) Fluorescence recovery on
a microtubule in an interphase ex-
tract. The bleach mark is visible in
the second frame. In both montages,
the 50 frames shown represent 60 s.
(c) Graphic depiction of the recovery
half-lives for microtubules in CSF
(green bars, n � 21) and interphase
(blue bars, n � 21) extracts, with
percentage of microtubules per re-
covery time shown for both condi-
tions. The mean recovery half-life
was 3.6 � 2.4 s for CSF extracts and
12.0 � 6.5 s for interphase extracts.
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investigate this question, we tested whether EB1 could bind
pure tubulin microtubules in a copelleting assay. As shown
in Figure 7, bacterially expressed and purified EB1 bound to
Taxol-stabilized microtubules assembled from bovine brain
tubulin with a KD of �0.5 �M. This weak binding value is
within the range previously reported (Berrueta et al., 1998)
and consistent with our observation by FRAP that EB1
bound to the wall lattice of polymerized microtubules. To
directly visualize the binding of EB1 to microtubules, we
incubated Alexa488-labeled EB1 protein with X-rhodamine–
labeled microtubules and imaged them by spinning disk
confocal microscopy. Using this method, we saw faint bind-
ing along the lengths of microtubules but no specific binding
to either end of the microtubule (our unpublished data). As
has been described previously (Nakamura et al., 2001), we
did not find gross effects of EB1 on microtubule polymer-
ization by using pure EB1 and tubulin in vitro.

DISCUSSION

EB1 Is a Major Microtubule Stabilizer in Xenopus
Egg Extracts
Using a combination of immunodepletion and protein ad-
dition, we observed a major role for EB1 in regulating mi-
crotubule dynamic instability in Xenopus egg extracts. The
reduction of microtubule length in CSF extracts depleted of
EB1, compared with interphase, suggested EB1 may be more
critical for microtubule stability during mitotic states than in
interphase states. EB1 may be rate limiting for microtubule
stabilization in CSF but not interphase, or, although un-
likely, human EB1 (added back) may be more active than
Xenopus EB1 (depleted) in the aster formation assay. Read-
dition of EB1 protein restored microtubule length in these
depleted CSF extracts, implicating EB1, rather than the code-
pleted dynein/dynactin components, in stabilizing microtu-
bules. The small size of asters upon EB1 depletion precluded
us from asking whether EB1 protein depletion and EB1
protein addition produced exactly opposite effects. Addition
of EB1 to undepleted extracts revealed a dose-dependent
ability of EB1 to reduce pauses and catastrophes and to
increase rescues, effects remarkably similar to those found in
budding yeast (Tirnauer et al., 1999), except that the effects in
yeast predominated during G1.

The highly conserved effects of EB1 on microtubule sta-
bility from yeast to mammals suggests a central role for EB1
in regulating microtubules (Tirnauer et al., 1999). We suggest
that EB1, in addition to XMAP-215 and XKCM1, makes a
major contribution to microtubule dynamics in Xenopus egg
extracts, with the effect most pronounced during mitosis. It
will be interesting to see how these regulators interact with
each other. Like XMAP-215, EB1 may counteract the catas-
trophe-promoting activity of XKCM1. But EB1 lacks the in
vitro activity seen for XMAP-215, so its effect on microtubule
dynamics is likely to be indirect. Perhaps XMAP-215 in
extracts is modified by EB1, although we did not find a
physical interaction between EB1 and XMAP-215 in our

Figure 4. EB1 fluorescence inten-
sity on polymerizing microtubule
ends decays exponentially with
time, consistent with a first order
dissociation reaction. (a) Example
of the fluorescence decay of Al-
exa488-EB1 at a single point on the
microtubule over time. The image
above the example shows the mea-
surement axis (arrow indicates di-
rection of measurement). The mean
calculated decay half-time was
2.6 � 1.5 s (n � 34). (b) Example of
the fluorescence distribution of Al-
exa488-EB1 along the length of the
microtubule at a single point in
time. The microtubule is oriented
with the distal ends facing toward
the right (image above the example
shows measurement axis, with ar-
row in direction of measurement).
The mean calculated half-length of
the comet was 0.7 � 0.3 �m (n � 32).

Figure 5. EB1 binding to microtubule walls and plus ends by
separate mechanisms, with constant dissociation, would produce
the observed localization pattern. Microtubule wall binding (verti-
cal arrows) is in a steady state with dissociation, producing a faint
uniform localization pattern. Near the polymerizing plus end, an
additional targeting mechanism occurs (horizontal arrows), either
by EB1 copolymerization with tubulin or by its recognition of a
structural or chemical property of the end, which allows accumu-
lation of EB1 in excess. Dissociation shapes the tail of the comet. The
excess accumulation of EB1 as a comet shape predominates during
CSF arrest.
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immunoprecipitations. Alternatively, the in vitro reconstitu-
tion system may have been more similar to an interphase
than a mitotic-like state.

In the Xenopus egg extract system, the highest stoichiom-
etry binding partners for EB1 during M phase and inter-

phase were members of the dynein and dynactin complexes,
mediated by direct binding between EB1 and the p150glued

component of dynactin. In contrast, a functional rather than
a physical interaction between the homologues of EB1 and
dynein/dynactin has been shown in budding yeast. Yeast

Figure 6. EB1 fluorescence reveals filamentous extensions on pausing microtubules. (a) Montage of filamentous extensions at the ends of
microtubules in Xenopus egg extracts, visualized by Alexa488-EB1 fluorescence. The typical radius of curvature is �1 �m. (b) The extensions
probably contain tubulin. For the same microtubule imaged by Alexa488-EB1 and rhodamine-tubulin fluorescence, the filamentous extension
is barely visible by tubulin fluorescence. (c) Rarely, extensions bifurcated and/or elongated for several microns. Frames from a time lapse of
EB1 fluorescence (interval 5 s) reveal a bifurcating extension that grew several microns. (d) Typically, presence of the extensions correlated
with microtubule pausing, and loss of the extension by breakage was followed by the abrupt onset of microtubule polymerization. Frames
from a time lapse of EB1 fluorescence (interval 5 s) show a microtubule that on two separate occasions paused with a protofilament extension
(brackets). Loss of the protofilament extension was associated with polymerization, and during the second polymerization burst a piece of
the detached extension can be seen beside the polymerizing microtubule. Bars, 2 �m.
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EB1 and dynein/dynactin homologues both play roles in
positioning the mitotic spindle, but they act in separate
genetic pathways that seem to confer end-on microtubule
attachment and sideways microtubule sliding along the bud
cortex, respectively (Adames and Cooper, 2000; Schuyler
and Pellman, 2001b). The discrepancy between the physical
interaction in higher eukaryotic cells compared with the
genetic interaction in budding yeast remains to be resolved.

Does EB1 Stabilize Protofilament Extensions?
In addition to demonstrating the effects of EB1 on microtu-
bule dynamics in higher eukaryotes, our assays begin to
suggest how these effects might be achieved. EB1 fluores-
cence revealed the appearance of loosely curved filamentous
extensions on pausing microtubules. Loss of the extensions,
often by breakage, correlated with the abrupt onset of poly-
merization, suggesting that the extensions were nonproduc-
tive for polymerization, yet nonpermissive for depolymer-
ization. These extensions differed in radius of curvature by
�2 orders of magnitude from the 25-nm-diameter curls of
individual GDP tubulin protofilaments induced during the
depolymerization phase of microtubule dynamic instability
(Mandelkow et al., 1991; Desai et al., 1999b; Tran et al., 1997;
Arnal et al., 2000), and although we occasionally saw forked
extensions, there was usually one, and never more than two
per microtubule end. Colocalization with tubulin fluores-
cence suggested that these extensions contained tubulin pro-
tofilaments (the fluorescence was too weak to conclude un-
equivocally that these structures were present in the absence
of EB1). These characteristics are consistent with small
groups or pairs of laterally connected protofilaments extend-
ing from the microtubule plus end. Based on models corre-
lating microtubule tip width with longitudinal curvature
(Janosi et al., 1998), the extensions may be composed of many
protofilaments. Their outward curl would make tubule clo-
sure nearly impossible, but their breakage might result in a
shorter, unrolled sheet of protofilaments able to undergo
tubule closure and polymerization. We do not know how
these extensions are affected by EB1, but our observations
that EB1 reduces microtubule pausing and increases rescues
implies that EB1 might bias an equilibrium away from a

pause configuration toward polymerization. This might be
achieved by reducing the length or outward curl of these
structures. Such effects could be achieved by enhancing
lateral interactions among protofilaments, among other pos-
sibilities.

EB1 Localizes Differently during CSF and
Interphase Arrest
In CSF Xenopus egg extracts, EB1 localized dimly along all
microtubule walls, with an intense comet only on polymer-
izing microtubule ends. In contrast, in interphase extracts,
EB1 fluorescence was intense along the entire microtubule.
This cell cycle difference in EB1 localization deviates from
what was seen by ourselves and others in tissue culture
cells—comets on all polymerizing microtubule plus ends
throughout the cell cycle. However, we did find comets to be
shorter in mitotic tissue culture cells than in interphase cells
(Tirnauer and Mitchison, unpublished data). Additionally,
the cell cycle difference in Xenopus egg extracts was much
more prominent during complete cell cycle arrest than when
EB1 was imaged over the course of an activated extract
cycle. Thus, we favor the interpretation that the inhibition of
cyclin B synthesis during the prolonged interphase arrest
altered the tubulin-microtubule equilibrium or the kinase-
phosphatase balance more severely than occurs in cycling
cells, accentuating a subtle change in targeting patterns of
EB1 between interphase and mitosis. Interestingly, uniform
binding of EB1 along the entire microtubule was observed in
tissue culture cells after taxol treatment and on nocodazole-
resistant microtubules in interphase cells (Tirnauer and
Mitchison, unpublished data). Consistent with the ability to
bind the microtubule wall independent of polymerization
status, EB1 displayed a weak, micromolar binding affinity
for purified microtubules in our copelleting assay.

EB1 Binds to Polymerizing Microtubule Plus Ends
and along the Microtubule Wall, Coupled to Rapid
Dissociation Throughout
In forming a comet shape, EB1 behaves similarly to the other
microtubule plus end tracking proteins, or �tips (Schuyler
and Pellman, 2001a). From our localization and FRAP ex-
periments, it seems that EB1 binds to microtubules by two
mechanisms, one specific to polymerizing plus ends and one
occurring along the length of the microtubule wall. Possible
mechanisms for enhanced binding to polymerizing micro-
tubule ends include copolymerization with tubulin, trans-
port of EB1 to the microtubule end, or enhanced binding to
a structural (such as the unrolled sheet) or chemical (such as
the GTP cap) property of the microtubule end (horizontal
arrows in Figure 5). Our speckling data showing that EB1
remained static with respect to the comets rules out the
possibility that EB1 is transported along the microtubule.
Although our data do not distinguish among the other pos-
sibilities, we saw very little tubulin monomer in our EB1
immunoprecipitations. Thus, we currently favor the idea
that EB1 recognizes a property of polymerizing microtubule
ends. The best characterized protein with regard to micro-
tubule plus end binding, CLIP-170, is thought to copolymer-
ize with tubulin, based on binding to tubulin dimers and
localization patterns (Diamantopoulos et al., 1999). Because
EB1 is �1/100 of the tubulin concentration in egg extracts,

Figure 7. EB1 interacts with pure microtubules. Dissociation con-
stant for EB1 binding to taxol-stabilized microtubules was calcu-
lated by best fit line to the data from an in vitro EB1-microtubule–
copelleting experiment (see text for details).
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EB1 may generate comets by a different mechanism from
CLIP-170.

Regarding the binding to microtubule walls, straightfor-
ward comparisons of our FRAP data and relative brightness
analysis indicate that the on rate of EB1 for microtubules and
the number of EB1 binding sites is relatively constant during
interphase and CSF arrest (Figure 5, vertical arrows). The
fraction of bound sites, in contrast, seems to be less during
CSF arrest, and this is likely due to the threefold faster
dissociation rate. The slower dissociation rate of EB1 from
interphase microtubules predicts the higher steady-state flu-
orescence intensity, representative of EB1 concentration, on
these microtubules. EB1 shares slower dissociation during
interphase with several other microtubule-binding proteins
(Bulinski et al., 2001).

Because at one point in time, every region of the micro-
tubule was transiently the plus end, generation of the comet
shape requires not only enhanced binding to the end, but
also continuous dissociation distally. Our fluorescence re-
covery analysis of microtubule wall binding, compared with
fluorescence decay over time analysis of EB1 in the comet,
give similar half-lives of dissociation on the order of a few
seconds. It is therefore likely that the mechanism of EB1
dissociation is similar along the entire length of the micro-
tubule, including the end (Figure 5, vertical arrows). Similar
dissociation rates from the microtubule wall and the end
predict that the length of the comet should correlate with the
polymerization rate. We found a moderate correlation be-
tween polymerization rate and comet size, but the best fit to
a first order dissociation curve was found when we analyzed
the decay of fluorescence at a single point in the comet over
time. This result is somewhat similar to the exponential
decay seen in actin comet tails, where the net actin polymer-
ization rate is constant and exponential decay is superim-
posable in space and time (Theriot et al., 1992). In EB1
comets, the additional phenomena of variable polymeriza-
tion rates and microexcursions, as well as rebinding to intact
microtubules, created a more complex situation where the
temporal decay at a single point produced a simple expo-
nential, but the spatial distribution at a single time revealed
these additional phenomena. The faster dissociation during
mitosis remodels EB1 into comets at microtubule ends, an
ideal pattern for microtubule end-specific recognition by
other proteins in mitotic cells such as kinetochores and
polarity determinants.
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