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Microtubule dynamics are regulated by plus-end tracking proteins (�TIPs), which bind microtubule ends and influence
their polymerization properties. In addition to binding microtubules, most �TIPs physically associate with other �TIPs,
creating a complex web of interactions. To fully understand how �TIPs regulate microtubule dynamics, it is essential to
know the intrinsic biochemical activities of each �TIP and how �TIP interactions affect these activities. Here, we describe
the activities of Bim1 and Bik1, two �TIP proteins from budding yeast and members of the EB1 and CLIP-170 families,
respectively. We find that purified Bim1 and Bik1 form homodimers that interact with each other to form a tetramer. Bim1
binds along the microtubule lattice but with highest affinity for the microtubule end; however, Bik1 requires Bim1 for
localization to the microtubule lattice and end. In vitro microtubule polymerization assays show that Bim1 promotes
microtubule assembly, primarily by decreasing the frequency of catastrophes. In contrast, Bik1 inhibits microtubule
assembly by slowing growth and, consequently, promoting catastrophes. Interestingly, the Bim1-Bik1 complex affects
microtubule dynamics in much the same way as Bim1 alone. These studies reveal new activities for EB1 and CLIP-170
family members and demonstrate how interactions between two �TIP proteins influence their activities.

INTRODUCTION

The microtubule cytoskeleton is essential for a variety of
cellular processes that influence cell shape and organization,
as well as chromosome segregation during mitosis. In most
dividing cells, polarized microtubule arrays are arranged
with their minus ends located at the microtubule organizing
center, whereas their plus ends extend out in the cytoplasm.
Microtubule plus ends alternate rapidly between states of
polymerization and depolymerization in a process known as
dynamic instability (Desai and Mitchison, 1997). This pro-
cess is central to the biological function of microtubules,
allowing them to probe the cell for specific targets such as
kinetochores and cortical sites. A central question in biology
is how the dynamics of microtubule plus ends are precisely
regulated to achieve the correct configuration of microtubule
arrays.

Microtubule dynamics are regulated, in large part, by a
group of proteins known as plus end tracking proteins
(�TIPs) because they associate with growing microtubule
plus ends (Schuyler and Pellman, 2001; Lansbergen and
Akhmanova, 2006; Howard and Hyman, 2007; Akhmanova
and Steinmetz, 2008). A number of �TIPs families have been
identified and these are evolutionarily conserved from yeast
to humans. Interestingly, most �TIPs have the ability to
physically associate with a number of other �TIPs, creating

a complex web of interactions (Akhmanova and Hoogen-
raad, 2005; Akhmanova and Steinmetz, 2008). These inter-
actions likely play important roles in integrating �TIP ac-
tivities at the microtubule plus end.

A complete understanding of how �TIPs regulate micro-
tubule dynamics will require knowledge of the intrinsic
biochemical activities of each �TIP and how �TIP interac-
tions affect these activities. �TIPs can influence microtubule
turnover through a variety of methods, such as altering the
rate of polymerization or depolymerization, or the fre-
quency of transitions between assembly and disassembly.
However, for most �TIPs, the mechanisms by which they
exert their influence are not yet clear. This information is
difficult to obtain from in vivo loss-of-function (mutation or
depletion) experiments, because loss of a targeted �TIP may
decrease the activity of other �TIPs that rely on it for local-
ization or increase the activity of other �TIPs that compete
with it for access to microtubule plus ends. Therefore, deci-
phering �TIP activities through in vitro experiments is es-
sential to understanding their roles in controlling microtu-
bule dynamics.

In this article, we focus on two �TIPs from the budding
yeast Saccharomyces cerevisiae, a model organism that has
been used extensively to elucidate the molecular mecha-
nisms that govern chromosome segregation. Bim1 and Bik1
are members of the EB1 and CLIP-170 �TIP families, respec-
tively. Both proteins are present on astral and spindle mi-
crotubules and play roles in spindle orientation and chro-
mosome segregation (Berlin et al., 1990; Schwartz et al., 1997;
Tirnauer et al., 1999; Hwang et al., 2003; Miller et al., 2006;
Wolyniak et al., 2006; Gardner et al., 2008; Zimniak et al.,
2009). Here, we describe the activities of Bim1 and Bik1 on
microtubule dynamics in vitro and compare these activities
to those of the human EB1 and CLIP-170 proteins. We also
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show that these proteins, like EB1 and CLIP-170 (Honnappa
et al., 2006; Bieling et al., 2008), form a stable complex and
examine the activity of this Bim1-Bik1 complex. We find that
Bim1 and Bik1 possess opposing activities and that the Bim1
activity predominates in the Bim1-Bik1 complex.

MATERIALS AND METHODS

Reaction Buffers
The following reaction buffers were used: buffer A: 20 mM Tris, 500 mM KCl,
20 mM imidazole, and 5 mM �-mercaptoethanol, pH 8.5; buffer B: 20 mM Tris,
1 M KCl, 20 mM imidazole, and 5 mM �-mercaptoethanol, pH 8.5; buffer D:
20 mM Tris, 200 mM KCl, and 5 mM �-mercaptoethanol, pH 8.0; SGF buffer:
25 mM Tris, 180 mM KCl, 1 mM MgCl2, and 1 mM EGTA, pH 7.5; BRB80K:
80 mM Pipes, 100 mM KCl, 1 mM MgCl2, 1 mM EGTA, and 5 mM �-mer-
captoethanol, pH 6.8; PBS: 4.3 mM Na2HPO4, 1.47 mM KH2PO4, 137 mM
NaCl, and 2.7 mM KCl, pH 7.4; and PEM: 100 mM Pipes, 1 mM EGTA, and
1 mM MgCl2, pH 6.8.

Bim1 and Bik1 Protein Purification
Bik1 and Bim1 were purified from insect cells using a baculovirus expression
system. Recombinant baculoviruses were made using pFastBacHT, where
Bik1 and Bim1 were cloned, respectively, downstream of a 6xHis tag and TEV
protease cleavage sequence (Invitrogen, Carlsbad, CA). SF9 insect cells (200
ml; 106 cells/ml) were infected with 2 ml of recombinant baculovirus and
harvested after �65 h. Cells were lysed in 50 mM Tris, 300 mM KCl, 5%
glycerol, 10 mM imidazole, and 1% NP40, pH 8.5, supplemented with EDTA-
free complete protease inhibitor tablets (Roche, Rotkreuz, Switzerland). The
extracts were cleared by centrifugation at 20,000 � g for 15 min at 4°C.
Cleared extracts were incubated with NiNTA resin (Qiagen, Valencia, CA)
and then washed with buffer A, followed by buffer B, buffer A, and buffer D
and then eluted with buffer D plus 150 mM imidazole. The 6xHis tags were
removed from the eluted proteins with AcTEV protease (Invitrogen) supple-
mented with EDTA-free complete protease inhibitors for 3–5 h at 16°C. The
sample was dialyzed against buffer D, and the cleaved mixture again was
passed over NiNTA resin to remove the AcTEV and 6xHis tag. Bik1 and Bim1
were dialyzed into SGF buffer or BRB80K. After dialysis, proteins were spun
for 20 min at 20,000 � g at 4°C to remove aggregates. Protein concentrations
were determined by Bradford assay and by visual comparison of purified
proteins to a BSA standard on a Coomassie-stained gel. Proteins were snap-
frozen in liquid nitrogen and stored at �80°C. Before use, proteins were
precleared by centrifugation at 128,000 � g for 6 min at 4°C.

Bim1-GFP and Bik1-GFP Protein Purification
Bik1-GFP (green fluorescent protein) and Bim1-GFP were cloned, respec-
tively, downstream of a glutathione S-transferase (GST) tag and TEV protease
cleavage sequence in pET-GST-TEV (Moseley et al., 2004) and transformed
into BL21 DE3 Escherichia coli cells (Stratagene, La Jolla, CA). One liter of cells
was grown to an OD600 of �0.5 at 16°C and induced with 0.2 mM IPTG for
5 h. Cells were harvested, resuspended in PBS containing complete protease
inhibitor tablets, and incubated for 45 min on ice with 1 mg/ml lysozyme
(Sigma, St. Louis, MO). Cells were lysed by sonication, and lysates were
cleared by centrifugation at 20,000 � g at 4°C. Cleared lysates were incubated
with glutathione-Sepharose beads for 1 h at 4°C (GE Healthcare, Piscat-
away, NJ). Beads were then washed three times with PBS followed by
three washes with BRB80K. GFP-fusion proteins were released from the
glutathione resin by treatment with AcTEV protease in BRB80K supple-
mented with protease inhibitors 16 h at 4°C. Aggregate removal, protein
concentration determination, protein storage, and preclearing were done
as with insect cell purified proteins.

Sources of Tubulin
Porcine brain tubulin was purified as previously described (Vasquez et al.,
1994) and used for microtubule-dynamics assays. Lyophilized bovine brain
tubulin and rhodamine-labeled bovine brain tubulin were purchased from
Cytoskeleton (Boulder, CO) and used for all other assays.

Preparation of Yeast Extracts
CUY28 (250 ml; MAT� his3�200 leu2-3, 112 lys2-801 trp1-1 ura3-52) were
grown in yeast peptone dextrose (YPD) media (United States Biological,
Swampscott, MA) to log phase, washed with SGF buffer, and resuspended in
SGF buffer to �500 �l with protease inhibitor tablets and PMSF (Alexis
Biochemicals, Läufelfingen, Switzerland). Cells were rapidly frozen in liquid
nitrogen, and extracts were made by grinding (Sorger et al., 1995). Extracts
were stored at �80°C. Before use, yeast extracts were precleared by centrif-
ugation at 128,000 � g for 6 min at 4°C.

Gel Filtration
Gel filtration was performed using a Superose 6 10/300 GL column (GE
Healthcare) and an AKTA fast protein liquid chromatography (FPLC) ma-
chine. Yeast whole cell extract or purified proteins were run in SGF buffer at
a flow rate of 0.2 ml/min. For protein binding experiments, the proteins were
incubated together for 10 min at 4°C to allow complexes to form before
loading. Elution was monitored by absorbance at 280 nm, and fractions were
analyzed by SDS-PAGE. Western blotting used an anti-Bim1 or anti-Bik1
primary antibody (Wolyniak et al., 2006) and goat anti-rabbit HRP-conjugated
secondary antibody (Bio-Rad, Hercules, CA). The column was calibrated
using the following proteins (Sigma) with the indicated Stokes radii: cyto-
chrome c (cyt c; 1.0 nm), carbonic anhydrase (2.4 nm), BSA (3.6 nm), alcohol
dehydrogenase (4.6 nm), �-amylase (4.8 nm), apoferritin (6.1 nm), and thy-
roglobulin (8.5 nm). Blue Dextran (Sigma) identified the void volume. Stokes
radii were determined as averages of the Porath and Laurent-Kilander meth-
ods (Porath, 1963; Laurent and Killander, 1964).

Sucrose Gradient Sedimentation
Sucrose gradients were performed as described in van Brugel et al. (2003) with
slight modifications. Yeast whole cell extract or purified proteins were spun
through 2-ml 5–20% sucrose gradients at 200,000 � g for 4 h at 4°C. For
protein-binding experiments, the proteins were incubated together for 10 min
at 4°C to allow complexes to form before loading. After centrifugation,
fractions were analyzed as described for gel filtration. Each experiment in-
cluded a gradient of proteins of known S values: cyt c (1.9 S), carbonic
anhydrase (2.9 S), BSA (4.6 S), alcohol dehydrogenase (7.4 S), �-amylase (8.9
S), and catalase (11.3 S).

Microtubule Cosedimentation Assay
Taxol-stabilized microtubules were made by incubating tubulin in BRB80K
buffer plus 1 mM GTP (Sigma) and 2 �M taxol (Cytoskeleton) at 37°C for 15
min. Microtubules were separated from unpolymerized tubulin by centrifu-
gation at 86,000 � g for 30 min at 25°C and resuspended in BRB80K plus 1
mM GTP and 2 �M taxol. For binding studies, various amounts of microtu-
bules were incubated with 40 �M Bim1 or Bik1 for 10 min at 25°C. Bound
protein was separated from unbound protein by centrifugation at 86,000 � g
for 30 min at 25°C. Supernatants and pellets were analyzed by SDS-PAGE.
Western blotting used anti-�-tubulin antibody DMY1 (Sigma), and anti-Bim1
or anti-Bik1 antibodies (Wolyniak et al., 2006); secondary antibodies were goat
anti-rabbit or goat anti-mouse conjugated to HRP (Bio-Rad). Supernatant and
pellet band intensities were quantified using ImageJ (http://rsb.info.nih.gov/
ij/; NIH, Bethesda, MD).

Localization of Bim1-GFP and Bik1-GFP on Microtubules
A 15 �M 1:20 mixture of rhodamine-labeled to unlabeled tubulin dimers was
incubated with sea urchin axonemes fragments in BRB80K at 37°C for 15 min.
Microtubules were then incubated with GFP (30 nM), Bim1-GFP (10 nM),
Bik1-GFP (100 nM), Bik1-GFP (30 nM) plus Bim1 (10 nM), or Bim1-GFP (10
nM) plus Bik1 (50 nM) at 25°C for 5 min. Mixtures were then fixed in 0.7%
glutaraldehyde for 3 min, quenched with 0.1% sodium borohydride for 3 min,
and diluted 1:50 for microscopy analysis (van Breugel et al., 2003). Images
were acquired using an Axioplan 2 imaging microscope (Zeiss, Thornwood,
NY) and Openlab software (Improvision, Lexington, MA). The peak intensi-
ties of GFP, Bim1-GFP, or Bik1-GFP along microtubules were determined
using the line scan function of ImageJ. No signal was noted for GFP alone on
microtubules. Bim1-GFP or Bik1-GFP dots seen at the ends of axonemes were
not included in the analysis.

Observation of Microtubule Dynamics
Microtubules were nucleated from sea urchin axoneme fragments and visu-
alized by video-enhanced differential interference contrast (VE-DIC) micros-
copy as previously described (Walker et al., 1988; Vasquez et al., 1997; Howell
et al., 1999). Briefly, �10-�l flow chambers were made using double-stick tape
to mount coverslips on glass slides. Sea urchin axoneme fragments (Vasquez
et al., 1994) were then perfused into the chamber and allowed to adhere to the
coverslip for 5 min. Chambers were then perfused with 50 �l PEM plus 0.5%
NP40 to remove unbound axonemes. To block nonspecific protein binding to
the glass surfaces, 2 mg/ml casein was perfused into the chamber, incubated
for 2 min, and then washed out with 50 �l PEM. Tubulin, with or without
Bim1 and/or Bik1, in BRB80K containing 1 mM GTP was then perfused into
the chamber. Each chamber was warmed on the microscope stage to 35°C to
initiate microtubule assembly. Images were converted from super VHS to
digital using iDVD (Apple, Cupertino, CA) and imported at a rate of 1
frame/s as individual png files or QuickTime movies. Microtubule lengths
were measured using ImageJ.

Measurement of Microtubule Dynamics
Microtubule length was plotted versus time to give a “life-history” plot of
each microtubule. From these plots, growth and shrinkage rates were calcu-
lated from the slopes by a least-squares regression analysis. Plus and minus
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ends were assigned based on microtubule elongation velocities, because
plus-end elongation rates are faster (Walker et al., 1988, Vasquez et al., 1994).
Variations around mean values are given as SDs. Comparisons of statistical
significance were done with a two-tailed unpaired t test allowing for unequal
variance (Excel; Microsoft, Redmond, WA). To determine the total microtu-
bule length per axoneme end, microtubule lengths were measured at 7–8 min
after warming to 35°C.

Transition frequencies were calculated as described previously (Walker et al.,
1988; Toso et al., 1993). Catastrophe frequencies were calculated by dividing the
number of catastrophes observed by the sum of the total time spent in elongation.
Rescue frequencies were calculated by dividing the number of rescues observed
by the sum of the total time spent in shortening. SDs for transition frequencies
were determined by dividing the catastrophe or rescue frequency by the square
root of the number of transitions observed (Walker et al., 1988).

To examine the relationship between microtubule growth rate and catas-
trophe frequency, we binned individual microtubules according to their
growth rates into 0.2-�m/min intervals and calculated the catastrophe fre-
quency for each binned group. Then the average catastrophe frequency was
plotted versus the average growth rate for each binned group. This analysis
was performed for three conditions: tubulin alone, tubulin plus Bim1, and
tubulin plus Bik1. For tubulin alone, we binned microtubule growth rates
from experiments using 8.6, 11.5, 13, and 14.4 �M tubulin. For tubulin plus
Bim1, we binned microtubule growth rates from experiments using 11.5 �M
tubulin with 0.1, 0.5, and 1 �M Bim1. For tubulin plus Bik1, we binned
microtubule growth rates from experiments using 11.5 and 14.4 �M tubulin
with 0.1, 0.5, and 1 �M Bik1.

RESULTS

Purified Bik1 and Bim1 Form Homodimers That Associate
to Form a Tetrameric Complex
To investigate the biochemical activities of Bik1 and Bim1,
we expressed 6xHis-tagged versions of each protein in SF9
cells using a baculovirus system and purified the proteins on
Ni-NTA resin. After removal of the 6xHis tag, both proteins
migrated on SDS-PAGE at their expected molecular weights
(38 kDa for Bim1 and 51 kDa for Bik1) and were �90% pure
(Figure 1A).

We have previously shown that Bim1 and Bik1 self-asso-
ciate in vivo and that their coiled-coil regions are necessary
for mediating this self-interaction (Figure 1B; Wolyniak et al.,
2006). To determine the quaternary structure of the recom-
binant Bik1 and Bim1 proteins, we calculated the molecular
weight of each from its Stokes radius and sedimentation
coefficient (S; Siegel and Monty, 1966). The Stokes radius
was obtained by gel filtration using a Superose 6 column
and the S value was obtained by centrifugation through a
5–20% sucrose gradient (Figure 1, C and D; Table 1). Purified
Bim1 was calculated to have a molecular weight of 70 kDa,
which is close to the predicted molecular weight of 77 kDa
for a Bim1 homodimer. This finding agrees with the results
of a recent study by Zimniak et al., (2009), which also con-
cludes that Bim1 is a homodimer. Purified Bik1 was calcu-
lated to have a molecular weight of 106 kDa, close to the
predicted molecular weight of 102 kDa for a Bik1 ho-
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Figure 1. Bik1 and Bim1 form homodimers that associate to form
a tetrameric complex. (A) Coomassie-stained SDS-PAGE gels of �5
�g of Bik1 (left lane) and Bim1 (right lane) purified from insect cells.
(B) Diagram of Bim1 (top) and Bik1 (bottom) protein domains. Lines
below each protein indicate regions mediating microtubule binding,
self-interactions, and Bim1-Bik1 interactions in vivo (Miller et al.,
2006; Wolyniak et al., 2006; Akhmanova and Steinmetz, 2008).
B/Ser, basic, serine-rich region; CH, calponin homology; CC, coiled-
coil; CAP-Gly, cytoskeletal-associated protein-glycine–rich; EB, EB1
family homology domain; F, acidic-aromatic motif; Zn, zinc
knuckle. (C) Size-exclusion chromatography of purified proteins
and yeast whole cell extract (WCE). Chromatograms of purified
Bim1 (blue), Bik1 (red), and an equimolar mixture of Bim1 and Bik1
(purple) are shown at top. SDS-PAGE of fractions is shown at
bottom. Purified proteins were visualized by Coomassie staining;
Bik1 and Bim1 in whole cell extracts were visualized by Western
blots using anti-Bim1 or anti-Bik1 antibodies. Arrow indicates the
column void volume. (D) Sucrose-gradient sedimentation of puri-
fied proteins and yeast whole cell extracts. Fractions from a 5–20%
sucrose gradient were analyzed by SDS-PAGE. Purified proteins
were visualized by Coomassie staining; Bik1 and Bim1 in whole cell
extracts were visualized by Western blots using anti-Bim1 or anti-
Bik1 antibodies. Arrows indicate the positions of markers with
known S values in the gradient.

Table 1. Physical properties of Bim1 and Bik1

Protein Source

Stokes
radius
(nm)

S
value

Calculated
MW Predicted MW

Bim1 Pure 5.2 3.2 69.7 76.7 (dimer)
Bim1 WCE 5.6 3.8 84.7
Bik1 Pure 6.7 3.8 106.3 102.2 (dimer)
Bik1 WCE 6.5 4.1 112.7
Bim1�Bik1 Pure 8.2 5.1 170.1 178.9 (tetramer)
Tubulin Pure 4.1 5.5 96.4 110.7 (dimer)

MW, molecular weight; WCE, whole cell yeast extract.
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modimer. Thus, purified Bim1 and Bik1 appear to exist as
homodimers in solution. The early elution of Bim1 and Bik1
and their large calculated Stokes radii determined from size-
exclusion chromatography indicate these proteins have
elongated rod-like shapes. We determined the Perrin shape
parameter for each protein (Bloom et al., 1988), and used the
polynomial inversion procedure to calculate an axial ratio
for each protein, assuming a prolate ellipsoid (Harding and
Colfen, 1995). Bim1was found to have an axial ratio of 13.4,
whereas Bik1 had an axial ratio of 23.2.

To compare the physical properties of recombinant Bim1
and Bik1 with endogenous Bim1 and Bik1, yeast extracts
were also subjected to gel filtration and sucrose gradient
sedimentation, and the fractions analyzed by Western blot-
ting (Figure 1, C and D). We calculated molecular weights of
85 kDa for Bim1 and 113 kDa for Bik1, consistent with these
proteins forming homodimers in vivo (Table 1). Previous
work found Bim1 in a �250-kDa complex in yeast extracts,
although it may have existed as a homodimer within this
larger complex (Lee et al., 2000).

Bim1 and Bik1 have been shown to interact in vivo and in
vitro (Ito et al., 2001; Wolyniak et al., 2006), so we assayed for
the formation of a Bim1-Bik1 complex in vitro. Bim1 and
Bik1 were mixed in equal molar amounts and then analyzed
by gel filtration and sucrose gradient sedimentation. In both
conditions, the majority of Bim1 and Bik1 comigrated as a
larger complex than either Bim1 or Bik1 alone (Figure 1C
and D). The molecular weight of the complex was calculated
to be 170 kDa, close to the predicted molecular weight of 179
kDa for two molecules of both Bim1 and Bik1 (Table 1).
Thus, Bim1 and Bik1 homodimers associate in solution to
form a stable tetrameric complex.

Analysis of Bim1 and Bik1 Binding to Tubulin Subunits
and Microtubules
We looked for the formation of Bim1-tubulin and Bik1-
tubulin complexes by mixing tubulin dimers with equal
molar amounts of Bim1 and Bik1, respectively. The mixtures
were then analyzed by gel filtration. In the Bim1-tubulin
mixture, each protein eluted at the same position as it did
alone, indicating that Bim1 does not bind tubulin dimers
(Figure 2A). In the Bik1-tubulin mixture, the majority of Bik1
eluted at the same position as it did alone, although a minor
amount of Bik1 migrated as a larger species (Figure 2B).
Interestingly, a substantial fraction of the tubulin eluted as a
broad peak that overlapped the Bik1 peak. It is unlikely that
much of this tubulin is forming a stable complex with Bik1,
because the Bik1 peak does not shift and tubulin in the broad
peak is not concentrated in the Bik1-containing fractions.
Similarly, in sucrose gradient analysis, tubulin in the pres-
ence of Bik1 sediments further into the gradient than tubulin
alone (Figure 2C). The molecular weight of the largest tubu-
lin species is �570 kDa, equivalent to approximately six tu-
bulin subunits. Thus, we conclude that Bik1 binds only weakly,
at best, to tubulin. In addition, Bik1 appears to stimulate the
polymerization or aggregation of tubulin subunits.

We also measured the abilities of Bim1 or Bik1 to bind
assembled microtubules by incubating each with various
amounts of taxol-stabilized microtubules. Microtubule bound
protein was separated from unbound protein by centrifuga-
tion and the supernatant and pellet analyzed by Western
blotting. Bim1 bound to microtubules with an apparent dis-
sociation constant, Kd, of 0.5 �M (Figure 3A). In contrast,
only small amounts of Bik1 bound microtubules even at
much higher tubulin concentrations (Figure 3B).

To examine the localization of Bim1 and Bik1 along mi-
crotubules, we purified Bim1-GFP and Bik1-GFP. Each of

these was incubated with dynamic microtubules assembled
from axonemes and then visualized by fluorescence micros-
copy. Bim1-GFP appeared as dots along microtubules with
an average of 2.9 dots per microtubule (Figure 3C). The
positions of these dots were analyzed in two ways. First, we
divided microtubules into 10 equal-length sections (van
Breugel et al., 2003) to determine the relative locations of the
Bim1-GFP dots along the microtubule. Second, we measured
the absolute distance from the plus end for each dot within
5 �m of the microtubule end. Both calculations showed that
73% of the microtubules had dots at their plus ends, whereas
only �20% of microtubules had dots in any other region
along their length. These results show that Bim1 is an au-
tonomous microtubule end-binding protein, in agreement
with Zimniak et al., (2009). In contrast, we observed only
faint Bik1-GFP straining along microtubules and axonemes
(Figure 3D).
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Figure 2. Analysis of Bim1 and Bik1 binding to tubulin het-
erodimers. Size-exclusion chromatography of (A) Bim1 (blue), tu-
bulin (green), and an equimolar mixture of Bim1 and tubulin (tur-
quoise), and (B) Bik1 (red), tubulin (green), and an equimolar
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top and SDS-PAGE of fractions (Coomassie-stained) are shown at
bottom. Arrows indicates the column void volumes. (C) Sucrose-
gradient sedimentation of Bik1, tubulin, and an equimolar mixture
of Bik1 and tubulin. Fractions from a 5–20% sucrose gradient were
analyzed by SDS-PAGE, and proteins were visualized by Coomas-
sie staining. Arrows indicate the positions of markers with known S
values in the gradient.
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Given that Bim1, but not Bik1, could localize to plus ends,
we assayed whether Bik1 could be directed to the microtu-
bule plus end through its interaction with Bim1. When Bik1-
GFP was mixed with unlabeled Bim1, Bik1-GFP dots were
observed along the microtubule and at the plus-end in a
pattern similar to the Bim1-GFP localization (Figure 3E). The
average number of Bik1-GFP dots per microtubule was 1.6,
and these were enriched at the plus ends. Therefore, Bim1 is
able to target Bik1 to microtubule plus ends in vitro. Mixing
Bik1 with Bim1-GFP did not substantially alter the plus-end
localization of Bim1-GFP (unpublished data).

Bim1 Promotes and Bik1 Inhibits Microtubule Assembly
In Vitro
We next examined the effects of Bim1 and Bik1 on the
assembly of microtubules in vitro. Microtubules were nucle-
ated from sea urchin axonemes in 11.5 �M tubulin alone or
in the presence of 0.1, 0.5, and 1.0 �M Bim1 or Bik1. Micro-
tubules were visualized using VE-DIC microscopy. Because
axonemes contain parallel bundles of uniformly oriented
microtubules, microtubules extending from one end are
plus-ended, whereas microtubules extending from the other
end are minus-ended. Thus, it was possible to examine the
assembly of plus- and minus-ended microtubules indepen-
dently.

Bim1 increased the length and number of both plus- and
minus-ended microtubules (Figure 4A). To quantify this
effect, we calculated the total microtubule length per axon-
eme end by multiplying the average number of microtu-
bules per end by their average length. Axonemes in 11.5 �M
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tubulin alone contained 11.9 � 9.6 �m of total microtubule
length at their plus ends and 4.4 � 3.6 �m of total microtu-
bule length at their minus ends (Figure 4B and Supplemen-
tary Table 1). Addition of 0.1 �M Bim1 increased total mi-
crotubule length 2.8-fold at plus ends and 3.5-fold at minus
ends; addition of 1 �M Bim1 increased total microtubule
length by 12.8-fold at plus ends and 13.9-fold minus ends
(Figure 4B and Supplementary Table 1). Thus, Bim1 pro-
motes microtubule assembly. In contrast to Bim1, Bik1 de-
creased the length and number of both plus- and minus-
ended microtubules (Figure 4, A and B). Addition of 0.1 �M
Bik1 decreased total microtubule length by 8% at plus ends
and 52% at minus ends; addition of 1 �M Bik1 decreased
total microtubule length by 4.0-fold at plus ends and 14.2-
fold at minus ends (Figure 4B and Supplementary Table 2).
Thus, Bik1 inhibits microtubule assembly.

Individual Effects of Bim1 and Bik1 on Microtubule
Dynamics
To determine the mechanisms by which Bim1 and Bik1
influence microtubule assembly, we examined the effects of
these proteins on microtubule dynamics. Microtubules dy-
namics are defined by four parameters: the rates of micro-
tubule growth and shrinkage, and the frequencies of catas-
trophes (transitions from growing to shrinking) and rescues
(transitions from shrinking to growing). To determine how
Bim1 and Bik1 affect these parameters, we observed micro-
tubules over time using VE-DIC microscopy.

The most substantial effect of Bim1 is on catastrophe fre-
quency. The addition of 0.1 �M Bim1 decreased the fre-
quency of catastrophes 2.5-fold at plus ends and 5.6-fold at
minus ends (Figure 5A and Supplementary Table 1). We did
not observe any catastrophes at higher Bim1 concentrations,
indicating that catastrophe frequencies were reduced at both
plus and minus ends �20-fold in the presence of 0.5 �M
Bim1 and �40-fold in the presence of 1 �M Bim1. Under the
assembly conditions used, rescues are rare events with 11.5
�M tubulin alone; no rescue events were observed at plus
ends and only two rescue events (1.96 events/min) were
seen at minus ends (Supplementary Table 1). We did ob-
serve a higher frequency of rescues in 0.1 �M Bim1 with 0.51
events/min at plus ends, and 3.33 events/min at minus
ends. We could not calculate a rescue frequency at higher
Bim1 concentrations because of the absence of shrinking
microtubules.

In addition, Bim1 significantly increased microtubule
growth rates and lowered shrinkage rates (Figure 5, B and C,
Supplementary Table 1). Bim1 at 1 �M increased plus- and
minus-end growth rates by 57 and 83%, respectively. Bim1 at
0.1 �M lowered plus- and minus-end shrinkage rates by 2.5-
and 3.5-fold, respectively. We could not calculate shrinkage
rates at higher Bim1 concentrations because shrinking micro-
tubules were not observed. Overall, these results demon-
strate that Bim1 decreases the catastrophe frequency and
shrinkage rate and increases the growth rate and rescue
frequency.

Bik1 also had a substantial effect on catastrophe frequency
but in the opposite direction from Bim1. In the presence of 1
�M Bik1, catastrophe frequencies rose by 38% at plus ends
and 2.4-fold at minus ends (Figure 5D and Supplementary
Table 2). Growth rates decreased by 18% at plus ends and
43% at minus ends, but there was no significant change in
shrinkage rates (Figure 5, E and F, Supplementary Table 2).
We did not observe a significant increase in rescue events in
the presence of Bik1 (Supplementary Table 2). Because Bik1
stimulated catastrophes in 11.5 �M tubulin, we also exam-
ined its effect in 14.4 �M tubulin, a tubulin concentration at

which catastrophes are rarely observed (Supplementary Ta-
ble 3). The addition of 0.1 �M Bik1 to 14.4 �M tubulin
increased the catastrophe frequency �8-fold at plus ends
and �4-fold at minus ends, resulting in frequencies similar
to those observed in 11.5 �M tubulin alone. In summary,
these results indicate that Bik1 decreases growth rates and
increases catastrophe frequency.

The Effect of Bim1, But Not Bik1, on Catastrophe
Frequency Is Independent of Its Effect on Growth Rates
Catastrophe frequency is inversely related to growth rate
(Drechsel et al., 1992; van Breugel et al., 2003), so the effects
of Bim1 and Bik1 on catastrophe frequencies could be an
indirect effect of their abilities to increase and decrease
growth rates, respectively. To test this possibility, we exam-
ined the relationship between microtubule growth rate and
catastrophe frequency for three conditions: tubulin alone,
tubulin plus Bim1, and tubulin plus Bik1. For each condi-
tion, we binned microtubules according to their growth rates
and calculated the corresponding catastrophe frequencies.
We then plotted average catastrophe frequency versus av-
erage growth rate for each binned group. As expected for
tubulin alone, catastrophe frequency decreases as growth
rate increases for both plus and minus ends (Figure 5, G and
H). In the presence of Bik1, the catastrophe frequency at each
growth rate is nearly the same as for tubulin alone, indicat-
ing that Bik1 likely promotes catastrophe frequency by in-
hibiting growth rate. However, in the presence of Bim1, the
catastrophe frequency at each growth rate is lower than for
tubulin alone. Thus, the reduction in catastrophe frequencies
by Bim1 is not due solely to its effects on growth rates.

The Combined Effects of Bim1 and Bik1 on Microtubule
Dynamics
To determine the effects of the Bim1-Bik1 complex on mi-
crotubule dynamics, we combined Bim1 and Bik1 in
equimolar amounts (0.1 and 1 �M each). Overall, this com-
plex affected microtubule assembly in nearly the same way
as Bim1 alone (Figure 6 and Supplementary Table 4). This
result is more apparent at the higher concentrations of pro-
tein (1 �M) because the differences between the effects of the
individual proteins at 1 �M are greater. The addition of both
proteins at 1 �M increased total microtubule length 12.0-fold
at plus ends and 12.1-fold at minus ends compared with
tubulin alone (Figure 6, A and E). We did not observe any
catastrophes at 1 �M Bim1 and Bik1, indicating that catas-
trophe frequencies were reduced �48-fold at plus ends and
�29-fold at minus ends (Figure 6, B and F). Growth rates
increased 50% at plus ends and 70% at minus ends (Figure 6,
C and G). All of these parameters are very close to those
obtained with 1 �M Bim1 alone and substantially different
from those produced by 1 �M Bik1. Lack of shrinking mi-
crotubules prevented measuring shrinkage rates at 1 �M
(Figure 6, D and H). However, at 0.1 �M Bim1-Bik1 com-
plex, shrinkage rate at plus ends is the same as for 0.1 �M
Bim1 alone.

To see whether Bim1 maintained this dominant effect at
higher Bik1 to Bim1 ratios, we kept the Bik1 concentration at
1 �M and decreased the concentration of Bim1 to 0.5 or 0.1
�M. At 0.1 �M Bim1 and 1.0 �M Bik1, the assay should
contain 0.1 �M Bim1-Bik1 complex and 0.9 �M Bik1, or a 9:1
ratio of free Bik1 to Bim1-Bik1 complex. This excess Bik1 did
lead to decreases in total microtubule length and microtu-
bule growth rate relative to 0.1 �M Bim1-Bik1 complex
alone; the values for these parameters were approximately
midway between those for 1.0 �M Bik1 and 0.1 �M Bim1.
However, catastrophe frequency changed very little, re-
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maining close the value for 0.1 �M Bim1 alone. Thus, even
though it is out-numbered by Bik1 10:1, Bim1 is still the
major influence on microtubule catastrophe frequency.

DISCUSSION

We have purified Bim1 and Bik1, the sole S. cerevisiae mem-
bers of the EB1 and CLIP-170 families of proteins, respec-

tively. Both proteins form elongated homodimeric mole-
cules, similar to EB1 and CLIP-170 (Pierre et al., 1992; Scheel
et al., 1999; Lansbergen et al., 2004; Honnappa et al., 2005;
Slep et al., 2005; Akhmanova and Steinmetz, 2008). The
conservation of this structure from yeast to humans under-
scores the importance of this arrangement in function. When
Bik1 and Bim1 are mixed in a 1:1 ratio, they form a stable
tetrameric complex comprised of one Bik1 homodimer and
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one Bim1 homodimer. Here we discuss the effects of Bim1,
Bik1, and the Bim1-Bik1 complex on microtubule dynamics
in vitro.

Bim1 Activity In Vitro
We found that Bim1 stimulates microtubule polymerization
in vitro, a result that is in line with previous reports showing
that EB1-family proteins are promoters of microtubule po-
lymerization in a variety of systems (Tirnauer and Bierer,
2000). Promotion of microtubule polymerization can occur
by increasing microtubule growth rates or rescue frequen-
cies or by decreasing shortening rates or catastrophe fre-
quencies. Previous work has examined the effects of EB1

(Manna et al., 2008; Vitre et al., 2008), EB3 (Komarova et al.,
2009), and the Schizosaccharomyces pombe EB protein, Mal3
(Bieling et al., 2007; des Georges et al., 2008) on these param-
eters of microtubule assembly in vitro. Although Bim1
shares some of the properties of these EB1-family proteins,
in several respects its effects on microtubule dynamics are
quite different.

Bim1 stimulates microtubule growth rate by less than
twofold at 1 �M. This modest stimulation of growth rate is
similar to that of other EB1-family proteins, which have
either no significant effect or cause up to a several-fold
increase in growth rates, depending on the study (Bieling et
al., 2007, 2008; Manna et al., 2008; Vitre et al., 2008; Dixit et al.,
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Figure 6. Combined effects of Bim1 and Bik1
on microtubule dynamics. (A–H) Sea urchin
axonemes were incubated with 11.5 �M tubu-
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tubule dynamic instability were determined
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2009; Komarova et al., 2009). Bim1, like EB1 (Niethammer et
al., 2007; Slep and Vale, 2007), does not bind tubulin. There-
fore, Bim1 does not act as a microtubule polymerase like the
XMAP215 family of proteins, which bind tubulin dimers and
add them to growing plus ends (Al-Bassam et al., 2006;
Kerssemakers et al., 2006; Brouhard et al., 2008). Instead,
Bim1 has an intrinsic affinity for the plus end and may
stimulate microtubule growth by a mechanism that has been
proposed for other EB1-family proteins, stabilizing the lat-
eral associations between protofilaments that promotes the
growth of tubulin sheets (Figure 7A; Sandblad et al., 2006;
des Georges et al., 2008; Vitre et al., 2008).

Bim1 also promotes microtubule polymerization by dra-
matically inhibiting catastrophe frequencies, an effect that is
too large to be only a secondary consequence of Bim1’s
ability to stimulate growth rate. This effect could also be due
to the protein’s ability to stabilize lateral associations be-
tween protofilaments and prevent the transition to protofila-
ment peeling that accompanies microtubule depolymeriza-
tion. In contrast, other EB1-family proteins have been shown
to stimulate catastrophes in vitro (Bieling et al., 2007; Vitre et
al., 2008; Komarova et al., 2009) or, in one study, to have only
a small inhibitory effect (Manna et al., 2008). Vitre et al.,
(2008) proposed that EB1’s ability to induce sheet closure by
sealing the seam at growing plus ends makes microtubules
more prone to catastrophe events. Thus, either Bim1 does
not induce sheet closure or EB1 stimulates catastrophes by
some other mechanism.

Like EB1, Bim1 also decreases microtubule shrinkage rates
and increases rescue frequencies. EB1 does not associate
with the plus ends of shrinking microtubules (Mimori-Kiyo-
sue et al., 2000), so its effects on shrinkage rates and rescue
frequencies have been attributed to its ability to bind along
the microtubule lattice (Manna et al., 2008; Vitre et al., 2008).
However, Bim1 suppresses shrinkage rates at a low Bim1-
dimer to tubulin-dimer ratio of 1:230, so it is unlikely that
this effect is mediated solely by uniform binding along the
microtubule lattice. Perhaps, Bim1 inhibits microtubule
shrinkage and stimulates rescues by acting directly at the
plus end to stabilize lateral associations in the shrinking
microtubule. Bim1 does associate with the plus ends of
shrinking microtubules in vivo (Wolyniak et al., 2006); how-

ever, Zimniak et al., (2009) report that Bim1 is not observed
on depolymerizing microtubules in vitro.

Bik1 Activity In Vitro
We found that Bik1 inhibits microtubule polymerization in
vitro by slowing growth rates and, consequently, promoting
catastrophes. This result is distinctly different from that ob-
tained with CLIP-170, although these studies utilized only
the N-terminal part of CLIP-170 that contains the tubulin/
microtubule binding CAP-Gly domains. The N-terminal
portion of CLIP-170 promoted microtubule polymerization
(Arnal et al., 2004; Gupta et al., 2009) and stimulated rescues
(Arnal et al., 2004). Bik1 could act directly at plus ends to
specifically slow growth rates, which would be a novel
activity, but the fact that we do not observe Bik1 binding to
microtubule ends argues against this model. Alternatively,
Bik1 could bind and sequester tubulin subunits, like Op18/
Stathmin (Cassimeris, 2002), slowing growth by effectively
lowering the free tubulin concentration. The affinity of Bik1
for tubulin was not sufficiently high to measure by gel
filtration binding studies, but these results do not rule out a
direct interaction of these proteins in solution. We did see
oligomerization of tubulin in the presence of Bik1, indicating
that Bik1 does interact with tubulin at least transiently to
influence tubulin polymerization. If these oligomers cannot
be incorporated into microtubules, then their formation will
lower the effective tubulin concentration and inhibit micro-
tubule growth, as we observed in the presence of Bik1
(Figure 7B). Oligomerization has been reported previously
for tubulin in the presence of the N-terminal domain of
CLIP-170, but these oligomers are proposed to stimulate,
rather than inhibit, microtubule growth (Diamantopoulos et
al., 1999; Arnal et al., 2004). Overall, our results show that
Bik1 inhibits microtubule growth, but its mechanism of ac-
tion is still unclear.

In yeast cells, loss of either Bik1 or Bim1 increases the
amount of time microtubules spend in a paused state, nei-
ther growing nor shrinking to a significant degree, as judged
by light microscopy. Because pausing occurs infrequently in
our in vitro system (Walker et al., 1988), we could not deter-
mine whether Bik1 or Bim1 affects pausing in vitro.

Figure 7. Working model for the effects of
Bim1, Bik1, and the Bim1-Bik1 complex on micro-
tubule dynamics. (A) Bim1 binding to microtu-
bule plus ends may stabilize lateral associations
between protofilaments and promote growth. A
similar activity could inhibit catastrophes by pre-
venting the protofilament peeling that accompa-
nies microtubule depolymerization. (B) Bik1 pro-
motes the oligomerization of tubulin subunits.
Assuming that these tubulin oligomers cannot be
incorporated into microtubules, their formation
will lower the effective tubulin concentration, in-
hibiting microtubule growth and increasing catas-
trophe frequency. (C) In the Bim1-Bik1 complex,
the N-terminal CH domain of Bim1 is free to bind
microtubule plus ends and affects microtubule
dynamics in much the same way as Bim1 alone.
On the other hand, the N-terminal CAP-Gly do-
main of Bik1 is bound to the C-terminal tail of
Bim1 and is unable to interact with tubulin. It is
possible that in vivo Bim1 is used to recruit Bik1 to
the microtubule plus end, and an additional factor
is needed to bring about the transfer of Bik1 from
Bim1 to the microtubule (blue arrow).
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Bim1-Bik1 Complex Activity in Vitro
The Bim1-Bik1 complex associates with microtubules and
binds preferentially to microtubule ends, similar to Bim1 alone.
Because Bik1 alone does not localize to plus ends, we conclude
that Bim1 can target Bik1 to microtubule ends in the absence of
other proteins. Similarly, EB1 is necessary and sufficient for the
plus-end tracking by CLIP-170 in vitro (Bieling et al., 2008; Dixit
et al., 2009). CLIP-170-family proteins contain one or two N-
terminal CAP-Gly domains. CAP-Gly domains interact with
EEY/F motifs (Honnappa et al., 2006; Mishima et al., 2007;
Weisbrich et al., 2007), which are present at the C-terminus of
both EB1/Bim1 and �-tubulin. EEY/F motifs are also found at
the C-terminus of CLIP-170 members, although this motif is
less apparent in Bik1, and have been implicated in the auto-
regulation of CLIP-170 (Miller et al., 2006; Akhmanova and
Steinmetz, 2008). Interestingly, in vivo, the majority of Bik1
localization to astral microtubule plus ends depends on the
kinesin motor, Kip2, and not on Bim1 (Carvalho et al., 2004).
However, in the presence of a mutant �-tubulin that lacks the
EEY/F tail, Bik1 binding to the plus end decreases several-fold
(Badin-Larcon et al., 2004), and the residual Bik1 localization to
plus ends is dependent on Bim1 (Caudron et al., 2008). Overall,
these results indicate that Bim1 can localize Bik1 to astral
microtubule plus ends in vivo, consistent our in vitro results,
but that this may not be the primarily mechanism of Bik1
localization on astral microtubules. Bim1 may be responsible
for Bik1 localization to spindle microtubule plus ends, as Bik1
localizes to spindle microtubules in the absence of Kip2 (Car-
valho et al., 2004) and Kip2 is not present on spindle microtu-
bules (Huyett et al., 1998; Miller et al., 1998).

Interestingly, the effect of the Bik1-Bim1 complex on mi-
crotubule dynamics appears to be identical to that of Bim1
alone. The simplest conclusion is that the Bim1-Bik1 inter-
action does not alter Bim1’s activity but completely inhibits
Bik1’s activity. As noted above, previous evidence suggests
that the N-terminal CAP-Gly domain of Bik1 interacts with
the C-terminal tail of Bim1 (Honnappa et al., 2006; Wolyniak
et al., 2006). Because both EB1-family and CLIP-170-family
proteins associate with microtubules through their N-termi-
nal domains: the calponin homology (CH) domain and
CAP-Gly domain, respectively (Akhmanova and Steinmetz,
2008), one might expect that this arrangement of Bim1 and
Bik1 would strongly inhibit Bik1’s activity while leaving
Bim1’s activity largely unchanged (Figure 7C).

On the other hand, EB1 has been shown to be autoinhib-
ited by interactions of its C-terminal tail with its N-terminal
microtubule-binding domain (Hayashi et al., 2005). Binding
of p150glued, another CAP-Gly containing protein, to the
C-terminus of EB1, or deletion of the EB1 C-terminus, en-
hances EB1 binding and activity at microtubule ends (Ha-
yashi et al., 2005; Manna et al., 2008). Although Bik1 does
bind to the C-terminus of Bim1 (Wolyniak et al., 2006), we
saw no increase of Bim1 activity in the presence of Bik1.
These results indicate that Bim1, unlike EB1, does not exist
in an autoinhibited state. A similar conclusion was reached
by Zimniak et al., (2009).

Given that the Bim1-Bik1 complex behaves much like Bim1
alone, what is the value of this interaction? Perhaps its role is
simply to suppress the activity of Bik1. Because Bik1 has only
one CAP-Gly domain, it is likely that Bim1-bound Bik1 will not
be able to simultaneously interact with the microtubule. In this
way, Bim1 could buffer Bik1 activity at plus ends. Alterna-
tively, formation of the Bim1-Bik1 complex may be the first
step in a Kip2-independent mechanism for recruiting Bik1 to
the microtubule end. Clearly, binding of Bik1 to Bim1 brings
Bik1 into close proximity to the microtubule plus end. A sec-

ond step would be the dissociation of Bik1 from Bim1, freeing
its CAP-Gly domain to interact with the microtubule plus end
directly. This transfer of Bik1 from Bim1 to the microtubule
may require an additional factor, which could, for example,
phosphorylate one or both proteins and weaken their interac-
tion. Any such factor will be lacking in our in vitro assay,
which may explain why we do not see any Bik1 activity in the
presence of equal amounts of Bim1.
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