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Abstract The Dictyostelium centrosome consists of a
layered core structure surrounded by a microtubule-nucle-
ating corona. A tight linkage through the nuclear envelope
connects the cytosolic centrosome with the clustered cen-
tromeres within the nuclear matrix. At G2/M the corona
dissociates, and the core structure duplicates, yielding two
spindle poles. CP148 is a novel coiled coil protein of the
centrosomal corona. GFP-CP148 exhibited cell cycle-
dependent presence and absence at the centrosome, which
correlates with dissociation of the corona in prophase and
its reformation in late telophase. During telophase, GFP-
CP148 formed cytosolic foci, which coalesced and joined
the centrosome. This explains the hypertrophic appearance
of the corona upon strong overexpression of GFP-CP148.
Depletion of CP148 by RNAi caused virtual loss of the
corona and disorganization of interphase microtubules.
Surprisingly, formation of the mitotic spindle and astral
microtubules was unaffected. Thus, microtubule nucleation
complexes associate with centrosomal core components
through different means during interphase and mitosis.
Furthermore, CP148 RNAIi caused dispersal of centromeres
and altered Sunl distribution at the nuclear envelope,
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suggesting a role of CP148 in the linkage between cen-
trosomes and centromeres. Taken together, CP148 is an
essential factor for the formation of the centrosomal cor-
ona, which in turn is required for centrosome/centromere
linkage.
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Introduction

Microtubule organization is of crucial importance not only
for formation of the mitotic spindle and chromosome
segregation but also for directional transport and posi-
tioning of organelles, RNA, and proteins, which in turn
direct processes such as cell polarization and cytokinesis.
The main microtubule organizing centers are known as
centrosomes. Despite their universal functions, centro-
somes display remarkably different morphologies in
animals, fungi, and lower eukaryotes. All organisms pos-
sessing cilia or flagella at least in some cell types have
centrosomes with a pair of centrioles. Centrioles consist of
a ninefold symmetrical cylindrical arrangement of spe-
cialized short microtubules [1]. They are embedded in so-
called pericentriolar material (PCM) containing 7-tubulin
ring complexes and other proteins involved in microtubule
nucleation. Since centrosomes participate in the organiza-
tion of the bipolar mitotic spindle, they have to duplicate
once and only once per cell cycle. In case of centriole-
containing centrosomes, duplication of the single centriole
pair starts at the GI1/S transition with the growth of
daughter centrioles at the proximal end of the existing
mother centrioles. In G2, the cell contains two pairs of
centrioles. In late G2, the centriole pairs separate, and are
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now ready to act as mitotic spindle poles. In late mitosis,
the tight orthogonal association of mother and daughter
centrioles is abrogated in a process called disengagement.
This appears to be the licensing event for the next round of
centriole duplication. Proteomic analyses of isolated cen-
trosomes led to the discovery of many new centrosomal
and centriolar proteins including several players in centri-
ole duplication (reviewed by Azimzadeh and Marshall
(2010) [1]). Centrioles are not the only dynamic part of the
centrosome. In late G2, when cells prepare for mitosis,
microtubule nucleating activity and the size of the PCM
increases. The PCM is formed by recruitment of microtu-
bule-nucleating y-tubulin ring complexes to scaffolding
proteins, which in turn are associated with centrioles. Three
such proteins have been characterized in this context,
D-PLP/pericentrin, D-Spd-2/Cep192, and Cnn/Cep215/
CdkSRap2 [2-4]. All of them associate with y-tubulin ring
complexes through NEDD1/GCP-WD [4]. The control of
centrosome size has thoroughly been investigated in Dro-
sophila. Here, centrosome size is regulated by Cnn
(centrosomin), which is phosphorylated by polo and asso-
ciates with the centriole components Asl (Asterless,
Cep152 in humans) and DSpd-2 (Cep192 in humans) [5, 6].

Except for yeasts, little is known about organization and
biogenesis of main microtubule-organizing centers in fungi
and lower eukaryotes, where they are often called spindle
pole bodies (SPBs) or nucleus-associated bodies (NABs),
respectively. Despite the lack of centrioles, the term
“centrosome” is used by many researchers also for these
organelles, since they all serve common functions and
share many conserved proteins. The centrosome of Dictyo-
stelium amoebae is a cytosolic nucleus-associated body
(reviewed by Griaf et al. (2004) [7]). It consists of an
electron-dense core structure composed of three layered
major disks. The core structure is surrounded by a less-
structured corona with dense nodules containing y-tubulin.
Thus, the corona is considered the functional equivalent of
the pericentriolar material in animal cells. Based on mor-
phological changes, Dictyostelium centrosome duplication
is not synchronized with S-phase but with the G2/M tran-
sition, similar to the situation in fission yeast [8, 9]. First,
the whole organelle increases in size, and in early pro-
phase, the corona disappears and all microtubules are shed
from the centrosome and depolymerize. The central disk
disappears, and the remaining outer disks insert into the
nuclear envelope, which remains intact throughout mitosis.
In prometaphase, the disks separate from each other and
instantly start to nucleate a central spindle from their for-
mer inner surfaces. Upon spindle elongation, the two disks
are driven to the poles and act as the mitotic centrosomes.
In anaphase, the disks start to fold back onto themselves in
a way that the microtubule-nucleating surface is turned
outward. In telophase, the folding and maturation process
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is completed with re-appearance of the central layer and
the corona. Elucidation of the molecular processes under-
lying these substantial morphological events requires
information about the proteins involved. Several corona
components such as centrin, y-tubulin complex proteins (y-
tubulin, Spc97, Spc98), the XMAP215-family protein
CP224, TACC, EB1, LIS1, and CP248/250 have been
thoroughly investigated [10-17]. We were recently able to
identify four novel components of the central core structure
through a proteomic screen (CP39, CP55, CP75, and CP91)
[15, 18]. Among the known corona proteins was no can-
didate for a function in corona formation and linking its
y-tubulin complexes to the central core component, since
they all localized to the corona farther distal from the core
structure than p-tubulin itself. Yet, in our proteomic screen
we have also identified a novel protein, CP148, localizing
to an intermediate zone, between the structures stained
with outer corona markers and core markers, respectively.
In this work, we provide a functional characterization of
CP148, and show that it is required for the integrity and
stability of the corona and its association to the components
of the centrosomal core structure.

Results

CP148 dissociates from the centrosome in prophase
and reappears in telophase

CP148 (dictybase genelD DDB_G0278809) is a 148.7-kDa
protein with a length of 1,297 amino acids, about 50% of
which are predicted to form coiled coil structures (COILS
program, window size 28 aa). In our recently published
survey of novel centrosomal proteins, we have shown that
CP148 is a genuine centrosomal protein, since the GFP-
CP148 fusion protein localized to the centrosomal corona
in isolated, microtubule-free centrosomes [15]. In the same
study, we also reported that the GFP-fusion protein was
absent from centrosomes, i.e., spindle poles in metaphase
cells. However, nothing was known about the function of
CP148 or the behavior of the endogenous CP148 protein,
nor of the time points of its dissociation from the centro-
some during mitosis and its re-association. In order to
address these gaps of knowledge, we first raised polyclonal
antibodies against a C-terminal fragment of 357 amino
acids and used these antibodies to localize endogenous
CP148 during interphase and all mitotic stages. Figure 1
shows that CP148 is absent from the centrosome already in
prophase and reappears only in telophase. This behavior
corresponds well to the time frame of dissolution and ref-
ormation of the corona during centrosome duplication.
However, it is in contrast to the behavior of other corona
proteins involved in microtubule nucleation, such as
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y-tubulin and the XMAP215-family protein CP224, which
are present at centrosomes during the entire cell cycle
[10, 14].

GFP-CP148 forms cytosolic clusters in telophase
that relocate to the centrosome

The centrosomal cell cycle-dependent localization pattern
of endogenous CP148 was mimicked by GFP-CP148
(supplementary Fig. S1, Movie S1). In GFP-CP148 cells,
we also frequently observed tiny, spot-like clusters of GFP-
CP148 in the cytosol, which were never observed in case of
endogenous CP148. Upon strong overexpression (~ 300-
fold as judged from Western-blot densitometry, Fig. 3j) of
the fusion protein, clusters were more prominent and varied
in size and number (Fig. 2a, b). Some but not all of these
GFP-CP148 clusters also stained positive for y-tubulin and
CP224 (Fig. 2a, b). Live cell imaging revealed that most of
these clusters formed de novo during telophase and
migrated in a radial fashion towards the spindle poles where
they appeared to fuse (Movie S1). GFP-CP148 clusters
were always located in close vicinity to astral microtubules

Interphase

Prophase

Metaphase

in telophase cells (Fig. 2c). This observation and pattern of
movement of GFP-CP148 clusters strongly suggested
transport along microtubules through association with a
minus end-directed microtubule motor such as dynein.

GFP-CP148 overexpression causes hypertrophy
of the centrosomal corona

As a consequence of particle movement and fusion at the
centrosome, the corona often appeared enlarged and
irregularly shaped. This became obvious by immunofluo-
rescence stainings with antibodies against the corona
markers p-tubulin and CP224 (Fig. 3, Movie S1). If the
area stained with anti-CP224 in maximum intensity pro-
jections of these specimens was taken as a measure for the
size of the corona, we calculated a 2.7-fold increase com-
pared to control cells (Fig. 3k). In contrast, the centrosomal
core appeared unaffected by overexpression of GFP-
CP148, since it was still visible only as a tiny, spherical dot
in immunofluorescence specimens stained with antibodies
against the centrosomal core proteins CP39, CPS55, and
CP91 (Fig. 3). These antibodies only stained the nucleus-

Anaphase Telophase

Fig. 1 Endogenous CP148 dissociates from the centrosome in
prophase and reappears in late telophase. Dictyostelium AX2 cells
were fixed with glutaraldehyde and stained with anti-CP148/anti-

rabbit-AlexaFluor 568 (red), anti-tubulin YL1/2 [39]/anti-rat-Alexa-
Fluor 488 (green) and DAPI (blue). Cell cycle stages and stainings are
indicated. Bar 3 pm
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A y-Tubulin A' GFP-CP148

Fig. 2 The corona proteins p-Tubulin and CP224 partially colocalize
at cytosolic GFP-CP148 foci. GFP-CP148 overexpressing cells in
telophase were fixed with methanol and stained with anti-y-tubulin
(a) [20], anti-CP224 [40] (b), or anti-tubulin YL1/2 (c). The merged

GFP-CP148

4
API
-

Fig. 3 Distribution of centrosomal and nuclear envelope marker
proteins upon GFP-CP148 overexpression. Cells in interphase were
fixed with methanol (b, e, f, g, h, i) or glutaraldehyde (a, c). GFP-
CP148 overexpressing cells were stained with anti-tubulin YL1/2 (a),
anti-y-tubulin (b), anti-Sunl (c¢) [22], anti-NE8&1 (d), anti-CP91 (e),
anti-CP55 (f), anti-CP39 (g) [15], and anti-CP224 (h). The merged
images show antibody stainings in red, GFP-CP148 in green, and
DAPI in blue. AX2 control cells were stained with anti- CP148
(green) and the corona marker anti-CP224 (red) (I). Bar 3 pum. The

associated centrosome, but never any of the cytosolic, non
centrosome-associated GFP-CP148 clusters, indicating that
these clusters do not represent supernumerary centrosomes.
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A" merged

merged

B merged

GFP-CP148
a-Tubulin
DAPI

images (2", b/, ¢) show antibody stainings with secondary
AlexaFluor 568 conjugates in red, GFP-CP148 in green and DAPI
in blue. Bar 3 pm

J AX2 GFP-
control CP148

170 — l!

130 —

I AX2 control

95—  anti-CP148

control GFP-
CP148

extent of GFP-CP148 overexpression is shown on the immunoblot (j).
The Western blot of cell extracts was stained with anti-CP148/anti-
rabbit-peroxidase and enhanced chemiluminescence visualization
(upper panel) and Ponceau S (lower panel) to demonstrate equal
protein loading of extracts from AX2 control cells and GFP-CP148
overexpressors. The diagram in k shows the increase in size of the
corona measured by the area stained with anti-CP224 in AX2 control
cells (n =96) and GFP-CP148 overexpressors (n = 103). Mean
values £ SD are given

Electron microscopy of GFP-CP148 overexpressing cells
more closely revealed the ultrastructural aberrations in
centrosomal morphology, and confirmed our conclusions
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drawn from immunofluorescence microscopy. While the
layered core structure appeared more or less unaltered by
overexpression, the corona was considerably enlarged. In
wild-type cells, it usually consists of only one layer of
electron-dense nodules within an amorphous matrix around
the core structure (Fig. 4a) [19]. In contrast, in GFP-CP148
overexpressors, the core structure is embedded in a greatly
extended amorphous matrix full of nodules (Fig. 4c, ¢’).
Since y-tubulin has been addressed to the nodules [20], this
explains why the y-tubulin signal was spread all over this
enlarged corona structure in immunofluorescence speci-
mens (Fig. 3b).

GFP-CP148 shows no significant mobility
at the centrosome

In order to get information about the dynamic behavior of
CP148 at the centrosome during interphase, we performed
fluorescence recovery after photo bleaching (FRAP)
experiments. In these experiments, we found no significant
recovery of GFP-CP148 fluorescence within a time of
22 min (Fig. 5/Movie S2). Thus, GFP-CP148 behaved
clearly differently from other corona components such as
CP224, which showed a half time of recovery of only 7.2 s
[17]. Taken together with the data of its cell cycle-depen-
dent localization pattern, our FRAP data indicate that
CP148 could function as a scaffolding factor for other
corona components.

B G :7."-?".*:‘-. r
A
control CP148:RNAI Ho

GFP-CP148 GFP-CP148 e

Fig. 4 Depletion of CP148 by RNA results in loss of the corona,
while overexpression of GFP-CP148 causes hypertrophy of the
corona. Ultrathin sections through the centrosome of control cells (a),
CP148-RNAi cells (b), and GFP-CP148 overexpressing cells (¢, ¢’)

are shown. Bar 0.5 pm

Depletion of CP148 causes disintegration of the corona
and interphase microtubule arrays

To prove the idea of CP148 as a scaffolding factor for
corona assembly, and to gain more insight into the func-
tions of CP148, we set out to suppress expression of the
CP148 protein. Since our attempts to knockout the CP148
gene were not successful, we generated a stable CP148
RNAI strain based on the wild-type-like AX2 strain. Pro-
tein expression of CP148 in this strain was suppressed
completely as shown by Western blots of Dictyostelium
extracts (Fig. 6). CP148 RNAI cells were characterized by
a severely disordered appearance of microtubule arrays
lacking a detectable MTOC. The corona markers y-tubulin
and CP224 were no longer concentrated at a clearly dis-
cernible MTOC (compare Fig. 7a—a”’ with Fig. 1). In
immunofluorescence specimens, y-tubulin was sometimes
still detectable in a few foci, which, however, could not be
correlated with an MTOC (Fig. 7b’). CP224 signals were
distributed all over the cell with no clear concentration at a
point in the nuclear vicinity, where a centrosome would be
expected to be localized (Fig. 7b). These results strongly
suggested that the complete corona was lost from the
centrosome upon CP148 RNAI. This notion was confirmed
by the ultrastructural appearance of the centrosomal rem-
nants in CP148-RNAi cells. In ultrathin sections, we
detected layered core structures in the cytosol, which were
clearly devoid of the usual corona with its electron-dense
nodules (Fig. 4b). The size and appearance of these core
structures in CP148-RNAIi cells was comparable to that of
intact centrosomes in control cells (Fig. 4a).

The CP224-positive dots within the cytosol visible in
Fig. 7b were likely to correspond with microtubule plus
ends, indicating that the total number of individual
microtubules was increased upon CP148 RNAI. To confirm
this, CP148 was also knocked down by RNAI in a strain
expressing the TACC-domain fused to GFP. The TACC
protein recruits CP224 to microtubule plus ends and the
GFP-tagged TACC-domain is the best microtubule plus
end marker in Dictyostelium [17]. When these cells with
green fluorescent microtubule tips were compared to the
GFP-TACCdom control strain (Fig. 7d), it became evident
that the number of microtubule plus ends was clearly
increased upon CP148 RNAI (Fig. 7c).

Depletion of CP148 causes increased ploidy
and disrupts the linkage of the centrosome
to clustered centromeres

CP148 RNAI cells were also characterized by an increase
in size by a factor of two to five (Figs. 8, 9a). Furthermore,
the appearance of nuclei in DAPI stainings suggested that
CP148 RNAI frequently caused aneuploidy. In order to
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Fig. 5 GFP-CP148 shows
almost no fluorescence recovery
after photobleaching. Selected
time points of a representative
FRAP experiment (Movie S2)
with GFP-CP148/mCherry-H2B
cells are shown. Upper row,
centrosome bleached with a
point-focused 473-nm laser
pulse at time point 170 s; lower
row, non-bleached control cell.
Confocal spinning disk
microscopy; time lapse
acquisition rate was six stacks
per minute (at a frame rate of 10
fr/s); maximum intensity
projection of seven slices per
image stack. The graph shows
recovery kinetics from six
independent measurements
(mean 4+ SD)

0.6 A
0.4

normalized fluorescence

I L T LT e
0.2 ST [1

bleach

0 100

Ponceau S
AX2 RNAi

anti-CP148

170— 170—

130— 130—

Fig. 6 CP148 is knocked down almost completely by RNAi. Western
blot of cell extracts stained with anti-CP148/anti-rabbit-peroxidase
and enhanced chemiluminescence visualization to show the extent of
RNAI (left). The right panel shows the corresponding protein staining
of the same blot with Ponceau S to demonstrate equal protein loading
of extracts from AX2 control cells and CP148-RNAi cells

investigate this issue further, we knocked down CP148
expression by RNAi also in Dictyostelium GFP-o-tubulin
cells. When mixed with AX2 cells, these CP148 RNAi/
GFP-o-tubulin cells were easily discernible by their green
fluorescent microtubules. Comparison of their DAPI
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staining intensities with those of AX2 cells in the same
sample revealed that the DNA content per nucleus was
increased by a factor of 1.67 in CP148 RNAi/GFP-u-
tubulin cells (Fig. 9b). When the DNA content of indi-
vidual cells was plotted by increasing DNA content, it
became clear that 42% of all CP148 RNAi/GFP-ua-tubulin
cells had a DNA content that was more than twofold higher
than the average DNA content of control cells, while this
occurred in almost none of the control cells (Fig. 9b’, b”),
indicating that the increased DNA content was not due to a
prolonged time in S-phase. It is rather caused by increased
ploidy, and suggests that cells encounter problems in
chromosome segregation upon CP148 RNAIi. In addition,
we observed centromeres distributed over the whole
nucleus in interphase (Fig. 8c, d). Since centromeres are
usually clustered and linked to the centrosome through the
nuclear envelope during the entire cell cycle [21, 22], this
observation suggested that CP148 RNAI could also affect
the linkage of centrosomes to nuclei. Sunl, a transmem-
brane protein of the nuclear envelope [22, 23], is a key
component of this linkage structure. Therefore, we looked
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A CP148

D' GFP-TACCdom

Fig. 7 CP148-RNAi disrupts radial microtubule arrays (a) and
causes an increased number of microtubule plus ends (¢, d). The
corona markers CP224 and y-tubulin can no longer be correlated with
an MTOC (b). CP148-RNAi cells (a, b), CP148-RNAi cells
expressing the GFP-TACC-domain (¢) and GFP-TACC-domain
control cells (d) were fixed with glutaraldehyde (a) or methanol

for alterations in the distribution of Sunl at the nuclear
envelope. Indeed, Sunl, which accumulates in the peri-
centrosomal region in wild-type cells, was evenly
distributed over the nuclear envelope in CP148 RNA! cells
(Fig. 8a, b). An involvement of CP148 in maintenance of
the centrosome/nucleus linkage was also supported by the
fact that the centrosomal core components CP55, CP91 and
CP39 [15] were visible in single or several immunofluo-
rescent spots, often detached from the nucleus (Fig. 8f"”',
h'"). The strict colocalization of these core components is
in agreement with our ultrastructural data showing that the
centrosomal core appeared as an intact structural entity in
CP148 RNAI cells (Fig. 4b). The absence of a discernible

GFP-TACCdom
CP148 RNAi

GFP-TACCdom

(b, ¢, d) and stained with anti-CP148 and anti-tubulin YL1/2 (a, a’),
anti-y-tubulin (b) and anti-CP224 (b, ¢, d). The merged images
(@"”’-d""") show antibody stainings with AlexaFluor 568 conjugates
(a—d) in red, GFP fluorescence (¢/, d’) and antibody stainings with
AlexaFluor 488 conjugates (a’, b’) in green, and DAPI (a”’-d”) in
blue. Bars 5 pm

corona, while core components were frequently detached
from the nucleus, indicated a requirement of the corona for
centrosome/nucleus attachment. Together with the dis-
persal of the centromere cluster, and the abrogation of the
pericentrosomal localization pattern of Sunl, these obser-
vations support our notion that CP148 RNA.I is required for
maintenance of the centrosome/nucleus linkage.

Depletion of CP148 does not affect formation of astral
microtubules and a central spindle

The strong, aberrant phenotype upon CP148 RNAIi, with a
completely disorganized microtubule cytoskeleton, raised
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Sun1 vs. MT
control RNAi

centromeres vs. MT
control RNAI

Fig. 8 CP148 RNAi causes Sunl displacement and centromere
dispersal while centrosomal core components remain clustered in
discrete foci. CP148 was depleted by RNAi in AX2 (b, d) and GFP-
CP55 cells (f, h). Corresponding control cells for each antibody
staining are shown in a, c, e, g. Cells were fixed with glutaraldehyde
(a, b) or methanol (C-H) and stained with anti-Sunl (a, b), the

the question how these cells manage to survive and divide
through many passages. Therefore, we investigated the
mitotic behavior of CP148 RNAIi/GFP-a-tubulin cells
by spinning disk confocal microscopy in living cells.
Figure 10/Movie S3 shows two cells from G2 through M
and cytokinesis. At the G2/M transition, the unordered
microtubule cytoskeleton with no discernible MTOC dis-
assembles completely, and a bright spot emerges (upper
left cell at time point 540 s and lower left cell at time point
3,165 s). The bright spot duplicates and yields the two
poles of a central spindle, showing that the initial bright
spot corresponds to the unduplicated prophase centrosome.
Later in anaphase, astral microtubules become visible, and
the appearance of the microtubule cytoskeleton through
mitosis on to cytokinesis was almost indistinguishable from
AX2 cells expressing just GFP-o-tubulin (see [24] for an
example). However, right after completion of cytokinesis
(upper cell at 2,895 s), the radial microtubule cytoskeleton
decomposes to the unordered mess of microtubules found
in CP148RNAi/GFP-¢-tubulin interphase cells. Thus,
CP148 is only required for the organization of the radial
microtubule cytoskeleton of interphase cells, but not for the
organization of the central spindle and astral microtubules.

@ Springer

centrosomal core CP55/CP39

C  Cenpg8s D  Cenpés
C' MT D' M

centrosomal core CP55/CP91
control RNAi
G cP91 H cpPa1

control RNAi
CP3g F- cpPag

GFP-CP55 F‘ GFP-CP55 G' GFP-CP55 H' GFP-CcP55

“ merged H" merged

centromere marker anti-Cenp68 [17] (¢, d), anti-CP39 (e, f), anti-
CP91 (g, h) and anti-tubulin YL1/2 (a’-d’). The merged images
(a”’-h""") show antibody stainings with AlexaFluor 568 conjugates in
red, GFP fluorescence (¢/-h’) and antibody stainings with AlexaFluor
488 conjugates in green (a'-d’), and DAPI (a”’-h") in blue. Bars 3 pm

Discussion

Microtubules are associated with centrosomal core
components through different pathways in interphase
and mitosis

The corona of the Dictyostelium centrosome is considered
the equivalent of the pericentriolar matrix of animal cen-
trosomes. On the ultrastructural level, it consists of
electron-dense nodules embedded in an amorphous matrix.
The functionally characterized corona proteins so far
comprise mainly proteins involved in microtubule nucle-
ation and organization, such as jy-tubulin, which was
addressed to the nodules [20], the fy-tubulin complex
components Spc97 and Spc98 [10], and the orthologues of
XMAP215 (CP224) [25] and TACC [17]. With CP148 we
have now characterized the first corona protein required for
formation of the corona itself. All the other corona proteins
mentioned above also localize to the mitotic spindle poles,
which, by contrast to interphase centrosomes, are devoid of
a corona [9, 26]. In contrast, localization of CP148 at the
centrosome correlates exactly with dissociation of the
corona in prophase and its reformation in late telophase.
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Fig. 9 CP148 RNAI causes an increase in cell size and DNA content.
In order to estimate cell size and DNA content within the same
specimen, AX2 control cells and GFP-a-tubulin cells were mixed 1:1
and stained with anti-CP148 along with a AlexaFluor 568 labeled
secondary antibody and DAPI. RNAi cells were discernible by the
lack of green microtubule fluorescence and CP148 labeling. a The
area of the cells in phase contrast images was used as a measure for
cell size. Mean values &+ SD are given; n = 114 (AX2), n = 199

The presence and absence of the corona already suggested
cell cycle-dependent differences in the recruitment of
microtubule nucleation complexes to the centrosome. For
the first time we are now able to address this duality to the
presence of a specific protein, CP148. Depletion of the
protein by RNAI revealed that CP148 is required only for
the organization of the radial microtubule cytoskeleton of
interphase cells, but not for the organization of the central
spindle and astral microtubules. The appearance of normal,
mitotic microtubule arrays in CP148-RNAi cells was
exactly reciprocal to the presence of CP148 at the centro-
some in normal cells. CP148 is clearly not required for
nucleation and growth of microtubules, since CP148-RNAi
cells contain many microtubules during interphase. Stain-
ings with plus-end markers such as CP224 or TACC
(Fig. 7c) suggest even a higher number of microtubules
than in control cells. Their minus ends must somehow be
protected from depolymerization, perhaps through their
association with nucleation complexes, since it is known

0
1 4 7 1013 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 61 64 67 70

individual cells

(CP148-RNA1). b-b” The DNA content is expressed as the product of
the area (um?) and intensity of DAPI staining (16-bit gray scale).
Values are normalized to the mean value of AX2 control cells, which
was set to 1. Graphs show mean values + SD (n = 72) (b), and DNA
contents of each individual evaluated cell (x-axis) sorted by increas-
ing normalized DNA content (y-axis) (b’, b”). Comparison of both
charts (b’, b”) reveals an increased fraction of cells with aberrant
ploidy upon CP148-RNAIi

that the generation of free minus ends, e.g., by laser abla-
tion of the centrosome, causes rapid depolymerization of
microtubules [27]. The microtubules of CP148-RNAI cells
were arranged in a disordered manner and did not focus at
the centrosome, which was no longer discernible as a
microtubule-organizing center. In these cells, its position
could only be assessed by the localization of the centro-
somal core components. In contrast, the formation of
ordered, mitotic microtubule arrays was unaffected by the
absence of CP148. Yet, assembly of a corona, which
appears to be the prerequisite for the organization of the
radial microtubule arrays of interphase cells, requires
recruitment of CP148 to the new centrosome right after
cytokinesis. The amount of CP148 recruited to late telo-
phase centrosomes may be crucial for the size of the
corona. Overexpression caused hypertrophic coronas with
a greatly enlarged number of electron-dense nodules, while
depletion of CP148 by RNAIi caused loss of the corona,
suggesting that the expression level of CP148 has to be
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Fig. 10 Two mitoses in CP148 RNAi/GFP-a-tubulin cells. Selected
time points of live cell imaging (Movie S3) of CP148 RNAi/GFP-a-
tubulin cells are shown. The two mitotic cells and their daughter cells
are labeled with (*) and (#). Arrowheads point at the site of MTOC
formation. After duplication, each mitotic MTOC sits at the pole of a

tightly controlled. Core structures in CP148-RNAi cells
were largely unaffected by lack of CP148, indicating that
the formation of intact core structures of the correct size
requires neither CP148 nor other corona proteins.

Taken together, we propose a role of CP148 as a “glue”
or scaffolding protein for the organization of corona
components at the centrosomal core.

A putative role of astral microtubules and mitotic
kinases in corona formation

Our results also shed light on the role of astral microtubules
in Dictyostelium. In animal cells, these microtubules,
together with cortical dynein, are required for spindle ori-
entation and determination of the plane of cell division,
which in epithelial stem cells, e.g., in the developing
neocortex, determines cell fate after division [28]. In
amoeboid vegetative cells, cell division always yields two
identical daughter cells, and spindle orientation is obvi-
ously not important to determine cell differentiation. Yet,
our results from GFP-CP148 overexpressing cells indicate
a role of astral microtubules in corona formation. In early
telophase, many GFP-CP148-positive protein clusters arose
in the cytosol and were associated with astral microtubules.
The fact that these clusters sometimes contained y-tubulin
and moved towards the late mitotic spindle poles in a radial
fashion, indicates that microtubule nucleation complexes
are preassembled with GFP-CP148 in the cytosol, and then
transported along astral microtubules towards the spindle

@ Springer

bipolar spindle and organizes astral microtubules. During cytokinesis,
the radial arrangement of astral microtubules becomes disrupted
again. Confocal spinning disk microscopy; time lapse acquisition rate
was four stacks per minute (at a frame rate of 10 fr/s); maximum
intensity projection of seven slices per image stack

poles to form a centrosome with the layered core structure
and a hypertrophic corona. Their direction of migration
suggests that dynein is the motor protein driving this
movement along astral microtubules. We hypothesize that
this preformation of y-tubulin complexes with CP148 and
other proteins also occurs at normal expression levels of
CP148, and that these complexes are then transported
towards the late mitotic spindle poles employing dynein as
a motor. This view is also supported by the fact that both
the dynein regulator Lis1 and the dynein heavy chain were
localized at the corona of the interphase centrosome [13].

We consider the cell cycle-dependent disassembly and
re-formation of the corona a prerequisite for centrosome
duplication. Without disassembly of the corona, the two
outer layers of the core structure were unable to grow and
separate to form the mitotic spindle poles. The dynamic
behavior of the corona and the redistribution of the micro-
tubule minus end-associated proteins such as y-tubulin and
CP224 have to be regulated. It is tempting to speculate that
this occurs through regulation of CP148 by mitotic kinases.
A closer look at the CP148 protein sequence reveals five
potential phosphorylation sites for each CDK1 and polo-
like kinase (Plk). The known activity of both kinases agrees
with the time point of corona disassembly, and disappear-
ance of CP148 from the centrosome. We will investigate the
role of these potential phosphorylation sites on CP148
localization in the near future.

The absence of CP148 and a corona at mitotic spindle
poles poses the question how mitotic centrosomes organize
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microtubules. One possibility is that spindle formation and
nucleation of mitotic microtubules occurs mainly through
the RanGTP-dependent acentrosomal pathway that was
first described in Xenopus. Here, formation of RanGTP
through a chromatin-associated GEF activates spindle
assembly factors including aurora A, motor proteins and
microtubule-associated proteins [29, 30]. In this model,
kinesins and dynein act together to order microtubules
primarily nucleated at chromatin, to form a bipolar spindle.
Yet, the presence of astral microtubules in CP148-RNAi
cells argues against this idea, since obviously they cannot
be formed through the acentrosomal pathway, at least in
animal cells [31]. Thus, it is also possible that anchorage of
microtubule-nucleation complexes at centrosomal core
components employs a different set of proteins during
interphase and mitosis.

Similarities of the corona organizer CP148 to known
scaffolding proteins of the PCM

Since CP148 behaves like a scaffolding protein for the
organization and assembly of corona components around
the centrosomal core structure, and the corona can be
considered the functional equivalent to the pericentriolar
matrix of higher cells, it is interesting to ask how CP148
compares to the known scaffolding factors within the PCM
of animal centrosomes. As mentioned above, three large
coiled coil proteins have been characterized in this context,
D-PLP/pericentrin, D-Spd-2/Cep192, and Cnn/Cep215/
Cdk5Rap2. All of them are only weakly conserved with
regard to their amino acid sequence similarity among dif-
ferent animals. Not surprisingly, CP148 shows no striking
sequence similarity to either of these proteins, except for
the general similarity between coiled coil regions. Thus, we
cannot judge whether it serves as a functional homologue
of one of these proteins. Dictyostelium cells possess a real
orthologue of Cep192 [15]. Of the remaining two proteins,
only Cnn has homologues not only in animals but also in
fungi [32]. One similarity of Drosophila Cnn to CP148 is
that its absence causes detachment of centrioles from the
PCM, resulting in centriole rocketing through the embryo
[33]. This phenotype is reminiscent of the detachment of
the remaining core structures from the nuclear envelope in
CP148 RNAI cells.

A role of CP148 in centrosome nucleus attachment
and centromere clustering

Detachment of centrosome cores upon CP148 RNAI also
tells us that CP148 is involved in centrosome/nucleus
attachment. In line with this observation, the pericentro-
somal concentration of Sunl at the nuclear envelope was
abrogated upon CP148 RNAI, and Sunl was more evenly

distributed at the nuclear envelope. Sunl is a protein of the
inner nuclear envelope that binds to KASH-domain proteins
in the outer nuclear envelope, which in turn are associated
with dynein and other components to tether the centrosome
to the nucleus [34]. In Dictyostelium, no KASH domain
proteins have been characterized so far, and Sunl was found
concentrated in the pericentrosomal region in both nuclear
membranes, where it appears to link the cytosolic centro-
some to the clustered centromeres inside the nucleus.
Disruption of Sunl function resulted in detachment of both
the centrosome and the centromere cluster from the teth-
ering site [22]. Our results suggest that CP148 links the
centrosome to Sunl either directly, or indirectly through
another centrosomal protein, and that this linkage is
required to maintain the pericentrosomal concentration of
Sunl. The dispersal of the centromere cluster upon CP148
RNAI does not seem to depend on Sunl displacement alone.
We conclude this from our observation that disruption of
Sunl function by overexpression of GFP-Sunl or a domi-
nant negative fragment resulted only in displacement of the
centromere cluster but not in its dispersal [22]. The role of
CP148 is most likely an indirect one, since there is no
indication for a nuclear population of the protein, or the
presence of a nuclear localization signal in the CP148
sequence, which should be expected if the protein played a
direct role in centromere clustering. Thus, clarification of
the role of CP148 in this process certainly has to await the
identification of CP148 interaction partners.

The role of CP148 in the linkage of the centrosome to
the centromere cluster may also explain the frequent
aneuploidy of CP148 RNAi cells. Both centrosome
detachment from the nucleus and dispersal of the centro-
mere cluster may account for mitotic defects, despite the
ability of many cells to form normal mitotic spindles upon
CP148 RNAI. Both effects may lead to a prolongation of
prometaphase, which may cause the cells to switch to
interphase with duplicated centrosomes but unsegregated
chromosomes. This in turn may cause multipolar spindles
and unequal chromosome segregation in the next cell
cycle, since the spindle checkpoint of Dictyostelium cells
functions less strictly than in other cell types [35]. This
became apparent also after treatment with microtubule-
depolymerizing drugs. They block mitotic progression in
prometaphase only for a few hours, after which the drug-
treated cells switch to interphase with duplicated centro-
somes but unsegregated chromosomes, resulting in
aneuploid cell populations [36].

Conclusions

Taken together, we have shown that the novel Dictyoste-
lium centrosomal protein CP148 is an essential factor for
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the formation and organization of the microtubule-nucle-
ating centrosomal corona. Moreover, CP148 is required for
maintenance of the nuclear envelope-spanning linkage of
centrosomes and centromeres. This is also the first indi-
cation that centrosome nucleus attachment in Dictyostelium
occurs through an interaction of a corona protein, and not a
core component, with proteins in the nuclear envelope.

Materials and methods

Vector constructions, and expression of recombinant
CP148 for immunization

Cloning of the complete coding sequence of CP148 into the
N-terminal GFP fusion vector pIS77 (G418 resistance) was
described recently [15]. This vector was used as a basis for
all plasmid constructions of this work.

To express a C-terminal fragment of CP148 as an anti-
gen, a DNA fragment encoding amino acids 940-1297
(CP148AN) was amplified by PCR employing Sall forward
and BamHI reverse linker primers. The resulting DNA
fragment was cloned into pMALc2 (NEB, Frankfurt,
Germany) and expressed as a maltose-binding fusion pro-
tein (MBP-CP148AN) in E. coli. CP148 AN was purified by
amylose affinity chromatography according to the manu-
facturer’s manual (NEB, Frankfurt, Germany) and used for
custom immunization of a rabbit (Pab Productions,
Hebertshausen, Germany). The antiserum was affinity
purified using a column with MBP-CP148AN coupled
to NHS-activated Sepharose (GE-Healthcare, Munich,
Germany).

CP148 RNAI was based on the strategy of Martens et al.
(2002) [37], where Dictyostelium cells are transformed
with a plasmid containing a long inverted repeat of the
sequence of interest downstream from a strong promoter.
The CP148 RNAi plasmid was constructed exactly
according to Samereier et al. (2011) [17]. Thus, Sall/
BamHI linker primers were used for PCR amplification of
a CP148 sense fragment corresponding to base positions
1-440 of the coding sequence, and AflII/Kpnl linker
primers were used to amplify the respective reverse
sequence. After cloning of both fragments into pIS193, the
resulting vector encoded a long inverted CP148 repeat with
a short stuffer fragment derived from mCherry. The
CP148-RNAi plasmid was transformed by electroporation
into Dictyostelium strains AX2, GFP-TACCdom [17] and
GFP-CP55 [15].

Microscopy

Fluorescence light microscopy and image processing of
fixed samples was carried out as published recently on a
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Zeiss CellObserver HS system equipped with a PlanApo
1.4/100x objective, an Axiocam MRm Rev. 3 CCD cam-
era, a piezo stage, and the Axiovision 4.7 fast iterative
deconvolution software package [22]. Maximum intensity
projections of deconvolved image stacks (focus step size
0.25 pm) were calculated with Axiovision. Live cells were
prepared in glass-bottom Petri dishes (Fluorodish, WPI,
Berlin, Germany) in LoFlo medium (Formedium, Huns-
anton, UK). As indicated in the figures, live cell imaging
was either performed on the same wide field system [22] or
on a confocal spinning disk system (CellObserver SD, Carl
Zeiss Microimaging GmbH, Géttingen, Germany) equip-
ped with two Evolve EM-CCD cameras (Photometrics,
Tucson, AZ, U.S.A.). In both cases, the LCI PlanNeofluar
1.3/63 x objective was used. The spinning disk system was
equipped with a Rapp UGA-40-2L Galvo Scanner (Rapp
Optoelectronics, Hamburg, Germany) employing an inde-
pendent 473-nm laser diode that allows photomanipulation
of user-defined regions of interest [24]. For FRAP experi-
ments cell were put under agar overlay [38].

Electron microscopy was performed essentially as
described [9]. Cells were fixed on coverslips for 30 min
with 1% glutaraldehyde in PHEM buffer (12 mM PIPES,
5 mM HEPES, 1.6 mM EGTA, 1 mM MgCl,) supple-
mented with 0.5% Triton X-100. After washing the
coverslips for 3 x 5 min with 50 mM Na-cacodylate buf-
fer (pH 7.0), they were postfixed for 30 min in cacodylate-
buffered 1% OsO,. After dehydration in a graded ethanol
series and acetone, specimens were embedded in Spurr’s
resin. Ultrathin sections were viewed on a Philips CM100
electron microscope.

Other methods

Cells (Dictyostelium strain AX2) were cultured in HL5c
medium (Formedium, Hunsanton, UK) and transformed by
electroporation as reported earlier [19, 25]. SDS gel elec-
trophoresis and Western blotting were performed as
described [19]. Expression levels of CP148 and GFP-
CP148 were estimated by densitometry from immunoblot
bands visualized by chemiluminescence on X-ray film. The
film was scanned with a transmitted light scanner (Epson
V750) and band intensities were measured with the ImageJ
program. DAPI fluorescence intensities for estimation of
the DNA content were measured in maximum intensity
projections of fluorescence microscopy image stacks using
ImageJ. Mean areas as a measure for cell and corona sizes
were measured with ImagelJ.
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