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Tubulin-binding cofactor B is a direct interaction partner
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Abstract The dynactin p150Glued subunit, encoded by the
gene DCTN1, is part of the dynein-dynactin motor protein
complex responsible for retrograde axonal transport in mo-
tor neurons. The p150 subunit is a candidate gene for
neurodegenerative diseases, in particular motor neuron and
extrapyramidal diseases. Tubulin-binding cofactors are be-
lieved to be involved in tubulin biogenesis and degradation
and therefore to contribute to microtubule functional diver-
sity and regulation. A yeast-two-hybrid screen for putative
interacting proteins of dynactin p150Glued has revealed
tubulin-folding cofactor B (TBCB). We analyzed the interac-
tion of these proteins and investigated the impact of this com-
plex on the microtubule network in cell lines and primary
hippocampal neurons in vitro. We especially concentrated on
neuronal morphology and synaptogenesis. Overexpression of
both proteins or depletion of TBCB alone does not alter the

microtubule network and/or neuronal morphology. The dem-
onstration of the interaction of the transport molecule dynactin
and the tubulin-regulating factor TBCB is thought to have an
impact on several cellular mechanisms. TBCB expression lev-
els have been found to have only a subtle influence on the
microtubule network and neuronal morphology. However,
overexpression of TBCB leads to the decreased localization
of p150 to the microtubule network that might result in a
functional modulation of this protein complex.
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Introduction

The cytoskeleton in eukaryotic cells is a crucial structural
framework that serves as a communication and transport mod-
ule within cells to ensure their survival and growth. In addition
to their maintenance of cellular morphology and polarization,
cytoskeletal protein complexes are utilized, for example, as
migration devices, transport tracks, or classifiers of subcellular
compartments. The cytoskeleton is composed of three major
kinds of filaments known to date: microfilaments (mainly actin
filaments), intermediate filaments, and microtubules. The last-
mentioned associate with several proteins, such as the dynactin
p150 subunit of the dynactin complex, tubulin-binding cofac-
tor B (TBCB), and many other microtubule-associated pro-
teins, to enable the tubules to execute their functions. TBCB, as
its name suggests, is one of a group of the cofactor family
(TBCA-TBCE) that plays a role in microtubule biosynthesis. It
specifically has been shown to enhance the folding of alpha
tubulin (Tian et al. 1997) and also to polymerize microtubules
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(Vadlamudi et al. 2005). Unlike some members of the tubulin
cofactor family that have been implicated in disease via muta-
tional defects, no molecular aberration in TBCB has been
discovered so far. Moreover, little is known about the molec-
ular function of this protein.

Dynactin is a macroprotein complex molecule that con-
sists of several protein subunits. Most often, it couples to
dynein, a retrograde transport protein. The coupling of
dynactin and dynein forms another complex commonly
referred to as the dynactin/dynein motor complex, which
has been earmarked notably in the transport of molecules
along the neuronal axon toward the soma (Burakov and
Nadezhdina 2006). The dynactin p150Glued subunit, the
largest of the dynactin complex subunits, harbors the dynein
motor and microtubule-binding domains to which it binds
(Puls et al. 2003). Thus, p150 is thought to serve as a bridge
between dynein and microtubules during cargo transporta-
tion. In general terms, p150 is involved in the intracellular
transport of cargoes (Schroer 2004), such as vesicles, RNA,
and trophic factors, that are indispensable for cellular me-
tabolism and survival. However, p150 has been implicated
in neurodegeneration (Farrer et al. 2009; Laird et al. 2008;
LaMonte et al. 2002) and therefore is considered as a can-
didate gene in motor neuropathies. The identification of a
mutation, G59S, in its conserved cytoskeleton-associated
glycine-rich (CAP-Gly) domain, causing motor neuron dis-
ease (Levy et al. 2006; Puls et al. 2003), makes this region
important for further investigations. Moreover, a common
mutant variant of p150, namely the valine substitution of
isoleucine at position 196 (I196V), is reported in patients
and in healthy controls (Munch et al. 2007); as this mutation
shows no clear penetrance, it is therefore considered as only a
putative disease-causing factor (Vilarino-Guell et al. 2009).

The direct interaction of p150 and TBCB points to a
functional correlation of the tubulin-dependent transport
mechanism of the dynein/dynactin complex and the tubulin
assembly modulation factor TBCB. In particular, the influ-
ence of p150 proteins harboring sequence aberrations on
native and artificially overexpressed TBCB is of high im-
portance for the understanding of neuronal degeneration in
MND patients carrying DCTN1 mutations. Here we present
the direct binding of p150Glued and the tubulin modulator
TBCB, providing for the first time, at least to our knowl-
edge, insights into the relationship between these proteins
and their impact on cell morphology.

Materials and methods

Ethics statement

All animal experiments were performed in compliance with
the guidelines for the welfare of experimental animals issued

by the Federal Government of Germany, the National
Institutes of Health, and the Max Planck Society. The experi-
ments in this study were approved by the review board of the
Land Baden Württemberg (permit no. O.103).

Cloning

Truncated human wild-type (WT) p150Glued; exon1-7
was amplified by the polymerase chain reaction and
cloned into the yeast vector pGBKT7 (both Clontech).
Human WT TBCB and DCTN1 were also amplified from
a human fetal male cDNA library and cloned into
pEGFP-C3 and PCMV-Myc-C vector systems (both
Clontech). Human DCTN1 mutants were generated in a
pEGFP-C3 vector. The mouse WT dctn1 gene was am-
plified from a mouse cDNA library and cloned into the
pIRES2 AcGFP-Nuc vector, transcribing a bicistronic
mRNA for expressing an unaffected non-fluorescent pro-
tein of interest and a green fluorescent protein (GFP)
targeted to the nucleus as a transfection control.
Mutants were obtained by site-directed mutagenesis.

Fig. 1 Ubiquitous expression of p150Glued and tubulin-folding cofac-
tor B (TBCB) in mammalian adult tissues and during development. a
Representation of p150Glued and TBCB. p150 consists of an N-terminal
cytoskeleton-associated glycine-rich (CAP-Gly) domain and two
coiled-coil domains. TBCB has a functional N-terminal ubiquitin do-
main, central coiled-coil domain, and a C-terminal CAP-Gly domain. b
Western blot detection of endogenous TBCB and p150 from pregnant
adult female rat tissues (Br brain, SC spinal cord, Ht heart, Li liver, Sp
spleen, Kd kidney, Lu lung, Mu abdominal muscle). The expression of
both proteins is ubiquitous with a high expression observed in the brain
(GAPDH D-glyceraldehyde-3-phosphate dehydrogenase control). c
p150 and TBCB expression in brain subregions. Western blot of
homogenates of an adult female rat brain subregions (PFC prefrontal
cortex, CTX cortex, HIP hippocampus, STR striatum, THA thalamus,
MES mesencephalon, CER cerebellum, BST brainstem, SPC spinal
cord). Expression of p150 is similar in the central nervous system
(CNS), whereas that of TBCB is variable, with its highest protein
levels in the PFC, CTX, and HIP (β-Actin control). d Expression
profile of p150 and TBCB in subcellular compartments. Western blot
was performed on pellet and soluble fractions of the postsynaptic
density (PSD) preparation from 14-day-old male rats (Ho whole brain
homogenate, P1 nuclei-enriched fraction, P2 membrane-associated
fraction, S2 soluble fraction 2, My myelin, LM1 light membrane 1, Sy
synaptosome, SJ synaptic junction). p150 was detected throughout the
subfractions with high expression in P1, My, LM1, and Sy. TBCB was
expressed in all subfractions, except for the synaptic junction and PSD
(β-Actin control). e, f In situ hybridization of DCTN1 and TBCB
mRNA in rat brain. DCTN1 mRNA expression was high throughout
developmental stages in the cortex, cerebellum, dentate gyrus, and
hippocampus. Whole-mount embryonic day 19 (E19) in situ embryo
shows abundant DCTN1 in the CNS (e). On the other hand, TBCB
mRNA expression appears higher than DCTN1. Ubiquitous TBCB
mRNA expression is seen in all organs in the whole-mount E19
embryo in situ specimen with hight expression levels in the developing
brain. (f). In situ brain sections were obtained from E19 embryos,
postnatal days 3 (PD3) and 21 (PD21), and 3-month-old (3mnth) and
adult animals

b
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Gene knockdown

TBCB gene repression targeting sequences were cloned into
the pSUPER.retro.neo vector expressing a GFP-tag
(OligoEngine, Seattle, Wash., USA) and were transfected
into HEK293T cells at various time points. Cell lysates were
obtained (see below), and knockdown was investigated by
Western blot analysis. Knockdown sequences were:

RNAi1:5’GATCCCCCCCTGCTTCAGCTCCTAGCT
CTTCAAGAGAGAGCTAGGAGCTGAAGCA
GGGTTTTTGGAAA3’

RNAi3:5’GATCCCCCCATCGCTGAGTTCAAGTG
TATTCAAGAGATACACTTGAACTCAGCG
ATGGTTTTTGGAAA3’

Cell culture

Preparation of primary hippocampal neurons (pHNs) from rat
embryos (E18) was adopted from Liebau et al. (2009) and
Proepper et al. (2007). In brief, after preparation, the hippocam-
pal neurons were seeded on poly-L-lysine (0.1 mg/ml; Sigma-
Aldrich, Steinheim, Germany)-coated coverslips at a density of
4×104 cells/well (transfection experiments) or 2×104 cells/well
(immunocytochemical staining). Cells were grown in
Neurobasal medium complemented with B27 supplement,
0.5 mM L-glutamine, and 100 U/ml penicillin/streptomycin
(all Invitrogen, Karlsruhe, Germany) and maintained at 37 °C
in 5 % CO2. Hippocampal cells were transfected on the days
indicated by using Lipofectamine 2000 according to the man-
ufacturer’s recommendation (Invitrogen). Cos7 and HEK293T
cells (obtained from DSMZ, Braunschweig, Germany) were
maintained in Dulbecco’s modified Eagle’s medium (DMEM)
with high glucose (Invitrogen) supplemented with 10 % (v/v)
fetal calf serum and 2 mM L-glutamine without antibiotics.
Cells were grown on commercially available chamber-slides
(Nunc, Wiesbaden, Germany) treated with poly-L-lysine
(0.1 mg/ml; Sigma-Aldrich).

Transfections

COS7 and HEK293T were transfected for immunocyto-
chemistry with Polyfect (Qiagen) according to the manufac-
turer’s protocol. Hippocampal neurons were transfected
with Optifect (Invitrogen) according to Liebau et al.
(2009). Respective constructs were overexpressed for 24,
48, 72, and 96 h in culture.

Immunoprecipitation (pull-down)

Cell extracts of 293 T cells cotransfected with human p150
mutants and myc-labeled WT TBCB, prepared with Triton X-
100 lysis buffer (150 mM NaCl, 1 % Triton-X100, 50 mM

TRIS-HCl pH 8.0, 1× protease inhibitors cocktail) were cou-
pled to μMACS magnetic Microbeads coated with anti-myc
antibody (MiltenyiBiotec, Germany) and washed in a mag-
netic field. The magnetized complex was eluted with sodium
dodecyl sulfate (SDS) gel loading buffer heated to 95 °C.
Eluates were probed for p150 by using anti-GFP antibody in
Western blots. The coupling of lysate with anti-GFP-coated
magnetic Microbeads was also performed to confirm the
results in both directions. Eluates were used for Western blot.

Western blot

Protein sample concentrations were determined by the amido
black protein assay. Samples of 10 μg protein were loaded per
lane and separated by standard SDS electrophoresis by using a
polyacrylamide gel with 10 % total monomer concentration.
Electro-blotting onto polyvinylidene difluoride membranes
was conducted by standard protocols. Primary antibodies used
were: anti-GFP (1:3000; Clontech), anti-myc (1:3000; Roche,
Mannheim, Germany), anti-alpha tubulin (1:5000; Sigma-
Aldrich, Steinheim, Germany), anti-acetylated alpha tubulin
(1:2500; Sigma-Aldrich), anti-p150 (1:500; BD Transduction,
San Jose, USA), anti-TBCB (1:1000; Sigma-Aldrich).
Secondary antibodies used were: anti-rabbit immunoglobulins
(IgG; 1:2000; Dako, Hamburg, Germany) and anti-mouse IgG
(1:8000; Dako), both linked to horseradish peroxidase (HRP).
Protein bands were detected by using enhanced chemilumi-
nescent (ECL) substrate for the detection of HRP (Thermo
Fisher, Langenselbold, Germany).

Immunocytochemistry

Immunocytochemistry was performed according to Kleger
et al. (2010), Liebau et al. (2011), and Linta et al. (2012). In
brief, cultured cells were fixed with 4 % paraformaldehyde
(PFA)/1.5 % sucrose/phosphate-buffered saline (PBS) for
15 min at room temperature (RT). After being washed three
times with 1× PBS for 5 min at RT, the cells were permea-
bilized for 3 min on ice in a buffer containing 0.2 % Triton
X-100/0.1 % Na-citrate/PBS and washed again three times
with 1× PBS. Blocking was performed with 10 % fetal calf
serum/PBS for 1 h at RT followed by incubation with the
primary antibodies, diluted in PBS, for 1 h. After three
further washing steps in PBS, the cells were incubated with
secondary antibody conjugates for 45 min at RT, washed
three times with 1× PBS and then with twice-distilled water
for 3 min, and mounted in Vectashield aqueous mount
(Vector, Burlingame, USA). Cell nuclei were counterstained
with 4,6-diamidino-2-phenylindole (DAPI). Primary anti-
bodies against the following antigens were used: dynactin
p150 mouse (1:250; BD), dynactin (H-300) rabbit (1:250;
Santa Cruz, Santa Cruz, USA), TBCB rabbit (1:500; Sigma-
Aldrich), alpha tubulin mouse (1:1000; Sigma-Aldrich),
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alpha tubulin rabbit (1:1000; Epitomics, Calif., USA),
dynactin p50 mouse (1:500; BD), dynactin p62 goat
(1:100; Santa Cruz), Arp-1 goat (1:100; Santa Cruz).
Fluorescently labeled secondary antibodies were Alexa
Fluor 488 (green, with filter set: excitation BP 450–
490 nm, FT 510, emission BP 515–565 nm), Alexa Fluor
568 (red, with filter set: excitation BP 534–558 nm, FT 560,
emission BP 575–640 nm), and Alexa Fluor 647 (magenta,

with filter set: excitation BP 610–670 nm, FT 660, emission
BP 640–740 nm; all from Invitrogen and all diluted 1:500).
Images were captured by using an upright fluorescence
microscope Axioskop2 equipped with a Zeiss charge-
coupled device camera (16 bits; 1280×1024 pixels per
Image) or the confocal microscope LSM 710 (both Zeiss,
Oberkochen, Germany) and analyzed by using Axiovision
software (Zeiss).

Fig. 2 p150 and TBCB
interaction, localization, and
TBCB knockdown efficiency. a
Yeast–two-hybrid screen. The
human DCTN1 exon 1-7 gene
(harboring the CAP-Gly and mi-
crotubule [MT]-binding domain,
red rectangle) was used as bait
on a the human male fetal cDNA
library. A full-length TBCB was
identified as a novel putative
interacting partner. Intracellular
localization of overexpressed
TBCB and p150. b, d Overex-
pression of wild-type (WT)
DCTN1 led to the localization of
p150-GFP at MTs. The WT
p150-GFP construct (green) was
transfected into COS7 cells (b)
and primary hippocampal neu-
rons (pHNs; d) for 48 h and
immunostained for alpha tubulin
(red) to visualize the MT net-
work. Upon transfection, WT
DCTN1-GFP was overexpressed
as a GFP fusion protein and lo-
calized to MTs. c, e TBCB over-
expression was distributed
throughout the cell. Likewise,
TBCB was expressed either as a
myc-tagged (red) or as a GFP-
fusion (green) protein in pHNs
(e) and COS7 (c) cells, respec-
tively. With both plasmids, a cy-
toplasmic distribution of TBCB
was observed in both cell types,
and TBCB was also localized in
all neuronal processes or neu-
rites. Cell nuclei were counter-
stained with 4,6-diamidino-2-
phenylindole (DAPI, blue). Bars
20 μm. f Western blot detection
of endogenous TBCB and p150
in COS7 and HEK293T cell
lines; 10 μg protein was loaded
per lane in all experiments
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Yeast-two-hybrid screen

Saccharomyces cerevisiae yeast strains were used, and
screening was based on the generation of a functional
GAL4 transcription factor that drives the specific lacZ re-
porter gene. Cloned human p150 WT Exon 1–7 in a
pGBKT7 yeast vector were transformed into the AH109
yeast strain, serving as bait. The male fetal human cDNA
library, cloned into pACT2 and pretransformed into the
Y187yeast strain (Clontech), served as prey. Following
overnight cultivations of the bait in SD-Trp at 200 rpm
and 30 °C, mating between the two was performed in
YPD medium overnight at 40 rpm and 30 °C. Mated cells
were harvested at 1000g for 10 min and resuspended in

20 ml YPD. This solution was plated on close to fifty 150-
mm selection plates (SD –His, -Leu, -Trp+3-AT). Colonies
positive for interaction were detected by a blue coloration
after being subjected to a Filter Lift Assay (FLA). DNA
from blue colonies was extracted, and interacting partners
were identified by sequencing.

In situ hybridization

Radioactively labeled cDNA probe was added to 60 μl salmon
testes DNA and incubated for 5 min at 37 °C followed by
3 min on ice. Subsequently, 600 μl hybridization cocktail and
30 μl tRNA were added to the probe solution; 60 μl of this
hybridization solution was pipetted onto each section avoiding
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bubbles and incubated overnight at 42 °C. After being washed
with 1× standard sodium citrate (SSC) for 15 min at RT,
sections were rinsed five times for 15 min in wash buffer at
50 °C. Samples were cooled down in wash buffer for 15 min at
RT, followed by washing three times with 1× SSC at RT, 2 min
each. Dehydration of the sections was performed at RT by
transferring the sections to increasing grades of ethanol for 15 s
and absolute ethanol for 15 s. The dried sections were then
placed into an X-ray film cassette and transferred to a dark
room. Exposure of the sections to an X-ray filmwas allowed to
take place for 8–24 days before the film was finally developed.

Statistical analyses

Unless stated otherwise, standard errors of the mean (SEM)
are indicated by error bars. Levels of significance were

calculated with the unpaired Student t-test or with the analysis
of variance model for multiple-group comparisons with post-
hoc t-test and Bonferroni adjustment. P-values of <0.05 were
considered significant. Calculations of significance were per-
formed with GraphPad Prism 5 (GraphPad Software, La Jolla,
Calif., USA) or StatView 5.0 (SAS, Chicago, Ill., USA). All
experiments were performed at n03 as independent experi-
ments and preparations. Colocalization of interacting proteins
with different fluorescent signals could be vividly observed.
Micrographs were also used for further analysis such as de-
termination of synapse density, dendrite and branching point
number in neurons, as performed in Grabrucker et al. (2009)
and Liebau et al. (2011). At least 20 cells were chosen ran-
domly for quantification from at least three independent
experiments for each condition.

Results

Functional domains and protein and mRNA expression
profiles of dynactin p150Glued and TBCB in mammalian
tissues

The dynactin subunit (DCTN1) p150 gene product is
composed of several domains, some of them known as
protein interaction motifs. Noteworthy in this respect are
the tubulin-binding motif, the dynein-binding site, the
C-terminal cargo-binding motifs, and an N-terminal
CAP-Gly domain and two coiled-coil domains. TBCB
has a ubiquitin-binding site, a coiled-coil domain, and a
C-terminal CAP-Gly domain (Fig. 1a). The endogenous
expression of both proteins in the central nervous sys-
tem (CNS) and throughout the organism is quite identi-
cal. Tissue Western blotting showed that both proteins
were expressed in all investigated organs with a high
expression in the brain (Fig. 1b). CNS protein levels of
p150 were similar, whereas protein levels of TBCB
varied among the different regions. TBCB showed the
highest protein levels in the cortex, and hippocampus
(Fig. 1c). Investigations of both proteins in the cellular
subcompartments found p150 in all subfractions and
even the postsynaptic density (PSD). TBCB was not
detected in the synaptic junctions or the PSD
(Fig. 1d). mRNA levels for DCTN1 were apparently
high throughout all developmental stages in the cortex,
cerebellum, dentate gyrus, and hippocampal formation.
Whole-mount in situ embryos showed a predominant
abundance of DCTN1 in the CNS (Fig. 1e). The distri-
bution of TBCB mRNA in the brain was higher than
that of DCTN1 with a higher expression in the medullar
compartment. TBCB mRNA was ubiquitously expressed
throughout the organs in the whole-mount mRNA in
situ specimens (Fig. 1f).

�Fig. 3 a, b Assessment of knockdown of endogenous and exogenous
TBCB. Downregulation of TBCB was performed to investigate its role
in neuronal development. We tested the effectiveness of two of our
individual knockdown constructs (a). We overexpressed human
TBCB-myc either alone or together with two TBCB RNA-
interferring (RNAi1, RNAi3) constructs for 72 h in HEK293T cells
(b). The TBCB-overexpressed lane (a Transf.) showed a double band
of overexpressed TBCB-myc above and endogenous (end.) TBCB
below. The cotransfected lanes of TBCB and RNAi constructs showed
a clear downregulation of both endogenous and exogenous (not
shown) TBCB (b), demonstrating a positive knockdown effect
(untransf. untransfected control, scrambled scrambled vector lysate
control). c, d TBCB knockdown is time-dependent. Endogenous
TBCB shows a time-dependent downregulation following cotransfec-
tion of both RNAi constructs (pooled together) for 48 h (c) and 72 h (d)
in HEK293T cells when compared with controls (untransfected and
scrambled vector lysates). e, f Immunoprecipitation experiments dem-
onstrating p150 interaction with TBCB. Based on a yeast-two-hybrid
screen, we identified TBCB as an interacting protein partner of
p150Glued and confirmed this in pull-down experiments. The WT
p150-GFP construct was cotransfected into HEK293T cells for 36 h
with WT TBCB-myc. The cotransfected lysate was coupled to anti-
myc-coated magnetic beads, and the complex was immobilized via a
magnetic column in a magnetic field. The final eluate was probed with
anti-GFP antibody for p150 in the precipitated complex (IP, e). The
WT p150 construct and the G59S (p150 mutation involved in amyo-
trophic lateral sclerosis pathogenesis) constructs were precipitated in
the complex when compared with the untransfected and input control
lysates (f). This interaction was also seen when pulling-down the
complex with mutant DCTN1 GFP constructs vice versa by detecting
TBCB via the myc tag (f). g, h TBCB recruits p150Glued into its cellular
compartment. To determine the recruitment to specific cell compart-
ments, we co-expressed WT p150-GFP (green) and WT TBCB-myc in
both COS7 cells (g) and hippocampal neurons (h) for 24 h and
subsequently immunostained for myc (red) and alpha tubulin (magen-
ta). We observed that TBCB was able to recruit p150, giving p150 a
more diffused distribution pattern (g, h). This recruiting effect was
evident in COS7 cells at longer expression time points in which p150
filaments were completely absorbed (Fig. S2), whereas TBCB locali-
zation remained unaffected. This recruiting phenomenon was seen for
both COS7 cells and primary hippocampal neurons. Colocalization of
both proteins was observed in both cell types, as clearly demonstrated
in the inset. Cell nuclei were counterstained with DAPI (blue). Bar
20 μm
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p150 and TBCB are direct protein-protein interaction
partners

In an initial yeast-two-hybrid screen, we used a truncated
WT human p150, coding for the microtubule-binding do-
main, ranging from exon 1–7 as bait on a human fetal brain
library. A positive clone exhibiting the full sequence of
TBCB was found as a putative interaction partner
(Fig. 2a). We could confirm a direct protein-protein interac-
tion by pull-down assays and subsequent Western blotting
using protein lysates of cells overexpressing either TBCB or
p150 (Fig. 3e, f).

Overexpressed dynactin p150 and TBCB show different
intracellular localization

The p150 protein is closely associated with the macromolec-
ular dynactin motor complex and with the microtubule sys-
tem, whereas TBCB has been reported to be localized
throughout the cytoplasm (Kortazar et al. 2007). Constructs
from human sequences were cloned to express either GFP or
myc-tag fusion proteins. Additionally, murine p150 constructs
expressing untagged p150 protein from a bicistronic mRNA,
which additionally expressed a nuclear GFP were generated.
Transfection of plasmids harboring DCTN1 in either COS7
cells or pHNs resulted in the overexpression of p150 proteins,
displaying a clear microtubular localization, as shown by
alpha tubulin counterstaining in cells (Fig. 2b, d; Electronic
Supplementary Material, Fig. S2a). Overexpressed TBCB
proteins showed a cytoplasmic distribution throughout the
cells, whereas p150 alone was localized to the tubulin network
(Fig. 2c, e). Additionally, the cell lines that we utilized
throughout the studies, namely COS7 and HEK293T, were

found to express endogenous TBCB and p150 (Fig. 2f). To
test the overexpression and knockdown constructs of TBCB,
we performed Western blot analysis and could clearly detect
the overexpressed human TBCB-fusion protein and the en-
dogenous TBCB (Fig. 3a). Transfection of TBCB-myc to-
gether with a mix of two different RNA-interferring (RNAi)
constructs resulted in a decrease of both the endogenous and
the overexpressed TBCB. The knockdown abilities of the
RNAi constructs were time-dependent (Fig. 3b–d).

Overexpressed TBCB leads to a decreased localization of WT
p150 to the microtubule network

To evaluate whether one of the proteins recruited the interaction
partner into its cellular compartment, we overexpressed both
proteins in COS7 cells or pHNs. An unexpected findingwas that
TBCB was able to recruit p150 proteins away, at least in part,
from the tubular system resulting in a more diffuse distribution
of p150. This was true for COS7 and pHN cells at various
timepoints after transfection (Electronic Supplementary
Material, Fig. S2a, b). The localization of TBCB remained
unchanged (Fig. 3g, h). To quantify the mislocalization of
p150 in the presence of TBCB overexpression, we aquired
confocal sections of double-transfected COS7 cells and found
a significant localization of p150 in the cytoplasm compared
with the single transfection of p150 proteins mostly localized at
filaments at various timepoints after transfection (Electronic
Supplementary Material, Fig. S2c, d, e).

TBCB and putative disease relevant mutated p150 proteins

To evaluate both protein interaction and protein localization
in a putative disease-specific setting, we generated con-
structs harboring a well-known p150 mutation involved in
amyotrophic lateral sclerosis (ALS) pathogenesis (G59S)
and a p150 mutation thought to be involved in neurodegen-
eration pathogenesis but with low penetrance or solely as a
disease supporting factor (I196V). Both constructs were
cloned as human GFP fusion proteins (GFP-p150) and
untagged rodent proteins with a nuclear GFP (IRES-
AcGFP-nuc). Pull-down experiments revealed a positive
interaction of both mutated proteins with TBCB (Fig. 3f
and data not shown). Whereas the single overexpression of
I196V protein led to a stable localization of the mutated
p150 protein to the microtubular system, the G59S protein
mainly formed large cellular clusters in the cell. Additional
overexpression of TBCB led to a partial loss of microtubular
localization of the mutated p150 protein I196V comparable
with the unmutated p150 protein. Interestingly, the G59Swas
able to recruit a large proportion of TBCB protein to its
clusters. These observations could be documented for various
time points after transfection (Electronic Supplementary
Material, Fig. S1a, b).

�Fig. 4 TBCB overexpression has no effect on microtubule network.
a–d TBCB overexpression does not disrupt microtubules. The TBCB-
myc construct (red) was transfected into COS7 cells (a, b) and hippo-
campal neurons (c, d) at various time points. Transfected cells were
identified by myc-tag immunostaining, whereas the microtubule net-
work was examined by staining for alpha tubulin (green). At no time
point was microtubule disruption observed in both cell types. Intact
microtubules were prominent after 3 days of TBCB overexpression
with healthy-looking DAPI-stained nuclei (blue). e Acetylation status
of microtubules following TBCB overexpression is indicative of stable
microtubules. HEK293T cells were transfected with TBCB at various
time points, and cell lysates were probed for acetylated alpha tubulin
and normal alpha tubulin. Band sizes of the acetylated and normal
alpha tubulin were comparable at various time points relative to the
untransfected control cell lysate, suggesting stable microtubules after
TBCB overexpression (Ac-T acetylated alpha tubulin, transf. trans-
fected, untransf. untansfected). f Colchicine disrupts microtubules,
unlike TBCB overexpression. COS7 cells after 48 h in culture were
treated with 10 μm colchicine for 1 h as a potent positive control for
microtubule disruption. Nuclei were stained with DAPI (blue).
Colchicine-treated cells completely lost their microtubule network
relative to TBCB overexpressing cells that retained intact microtu-
bules. Bar 20 μm
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TBCB overexpression has no apparent effect on microtubules
in COS7 cells

Although TBCB overexpression has been reported to lead to
microtubule disassembly (Kortazar et al. 2007; Wang et al.
2005), we could not observe any changes in the microtubu-
lar system, even after 72 h of TBCB overexpression in both
neurons and COS7 cells (Fig. 4a–d), in accordance with a
recent report (Cleveland et al. 2009). Neither could we
observe a change in the acetylation state of alpha tubulin,
acetylation of tubulin being a hint but not a prerequisite for
stable microtubules (Piperno et al. 1987), after several time
points (Fig. 4e). To verify the experimental setup, we ap-
plied the microtubular destabilizer colchicine, a treatment
apparently leading to a complete loss of tubular structures
(Fig. 4f).

TBCB overexpression has no effect on neuronal maturation
or synaptogenesis

TBCB plays a role in neurogenesis in the nervous
system, the highest expression being observed at the
peak of cerebral and cerebellar corticogenesis (Lopez-
Fanarraga et al. 2007). To evaluate the effect of TBCB
on neuronal development, we overexpressed TBCB or
reduced endogenous TBCB via RNAi. The overex-
pressed TBCB localized in the soma and throughout
the neurites of hippocampal neurons. As a primary
approach for investigating neuronal development, we
counted the number of dendrites at various time points
during in vitro cultivation. Nevertheless, overexpression
of TBCB for 72 h did not lead to a significant change
of primary or secondary dendrites at days 7, 10, or 13
in vitro (Fig. 5a). Subsequently, we quantified the
branching points of neurites and again found no signif-
icant changes (Fig. 5b). As a last approach, we investi-
gated the synapse number by counting Bassoon puncta
along the neurites in neurons of various ages. Once
more, we saw no effect on synaptogenesis in vitro
under increased TBCB expression (Fig. 5c).

TBCB expression is not required for neuronal maturation or
synaptogenesis

A second approach examined whether decreased TBCB
levels had an influence on neuronal development or synap-
togenesis. As also shown in Fig. 4, decreased levels of
TBCB did not alter neuronal morphology or synapse num-
ber (Fig. 6a–c). This indicated that other, more important
mechanisms are present in the neuron and affect microtu-
bule assembly during early neuronal maturation, and that the
main role of TBCB in this developmental stage might be
different.

Discussion

The cytoskeleton is assembled by a variety of functionally
diverse structures. Being conferred with the ability to act as
transport tracks or pathways for motor proteins, the cyto-
skeleton has to be built of rapidly changing and stable
structures. The part of the cytoskeleton that is of tubular
origin is a rapidly changing and plastic system, being adap-
ted to regulatory processes and changes in the cell. The
outside and inside diameters of these cylinders are 25 and
15 nm, respectively (Timasheff and Grisham 1980).

Microtubules consist of protofilaments of the subunit
protein, tubulin, aligned longitudinally along the axis of
the cylinder with 13 protofilaments arranged around the
circumference. The microtubules have a helical appearance.
Tubulin consists of two almost identical molecules, namely
alpha tubulin and beta tubulin. Some microtubules, such as
those found in cilia and flagella, are completely stable, and
the functions of these microtubules are not linked to their
assembly/disassembly. Most microtubules in eukaryotic
cells, however, are labile. They can be found, for example,
in mitotic spindles, as a disperse network in the cytoplasm,
and in the axonal and dendritic compartments of a neuron.
Microtubules serve here as both structural components with-
in the cells and are further involved in many cellular pro-
cesses, including mitosis, cytokinesis, and vesicular
transport (Erickson 1975; Kirschner 1978; Timasheff and
Grisham 1980).

The production of the native alpha/beta tubulin hetero-
dimer in vitro depends on the action of cytosolic chaperonin
and several protein cofactors. Such cofactors together with
native tubulin act on beta tubulin-folding intermediates gen-
erated by the chaperonin to produce polymerizable tubulin
heterodimers. TBCB is one of five chaperone proteins termed
TBCA-TBCE and greatly enhances the efficiency of alpha
tubulin folding in vitro (Tian et al. 1997). Nevertheless, TBCB
has other mechanistic roles. It plays a part in positively regu-
lating microtubule disassembly in vivo and is furthermore
critically involved in axonal growth cone regulation
(Kortazar et al. 2007; Lopez-Fanarraga et al. 2007). Other
studies have shown that TBCB-mediated tubulin regulation
is needed for microglia cytoskeleton reorganization during
activation (Fanarraga et al. 2009). Phosphorylation of TBCB
by p21-activated kinase 1 (pak1) leads to the polymerization
of new microtubules, whereas a TBCB phosphorylation mu-
tant inhibits polymerization (Vadlamudi et al. 2005), suggest-
ing pak1 pathway regulation of microtubule dynamics via
TBCB. Intriguingly, TBCB nitration antagonizes microtubule
polymerization or regrowth (Rayala et al. 2007). Both phos-
phorylation and nitration processes are indicative of post-
translational modification processes that exert an effect in
the TBCB regulation of microtubule dynamics. Furthermore,
TBCB degradation is regulated by gigaxonin, a protein
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implicated in human giant axonal neuropathy (Wang et al.
2005). Other members of the tubulin chaperone family have
been shown to be involved in human diseases, such as TBCC
in retinitis pigmentosa 2 (Schwahn et al. 1998) and TBCE in
motor neuropathy (Bommel et al. 2002; Martin et al. 2002;

Parvari et al. 2002). Alterations in microtubules, cell cycle
arrest, and cell death have been reported following TBCA
gene knockdown in mammalian cells (Nolasco et al. 2005).
Collectively, these studies depict the potentials of tubulin
cofactors in disease causation.

Fig. 5 TBCB overexpression
has no effect on neuronal
maturation. a TBCB abundance
has no influence on dendrite
growth. The TBCB-GFP con-
struct was transfected for 72 h
into embryonic day 19 (E19)-
derived rat hippocampal neu-
rons at various time points, after
which primary dendrites and
secondary dendrites were
counted with the aid of
mitogen-activated protein 2
(MAP2) counterstaining. No
significant difference was ob-
served between the TBCB
overexpressed neurons relative
to the untransfected control. b
Overexpressing TBCB has no
effect on dendritic branching.
TBCB was transfected for 72 h
into E19-derived rat hippocam-
pal neurons, and the branching
points were counted for all three
experimental groups with the
aid of MAP2. No significant
difference in branching points
was observed between the
TBCB overexpressing neurons
compared with the untrans-
fected control group at the stip-
ulated time points in culture. c
TBCB has no effect on synapse
formation. The TBCB-GFP
construct was transfected into
rat E19-derived hippocampal
neurons for 72 h, and points of
presynaptic Bassoon in GFP-
positive cells were counted per
10 μm dendrite length. No sig-
nificant difference in Bassoon
puncta was observed in the
TBCB-overexpressing neurons
relative to the untransfected
control at various time points.
Collectively, these data repre-
sent the cumulative means of
three independent experiments
with standard error of the mean
(SEM); n≥20 cells per indepen-
dent experiment. The mean
values and SEM were normal-
ized to the untransfected control
for synapse puncta statistics
(d day)
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The dynactin motor complex, a multimeric protein com-
plex, moves along the microtubules of the neuronal axon
and are thought to be involved mainly in retrograde axonal

transport (Burakov and Nadezhdina 2006). In the past few
years, it has become clear that the dynactin subunit
p150Glued (encoded by DCTN1) is crucially involved in

Fig. 6 TBCB downregulation
has no effect on neuronal
maturation. As shown in
Fig. 3a–d, we knocked down
TBCB in hippocampal neurons
for 72 h at variious time points
in culture and counted Bassoon
signals per 10 μm dendrite
length, primary and secondary
dendrites, and branching points
from dendrites. As in Fig. 4, we
observed no significant changes
in dendrite number (a),
branching point number (b), or
synapse number (c) compared
with the untransfected control
groups at day (d) 7, 10, and 13
in vitro. Collectively, these data
represent cumulative means of
three independent experiments
with SEM; n≥20 cells per
independent experiment. The
mean values and SEM were
normalized to the untransfected
control for synapse puncta
statistics
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neurodegenerative disorders, such as the ALS (Laird et al.
2008; LaMonte et al. 2002) or Perry syndrome (Farrer et al.
2009). Retrograde transport failure attributable to dynactin
sequence aberrations is concluded to cause vesicular traf-
ficking defects and to lead to intracellular protein aggregates
(Levy et al. 2006). Other studies have reported a major
effect of mutated p150 on the function of the dynein/dynac-
tin motor complex in mouse models (Lai et al. 2007) to-
gether with proliferation of enlarged tertiary lysosomes and
lipofuscin granules (Chevalier-Larsen et al. 2008).
Interestingly, dynein/dynactin interaction has been sug-
gested to be attenuated with aging (Kimura et al. 2007). At
the molecular level, specific mutations affect regions of
p150 leading to, for example, destabilization of the protein
interaction domain (Ahmed et al. 2010).

We have performed a yeast-two-hybrid screen to identify
new interaction partners of dynactin p150. Amongst others,
we have found that TBCB directly interacts with p150 and
have subsequently characterized the roles of dynactin and
TBCB in the present study. TBCB has three functional
domains: the N-terminal functional domain, the central
coiled-coil region, and the C-terminal CAP-Gly or CLIP-
170 domain (Radcliffe and Toda 2000). However, the
TBCB motif that interacts with the microtubule-binding
domain of p150 still remains to be determined. We have
speculated that the CAP-Gly domain is involved in this
binding, given that CAP-Gly domains have been reported
to be associated with various protein-protein interactions
(Steinmetz and Akhmanova 2008). Our aim has been to
dissect the impact of the protein interaction partners
p150Glued and TBCB. TBCB ubiquitous expression in mam-
malian organs has previously been shown at the RNA level
(Lopez-Fanarraga et al. 2007). In this study, we confirm this
data, at both the RNA and protein levels. A role for TBCB
in neurogenesis and neuronal growth cone has been reported
(Lopez-Fanarraga et al. 2007) but without any elaborate and
specific definition of this role. In this light, we have attemp-
ted to investigate defined TBCB roles in CNS development
by quantifying synapse, dendrite, and branching point
numbers in developing neurons after TBCB overexpression
and downregulation. We show that, at least in developing
neurons, levels of TBCB have no influence on cell mor-
phology, maturation, or the tubulin cytoskeleton. A distinct
function of the dynactin motor complex in neuronal cell
biology is neuronal retrograde axonal transport (Levy and
Holzbaur 2006). Mutations in the p150 subunit of dynactin
have been shown to be responsible for neuronal degenera-
tion and cell death, leading, for example, to ALS (Katsuno
et al. 2006). The tubulin-binding cofactors, on the other
hand, are crucially involved in the assembly of tubulin
subunits and later also for disassembly mechanisms of these
structures (Kirschner 1978; Kortazar et al. 2007). Initially,
we tried to elucidate the dual role of these proteins and

overexpressed both constructs at the same time. We found
that TBCB was able to modulate the subcellular localization
of p150. We also observed that, under conditions of abun-
dance, TBCB was potentially able to deplete p150 filament
localization. Nevertheless, we have been unable to observe
severe cellular changes or even cell death.

Interestingly, we have found that TBCB is able to recruit
tubulin-bound WT p150 to its localization. This might have
an influence on the long-term survival of cells under con-
ditions in which fast and efficient changes of the tubulin
cytoskeleton are required. Nevertheless, the well-known
p150 mutation G59S is able to recruit TBCB to its clusters,
whereas another p150 mutation, I196V does not show dif-
ferences compared with the unmutated protein. Functional
assembly of cytoskeletal structures and motor proteins are
most important for a variety of cellular mechanisms, such as
mitochondria or protein transportation. In our studies, we
have not observed a major modulation of microtubule orga-
nization in our cell lines and primary neurons by the up- or
downregulation of TBCB protein levels. This suggests dif-
ferent and still unknown roles of TBCB or the possible
compensation of its deregulation via other mechanisms,
including disease-specific conditions.
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