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Microtubules (MTs)1 are major structural components of the
cytoskeleton that are intricately involved in cell morphology,
motility, division, and intracellular organization and transport.
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ing the capacity to be both dynamic and static in nature.
Individual MTs alternate between growing and shrinking by
the rapid attachment and detachment of tubulin subunits at
their ends (1, 2). Thus, MTs can continually reorganize and
undergo cycles of growing, pausing, and shortening. A number of mechanisms exist to regulate this dynamic equilibrium
and involve association of proteins with the MT lattice. MTassociated proteins (MAPs), such as MAP4 and tau, stabilize
MTs by binding to the wall thus inhibiting MT disassembly (3,
4). Recently MT plus (⫹) end-binding proteins have been
implicated in stabilizing MTs by associating with cortical proteins to tether the MT end to peripheral target sites (5–7).
Stabilized MT subsets are biochemically distinct and acquire
posttranslational modifications that can be used to differentiate them from dynamic subsets. For example, posttranslational modifications such as glutamylation (8), detyrosination
(8, 9), and acetylation (10) occur on MTs that exhibit increased stability. Stabilized MTs have been implicated in
MT transport by allowing increased binding of MT motors
(11, 12). Numerous other MAPs have been shown to regulate MT form and function including control of MT nucleation
and elongation, MT linkage to and movement of organelles,
and modulation of MT growth to allow scaffolding of signal
transduction events (13).
The extensive MT network provides a large surface area to
serve as a platform for the binding of a large number of
proteins that is likely heavily influenced by local cellular events
and cell type. Traditionally the term MAP referred to proteins
that bind directly to tubulin within the MT polymer, and a lot of
recent debate and controversy have surrounded the definition
of a MAP (14, 15). In this and other reports the definition of
MAPs is considered to also include proteins that indirectly or
transiently interact with MTs, co-localize with MTs, or influence MT growth dynamics in some way (16). The advent of
proteomics has allowed cytoskeleton researchers to resolve
the spectrum of MAPs. To date, the MT proteome has been
resolved by MS analysis in developmentally important animal
and plant models including Xenopus laevis egg extracts (17),
Drosophila melanogaster embryos (18), Artemia franciscana
embryos (19), Arabidopsis suspension cells (20), and complex
mammalian tissues such as rat brain (21). The MT proteome
has also been described for specialized MT structures including mitotic spindles (22–24), centrosomes (25, 26), and cilia
(27, 28).
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Classical activation of macrophages induces a wide range
of signaling and vesicle trafficking events to produce a
more aggressive cellular phenotype. The microtubule
(MT) cytoskeleton is crucial for the regulation of immune
responses. In the current study, we used a large scale
proteomics approach to analyze the change in protein
composition of the MT-associated protein (MAP) network
by macrophage stimulation with the inflammatory cytokine interferon-␥ and the endotoxin lipopolysaccharide.
Overall the analysis identified 409 proteins that bound
directly or indirectly to MTs. Of these, 52 were up-regulated 2-fold or greater and 42 were down-regulated 2-fold
or greater after interferon-␥/lipopolysaccharide stimulation. Bioinformatics analysis based on publicly available
binary protein interaction data produced a putative interaction network of MAPs in activated macrophages. We
confirmed the up-regulation of several MAPs by immunoblotting and immunofluorescence analysis. More detailed
analysis of one up-regulated protein revealed a role for
HSP90␤ in stabilization of the MT cytoskeleton during
macrophage activation. Molecular & Cellular Proteomics 8:2500 –2514, 2009.
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EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Dulbecco’s modified Eagle’s medium
(DMEM) and fetal bovine serum (FBS) were purchased from Wisent
Inc. (Quebec, Canada). Antibodies were obtained as follows. Mouse
monoclonal anti-talin, anti-actin, and anti-␣-tubulin; anti-dynein; and
anti-MAP1 were from Sigma. Anti-MAP4 monoclonal antibody was
from Transduction Laboratories (Lexington, KY). Mouse monoclonal
anti-kinesin antibody was purchased from Chemicon International

(Temecula, CA). Rabbit polyclonal anti-EB1 was from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA), and mouse monoclonal antiHSP90␤ antibody was purchased from StressGen Biotechnologies
(Victoria, British Columbia, Canada). Both fluorescently labeled and
horseradish peroxidase-conjugated secondary antibodies were purchased from Jackson ImmunoResearch Laboratories (West Grove,
PA). BSA, DMSO, EGTA, EDTA, PIPES, MgSO4, and sucrose were
from BioShop Canada. IFN-␥ from Mus musculus was from PeproTech. Phosphocellulose-purified bovine brain tubulin (99% pure) was
purchased from Cytoskeleton Inc. (Denver, CO). AMP-PNP, paclitaxel, GTP, LPS, mammalian protease inhibitor, hexokinase, geldanamycin, and all other reagents were purchased from Sigma-Aldrich.
Cell Culture, Activation, and Pharmacological Treatment—The
RAW264.7 macrophage cell line was obtained from the American
Type Culture Collection (Manassas, VA) and maintained at 37 °C
supplied with 5% CO2 in DMEM supplemented with 10% heat-inactivated FBS. Primary macrophages were isolated from the peritoneal
cavities of 3-month-old C57BL/6 mice. Briefly resident peritoneal
macrophages were harvested from sacrificed mice by peritoneal lavage by injecting 5 ml of ice-cold PBS (without Ca2⫹/Mg2⫹) containing 5% heat-inactivated FBS. To prevent activation by glass adherence, macrophages from each mouse were plated separately on
poly(L-lysine)-coated coverslips (0.2 mg/ml; overnight, before blocking with 0.1% BSA) and grown in DMEM supplemented with 10%
FBS and antibiotics (100 IU/ml penicillin and 100 g/ml streptomycin)
at 37 °C in 5% CO2 for 2 h before washing away non-adherent cells.
Resident peritoneal macrophages or resting RAW264.7 cells were
activated by a combination of 100 units/ml IFN-␥ and 1 g/ml LPS for
12 h. Inhibition of HSP90 was performed by incubating resting
RAW264.7 cells with 0.1 and 1 M geldanamycin (GA) for 1 h followed
by IFN-␥/LPS (100 units/ml and 1 g/ml, respectively, for 12 h)
stimulation in the presence of the drug.
MT Assembly and Extraction of MAPs—For MAP purification,
RAW264.7 macrophages were grown to 80 –90% confluence in at
least 10 150 ⫻ 20-mm culture dishes (⬃5 ⫻ 107 cells/dish). Cells were
activated by a combination of 100 units/ml IFN-␥ and 1 g/ml LPS for
12 h in 50% of culture dishes, whereas the remaining 50% were used
as corresponding controls. After incubation, both control and activated cells were washed with PBS, harvested, and collected by
pelleting. The cells were resuspended in 2 ml of PEM buffer (35 mM
PIPES (pH 7.4), 5 mM MgSO4, 0.5 mM EDTA, 5 mM EGTA) containing
mammalian protease inhibitor and 1 mM DTT. The cells were subjected to eight passes through a stainless steel ball bearing type
homogenizer with a clearance of 12 m (Isobiotec, Heidelberg, Germany). The homogenates from both control and activated cells were
centrifuged at 1,000 ⫻ g for 10 min to remove large cell debris, and
the resulting supernatants were centrifuged at 12,000 ⫻ g for 15 min.
The supernatants were again centrifuged at 190,000 ⫻ g for 30 min to
remove all remaining membranes. The supernatants from control and
stimulated cells were collected, and 1 mM GTP, 20 M Taxol, 7 mM
AMP-PNP, 20 units/ml hexokinase, and 10 mM glucose were added.
Taxol-stabilized MTs prepared from phosphocellulose-purified bovine brain tubulin were added to a final concentration of 0.7 mg/ml,
and the mixture was incubated for 20 min at 37 °C to polymerize
endogenous MTs. After incubation for 20 min at 37 °C, the MTs were
washed by centrifugation through discontinuous sucrose gradients
(100 l each of 12.5 and 25% sucrose in PEM buffer containing 20 M
Taxol and 1 mM GTP) for 45 min at 115,000 ⫻ g at 20 °C. The sucrose
cushion removes any contaminating soluble cytoplasmic proteins
entrapped in the MTs.
MT pellets were washed in PEM buffer containing 1 mM GTP and
20 M Taxol, and the MTs were centrifuged at 30,000 ⫻ g for 25 min.
To dissociate MAPs from MTs, the MT pellets were resuspended in
homogenization buffer containing 1 mM GTP and 20 M Taxol at
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Macrophages are key regulators of the immune system
connecting innate and specific immune responses. Lipopolysaccharide (LPS), an outer membrane component of Gramnegative bacteria, is a potent activator of monocytes and
macrophages. LPS triggers the abundant secretion of many
cytokines from macrophages including IL-1 (29), IL-6, (30),
and tumor necrosis factor-␣ (31), which together contributes
to the pathophysiology of septic shock. IFN-␥ is a proinflammatory cytokine produced by the host in response to intracellular pathogens. IFN-␥ binds to IFN-␥ receptors on macrophages, and IFN-␥ signaling induces the production and/or
release of cytokines, like IL-1 or tumor necrosis factor-␣,
which enhance LPS-mediated effects (32). Thus, the synergy
between LPS and inflammatory cytokines such as IFN-␥ represents an important regulatory mechanism by which the host
tackles a significant, ongoing infection before it activates potent effector responses (33). It has been demonstrated that
LPS may cause changes in monocyte cytoskeleton and directly influence assembly of isolated MTs (34). Recently we
observed that classical activation of murine resident peritoneal or RAW264.7 macrophages with a combination of IFN-␥
and LPS induces an increase in stabilized cytoplasmic MTs
(5). A significant effort has been made to unravel the importance of stable MTs in cellular processes over the past few
years. With respect to macrophage function, stable MTs
could potentially function as tracks for vesicle secretion of
cytokines and matrix metalloproteinases necessary to effect
the enhanced inflammatory response observed in classically
activated macrophages. We recently demonstrated that stable MTs are important for cell spreading as well as the binding
of large particles in activated macrophages (5). The stabilization of macrophage interphase MTs is uniquely rapid, thus
serving as an ideal model for studying MAPs involved in MT
modulation in mammalian cells.
The focus of the present study was to identify the MTassociated proteins involved in altering and stabilizing MT
structures and also to resolve the spectrum of proteins within
the MT proteome of a mammalian cell. To achieve this goal,
we used a proteomics approach involving a MAP purification
technique based on MT co-sedimentation (35) followed by
off-line fractionation and identification of MAPs using LC-MS/
MS. Information provided by mass spectrometry analysis allowed us to analyze the changes in MAP abundance during
activation of macrophages by IFN-␥/LPS. These studies also
provided candidate proteins for selective molecular intervention for chronic inflammatory disorders.
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further restricted to those proteins tagged as valid from the first
search. The search result was validated the same as described below.
Criteria to Report Protein and Peptide Identification and Estimation
of False Positive Rate—Using SpectrumMill Autovalidation tool and its
default settings (see below), spectra and protein identities fulfilling the
following scoring threshold criteria (both the “Protein detail” and
“Peptide” modes) were determined and labeled as valid. Parameters
for the Protein detail mode were: protein score, ⬎20; peptide score,
scored percent intensity, delta rank1 ⫺ rank2, delta forward ⫺ reverse, respectively: peptide charge ⫹2, ⬎6, ⬎60%, ⬎2, ⬎2; peptide
charge ⫹3, ⬎8, ⬎70%, ⬎2, ⬎2; peptide charge ⫹4, ⬎8, ⬎70%, ⬎2,
⬎2; peptide charge ⫹5, ⬎12, ⬎70%, ⬎2, ⬎2; peptide charge ⫹2,
⬎6, ⬎90%, ⬎1, ⬎1. Parameters for the Peptide mode were: peptide
score, scored percent intensity, delta rank1 ⫺ rank2, delta forward ⫺
reverse, respectively: peptide charge ⫹2, ⬎11, ⬎60%, ⬎2, ⬎2; peptide charge ⫹3, ⬎13, ⬎70%, ⬎2, ⬎2; peptide charge ⫹4, ⬎13,
⬎70%, ⬎2, ⬎2; peptide charge ⫹5, ⬎15, ⬎70%, ⬎2, ⬎2. The
software groups the proteins together when a peptide sequence
longer than eight residues is contained in multiple protein entries in
the sequence database and reports the highest scoring one and its
accession number. Based on the above grouping rule and these
threshold criteria, 327, 378, and 397 protein groups were considered
as valid in three biological replicates of activated samples, and 377,
401, and 402 protein groups were considered as valid in three control
samples. The false positive rate for the above validating criteria was
estimated by repeating the same process except using the database
with all of the protein sequences reversed. The number of proteins
that passed these thresholds was used to calculate the false positive
rate. 7–14 proteins were identified by the reverse database method;
thus the estimated overall false positive identification rates are 2.1–
3.5% among six LC-MS/MS runs.
Data Analysis—Proteins identified after database searches were
subjected to additional filtering criteria to further minimize false positive identifications. Proteins identified in only one of the three independent LC-MS/MS measurements were excluded. In addition, only
proteins with at least two unique peptides in three independent LCMS/MS measurements were classified as positively identified. A
unique peptide was defined as the following: a particular peptide
identified by multiple MS/MS spectra due to different precursor
charge states, distribution among adjacent fractions, and modifications that occurred during protein handling (oxidized methionine and
pyroglutamic acid at N-terminal glutamine were considered in this
study). The highest scored MS/MS spectrum was used to report the
score of the unique peptide and to calculate the total MS/MS score
for the proteins reported in supplemental Table 1.
The relative protein abundance was estimated based on the number of all MS/MS spectra representing identified peptides for a given
protein. To quantify changes in spectral counts, we estimated -fold
changes after normalization of spectral count using the following
formula, which avoids the discontinuity seen in the simple count ratios
when a protein shows a spectral count of 0 in one of the samples. The
spectral counts for each protein were normalized according to total
spectral counts for all the proteins in the samples (37, 38). In this
instance, t1 was the total spectral counts for all the proteins in the
control sample, t2 was the total spectral counts for all the proteins in
the activated sample, n1 was the spectral count for the protein in the
control sample, and n2 was the spectral count for the protein in the
activated sample. Thus, for each protein

t2
f1 ⫽ n1 ⫹ 
t1

(Eq. 1)

f2 ⫽ n2 ⫹ 

(Eq. 2)

and
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37 °C, and NaCl was added to 0.35 M concentration. The solution was
centrifuged again at 30,000 ⫻ g for 25 min, leaving the MAPs in the
supernatant. The procedure was adapted from that described for the
isolation of brain MT-associated proteins (36). A repeat wash was
performed. MT-associated proteins extracted in the supernatant were
quantified by DC protein assay kit (Bio-Rad). Typically a total of 150
g of MAPs were isolated from activated and resting RAW264.7 cells.
To assess any potential protein impurities from bovine brain tubulin,
MAPs, if any, were also released from 0.7 mg/ml bovine tubulin alone
as described above.
Fractionation, Digestion, and LC-MS/MS Analysis of MAPs—55 g
of MAPs obtained from control and IFN-␥/LPS-treated cells were
incubated with iodoacetamide to alkylate cysteine residues. DTT in 20
mM HEPES (pH 8) was added (final concentration, 6 mM) to MAPs and
incubated at 37 °C for 30 min. Then iodoacetamide was added (final
concentration, 10 mM) to react for 30 min at room temperature. MAPs
were stored at ⫺20 °C until fractionation. To reduce sample complexity, MAPs were fractionated by reverse-phase chromatography medium (Phenomenex, Jupiter C4, 300 Å, 2 ⫻ 150 mm) using a Waters
2695 Alliance LC system with column temperature at 35 °C, flow rate
at 0.45 ml/min, and solvent A (0.1% (v/v) trifluoroacetic acid in water)
and solvent B (95% (v/v) acetonitrile and 0.1% (v/v) trifluoroacetic
acid). 45 g of intact MAPs proteins were fractionated by a gradient
of solvent B (5, 5, 23, 30, 40, 65, and 95%) at 0, 1, 5, 8.5, 45, 55, 65
min after injection, respectively. Typically 24 fractions (1 ml each)
were collected at 135-s time intervals starting after 13 min of injection,
and the volumes of fractions were reduced by SpeedVac and then
completely dried with a freeze dryer. 35 l of 1 M ammonium bicarbonate containing 40 ng of modified trypsin (Promega, Madison, WI)
were added to adjust pH to ⬃8.5, resuspend, and digest the proteins
overnight at 37 °C. Fifty percent of the digests was loaded onto an
HPLC-Chip (160-nl high capacity sample enrichment column and
75-m ⫻ 150-mm SB-C18 separation column, Agilent Technologies,
Santa Clara, CA) and separated by flow rate at 300 nl/min with solvent
A (0.2% (v/v) formic acid in water) and solvent B (90% (v/v) acetonitrile
and 0.1% (v/v) formic acid) and the following gradients of 3, 35, 80,
and 100% solvent B at 0, 50, 54, and 56 min after injection, respectively. The LC-MS/MS analysis was carried out by an Agilent 1100
HPLC-Chip and 6340 ion trap system with MS scan range from 300
to 1,300 m/z. 30-s dynamic exclusion was applied to the precursor
previously selected for MS/MS twice. MAPs released from bovine
brain tubulin were lyophilized and resuspended in 80 l of 0.25 M
ammonium bicarbonate containing 50 ng of trypsin, digested overnight, and cleaned up by C18 StageTip (Proxeon, Odense, Denmark).
The digest was analyzed by LC-MS/MS as described above.
Protein Database Search—Raw data files from LC-MS/MS analysis
of the 24 fractions were combined to search against Swiss-Prot
(Release 56.4) restricted to the mouse subset database (15,941 protein entries) using Spectrum Mill MS Proteomics Workbench
(v03.03.082, Agilent Technologies). The Data Extractor utility program
detected peaks, assigned precursor charges where possible (for
those not successfully determined, 2⫹ to 5⫹ were considered), filtered MS/MS spectra by quality (spectra with peak number ⬎4 and
sequence tag length ⬎2 were kept for MS/MS search), centroided the
MS/MS spectra, merged nearby MS/MS spectra from the same precursor by default MS/MS similarity criteria, and generated peak lists.
Peak lists were searched by the following criteria: two missed trypsin
cleavages, fixed modification (carbamidomethylation on cysteine),
precursor mass tolerance of ⫾2.5 Da, and product mass tolerance of
⫾0.7 Da. After the search, the spectra and protein identities were
validated (see below) and tagged as “valid,” and a second search was
performed for spectra with no valid tag to identify spectra with oxidized methionine and pyroglutamic acid modification at N-terminal
glutamines. The mouse database used for the second search was
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experiments were expressed as mean ⫾ S.E. -fold activation/induction or reduction of association of proteins compared with
control experiments.
Bioinformatics Analysis—MS identities were received in the form of
Swiss-Prot database accession numbers. Proteins encoded by genes
were classified according to their function in the Gene Ontology
database (41) supported by manual data mining of references in the
Swiss-Prot database. Unknown proteins were those that have not
been investigated previously. Known interactions between mouse
proteins were downloaded from InteroPorc, which stores known interactions combined from the Database of Interacting Proteins, Molecular Interactions Database, and IntAct interaction database. Redundancy and self-interactions were removed, giving a data set of
5,708 pairwise interactions. This file was parsed using in-house Perl
scripts to identify direct interactions between MAPs. Because fewer
direct interactions were identified between mouse MAPs than expected and it is assumed that protein-protein interactions are largely
conserved between human and mouse, human interaction data were
utilized to identify further interactions between MAPs. BLASTp
searches were carried out to find homologues in the human proteome
and downloaded from Integr8 using a reciprocal best hits technique.
Each mouse MAP was aligned against the human proteome and the
lowest e-value, or “best,” scoring hit was stored with a cutoff e-value
of 10⫺10. These “best bits” were then aligned against the mouse
proteome, and if the best hit was reciprocal the proteins were considered to be homologous. On occasion, one mouse protein would
match to more than one homologous human protein, each with the
same best score; in these cases, all homologous proteins were
stored. Interactions were then identified between these human proteins, further utilizing known interaction data from InteroPorc, and
mapped back to the previously established mouse homologues. All
networks were visualized using the Osprey Network Visualization Tool
(v1.2.1) (42) where nodes represent proteins and edges represent
interactions. To determine whether the MAP set contained significantly more direct pairwise interactions than a group of randomly
selected proteins, an in-house Perl script was used to construct
random sets of either human or mouse proteins separately and count
the pairwise interactions within that set. A total of 1,000 repeats were
run to achieve and plot a distribution of the data. The one-sample t
test was used to determine whether the MAP set had significantly
more interactions than the random set.
RESULTS

Activated Macrophages Display Rapidly Stabilized MT Subsets—We reported previously that activation of macrophages
with the inflammatory mediator IFN-␥ promotes stabilization
of MTs (39). Furthermore we showed that classical activation
of macrophages with IFN-␥ and LPS enhances cell spreading
and particle binding necessary for enhanced killing during
inflammatory events. We examined MT stabilization in the
macrophage cell line RAW264.7 activated with IFN-␥ and LPS
(100 units/ml and 1 g/ml, respectively). This cell line undergoes robust phagocytosis and activation and can be grown to
high yields for detailed molecular and biochemical analysis of
macrophage functions. MT stabilization was monitored using
an anti-acetylated ␣-tubulin antibody (43, 10). Activated macrophages were larger and more spread as reported previously
(5). Indirect immunofluorescence (IF) analysis with the antiacetylated ␣-tubulin antibody (Fig. 1A) revealed an increase in
acetylated MTs in IFN-␥/LPS-treated cells compared with
control cells, which had very low levels of acetylated tubulin
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where  is the pseudo spectral count (⫽0.5 in this case). The pseudo
spectral count is used here to avoid taking the logarithm of zero
values. The spectral count for a given protein was the average of
individual spectral counts from three replicate LC-MS/MS measurements after normalization. Protein relative abundances refer to the
ratio of the spectral count of MAPs obtained from IFN-␥/LPS-treated
cells (f⫺2) relative to that of the spectral count from control reference
(f⫺1). To determine whether a protein was more abundant in MAPs
obtained from activated macrophage samples than MAPs obtained
from the control resting macrophage samples, we used the two-tailed
Student’s t test to test whether the mean base 2 logarithmic (log2)
values of the ratios of spectral count (f⫺2/f⫺1) of the same protein are
different from zero. Protein abundance was only considered significant if the p value was ⬍0.05. Proteins that passed the t test with
positive mean log2 values were considered more abundant in one
sample, whereas proteins that passed the t test with negative mean
log2 values were considered more abundant in the other sample.
Proteins that did not pass the t test were considered insignificant with
regard to their relative abundance in samples. Data were expressed
as mean ⫾ S.E. All calculations were performed using a desktop
spreadsheet program (Excel, Microsoft, Redmond, WA).
Transmission Electron Microscopy (TEM)—Pellets containing
Taxol-stabilized MTs from IFN-␥/LPS-treated cells were resuspended
in PEM buffer. Protein samples at 1.0 mg/ml were adsorbed for 10 s
on carbon- and Formvar-coated copper grids (Electron Microscopy
Sciences, Hatfield, PA) and negatively stained with 1% uranyl acetate
in double distilled water. Electron microscopy was performed using a
transmission electron microscope (Philips Electronic Instruments,
Inc., Mahwah, NJ).
Immunofluorescence and Epifluorescence Microscopy—For visualization of the endogenously expressed MT-associated proteins,
resident peritoneal macrophages and RAW264.7 macrophages were
grown on coverslips in 6-well plates overnight. Control as well as
stimulated cells (100 units/ml IFN-␥ and 1 g/ml LPS for 12 h) were
washed with PBS, fixed, and immunostained as described previously
(39). The primary antibody (Ab) dilutions used were: acetylated tubulin, 1:1,000; ␣-tubulin, 1:10,000; MAP1, 1:500; MAP4, 1:1,000; talin,
1:2,000; kinesin, 1:1,000; dynein, 1:1,000; EB1, 1:500; and HSP90␤,
1:2,000. Incubation with primary Abs was followed by incubation with
the corresponding fluorochrome-conjugated secondary Ab. After
mounting, samples were analyzed by an Axiovert 200M microscope
equipped with differential interference contrast and epifluorescence
optics (Carl Zeiss Microimaging Inc.). RAW264.7 cells treated with
geldanamycin were also fixed and processed for immunostaining as
described above.
Protein Electrophoresis and Western Blot Analysis—Total protein
as well as the isolated MAPs obtained from resting, IFN-␥/LPStreated cells and bovine brain tubulin were dissolved in Laemmli
buffer and boiled for 5 min. Equal protein amounts were loaded and
analyzed by SDS-PAGE and Western blotting as described previously
(40). Protein detection was performed by exposing nitrocellulose
membrane to the primary antibodies acetylated tubulin (1:5,000),
MAP1 (1:500), MAP4 (1:1,000), talin (1:2,000), ␣-tubulin (1:10,000),
kinesin (1:1,000), dynein (1:1,000), EB1 (1:500), ␤-actin (1:1,000), and
HSP90␤ (1:3,000). Immunodetection was performed using corresponding secondary antibodies conjugated to horseradish peroxidase (diluted 1:1,000). Blotting was visualized by the ECL Western
blotting detection system (Amersham Biosciences) according to the
manufacturer’s instructions. Total lysates from macrophage cells
without and with geldanamycin treatment in the presence of IFN␥/LPS were also immunoblotted as described above. Protein bands
were measured by densitometry scanning of independent experiments using NIH/Scion Image software, and relative pixel intensities were normalized between experiments. Pooled values between
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(Fig. 1A). Cells were co-stained with a polyclonal ␣-tubulin
antibody to demarcate the total MT population in these cells.
Western blotting analysis for acetylated tubulin and total ␣-tubulin levels in control and IFN-␥/LPS-treated macrophages
revealed an increase in stabilized MTs after activation (Fig.
1B). Following quantification, we observed a statistically significant increase in acetylated tubulin levels, 2.4-fold higher in
IFN-␥/LPS-treated RAW264.7 cells, compared with control
cells (Fig. 1C). These results confirmed that macrophage activation resulted in a dramatic and rapid modulation of the MT
cytoskeleton (5, 39). We next sought to identify the entire MT
protein complement in macrophages before and after classical activation.
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FIG. 1. Macrophages activated with IFN-␥ plus LPS exhibit increased levels of stable MTs. RAW264.7 cells were stimulated with
IFN-␥/LPS (100 units/ml and 1 g/ml, respectively, for 12 h) or left
untreated. A, cells were fixed and immunostained for acetylated
tubulin (red) and ␣-tubulin (green). Scale bar, 10 m. B, Western blot
analysis of total cell lysates. A representative Western blot shows the
acetylated tubulin and total ␣-tubulin levels in resting and IFN-␥/LPStreated RAW264.7 cells. C, densitometric analysis revealed a substantial and significant increase in acetylated tubulin levels in IFN-␥/
LPS-treated macrophages compared with control macrophages.
Data is expressed as mean ⫾ S. E. (n ⫽ 3). * indicates p ⬍ 0.05.

Shotgun Proteomics Analysis of MAPs from RAW264.7
Macrophages and Quantitative Analysis by Spectral Counting—We identified macrophage MAPs using a mass spectrometry-based method. MAPs were purified from murine
RAW264.7 macrophage cells using a previously described MT
co-sedimentation assay (36, 44, 45). This procedure involves
the stabilization of MTs by Taxol and is schematically depicted in Fig. 2. MT fractions obtained using Taxol are known
to contain MAPs that promote tubulin assembly (36, 44, 45).
Cell lysates of untreated and IFN-␥/LPS-treated RAW264.7
macrophages were incubated in the presence of GTP to promote the polymerization of endogenous MTs along with
Taxol-stabilized exogenous bovine tubulin in the presence of
AMP-PNP, glucose, and hexokinase to strengthen binding of
motors to MTs (46, 47). The assembled MT network, prior to
MAP depletion, was examined by TEM analysis. Fig. 3A displays the longitudinal structure of macrophage MTs. Higher
magnification images reveal electron-dense structures, which
are likely associated ribosomes (19). Because MAPs have
been shown to dissociate from Taxol-stabilized MTs at high
ionic strengths (36), MAPs were released from Taxol-stabilized MTs upon incubation in homogenization buffer containing 0.35 M NaCl (Fig. 2). MAPs were also released similarly
from pure bovine brain tubulin to determine whether there was
any contamination of exogenous MAPs in the sample preparations. A sample one-dimensional SDS-PAGE gel displays
MAPs isolated from control, activated macrophages, and bovine brain tubulin (Fig. 3B). The amounts of silver-stainable
proteins in both control and IFN-␥/LPS-treated lanes were
similar and obviously higher than that in the bovine tubulin
lane, indicating successful MAP isolation and very few contaminating proteins in the bovine tubulin preparation. The
MAPs obtained from control and IFN-␥/LPS-treated macrophage were fractionated by C4 reverse-phase LC (48). In total,
24 fractions were digested with trypsin and analyzed by C18
reverse-phase LC-MS/MS. Proteins were identified by
searching a mouse subset of the Swiss-Prot database (Release 56.4). In this study, we isolated MAPs from control and
IFN-␥/LPS-treated macrophages in triplicate, thus resulting in
a total of three biological replicates. Compilation of the data
from all three analyses resulted in the identification of 409
MT-associated proteins from macrophages (supplemental
Table 1). These MAPs were proteins that were observed in at
least two of the three analyses with at least two unique peptides. As a result of this further restriction, the false positive
rate of the analyzed MAPs was smaller than the estimated
2.1–3.5% based on the reverse database search. MAP analyses of bovine brain tubulin revealed only two proteins, which
were tubulin isoforms, validating the purity of the exogenous
tubulin added (supplemental Table 1, indicated by asterisks).
To classify the 409 proteins on a functional basis, we first
characterized the comprehensive data set of MAPs according
to the Gene Ontology database (41) supported by additional
manual data mining of previously published work (Fig. 3C and
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FIG. 3. Morphological and molecular
characterization of MTs and MAPs
from macrophages. A, negatively
stained electron micrographs of MTs
from IFN-␥/LPS-treated RAW264.7 cells.
Arrows outline the walls of the MTs. B,
one-dimensional gel electrophoresis of
purified MAPs isolated from resting and
IFN-␥/LPS-treated RAW264.7 cells and
from commercial bovine brain tubulin
alone. C, functional classification of 409
MAPs from IFN-␥/LPS-treated RAW264.7
cells. A pie chart shows the classification
of identified MAPs according to the Gene
Ontology database assisted by additional
manual data mining of previously published work. MAPs were categorized into
12 different categories based on their cellular functions.

supplemental Table 1). In macrophages containing a total of
409 MAPs, 2.93% (12 proteins) of proteins were annotated as
cell division/growth and maintenance, 0.49% (two proteins)
were annotated as cell adhesion, 8.56% (35 proteins) were
annotated as cytoskeleton and cytoskeleton-associated pro-

tein, 2.69% (11 proteins) were annotated as MT motors and
motor-associated proteins, 2.20% (nine proteins) were annotated as non-motor MT-associated proteins, 31.30% (128)
were proteins involved in various metabolic pathways,
29.83% (122) were proteins involved in gene synthesis/pro-
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FIG. 2. Schematic representation of the protocol used for purification of MAPs from RAW264.7 cells. Control and activated macrophages were mechanically lysed, and following a high spin, MTs and MAPs were co-sedimented in the presence of Taxol, GTP, AMP-PNP,
and exogenous tubulin. MAPs were dissociated from Taxol-stabilized MTs at high ionic strengths. The MAPs obtained from both resting and
IFN-␥/LPS-treated macrophage cells were fractionated by reverse-phase liquid chromatography. Fractions from each sample were digested
with trypsin and analyzed by C18 reverse-phase LC/MS/MS. Proteins were identified by searching a mouse subset of the Swiss-Prot database
as described under “Experimental Procedures.”
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tein expression, 11.98% (49 proteins) were annotated as signal transduction/membrane transport proteins, 4.65% (19
proteins) were annotated as molecular chaperone/cell defense, 0.98% (four proteins) were proteins involved in vesicle
transport, 1.22% (five proteins) were proteins that are known
to be induced by IFN-␥ and LPS treatment, and 3.18% (13
proteins) were proteins with unknown functions (Fig. 3C).
In addition, the effect of macrophage activation on MTassociated proteins was determined by examining the number of proteins that are differentially expressed between control and IFN-␥/LPS-treated samples using a -fold test. For this
analysis, -fold change refers to the ratio of relative abundance
of a protein in the IFN-␥- and LPS-treated versus control
samples (f2/f1). A two-sample t test (assuming equal variances) was performed to determine whether the observed
differential expression of these proteins was significant or not.
We used a volcano plot in Fig. 4 to visualize the differentially
expressed proteins based on the simple 2- and 3-fold change
threshold and displayed their statistical significance based on
their t test with peptide level abundance. In the volcano plot,
the t test p value was plotted against the relative abundance
ratio between IFN-␥/LPS-treated and control samples on a
logarithmic scale. Of the 409 proteins, 140 proteins showed
significant differential expression as indicated by the t test
(Fig. 4, p ⬍ 0.05). Among them, 46 proteins had less than a
2-fold change (black dots), 41 proteins had a -fold change
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between 2 and 3 (pink dots), and 53 had greater than a 3-fold
change (red dots). The remaining 269 proteins did not show a
significant difference in expression levels (p ⬎ 0.05; green
dots). Our study thus demonstrates that macrophage activation by IFN-␥/LPS modulates many MAPs mainly through
enhanced MT binding. However, a significant number of
MAPs are released from MTs during this process. This suggests a complex pattern of MAP regulation during IFN-␥/LPS
macrophage activation.
Bioinformatics Analysis of Binary MAP Interactions—The
proteins identified in this study were isolated because of their
association with MTs. This common property of the proteins
led us to predict that they interact with one another at a higher
frequency than a set of randomly selected, unrelated proteins.
To test this hypothesis, we utilized protein-protein interaction
data stored in the InteroPorc database, which stores known
physical interactions combined from the Database of Interacting Proteins, Molecular Interactions Database, and IntAct
interaction database. These interactions were parsed using
in-house Perl scripts to remove self-interactions and to store
proteins by their Swiss-Prot accession codes. An interaction
data set of 5,708 pairwise interactions was collected for
mouse. Of our 409 MAPs identified from macrophages, inhouse computer algorithms identified available interaction
data for 218. An analysis of the binary protein interactions
between these proteins identified 206 interactions within the
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FIG. 4. Graphical representation of quantitative proteomics data of MAPs purified from resting and IFN-␥/LPS-treated macrophages.
A volcano plot was generated by plotting the t test p value against the relative abundance ratio between IFN-␥/LPS-treated and control samples
on a logarithmic scale. From a total of 409 identified proteins, 140 proteins were significant in differential expression (p ⬍ 0.05). Among them,
46 proteins had less than a 2-fold change (black dots), 41 proteins had a -fold change between 2 and 3 (pink dots), and 53 had greater than
a 3-fold change (red dots). Of these, 52 were up-regulated 2-fold or greater, and 42 were down-regulated 2-fold or greater after IFN-␥/LPS
stimulation. The remaining 269 proteins did not show a significant difference in expression levels (p ⬎ 0.05; green dots). Act av, activated
average; Ctrl av, control average.
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obtained by the two approaches were not identical. Additionally we analyzed localization of these up-regulated MT proteins in RAW264.7 macrophages and resident peritoneal
macrophages without and with IFN-␥/LPS-treatment using IF.
Partial co-localization of these proteins was observed in both
resting and IFN-␥/LPS-treated macrophages, although overlap was more evident in activated macrophages (RAW264.7
cells and peritoneal macrophages), which were larger and
more spread than unstimulated cells (Fig. 7 and see
supplemental Fig. 1). Several pieces of evidence suggest that
MAP1, MAP4, and EB1 play a significant functional role in
stabilizing MTs (49 –51); however, the role of HSP90␤ in stabilizing MTs is not as clear.
Inhibition of HSP90 by GA Reduces MT Stabilization in
Activated Macrophages—It has been reported previously that
HSP90 can bind tubulin (52, 53). To determine whether
HSP90 has a role in MT dynamics in activated macrophages, we used GA to inhibit HSP90 function. As shown in
Fig. 8A, RAW264.7 cells treated with IFN-␥/LPS induced the
formation of stabilized MTs; however, in contrast, HSP90
inactivation by GA disrupted the IFN-␥/LPS-induced stabilization of MTs. Further Western blot analysis demonstrated
that treatment of macrophages with GA reduces total acetylated MTs in IFN-␥/LPS-stimulated macrophages in a dosedependent fashion (Fig. 8B). These results indicate that
HSP90 plays a critical role in the regulation of MT dynamics
in activated macrophages.
DISCUSSION

In this study, we revealed the composition of MAPs in a
mammalian cell that rapidly modulates its MT cytoskeleton to
perform acute and essential immune functions. Activated
macrophages increase in size, and phagocytic, secretory, and
migratory capacities increase within hours of stimulation (54 –
64). We have shown previously that rapid interphase MT
stabilization is concomitant with macrophage activation (5,
39). We revealed 409 proteins that associate with MTs in
macrophages and identified multiple proteins that show preferential recruitment to MTs depending on the activation status
of macrophages. The MAPs identified in our MT proteomics
profiling were grouped according to their primary functions as
cell adhesion, cell division/growth and maintenance, cytoskeleton and cytoskeleton-associated, MT motor and motor-associated, non-motor MT-associated, and signaling proteins
and proteins that are involved in vesicle trafficking or IFN-␥/
LPS-inducible proteins. Our analysis also resulted in identification of MT proteins with unknown functions.
The wide range of MAPs identified in macrophages is not
surprising given the number of cellular processes that are
regulated by MTs including vesicle trafficking, organelle positioning, signal transduction as well as adhesion, migration,
cell division, and phagocytosis (65– 67). Similar to what has
been observed in other published MT proteomes, we observed many “housekeeping” RNA elements and proteins
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set of MAPs when considering “A-B” and “B-A” each as one
interaction. Because fewer direct interactions were identified
between MAPs than expected, the vast amount of human
interaction data was utilized. It was assumed that proteinprotein interactions are largely conserved between mouse
and human; thus by identifying homologues between the two
species, additional interactions could be mapped across to
mouse. By using a BLAST-based reciprocal best hits approach with an e-value cutoff of 10⫺10, 659 human homologues were identified from the 409 mouse MAPs. Of these
human proteins, 422 possessed any interaction data from a
human interactome collated from InteroPorc, resulting in
784 pairwise interactions between MAPs. Interactions were
mapped back to mouse using the previously established
homologues, and an overall interaction network was constructed using both the mouse and human interactions containing 234 proteins with 461 interactions between them
(Fig. 5A).
To determine whether the MAP set contained significantly
more direct pairwise interactions than a group of randomly
selected proteins, an in-house Perl script was used to construct a random set of mouse proteins and to count the
pairwise interactions within that set (17). A total of 1,000
repeats were carried out to achieve and plot a distribution of
the data (Fig. 5B). As 218 of the 409 MAPs show any interactions at all in the InteroPorc data, sets of size 218 were used
when searching the mouse proteins, resulting in an average of
31 interactions (S.D., ⫾18.28; n ⫽ 1,000). This indicates that
the set of MAPs interact with one another at significantly
higher frequency than a random set of proteins (p ⬍ 0.0001).
A similar test was carried out using human interaction data
using sets of size 422, resulting in an average of 103 interactions (S.D., ⫾29.87; n ⫽ 1,000; Fig. 5B). The number of
interactions between MAPs is significant in comparison with a
random set (p ⬍ 0.0001).
Confirmation of Proteomics Results by Western Blot and IF
Analysis—To corroborate the results obtained by the LCMS/MS approach, we quantified the levels of seven differentially expressed proteins, kinesin, dynein, MAP1, MAP4, EB1,
HSP90␤, and talin, in control and IFN-␥/LPS-treated macrophages. ␣-Tubulin was used as a control for sample loading.
Antibodies against talin (⬃230 kDa), kinesin (⬃120 kDa), dynein (⬃70 kDa), MAP1 (⬃325 kDa), MAP4 (⬃220 kDa), EB1
(⬃34 kDa), and HSP90␤ (⬃90 kDa) were used to visualize
bands of expected molecular masses in both control and
IFN-␥/LPS-treated samples (Fig. 6A). The signals obtained
with these antibodies were stronger in IFN-␥/LPS-treated
samples compared with control samples. Measurement of
band density using ImageJ software (National Institutes of
Health, Bethesda, MD) indicated a 2–3.5-fold increase in expression levels of these proteins in IFN-␥/LPS-activated macrophages (Fig. 6B). Thus, Western blot analysis confirmed the
identity of these proteins and their increase within the MAP
fraction observed by MS analysis, although the -fold changes
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associating with MTs that are involved in gene expression and
metabolism (17, 19 –21). Our TEM analysis of purified MTs
revealed dense structures that likely represent ribosomes
along the MTs. We observed numerous transcription- and
translation-related proteins in our macrophage MAP preparations (supplemental Table 1). The precise function of MTassociated ribosomes remains unknown. However, treatment
of cells with MT-depolymerizing agents disrupts membrane-
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FIG. 6. Validation of protein expression data by immunoblotting analysis
of resting and IFN-␥/LPS-treated macrophages. A, purified MAPs from resting
and IFN-␥/LPS-treated RAW264.7 cells
were used in Western blot analysis. ␣-Tubulin was used as an equal loading control. B, graph showing the relative expression levels (mean ⫾ S.E.) of MAPs from
IFN-␥/LPS-treated and resting macrophage cells. Densitometric analysis revealed a substantial increase in dynein,
kinesin, MAP1, MAP4, EB1, talin, and
HSP90␤ protein levels in MAPs isolated
from IFN-␥/LPS-treated macrophages
compared with control macrophages.
Values below the graph (mean ⫾ S.E.)
represent the -fold change in protein expression based on mass spectrometry
analysis. -Fold change values used here
are non-logarithmic. * indicates p ⬍ 0.05.

bound ribosomes and blocks the reinitiation of protein synthesis, which affects mRNA production and localization (68).
This suggests that microtubules partition ribosomes within
the cell and potentially translocate them from one place to the
other depending on the cell signal. Several researchers have
described a role for MTs as a platform for mRNA translation
and as a transport conduit for mRNA transcripts to distinct
cellular locations (69 –71). Similarly clustering of housekeep-

FIG. 5. Pairwise interactions of MAPs identified from macrophage cells. A, a total of 224 of the 409 MAPs show direct pairwise interaction
with another MAP using homologous interactions from human interaction data. Of the 409 MAPs, 206 show direct pairwise interactions when
using mouse interaction data. The combination of these binary interactions are displayed here as an interaction network using the Osprey
Network Visualization System (v1.2.1). Proteins are indicated by circular nodes, and interactions are indicated by lines. Green nodes represent
proteins interacting with tubulin ␣ and ␤ subunits; blue nodes represent proteins interacting with HSP90␤, and yellow nodes indicate interaction
with both. B, the distribution of interactions within randomly selected sets of proteins gives an average of 103 (S.D., ⫾29.87; 1,000 repeats)
using human interactions and 31 (S.D., ⫾18.28, 1,000 repeats) using mouse interaction data. The MAP set gave significantly more interactions
compared with the random set in both cases.
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ing enzymes along the MT cytoskeleton provides a means for
specific, ordered interactions according to the cellular metabolic needs. Protein degradation machinery has also been
reported to be a component of the MAP repertoire (19 –21). Of
immunological significance, we observed enhanced association of the proteasome elements LMP2/proteasome subunit ␤
type-2 and proteasome activator complex subunit 1/interferon-␥ up-regulated I-5111 (IGUP I-5111) protein with MTs in
IFN-␥/LPS-activated macrophages (supplemental Table 1)
that are critical for major histocompatibility complex (MHC) I
antigen processing (72–75). The IGUP I-5111 protein contains
an MT binding domain homologous to the MAP1B binding
domain (76); however, this is the first report confirming its MT
association.
Also similar to other MT proteome studies, we observed
numerous F-actin-binding proteins in our MS analysis (18, 20,
21), indicating cytoskeletal cross-talk in macrophages. One
protein identified was MT-actin cross-linking factor 1, which
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contains actin as well as MT binding domains (77) and which
may be a key attachment point between MTs and microfilaments. The dynamic nature of phagocytosis and migration in
macrophages relies heavily on both F-actin and MTs (39, 78,
79), likely explaining the strong physical and functional interplay between these polymers. For instance, talin is a key
regulator of ␣IIb␤3 integrin activation in activated macrophages necessary for phagocytosis of C3bi-coated target
particles (80), and we observed enhanced association of this
actin-binding protein with MTs in activated macrophages
(Figs. 6 and 7 and supplemental Fig. 1 and Table 1).
Analysis of a single mammalian cell type before and after
MT stabilization allowed comparative analysis of the regulation of the MT proteome. In this study, we demonstrated that
macrophages produce significant levels of acetylated MTs
following classical activation with IFN-␥/LPS. MT acetylation
may regulate protein association with MTs in macrophages as
tubulin posttranslational modifications have been shown to
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FIG. 7. Cellular localization of MAPs
in RAW264.7 cells. RAW264.7 cells
without and with IFN-␥/LPS stimulation
were fixed and immunostained for dynein, kinesin, EB1, MAP1, MAP4, EB1,
talin, and HSP90␤ (indicated in red) and
total ␣-tubulin (in green). The boxed region is shown at a higher magnification
in the inset (lower right). Arrows indicate
partial co-localization of proteins on
MTs. Scale bars, 10 m.
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enhance binding of motors to MTs (11, 12). We observed
enhanced binding of various light and heavy chains of cytoplasmic dynein and kinesin with MTs in activated macrophages. Pronounced vesicle trafficking occurs in activated
macrophages to facilitate cytokine, matrix metalloproteinase,
and MHC delivery to the cell periphery and to assist in inward
movement of phagosomes (32, 81– 83). This is the first evidence that there is a quantitative increase in motor association with MTs in activated macrophages that is likely driving
these important intracellular movements.
During this study we were able to predict protein-protein
interactions between MAPs utilizing both mouse and human
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FIG. 8. HSP90 inactivation reduces stabilization of MTs in IFN␥/LPS-treated macrophages. RAW264.7 cells were treated with 0.1
and 1.0 M GA for 1 h followed by IFN-␥/LPS stimulation or were left
untreated. A, cells were fixed and immunostained for acetylated
tubulin (red) and ␣-tubulin (green). Scale bars, 10 m. B, Western blot
analysis of acetylated tubulin in cell lysates of resting as well as
IFN-␥/LPS-treated macrophages with and without GA. Data is expressed as mean ⫾ S. E. (n ⫽ 3).

interaction data. Because the proteins have all been identified
based on their association with MTs, we predicted that they
would have significantly more interactions with one another
than a randomly selected set of proteins. This was found to be
the case using both mouse interactions and human interactions between MAP homologues. This approach was able to
further verify the functional relevance that the MAPs identified
here have to one another. Within the interaction network,
14-3-3 protein /␦ is one of the most connected proteins,
interacting with HSP90␤ and tubulin subunits. 14-3-3 protein
/␦ has been implicated in MT dynamics by regulating tau
phosphorylation in bovine brain extracts (84). Interestingly one
of the IFN-␥-induced proteins, proteasome activator complex
subunit 1 (IGUP I-5111), showed direct tubulin binding within
the interactome as well. It will be of interest to study the roles
of both 14-3-3 protein /␦ and proteasome activator complex
subunit 1 in regulating MT dynamics in macrophages.
Of particular interest to this study was the differential recruitment of proteins that may regulate the pronounced MT
stabilization in activated macrophages. LPS itself is thought to
regulate MT stability and has been shown to bind directly to
tubulin in vitro (85). However, our MT proteome analysis revealed enhanced association of several stabilizing MAPs with
MTs in activated macrophages. We observed enhanced binding of both MAP4 and MAP1S with MTs; both are well known
MT wall-binding proteins known to affect MT stabilization
(86 – 88). We also observed enhanced association of CLIP 1
(also called CLIP-170) with MTs that we have shown previously, using cell biology analytical tools, to regulate MT stability in macrophages (5). Our previous IF analysis showed a
redistribution of CLIP-170 toward the body of the MT in
stabilized MT subsets (5) that with this study includes a quantitative protein enrichment of CLIP-170 on the MT wall. We
also saw an increase in EB1 on MTs in activated macrophages (supplemental Table 1). There has been recent interest in the cross-talk between EB1 and CLIP-170 during
MT plus (⫹) end recruitment (50, 89 –91), and our study also
suggests a potential functional interplay between these proteins during macrophage activation. Interestingly we saw
reduced association of stathmin with MTs in IFN-␥/LPSactivated macrophages (supplemental Table 1). Stathmin is
a well conserved phosphoprotein that induces MT depolymerization by binding to tubulin dimers and increasing catastrophe rates (92).
We also observed chaperone proteins that consistently copurified with MTs in macrophages. This includes HSP70,
which has been reported previously to bind MTs (53, 93) and
enhance MT polymerization (53). Of interest to us was HSP90,
which has been observed along MTs in mammalian cells (94,
95) and importantly is essential for macrophage activation by
LPS (96). In our MT proteomics analysis, we observed a
significant increase in HSP90␤ binding to MTs in macrophages after stimulation by IFN-␥ and LPS (supplemental
Table 1). Further, treatment of activated macrophages with

Proteome of Microtubule-associated Proteins in Macrophages

Acknowledgment—We thank Sherri Thiele (University of Toronto)
for assistance with peritoneal macrophage extraction.
* This work was supported in part by Canadian Institutes of Health
Research (CIHR) Grant MOP-68992.
□
S The on-line version of this article (available at http://www.
mcponline.org) contains supplemental Fig. 1 and Table 1.
** Recipient of an Ontario early researcher award and CIHR new
investigator award. To whom correspondence should be addressed:
Dept. of Cell and Systems Biology, University of Toronto Scarborough, Toronto, Ontario M1C 1A4, Canada. Tel.: 416-287-7377; Fax:
416-287-7676; E-mail: harrison@utsc.utoronto.ca.
REFERENCES
1. Stoppin-Mellet, V., Gaillard, J., and Vantard, M. (2003) Plant katanin, a
microtubule severing protein. Cell Biol. Int. 27, 279
2. Mitchison, T., and Kirschner, M. (1984) Dynamic instability of microtubule
growth. Nature 312, 237–242
3. Maccioni, R. B., and Cambiazo, V. (1995) Role of microtubule-associated
proteins in the control of microtubule assembly. Physiol. Rev. 75,
835– 864
4. Mandelkow, E., and Mandelkow, E. M. (1995) Microtubules and microtubule-associated proteins. Curr. Opin. Cell Biol. 7, 72– 81
5. Binker, M. G., Zhao, D. Y., Pang, S. J., and Harrison, R. E. (2007) Cytoplasmic linker protein-170 enhances spreading and phagocytosis in
activated macrophages by stabilizing microtubules. J. Immunol. 179,
3780 –3791
6. Akhmanova, A., Hoogenraad, C. C., Drabek, K., Stepanova, T., Dortland,
B., Verkerk, T., Vermeulen, W., Burgering, B. M., De Zeeuw, C. I.,
Grosveld, F., and Galjart, N. (2001) Clasps are CLIP-115 and -170
associating proteins involved in the regional regulation of microtubule
dynamics in motile fibroblasts. Cell 104, 923–935
7. Schuyler, S. C., and Pellman, D. (2001) Microtubule “plus-end-tracking
proteins”: the end is just the beginning. Cell 105, 421– 424

2512

Molecular & Cellular Proteomics 8.11
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