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Abstract

Gamma-tubulin is the major protein involved in the nucleation of microtubules from centrosomes in eukaryotic cells. It is
present in both cytoplasm and centrosome. However, before centrosome maturation prior to mitosis, gamma-tubulin
concentration increases dramatically in the centrosome, the mechanism of which is not known. Earlier it was reported that
cytoplasmic gamma-tubulin complex isolated from goat brain contains non-erythroid spectrin/fodrin. The major role of
erythroid spectrin is to help in the membrane organisation and integrity. However, fodrin or non-erythroid spectrin has a
distinct pattern of localisation in brain cells and evidently some special functions over its erythroid counterpart. In this study,
we show that fodrin and y-tubulin are present together in both the cytoplasm and centrosomes in all brain cells except
differentiated neurons and astrocytes. Immunoprecipitation studies in purified centrosomes from brain tissue and brain cell
lines confirm that fodrin and y-tubulin interact with each other in centrosomes. Fodrin dissociates from centrosome just
after the onset of mitosis, when the concentration of y-tubulin attains a maximum at centrosomes. Further it is observed
that the interaction between fodrin and y-tubulin in the centrosome is dependent on actin as depolymerisation of
microfilaments stops fodrin localization. Image analysis revealed that y-tubulin concentration also decreased drastically in
the centrosome under this condition. This indicates towards a role of fodrin as a regulatory transporter of y-tubulin to the
centrosomes for normal progression of mitosis.
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Introduction as soluble cytoplasmic complexes [9]. Even though purified 7y-
TuRC from some systems have showed nucleation capacity, the
complex when present in the cytoplasm, shows no nucleation
activity, suggesting a probable control of nucleation capacity in the
cytoplasm [10]. The transporting mechanism of the y-TuRC from
the cytoplasm to the centrosome is still not clear, though proteins
essential for the segregation of chromosomes. Localization of  |;xe NEDDI [11], ninein [12], AKAP450 [7] and pericentrin [13]
gamma tubulin complex at the centrosome contributes immensely which anchor y-TuRC to centrosome have been identified.

to fulfil this role efficiently. y-tubulin is present in the centrosome Recently, MOZART 1 and MOZART 2 have been identified
throughout the cell cycle. However, during centrosome matura- as proteins associated with the y-TuRC in human cells [14,15]. A

tion prior to mitosis, its concentration increases dramatically [2]. recent report also showed the presence of non-erythroid spectrin in
v-tubulin is a highly conserved member of the tubulin family that cytoplasmic y-tubulin complexes in brain tissue [16]

occurs in the microtubule organising centres (MTOCs) [3]. It
associates with other proteins to form two types of complexes [4],
v-TuSC and y-TuRC. These complexes catalyse the nucleation of
microtubules from MTOCs [5] although much less prominent,
non-centrosomic nucleation of microtubules has also been
reported [6,7].

Centrosomes in mammalian cells direct the nucleation of
microtubules which are required for the motility and intracellular
transportation of vesicles during interphase. During mitosis,
centrosomes direct the formation of bipolar spindles [1] that are

Spectrin lines the intracellular side of the plasma membrane of
many cell types. Spectrin is a cytoskeleton protein that forms
pentagonal or hexagonal patterned scaffold which plays a pivotal
role in the maintenance of cytoskeletal structure integrity of
plasma membrane [17]. Spectrin may also play a role in

) o maintaining the elasticity of the red cell membrane [18].
Gamma-tubulin small complex y-TuSC, consisting of GCP2 Fodrin/non-erythroid spectrin is a closely related tetrameric

(Gam.ma. tubulin Complex Protein) and GCI?B alogg. with - complex composed of two subunits, a 240 kDa (o) and 235 kDa
tubulin, is thought to be sufficient for the nucleation activity. GCPs (B), which is abundant in brain [19]. The oIl subunit of fodrin
4, 5 and 6 associate with as many as seven y-TuSC to form a

larger ring complex y-TuRC to give fidelity to the nucleation
process in higher organisms [8]. A large amount of y-TuRC exists

contains an unusual domain that contains a binding site for
calmodulin [20]. The phosphorylated form of the B subunit of
both spectrins contains a binding site for syndein/ankyrin, a
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potential site for membrane attachment [21]. However, ankyrin
independent mechanism of spectrin assembly has also been
observed in Drosophila [22]. Other proteins f-actin and protein
4.1 attach to the ends of the bivalent brain spectrin/fodrin
tetramer [23]. Some of these interactions points towards versatile
functions of fodrin.

Centrosomal protein 4.1R is also an anchoring protein that
establishes a bridge between the microtubules and the centro-
somes. They participate in the dynamic interrelationships between
the centrosome and the cytoarchitecture [24]. Spectrin and dynein
is known to involve with early form of vesicles and aid in their
transport to respective sites [25]. Fodrin is reported to associate
with dynactin complex through its component protein centractin
(ARP1), which provides a link to dynein and presumably other
motors involved with intracellular transport [26,27]. Other than its
regular function of maintaining cell architecture, fodrin also plays
a role in axonal transport and movement of vesicles and organelles
[28-30].

In this report, we have characterized the association of non-
erythroid spectrin/fodrin with y-tubulin in different types of brain
cells. Since centrosomes are the major centre for 7y-tubulin
function, we checked the association in centrosomes and other
subcellular organelles. We have found that fodrin is associated
with y-tubulin in both the cytoplasm and centrosomes in most of
the brain cells and the association in centrosome is actin
dependent. However, fodrin dissociates from the centrosome
during mitosis.

Materials and Methods

Materials

PMSF (Phenyl Methyl Sulfonyl Flouride), DTT (Di Thio
Treitol), Aprotinin, leupeptin, pepstatin, urea, heparin, FGF, EGF
(Epidermal Growth Factor), Aphidicolin and Nocodazole were
from Sigma, USA. F12 and DMEM media were from Gibco,
USA. N2 supplement was procured from Invitrogen, USA. FBS
was purchased from Pan Biotech, Germany. All other reagents
were of reagent grade.

Antibodies

Primary antibodies: polyclonal rabbit and monoclonal mouse
Anti alpha fodrin, rat anti YOL1 Tub marker, rabbit-polyclonal
Anti Ninein, mouse monoclonal Anti Pericentrin and mouse
monoclonal Anti Centrin were from Abcam, UK; mouse
monoclonal GFAP, rabbit polyclonal and monoclonal mouse
MAP?2 and rabbit anti-y-tubulin were from Sigma, USA.

Secondary antibodies: Anti mouse alexa 488, anti rabbit alexa
568, anti rat alexa 633 were from Molecular Probes, USA.

Cell lines
IMR32 (nueuroblastoma), U373 (glioblastoma), Hela (cervical
cancer) were from ATCC.

Methods

Ethics Statement. All animal experiments were carried out
after getting approval from the Institutional Animal Ethics
Committee, Rajiv Gandhi Centre for Biotechnology (Proposal
no. IAEC/153/SUP/2012), Govt. of India. All the guidelines for
animal maintenance, handling and euthanasia were followed.

Cell culture

IMR32, U373 and Hela cells were cultured in DMEM
supplemented with 5% fetal calf serum and antibiotics.
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Primary cell culture

Mouse E18 neural progenitors were generated according to [31]
and maintained in FGF2 and EGF containing medium. Neuronal
proliferation medium consisted of Dulbecco’s modified Eagle’s
medium-F12 supplemented with 1% N2 supplement, Heparin
(2 pg/mL) and 20 ng/mL FGF2. In differentiating condition the
cells were also supplemented with 1% FBS.

Centrosome purification

Centrosomes were purified following the protocol of Mitchison
and Kirshner [32]. For isolation of centrosomes from tissue, a
single cell suspension was derived from brain tissue and subjected
to nocodazole and cytochalasin treatment. Cell lines were given
the same treatment by addition of culture medium (DMEM with
5% FBS) containing nocodazole and cytochalasin B. After 90 mins
of treatment, the cells were washed, collected and lysed in non-
ionic lysis buffer (1 mM HEPES, 0.5% NP40, 0.5 mM MgCl,,
0.1% B-ME,] mM PMSF, | pg/mL aprotinin and 1 pg/mL
leupeptin). Centrosomes were isolated by loading the lysate on a
70% sucrose cushion followed by centrifugation at 1,00,000X g for
2 hrs. The concentrated centrosomes were purified on a 20-60%
sucrose gradient. The purity was checked by SDS-PAGE and
western blot using centrosome specific proteins. The isolated
fraction containing centrosomes was diluted in 1X PE (100 mM
PIPES, 1 mM EDTA) and the centrosomes were pelleted down.
They were then reconstituted in 1X PE (100 pl) and subjected to
western blot.

Immunoprecipitation

The centrosome fraction purified by sucrose gradient was
further subjected to immuno pull downs by anti o-fodrin, anti-y-
tubulin, anti-ninein antibodies coupled to Protein A Agarose. The
pulled down fractions were then checked with all the above
antibodies and anti centrin/anti pericentrin antibodies to confirm
the purity of isolated centrosomes and the interaction of these
proteins in centrosomes.

Western blot

All the sucrose gradient fractions from goat brain tissue, brain
specific cell lines and immuno precipitation samples of purified
centrosomes from brain tissue were lysed with non-ionic lysis
buffer, pelleted and reconstituted with centrosome extraction
buffer (Trisbase 20 mM, Na.EDTA (2 mM), sodium deoxy
cholate (0.5%), NP-40 (0.5%), SDS (0.1%), Urea (8 M) and kept
for 10 mins at 4°C. 40-50 ug of this lysate was immunoblotted
with appropriate dilutions of antibody, followed by incubation
with horse radish peroxidise conjugated secondary antibody. The
protein bands were observed by using enhanced chemilumines-
cence detection system. (GE Amersham).

Immunocytochemistry and confocal imaging

Standard protocols were applied for immunofluorescence of
cells grown on coverslips or glass bottom dishes (BD Biosciences,
USA). After attaining the required conditions, they were fixed in
chilled methanol at —20°C for 10 minutes. The primary
antibodies were used in 1:200 dilution and secondary antibodies
were used in 1:500 dilution in PBST containing 5% BSA.
Confocal fluorescence imaging was done in either Nikon Eclipse
Ti(AIR), Japan or Leica TCS SP2, Germany microscope.

Cell synchronisation
IMR32 cells were synchronised by incubation with aphidicolin
(2 ug/mL) for 18 hrs. The cells were then washed and released in
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drug free DMEM. Subsequently, they were allowed to enter into
the cell cycle and fixed at different time points using —20°C chilled
methanol to obtain different stages of mitosis.

Depolymerization of actin and microtubule cytoskeleton

IMR32 cells were given Nocodazole (3.3 pM, 2 hrs) or
Cytochalasin B treatment (1 uM, 1 hr) for inhibiting microtubule
and actin polymers respectively. The cells were then immuno-
stained with y-tubulin, tubulin or actin primary antibody followed
by respective Alexa fluor conjugated secondary antibodies.

Fluorescence Intensity Measurements

Archived images of 16 bits were analysed for y-tubulin/a-fodrin
fluorescence intensity in IMR32 cells for centrosomes of interphase
and mitotic cells. Both control and Cytochalasin B treatment
groups were subjected to similar conditions of Laser Power and
voltage. Imaging was done on NIKON ECLIPSE Ti microscope
attached with a Nikon AIR confocal unit. Nikon imaging software
AR4.00.04 was calibrated using a micrometer for 60X objective.
Images were then integrated into the NIS elements software’s
automated measurement tool for ROI analysis. Average intensity
values for a region of interest in pixel (Mean Intensity XxROI Area
covering the centrosomes) were obtained for centrosomes of
interphase and mitotic cells both in control group and after
cytochalasin treatment. Fach ROI was selected after subtraction of
background y-tubulin/a-fodrin fluorescence intensity values of
cytoplasm for better visualisation of centrosomes. At least 15
centrosomes per treatment group were examined, and each
experiment was run in triplicate.

Results

v-TuRC is the major nucleating agent of microtubules in the
cell. It is present in both cytoplasm and centrosome. Non-
erythroid spectrin/fodrin is associated with cytoplasmic y-TuRC
purified from goat brains [16]. To further characterize and to
know the significance of this association, we investigated the
localization of fodrin and y-tubulin in brain cells under different
conditions.

Co-localization of fodrin and y-tubulin in brain

Neuronal and glial cells constitute the two major types of cells in
mammalian brain. Neuronal cells are actively involved in the
axonal transport of neurotransmitters [33] while the glial cells are
involved in the axonal transport of nutrient vesicles and other
hormones [34]. To check if fodrin is co-localized with y-tubulin in
all types of brain cells, immunocytochemistry has been performed
on glioblastoma cell line U373 and neuroblastoma cell line
IMR32. HeLa cells, which are of cervical origin, have been used as
control. Specificity of the fodrin antibodies was initially checked by
western blot (Figure S1). Cytoplasmic and centrosomal co-
localization is observed in almost 100% of the cells in focus for
both U373 and IMR32 cell lines but not in Hel.a cells (Figure 1).
This shows that fodrin is co-localized with y-tubulin in cell lines
derived from brain. These results are in accordance with an earlier
observation that this co-localization is found only in brain [16].

Earlier, immunohistochemical analysis detected fodrin in
mammalian brain tissue sections [16]. To rule out the possibility
that the association pattern is specific to cancer cell lines, we have
further checked the association of fodrin with y-tubulin in a
primary culture of cells extracted from 18 day (E18) old mouse
embryonic brain. Immunocytochemistry using 7y-tubulin and
fodrin antibodies showed the co-localization of fodrin and vy-
tubulin in both centrosome and cytoplasm of glial and fibroblast
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like cells. However, labelling of y-tubulin and fodrin was not
observed in the centrosomes of neuronal cells and astroglial cells
showing that they were not present in the centrosomes (Figure 2).
Antibodies against glial marker GFAP (Glial Fibrillary Acidic
Protein) and matured neuronal marker MAP2 (Microtubule
Associated Protein) were used along with fodrin in a parallel
culture (Figure S2) to confirm that indeed fodrin was present in the
centrosome of glial cells but absent in the centrosome of matured
neuronal cells. It has been earlier reported that neuronal
progenitor cells lack centrosomal y-tubulin after differentiation
when they form synaptic connections [35]. It has also been
proposed that mature astrocytes are primarily postmitotic [36].
Thus the absence of y-tubulin and fodrin in the centrosomes of
astrocytes and differentiated neurons shows that their presence is
not required in the centrosomes of non-dividing cells.

We next checked the status of co-localization of these two
proteins in neuronal cells at different stages of differentiation in a
neuronal enrichment media containing FGF2 (Fibroblast Growth
Factor). Undifferentiated proliferative cells isolated from E18
mouse embryo showed the presence of centrosomal y-tubulin and
it co-localized with o-fodrin in both cytoplasm and centrosome
(Figure 3). Similar pattern of co-localization was observed in case
of neuronal cells at early differentiating stage i.c., two days after
putting them in the differentiating media. Fully differentiated
neuronal cells (after 12 days of differentiation), however, did not
show the presence of centrosomal y-tubulin and fodrin. In a
parallel culture, MAP2 was used along with fodrin to show that
indeed mature neurons lack fodrin in their centrosomes (Figure
S3). Since fodrin is a cytoskeletal component, these results indicate
that it is found in the centrosome only when y-tubulin is present.

Co-localization in purified centrosomes

Centrosomes are the microtubule organizing centres in a
eukaryotic cell from where y-TuRC nucleates microtubules. Our
immunocytochemistry results showed that fodrin is present along
with y-tubulin in the centrosomes. We thus checked the co-
occurrence of y-tubulin and fodrin in purified centrosomes.

Centrosomes were purified from goat brain tissue. The 50%
fraction of a sucrose density gradient separation of centrosomal
lysate was found to contain the maximum amounts of centrosomal
marker proteins ninein and centrin (Figure 4A). This fraction also
showed the presence of y-tubulin and fodrin. To further confirm
that spectrin was not present as impurity, the 50% sucrose
gradient fraction was reconstituted and subjected to immuno
pulldown with an antibody against ninein, a centrosomal marker
protein, to get highly pure centrosomes. Western blotting of this
eluent showed the presence of fodrin along with y-tubulin and
other centrosomal constituents ninein and centrin. This confirms
that fodrin is present in pure centrosomes along with y-tubulin.
Further, immunoprecipitation with anti y-tubulin or anti a-fodrin
antibodies could pull down fodrin, y-tubulin, ninein and centrin
(Figure S4). This confirms that fodrin, y-tubulin and ninein
interact with each other in centrosomes.

Centrosomes were also purified from IMR32 and U373 cell
lines. These centrosomes also showed the presence of fodrin along
with y-tubulin and other centrosomal markers while centrosomes
isolated from HeLa (used as a control cell line not originating from
brain) did not show the presence of fodrin (Figure 4B). This
confirms that y-tubulin interacts with fodrin in centrosomes of
neuroblastoma and glioblastoma cell lines.

Recently, non centrosomal nucleation have been reported in
some systems [37]. Recent data have indicated ?y-tubulin
dependent formation of microtubules from the Golgi apparatus
in human epithelial cells and hepatocytes [6,38]. To check if the
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HelLa

Figure 1. Co-localization of y-tubulin and fodrin in neuroblastoma and glioblastoma cell lines. U373 and IMR32 cell lines were
immunostained with antibodies in 1:200 dilution against o fodrin (red) and y-tubulin (green). Secondary antibodies were used in 1:500 dilution. The
magnified image of a single cell where co-localization occurs is shown as inset. Arrowheads mark co-localization and arrows illustrate absence of co-
localization. Cells were maintained in DMEM supplemented with 5% fetal calf serum and antibiotics. HelLa cells were used as negative control.

doi:10.1371/journal.pone.0076613.g001

co-localization of fodrin with y-tubulin is found in the Golgi
Apparatus (GA) of neuronal cells, we have done immunofluores-
cence studies in IMR32 cells using an antibody against a GA
marker protein Golgin GM130. However, staining with antibodies

against fodrin and y-tubulin have not shown localization of any of

these proteins in the golgi apparatus as neither of them co-localize
with Golgin GM130 (Figure S5). This indicates that in these cells,
fodrin’s association along with y-tubulin complex is specifically
targeted for functions at centrosomes.

Lack of centrosomal co-localization of y-tubulin and
fodrin in mitosis

During the onset of mitosis there is an evident increase in the
localization of y-tubulin in the centrosomes along with other
proteins such as centrosomin and cdc25b [39,40]. Presumably
these proteins are transported and their transport appears to
happen in a regulated manner. In an initial experiment, we
observed that in mitotic cells fodrin co-localization with -
tubulin was absent in the centrosomes. To check this in detail,
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co-localization pattern of fodrin and y-tubulin in the centrosome
was studied in IMR32 cells at different stages of mitosis. The cells
were synchronised by aphidicolin and after 18 hours of treatment,
they were released and imaged at different time points. Untreated
interphase cells were used as controls. During interphase and
prophase, fodrin was found to be co-localized with y-tubulin in
centrosomes, but by metaphase and throughout anaphase,
telophase and cytokinesis, the presence of fodrin at centrosomes
clearly diminished (Figure 5A). A mitotic cell from a primary
culture of mouse embryonic brain also showed the absence of
spectrin in the centrosome, even though y-tubulin was present
(Figure 5B). Quantitation of fodrin and y-tubulin in the interphase
and metaphase of IMR32 cells showed that while the y-tubulin
concentration increased 9 fold, the concentration of fodrin
decreased almost 60 fold when the cells entered into mitosis
(Figure 6). From these observations, it is implied that fodrin is not
required in the centrosome during mitosis and probably it is
dissociated or degraded after the entry of the cell into mitosis.
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1 Oélnl

Figure 2. Co-localization of y-tubulin and fodrin in primary cells. Cells were isolated from 18 days old mouse embryonic brain and cultured in
appropriate media as described in the methods section. Cells were imaged after immunostaining with a-fodrin (red) and y-tubulin (green) as
described above. Arrowheads indicate co-localization and arrows illustrate absence of co-localization.

doi:10.1371/journal.pone.0076613.g002

Dependence on actin cytoskeleton

Both fodrin and 7y-tubulin are individually known to interact
with tubulin and actin [41-47]. To unravel whether this
centrosomal interaction between y-tubulin and fodrin was actin
or microtubule dependent, the IMR32 cells were treated with
microtubule depolymerising and actin depolymerizing agents
Nocodazole and Cytochalasin B [48,49] respectively. Treatment
of 3.3 uM Nocodazole for 2 hrs did not have any effect on the co-
localization pattern of fodrin and <y-tubulin both at the
centrosomal and cytoplasmic levels (Figure 7A, merged panel)
even though under this condition, microtubule cytoskeleton
depolymerized (Figure 7A, right panels). However, upon treatment
with 1 uM of Cytochalasin B for 1 hr, the centrosomal
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co-localization of fodrin and y-tubulin was not observed as fodrin
was lost from the centrosome (Figure 7B, top panels). Labelling
with an antibody against actin showed that under this condition,
actin cytoskeleton depolymerized (Figure 7B, bottom panels). The
results point out that fodrin localization in the centrosome is actin
dependent.

To know the effect of this loss of fodrin on centrosomal 7-
tubulin, the amount of y-tubulin was analysed by measuring the
fluorescence intensity in control and cytochalasin treated centro-
somes. The average intensity of y-tubulin fluorescence calculated
over the whole centrosome area of Cytochalasin B treatment
group showed a decrease of 74% from the control group’s average
fluorescence intensity of <y-tubulin in interphase cells. The
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Figure 3. Co-localization a-fodrin and y-tubulin in primary neurons at different stages. Cells were isolated from E18 mouse embryo and
were maintained in neuronal cell enrichment media. Panels show fodrin co-localization with either pericentrin (centrosomal marker) or y-tubulin in
undifferentiated (0 day), early (2" day) and late stages of differentiation (12 day). Immunostaining was done with a-fodrin (red), y-tubulin (green)
and pericentrin (green) as described above. Area of the cells in the boxes is magnified and shown in merge. Arrowheads mark co-localization and

arrows indicate the absence of co-localization.
doi:10.1371/journal.pone.0076613.9003

centrosome intensity measurements of mitotic cells treated with
Cytochalasin B showed a decrease of 45% as compared to the
mitotic control group (Figure 8). As expected, y-tubulin intensity
increased many fold in both the control and treatment groups
during mitosis as compared to interphase centrosomes. Thus the
loss of fodrin by actin cytoskeleton depolymerisation was
accompanied by a reduction in the y-tubulin amount in the
centrosome of IMR32 cells.

Discussion

Classically, spectrin is known to maintain the structural integrity
of the cell membrane, and is involved in controlling the lateral
mobility of integral membrane proteins (for review, see [50].
Spectrin is also known to be cleaved during apoptosis [51] and is
involved in TGF B signalling pathway [52]. Non erythroid
spectrin/fodrin, which is abundant in brain, is known for some
additional functions. It plays a role in the axonal transport and
movement of organelles [28,30]. all-Spectrin, found mostly in
brain tissue, participates in DNA interstrand repair by binding to
damaged DNA and helps in the recruitment of repair proteins
[53,54]. Recently non erythroid spectrin has been implicated in
cell cycle regulation through regulation of the expression of p21
[55]. The findings that fodrin is associated with y-tubulin in brain
[16], thus, raises intriguing questions.

A

Ninein

G
|

Gamma-tubulin

Centrin

Ninein  30% 40% 50%  60%

pulldown of
50% fraction
B _
- ' Fodrin
Hela IMR32 U373

Figure 4. Fodrin and y-tubulin interaction in purified centro-
somes. A: Different fractions of sucrose density gradient separation of
isolated centrosomes from goat brain tissue were immunoblotted with
Ninein, y-tubulin and Centrin in 1:1000 dilution and o-fodrin in 1:500
dilution. Secondary antibodies were used in 1:2000 dilution. The 50%
fraction was further immunoprecipitated using anti-Ninein antibody
and was probed as above (leftmost lane) B: Centrosomes purified from
Hela, IMR32 and U373 cell lines were immunoblotted and probed for
the presence of a-fodrin, pericentrin, y-tubulin and centrin as described
above. Pericentrin antibody was used in 1:1000 dilution.
doi:10.1371/journal.pone.0076613.9g004
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Centrosomes are the major nucleating centres in eukaryotic cells
from where y-tubulin, in association with other proteins (y-TuRC),
nucleates microtubules. Earlier reports have shown that all the
components of y-TuRC are present both in the cytoplasm and the
centrosome. However, it is not clear about the control mechanism
that resists nucleation from the cytoplasm and how the ring
complex gets transported to the centrosome. While members of
this complex like GCP2 and GCP3 are required for nucleation,
the other members like GCP4, GCP5 and GCP6 are required in
higher organisms for giving perfection to the nucleation process
[8]. Earlier it has been found that fodrin is a part of the
cytoplasmic y-TuRC [16]. Our observation here that fodrin is
present in the centrosomes indicates that fodrin also has a role in
the y-tubulin mediated functions from centrosomes in brain cells.
We have, however, not observed either y-tubulin or fodrin in the
centrosomes of differentiated neurons isolated from mouse
embryonic brain, even though they were co-localized in the
centrosome of undifferentiated neurons and neurons in the early
differentiated stage (Figure 3). This is in accordance with earlier
observation where it was reported that y-tubulin is present in the
centrosomes of neurons in their early differentiation stage to
provide sufficient microtubule polymer for rapid axonal growth,
but not in the centrosomes of neurons which has formed functional
synaptic connections [35]. In neurons, microtubules are nucleated
in the centrosomes, but after nucleation they get detached from
the centrosomes when 7-tubulin is lost. Our observation in
primary cells thus shows that fodrin’s presence in the centrosome is
connected with y-tubulin. Non-centrosomal nucleation has been
reported in some cases. Plant vy-tubulin forms membrane
associated complexes and nucleates microtubules from the cortex
[42]. Golgi associated nucleation involving y-TuRC have been
reported in hepatocytes and human pigment epithelial cells [6,7].
We have not observed substantial labelling of y-tubulin or fodrin
in Golgi bodies as there was no co-localization of the golgi specific
protein Golgin GM130 with either of them in the neuroblastomal
cell line IMR32 indicating that Golgi associated nucleation
probably does not happen in these cells. It is reported that a
different isoform of spectrin, spectrinlll is associated with golgi
bodies [56,57].

The co-localization of fodrin with y-tubulin in the centrosome
was found to be dependent on the actin cytoskeleton (Figure 7) and
fodrin depletion by actin depolymerisation negatively regulated 7y-
tubulin. Interaction of fodrin with the actin cytoskeleton is long
known [58,59]. The centrosomal protein 4.1, which plays a role in
microtubule anchoring to centrosomes, binds to fodrin [24]. It is
thus possible and needs further work to confirm whether gamma
tubulin complex gets transported to the centrosomes using actin
spectrin network where protein 4.1 acts like a bridge.

There exists clear evidence that vy-tubulin concentration
increases dramatically before the onset of mitosis. Our studies in
neuronal cells during the course of mitosis showed that after
prophase, localization of fodrin at centrosomes drastically dimin-
ished. This shows that after the transport of y-TuRC, when mitosis
starts, fodrin dissociates from y-tubulin. This observation points
out to an interesting possibility that fodrin has the role of a
regulatory transporter in the accumulation of Yy-tubulin at
centrosome. In absence of fodrin after prophase, 7Y-tubulin
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Figure 5. Co-localization of y-tubulin and fodrin at different stages of mitosis. A: IMR 32 cells were synchronised by aphidicollin treatment
and then were released to enter into the cell cycle. Cells were then imaged at different stages of mitosis. a-fodrin (red), y-tubulin (green), a-tubulin
(cyan) and DNA (blue). Co-localization in the centrosome is shown by arrowheads and the absence is indicated by arrows. B: Mitotic cells in primary
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cell culture isolated from 18 days old mouse embryonic brain and cultured in appropriate media was immunolabelled with a-fodrin (red), y-tubulin
(green) and a-tubulin (cyan). Arrowheads indicate co-localization and arrows illustrate absence of co-localization. Antibody staining was done as in

figure 1.
doi:10.1371/journal.pone.0076613.9g005

nucleates spindle microtubules from the centrosome to proceed
into mitosis. This assumption gets further support from the
analysis of y-tubulin amount in the centrosome of interphase and
mitotic cells after depolymerisation of actin cytoskeleton. Depo-
lymerization of actin polymers by cytochalasin treatment removed
fodrin in the centrosome. In interphase cells, this removal of fodrin
caused a 74% reduction of y-tubulin in the centrosome, whereas in
mitotic cells, where centrosomal Yy-tubulin concentration is
substantially high due to premitotic transport from the cytoplasm,
loss of fodrin caused 45% reduction of y-tubulin (Figure 8).
Calpains are a class of proteolytic enzymes which are known to
play important role in apoptosis and in the regulation of cell cycle
[60-62] in a calcium dependent manner. m-calpain is known to
degrade fodrin [63,64]. Studies on calpains suggest that their
concentration increases during mitosis. Down regulation of m-
calpain, but not p-calpain, arrested cells at prometaphase, as they
failed to align their chromosomes at the spindle equator. The
down regulation of calpain expression was also found to activate
the spindle assembly checkpoint [62]. It has been suggested that
calpain activity has a role in the polar ejection force for alignment
of chromosomes in metaphase as when calpain activity was
mhibited, cells had monopolar spindles and chromosomes were
clustered near the centrosomes. Thus it was concluded that
activation of m-calpain during mitosis is a prerequisite for cells to
establish the alignment of chromosomes by regulating some

probable that at least in brain cells, after the onset of mitosis when
sufficient y-tubulin has been transported to the centrosome,
calpains cleave a-fodrin off its association from 7y-tubulin leading
to proper progression of mitosis.

Thus our studies implicate that fodrin associates with y-tubulin
in an actin dependant manner to aid in its regulated transport to
centrosome for microtubule nucleation and mitosis, but dissociates
from it as the cell progresses into mitosis (A scheme is shown in
Figure 9).

Supporting Information

Figure S1 Purified y-TuRC was treated with antibodies
against o-fodrin at 1:500 dilution and developed by
respective secondary antibodies.

(T1F)

Figure S2 Localization pattern of MAP2 (mature neuro-
nal marker), GFAP (glial marker) and fodrin in primary
cells. Cells were isolated from 18 days old mouse embryonic
brain and cultured in appropriate media as described in the
methods section. Cells were imaged after immunostaining with A:
GFAP (green), MAP2 (red); B: MAP2 (green), a-fodrin (red) for
mature neurons and C: GFAP (green), o-fodrin (red) for glial cells.
DAPI (blue) was used for nuclear staining.

molecules that generate polar ejection force. It is thus highly (T1F)
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Figure 6. Quantitation of y-tubulin and fodrin in interphase and mitotic cells: IMR 32 cells from the above experiment were
analyzed for y-tubulin or fodrin content in green chanel and red channel respectively. The ROl was selected to cover the whole
centrosome in different cells and the total fluorescence intensity (pixels) was obtained by multiplying the mean intensity with centrosome area. The
background was selected similarily from the cytoplasmic area and subtracted from the centrosomal intensity. The average of thus calculated
intensities was determined from 21 centrosomes and plotted. Standard deviation was calculated from three experiments.
doi:10.1371/journal.pone.0076613.g006
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Figure 7. Effect of microtubule and actin cytoskeleton on the centrosomal co-localization of fodrin and y-tubulin. A. IMR32 cells were
treated with Nocodazole (3.3 uM) for 2 hrs and then stained with a-fodrin (red), y-tubulin (green) and a- tubulin (cyan). (B) IMR32 cells were treated
with Cytochalasin B (1 uM) for 1 hr and then stained with either a-fodrin (red) and y-tubulin (green) or with a-fodrin (red) and [ actin (green). Control
cell panels for y-tubulin and fodrin staining have been reproduced from 7A as the experiments were done together. Co-localization is indicated by
arrowheads and the absence of co-localization is shown by arrows. Primary antibodies were used in 1:200 dilution and secondary antibodies were in
1:500 dilution.

doi:10.1371/journal.pone.0076613.9g007

Control

Cytochalasin B
(1um,1hr)

Figure S3 Localization of g-fodrin and MAP2 in primary media. Panels show fodrin and MAP2 localization in undifferen-
neurons at different stages. Cells were isolated from E18 tiated (0 day), early (24 day) and late stages of differentiation (12
mouse embryo and were maintained in neuronal cell enrichment day). Immunostaining was done with o-fodrin (red) and MAP2
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Figure 8. Measurement of centrosomal y-tubulin fluorescence after depolymerization of actin cytoskeleton: IMR 32 cells from the
above experiment were analyzed for y-tubulin content in the centrosome as described in Figure 6. The average of thus calculated
intensities was determined from 15 centrosomes and plotted. Standard deviation was calculated from three experiments.
doi:10.1371/journal.pone.0076613.g008

(green). Area of the cells in the boxes is magnified and shown in Figure $4 Immunoprecipitation of centrosome fraction:
merge. Arrowheads mark the presence of fodrin on 0 day and ond The centrosome fraction (50%) purified by sucrose
day. density gradient was immunoprecipitated with anti
(TIF) ninein, anti y-tubulin and anti o-fodrin antibodies.

Immuno pulldown with PAg and anti Bid antibody were used as

y-tubulinis transported actively to
centrosomes on the onset of mitosis

Mitotic
=
Q Disruption of actin
Cytochalasin B network, removes

fodrin and reduces
v-tubulin accumulation
in the centrosome

Mitotic ® Fodrin
Cytochalasin B » y-tubulin

Figure 9. A model showing the putative role of fodrin in the transport of y-tubulin to the centrosome.
doi:10.1371/journal.pone.0076613.g009
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negative controls. Western blot was performed with antibodies
against ninein, Y-tubulin and centrin in 1:1000 dilution and o-
fodrin in 1:500 dilution.

(TTF)

Figure S5 Localization of y-tubulin or fodrin in golgi
apparatus. IMR32 cells were immunostained for A: DAPI,
tubulin (cyan), y-tubulin (red) and golgi matrix protein GM130
(green); B: DAPI, tubulin (cyan), fodrin (red) and golgi matrix
protein GM130 (green). Primary and secondary antibodies were
used in 1:200 and 1:500 respectively. Cells were maintained in
DMEM containing 5% FBS with antibiotics.

(TIF)

References

1. Doxsey S (2001) Re-evaluating centrosome function. Nat Rev Mol Cell Biol 2:
688-698.

2. Khodjakov A, Rieder CL (1999) The sudden recruitment of gamma-tubulin to
the centrosome at the onset of mitosis and its dynamic exchange throughout the
cell cycle, do not require microtubules. J Cell Biol 146: 585-596.

3. Sunkel CE, Gomes R, Sampaio P, Perdigao J, Gonzalez C (1995) Gamma-
tubulin is required for the structure and function of the microtubule organizing
centre in Drosophila neuroblasts. EMBO J 14: 28-36.

4. Oegema K, Wiese C, Martin OC, Milligan RA, Iwamatsu A, et al. (1999)
Characterization of two related Drosophila gamma-tubulin complexes that differ
in their ability to nucleate microtubules. J Cell Biol 144: 721-733.

. Kollman JM, Merdes A, Mourey L, Agard DA (2011) Microtubule nucleation by
gamma-tubulin complexes. Nat Rev Mol Cell Biol 12: 709-721.

6. Chabin-Brion K, Marceiller J, Perez F, Settegrana C, Drechou A, et al. (2001)
The Golgi complex is a microtubule-organizing organelle. Mol Biol Cell 12:
2047-2060.

7. Rivero S, Cardenas J, Bornens M, Rios RM (2009) Microtubule nucleation at
the cis-side of the Golgi apparatus requires AKAP450 and GM130. EMBO ] 28:
1016-1028.

8. Choi YK, Liu P, Sze SK, Dai C, Qi RZ (2010) CDK5RAP2 stimulates
microtubule nucleation by the gamma-tubulin ring complex. J Cell Biol 191:
1089-1095.

9. Gunawardane RN, Martin OC, Cao K, Zhang L, De¢j K, et al. (2000)
Characterization and reconstitution of Drosophila gamma-tubulin ring complex
subunits. J Cell Biol 151: 1513-1524.

10. Zheng Y, Wong ML, Alberts B, Mitchison T (1995) Nucleation of microtubule
assembly by a gamma-tubulin-containing ring complex. Nature 378: 578-583.

11. Haren L, Remy MH, Bazin I, Callebaut I, Wright M, et al. (2006) NEDD1-
dependent recruitment of the gamma-tubulin ring complex to the centrosome is
necessary for centriole duplication and spindle assembly. J Cell Biol 172: 505
515.

12. Mogensen MM, Malik A, Piel M, Bouckson-Castaing V, Bornens M (2000)
Microtubule minus-end anchorage at centrosomal and non-centrosomal sites:
the role of ninein. J Cell Sci 113 (Pt 17): 3013-3023.

13. Zimmerman WC, Sillibourne J, Rosa J, Doxsey SJ (2004) Mitosis-specific
anchoring of gamma tubulin complexes by pericentrin controls spindle
organization and mitotic entry. Mol Biol Cell 15: 3642-3657.

14. Hutchins JR, Toyoda Y, Hegemann B, Poser I, Heriche JK, et al. (2010)
Systematic analysis of human protein complexes identifies chromosome
segregation proteins. Science 328: 593-599.

15. Teixido-Travesa N, Villen J, Lacasa C, Bertran MT, Archinti M, et al. (2010)
The gammaTuRC revisited: a comparative analysis of interphase and mitotic
human gammaTuRC redefines the set of core components and identifies the
novel subunit GCP8. Mol Biol Cell 21: 3963-3972.

16. Thomas NE, Shashikala S, Sengupta S (2010) Cytoplasmic gamma-tubulin
complex from brain contains nonerythroid spectrin. J Cell Biochem 110: 1334~
1341.

17. Gratzer WB, Beaven GH (1975) Properties of the high-molecular-weight protein
(spectrin) from human-erythrocyte membranes. Eur ] Biochem 58: 403-409.

18. Vertessy BG, Steck TL (1989) Elasticity of the human red cell membrane
skeleton. Effects of temperature and denaturants. Biophysical journal 55: 255~
262.

19. Riederer BM, Zagon IS, Goodman SR (1986) Brain spectrin(240/235) and
brain spectrin(240/235E): two distinct spectrin subtypes with different locations
within mammalian neural cells. J Cell Biol 102: 2088-2097.

20. Simonovic M, Zhang Z, Cianci CD, Steitz TA, Morrow JS (2006) Structure of
the calmodulin alphall-spectrin complex provides insight into the regulation of
cell plasticity. J Biol Chem 281: 34333-34340.

21. Goodman SR, Zagon IS (1986) The neural cell spectrin skeleton: a review.
Am ] Physiol 250: C347-360.

22. Das A, Base C, Manna D, Cho W, Dubreuil RR (2008) Unexpected complexity
in the mechanisms that target assembly of the spectrin cytoskeleton. Journal of
Biological Chemistry 283: 12643-12653.

o

PLOS ONE | www.plosone.org

Potential Role of Fodrin in y-Tubulin Transport

Acknowledgments

The authors highly appreciate the help of Prof. Lynne Cassimeris, Lehigh
University, Pennsylvania, USA, for her valuable comments in some
experiments.

Author Contributions

Conceived and designed the experiments: S. Shashikala S. Sengupta.
Performed the experiments: S. Shashikala RK N'T. Analyzed the data: S.
Shashikala RK. Contributed reagents/materials/analysis tools: DS ]J.
Wrote the paper: S. Shashikala S. Sengupta.

23. An X, Debnath G, Guo X, Liu S, Lux SE, et al. (2005) Identification and
functional characterization of protein 4.1R and actin-binding sites in erythrocyte
beta spectrin: regulation of the interactions by phosphatidylinositol-4,5-bispho-
sphate. Biochemistry 44: 10681-10688.

24. Perez-Ferreiro CM, Vernos I, Correas I (2004) Protein 4.1R regulates interphase
microtubule organization at the centrosome. J Cell Sci 117: 6197-6206.

25. Watabe H, Valencia JC, Le Pape E, Yamaguchi Y, Nakamura M, et al. (2008)
Involvement of dynein and spectrin with early melanosome transport and
melanosomal protein trafficking. J Invest Dermatol 128: 162-174.

26. Holleran EA, Tokito MK, Karki S, Holzbaur EL (1996) Centractin (ARPI)
associates with spectrin revealing a potential mechanism to link dynactin to
intracellular organelles. J Cell Biol 135: 1815-1829.

27. De Matteis MA, Morrow JS (2000) Spectrin tethers and mesh in the biosynthetic
pathway. J Cell Sci 113 (Pt 13): 2331-2343.

28. Heriot K, Gambetti P, Lasek RJ (1985) Proteins transported in slow components
a and b of axonal transport are distributed differently in the transverse plane of
the axon. J Cell Biol 100: 1167-1172.

29. Takeda S, Yamazaki H, Scog DH, Kanai Y, Terada S, et al. (2000) Kinesin
superfamily protein 3 (KIF3) motor transports fodrin-associating vesicles
important for neurite building. J Cell Biol 148: 1255-1265.

30. Karcher RL, Deacon SW, Gelfand VI (2002) Motor-cargo interactions: the key
to transport specificity. Trends Cell Biol 12: 21-27.

31. Currle DS, Hu JS, Kolski-Andreaco A, Monuki ES (2007) Culture of mouse
neural stem cell precursors. J Vis Exp: 152.

32. Mitchison TJ, Kirschner MW (1986) Isolation of mammalian centrosomes.
Methods Enzymol 134: 261-268.

33. Barnes AP, Polleux F (2009) Establishment of axon-dendrite polarity in
developing neurons. Annu Rev Neurosci 32: 347-381.

34. Stokin GB, Goldstein LS (2006) Axonal transport and Alzheimer’s disease. Annu
Rev Biochem 75: 607-627.

35. Leask A, Obrictan K, Stearns T (1997) Synaptically coupled central nervous
system neurons lack centrosomal gamma-tubulin. Neurosci Lett 229: 17-20.

36. Buffo A, Rite I, Tripathi P, Lepier A, Colak D, et al. (2008) Origin and progeny
of reactive gliosis: A source of multipotent cells in the injured brain. Proc Natl
Acad Sci U S A 105: 3581-3586.

37. Luders ], Stearns T (2007) Microtubule-organizing centres: a re-evaluation. Nat
Rev Mol Cell Biol 8: 161-167.

38. Efimov A, Kharitonov A, Efimova N, Loncarek J, Miller PM, et al. (2007)
Asymmetric CLASP-dependent nucleation of noncentrosomal microtubules at
the trans-Golgi network. Dev Cell 12: 917-930.

39. Zhang J, Megraw TL (2007) Proper recruitment of gamma-tubulin and D-
TACC/Msps to embryonic Drosophila centrosomes requires Centrosomin
Motif 1. Mol Biol Cell 18: 4037-4049.

40. Boutros R, Lobjois V, Ducommun B (2007) CDC25B involvement in the
centrosome duplication cycle and in microtubule nucleation. Cancer Res 67:
11557-11564.

41. Wiese C, Zheng Y (1999) Gamma-tubulin complexes and their interaction with
microtubule-organizing centers. Curr Opin Struct Biol 9: 250-259.

42. Drykova D, Cenklova V, Sulimenko V, Volc J, Draber P, et al. (2003) Plant
gamma-tubulin interacts with alphabeta-tubulin dimers and forms membrane-
associated complexes. Plant Cell 15: 465-480.

43. Moudjou M, Bordes N, Paintrand M, Bornens M (1996) gamma-Tubulin in
mammalian cells: the centrosomal and the cytosolic forms. J Cell Sci 109 (Pt 4):
875-887.

44. Hubert T, Perdu S, Vandekerckhove J, Gettemans J (2011) gamma-Tubulin
localizes at actin-based membrane protrusions and inhibits formation of stress-
fibers. Biochem Biophys Res Commun 408: 248-252.

45. Harris AS, Morrow JS (1990) Calmodulin and calcium-dependent protease I
coordinately regulate the interaction of fodrin with actin. Proc Natl Acad
Sci U S A 87: 3009-3013.

46. Ishikawa M, Murofushi H, Sakai H (1983) Bundling of microtubules in vitro by
fodrin. J Biochem 94: 1209-1217.

October 2013 | Volume 8 | Issue 10 | e76613



47.

48.

49.

50.

52.

53.

54.

Thompson HM, Cao H, Chen J, Euteneuer U, McNiven MA (2004) Dynamin 2
binds gamma-tubulin and participates in centrosome cohesion. Nat Cell Biol 6:
335-342.

Samson F, Donoso JA, Heller-Bettinger I, Watson D, Himes RH (1979)
Nocodazole action on tubulin assembly, axonal ultrastructure and fast
axoplasmic transport. ] Pharmacol Exp Ther 208: 411-417.

Flanagan MD, Lin S (1980) Cytochalasins block actin filament elongation by
binding to high affinity sites associated with F-actin. J Biol Chem 255: 835-838.
Goodman SR, Shiffer K (1983) The spectrin membrane skeleton of normal and
abnormal human erythrocytes: a review. Am J Physiol 244: C121-141.

. Martin SJ, O’Brien GA, Nishioka WK, McGahon AJ, Mahboubi A, et al. (1995)

Proteolysis of fodrin (non-erythroid spectrin) during apoptosis. J Biol Chem 270:
6425-6428.

Tang Y, Katuri V, Dillner A, Mishra B, Deng CX, et al. (2003) Disruption of
transforming growth factor-beta signaling in ELF beta-spectrin-deficient mice.
Science 299: 574-577.

McMahon LW, Sangerman J, Goodman SR, Kumaresan K, Lambert MW
(2001) Human alpha spectrin II and the FANCA, FANCC, and FANCG
proteins bind to DNA containing psoralen interstrand cross-links. Biochemistry
40: 7025-7034.

Sridharan D, Brown M, Lambert WC, McMahon LW, Lambert MW (2003)
Nonerythroid alphall spectrin is required for recruitment of FANCA and XPF
to nuclear foci induced by DNA interstrand cross-links. J Cell Sci 116: 823-835.

. Machnicka B, Grochowalska R, Boguslawska DM, Sikorski AF, Lecomte MC

(2012) Spectrin-based skeleton as an actor in cell signaling. Cell Mol Life Sci 69:
191-201.

PLOS ONE | www.plosone.org

13

56.

57.

58.

59.

60.

61.

62.

64.

Potential Role of Fodrin in y-Tubulin Transport

Beck KA, Buchanan JA, Malhotra V, Nelson W] (1994) Golgi spectrin:
identification of an erythroid beta-spectrin homolog associated with the Golgi
complex. J Cell Biol 127: 707-723.

Stankewich MC, Tse WT, Peters LL, Ch’'ng Y, John KM, et al. (1998) A widely
expressed betalll spectrin associated with Golgi and cytoplasmic vesicles. Proc
Natl Acad Sci U S A 95: 14158-14163.

Glenney JR Jr, Glenney P, Weber K (1982) F-actin-binding and cross-linking
properties of porcine brain fodrin, a spectrin-related molecule. J Biol Chem 257:
9781-9787.

Korenbaum E, Rivero F (2002) Calponin homology domains at a glance. J Cell
Sci 115: 3543-3545.

Santella L, Kyozuka K, De Riso L, Carafoli E (1998) Calcium, protease action,
and the regulation of the cell cycle. Cell Calcium 23: 123-130.

Wang KK, Posmantur R, Nadimpalli R, Nath R, Mohan P, et al. (1998)
Caspase-mediated fragmentation of calpain inhibitor protein calpastatin during
apoptosis. Arch Biochem Biophys 356: 187-196.

Honda S, Marumoto T, Hirota T, Nitta M, Arima Y, et al. (2004) Activation of
m-calpain is required for chromosome alignment on the metaphase plate during
mitosis. J Biol Chem 279: 10615-10623.

Siman R, Baudry M, Lynch G (1984) Brain fodrin: substrate for calpain I, an
endogenous calcium-activated protease. Proc Natl Acad Sci U S A 81: 3572—
3576.

Sato K, Hattori S, Irie S, Sorimachi H, Inomata M, et al. (2004) Degradation of
fodrin by m-calpain in fibroblasts adhering to fibrillar collagen I gel. J Biochem
136: 777-785.

October 2013 | Volume 8 | Issue 10 | e76613



