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CEP161 is a novel component of the Dictyostelium discoideum centrosome which was identified as binding partner of
the pericentriolar component CP250. Here we show that the amino acids 1-763 of the 1381 amino acids CEP161 are
sufficient for CP250 binding, centrosomal targeting and centrosome association. Analysis of AX2 cells over-expressing
truncated and full length CEP161 proteins revealed defects in growth and development. By immunoprecipitation
experiments we identified the Hippo related kinase SvkA (Hrk-svk) as binding partner for CEP161. Both proteins
colocalize at the centrosome. In in vitro kinase assays the N-terminal domain of CEP161 (residues 1-763) inhibited the
kinase activity of Hrk-svk. A comparison of D. discoideum Hippo kinase mutants with mutants overexpressing CEP161
polypeptides revealed similar defects. We propose that the centrosomal component CEP161 is a novel player in the
Hippo signaling pathway and affects various cellular properties through this interaction.

Introduction

The centrosome is the main microtubule organizing center
(MTOC) and nucleates, anchors and organizes microtubules. It
also plays an important role in mitotic spindle orientation and
genome stability.1 In animal cells it comprises a pair of centrioles
and a surrounding pericentriolar matrix (PCM). The PCM is a
key structure of the centrosome and is responsible for microtu-
bule nucleation and anchoring. Its major components are large
coiled coil proteins like Pericentrin and proteins of the
AKAP450 family that provide docking sites for g-tubulin ring
complexes and regulatory molecules. They allow the centrosome
to function as MTOC and to carry out its regulatory roles during
cell cycle transitions, cellular responses to stress, and organization
of signal transduction pathways.2,3

The centrosome morphology varies largely in protozoa, algae,
and fungi. In D. discoideum it is a nucleus associated body con-
sisting of a box-shaped core surrounded by the corona, an amor-
phous matrix functionally equivalent to the PCM.4 More than
70 candidates of the D. discoideum centrosome have been identi-
fied.5 In higher vertebrates, sequence database searches resulted
in the identification of more than 2,000 peptides representing
more than 500 proteins in the peak centrosome fraction.6

Increasing evidence indicates that the centrosome is well
designed for the organization of multiprotein scaffolds that can
anchor a diversity of activities ranging from protein complexes

involved in microtubule nucleation to multicomponent pathways
in cellular regulation.7 The centrosome is also an indispensable
component of the cell-cycle machinery of eukaryotic cells, and
perturbation of core centrosomal or centrosome-associated pro-
teins is linked to cell-cycle misregulation and cancer.8

The Hippo signaling pathway is a tumor-suppressive pathway
and is inactive at low cell density.9 It primarily affects the number
of cells produced and has only minor effects on tissue pattern-
ing.10 It is however known as a key regulator of organ growth
and tissue size in Drosophila and mouse.11-14 At the center of the
Hippo pathway is a core kinase cassette that consists of a pair of
related serine/threonine kinases, mammalian STE20-like protein
kinase 1 and 2 (MST1 and MST2), which are homologues of D.
melanogaster Hippo (HPO), and large tumor suppressor 1
(LATS1) and LATS2 together with the adaptor proteins Salvador
homolog 1 (SAV1) and MOB kinase activator 1A (MOB1A) and
MOB1B.10,11,15-18 These proteins limit tissue growth by facilitat-
ing LATS1- and LATS2-dependent phosphorylation of the
homologous oncoproteins Yes-associated protein (YAP) and
Transcriptional co-activator with PDZ-binding motif (TAZ)19

which represses their transcriptional activity. The Hippo pathway
is conserved throughout evolution and core pathway components
like Hippo related kinases KrsA, KrsB and SvkA and a LATS
homolog have also been detected in D. discoideum.20-22 Analysis
of D. discoideumHippo kinase mutants revealed growth indepen-
dent roles of the Hippo pathway such as an involvement in
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cytoskeletal activities regulating cell adhesion and migration and
in multicellular pattern formation.21 Transcription factors on
which these kinases act have not yet been identified.23

In this study we investigated the D. discoideum centrosomal
component CEP161. Our results confer roles for CEP161 in
growth and development. Furthermore, we identified the kinase
SvkA as its interaction partner which is a D. discoideum Hippo
related kinase designated here as Hrk-svk and which is a direct
homolog of human MST1. We found that CEP161 has an inhib-
itory effect on the kinase activity of Hrk-svk and may through
this activity regulate the Hippo pathway in D. discoideum.

Results

Identification and characterization of the pericentriolar
matrix protein CEP161, the D. discoideum ortholog
of CDK5RAP2

We identified CEP161 as interaction partner of the pericen-
triolar matrix component CP250 in immunoprecipitation experi-
ments using GFP-tagged CP250 followed by mass spectrometry
analysis.24 The binding site of CEP161 for CP250 was located in
its N-terminus. A GST-tagged polypeptide encompassing resi-
dues 1-763 could pull down GFP-CP250 from whole cell lysates
(data not shown). A direct interaction of the proteins was shown
by yeast-2-hybrid experiments in which residues 1-763 of
CEP161 interacted with residues 1-1148 of CP250. The gene
encoding CEP161 (DDB_G0282851) is located on chromosome
3 and has 2 exons. The open reading frame comprises 4146 base
pairs and codes for a protein of 1381 aa with a molecular mass of
161,600. We named the protein CEP161 based on its molecular
mass and location (see below). The BLAST prediction program
revealed an N-terminal g-tubulin ring complex (g-TuRC)
domain (residues 99-174); the SMART prediction tool indicated
the presence of 4 coiled-coil domains in the protein (Fig. 1A).
The g-TuRC domain (pfam07989) of CEP161 is most closely
related to the one in centrosomin from insects and its mamma-
lian homolog CDK5RAP2 which are both centrosomal proteins.
The highest conservation is in a consensus 10 amino acid motif
(Fig. 1B).

DdCEP161 is a centrosomal protein
To determine the subcellular localization of DdCEP161, we

generated monoclonal antibodies against a recombinant polypep-
tide (CEP161-D2, residues 1-763). mAb K83-632-4 showed in
immunofluorescence studies a bright punctate staining near the
nucleus suggestive of the centrosome (Fig. 1C). This staining
persisted throughout the cell cycle (data not shown). The centro-
somal localization was confirmed by labeling GFP-CP250
knock-in cells where the antibody staining coincided with the
GFP positive centrosome (Fig. 1D). GFP-tagged CEP161 also
was present in a single dot near the nucleus and was recognized
by mAb K83-632-4 (Fig. 1D). The centrosome and the Golgi
apparatus co-localize in the vicinity of the nucleus. When we
stained GFP-CEP161 cells with mAb190-340-8 for comitin, a

marker for the Golgi, we found CEP161 in the center of the
Golgi apparatus (Fig. 1E).25

To identify the region of CEP161 that mediates the centro-
some association of CEP161, we generated shortened proteins
(GFP-CEP161-D1 designated D1, residues 1-1114; GFP-
CEP161-D2 designated D2, residues 1-763; and GFP-CEP161-
D3 designated D3, residues 763-1114) (Fig. 1F). Expression and
molecular weights of the GFP-tagged proteins were analyzed on
a SDS-PA gel (Fig. 1G). The expression levels varied for the
GFP-tagged proteins. GFP-CEP161 was present in lower
amounts than endogenous CEP161 whereas GFP-D1 levels were
1.8 fold higher than those of CEP161 (Fig. 1H, I). In immuno-
fluorescence analysis the D1 and D2 proteins behaved like a cen-
trosomal protein and appeared as a single dot near the nucleus.
In contrast, the D3 protein was present throughout the nucleus
although the prediction programs did not reveal nuclear localiza-
tion signals or any DNA binding domain (Fig. 1J). We conclude
that amino acids 1-763 harboring the g-TuRC domain are suffi-
cient for localization of CEP161 to the centrosome. Based on its
overall domain structure, the presence of the conserved g-TuRC
and the localization at the centrosome we presume that CEP161
is the D. discoideum ortholog of CDK5RAP2.26

DdCEP161 mutant cells are viable, but have impaired
growth and development

Isolation of a knockout mutant was not successful. Therefore
we overexpressed the GFP-tagged versions of CEP161 full length
and truncated proteins in AX2 cells in order to analyze the role
of DdCEP161 for cell organization, growth and development.
First we determined the nuclei number of the cells to understand
the role of CEP161 in cell division and cell cycle. The D1, D2
and D3 cells were mostly mononucleated with their centrosome
located very close to the nucleus in a distance of <500 nm. By
contrast, CEP161 affected the centrosome nucleus distance and
approximately 80% of the CEP161 cells had the centrosome far
away from the nucleus with a distance >900 nm (Fig. 2A, B).
We further observed that the nuclei-centrosome ratio was aber-
rant in a low percentage of the D1 and D2 expressing cells. AX2
cells had one centrosome per nucleus whereas 0.6% of the D1
cells had 2 centrosomes per nucleus, for D2 cells this number
increased to 0.74%, and in 0.24% of the cells we observed 3 and
more centrosomes per nucleus (Fig. 2C, D). Ectopic expression
of CEP161 led to an increase in cell size with approximately
70% of the cells having a diameter greater than 12 mm. D1 and
D2 expressing cells were similar to AX2, D3 expressing cells were
smaller (70% with a diameter <10 mm) (Fig. 2E ).

We examined growth on a bacterial lawn and in axenic cul-
ture. On a lawn of Klebsiella aerogenes growth was significantly
reduced for all mutants except for D3 which showed increased
growth (Fig. 2F). In suspension culture, the growth curves of
AX2, CEP161 and D3 resembled each other and the doubling
times were comparable (9 hrs to 12 hrs) whereas the D1 (5 hrs)
and D2 (7 hrs) mutants showed a significantly shorter doubling
time. Furthermore, after the highest cell densities were reached
the cell numbers dropped dramatically for D1 and D2 mutants
(Fig. 2G). We also monitored uptake of yeast particles and found
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that fewer CEP161 (50%), D1 (48%) and D2 cells (47%) had
ingested one or more yeast particles after 15 min than AX2 cells
(63%). D3 (59%) was similar to AX2 (Fig. 2H).

When D. discoideum cells starve, they enter a developmental
cycle that ends with the formation of fruiting bodies. The

CEP161, D1 and D2 cells plated on phosphate agar aggregated
and formed fruiting bodies timely, the D3 cells formed loose
aggregates that did not develop further. For D1 and D2 we noted
a marked increase in the size of the fruiting bodies both with
regard to the length of the stalks and the size of the spore heads,

Figure 1. For figure legend, see page 1025.
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whereas the CEP161 fruiting bodies were only slightly bigger
than those of AX2 (Fig. 3A). Development was also studied on a
plastic surface in Soerensen phosphate buffer which only allows
stream and aggregate formation. Stream formation occurred
slightly later for CEP161, D1 and D2 (9 h) as compared to AX2
(8 h). For the D3 strain we noted a severe delay in the streaming
and aggregation behavior as they formed streams only after
28 hours (Fig. 3B). We then analyzed the expression levels of the
contact site A (csA), an aggregation stage specific cell surface gly-
coprotein, in cells that were starved in shaken suspension.27 The
pattern of csA expression was comparable for all strains with the
exception of D3 which showed lower amounts of the protein up
to 10 h and reached high levels only at the 24 h time point
(Fig. 3C). Streaming and aggregation of the cells is also affected
by the adhesion of the cells to the substratum. In adhesion assays
we observed that the mutants exhibited an altered adhesion and
bound more strongly to the plastic surface than AX2 with D3
exhibiting the strongest adhesion (Fig. 3D).

Cell motility is an important feature during growth and devel-
opment of D. discoideum. To assess the role of CEP161 and
mutant proteins for motility we analyzed the motility of single
cells during the aggregation phase. AX2 and the CEP161 strain
had a similar speed, whereas the speed of D1, D2 and D3 was
significantly decreased. Persistence, which gives an estimation of
the movement along the total path, was decreased for all mutant
strains, whereas directionality which indicates migration straight-
ness was only affected for D3 (Fig. 4A). We further noted an
altered cell polarization for CEP161 and D3 which appeared
more rounded, whereas AX2 cells were elongated and highly
polarized (Fig. 4B).

During development, multicellular migrating pseudoplasmo-
dia (slugs) are formed.28 D. discoideum slugs are polar with a tip
at the anterior end consisting of prestalk cells, which sense the
light that helps to control their migration and phototactic turn-
ing. AX2 and CEP161 slugs migrated in a nearly straight path
toward the light source. D1, D2 and D3 deviated from this path
and migrated in an angle toward light. Also, the path length was
shorter, in particular for D1 and D2 (Fig. 4C, D).

Identification of CEP161 as an interacting partner
of the Hippo homolog Hrk-svk and its influence on the kinase
activity of Hrk-svk

To identify further interaction partners of CEP161 we carried
out immunoprecipitation experiments using GFP-tagged

CEP161. In our mass spectrometry analysis we identified severin
kinase SvkA (DDB_G0286359) as a potential interacting part-
ner. SvkA was described as a homolog of human MST3, MST4
and YSK1 kinases.20 Our detailed sequence analysis showed that
it is related to hippo of Drosophila (25.1% identity, 35.7% simi-
larity) and Hippo related Stk3 (MST1) of human (34.7% iden-
tity; 52.0% similarity). Particularly high homology was observed
in the serine/threonine protein kinase domain of the proteins
(Fig. 5 A). Given the significance of SvkA to our study and its
relation to Hippo, we have renamed it as Hippo related kinase-
svk (Hrk-svk). To confirm the interaction we performed GST
pull down assays with GST-CEP161-D2 (residues 1-763) and
GST-CEP161-D3 proteins (residues 763-1114). The D2 protein
encompasses the g-TuRC domain and a coiled coil domain, D3
encodes 2 coiled coil domains (Fig. 5 Bi). Hrk-svk interacted
with the D2 and D3 proteins when the precipitate was probed
with Hrk-svk polyclonal antibodies (Fig. 5C). The interaction
was further tested by using GST fusions of Hrk-svk for pull
downs of CEP161. Only Hrk-svk-E1 (residues 1-323) which
encompasses the serine threonine kinase domain (residues 1-323)
interacted with the CEP161 polypeptides whereas Hrk-svk-E2
(residues 290–478) did not (Fig. 5 Bii, D). We next tested
whether Hrk-svk phosphorylates CEP161. For this we used
Hrk-svk-E1 which contains the catalytic domain and has kinase
activity. It phosphorylates itself and myelin basic protein (MBP)
(Arasada et al., 2006; our unpublished observations). We
observed autophosphorylation of Hrk-svk-E1 and phosphoryla-
tion of MBP. When we added CEP161-D2, increasing amounts
of the polypeptide inhibited increasingly the phosphorylation of
MBP as well as autophosphorylation (Fig. 5D).

To investigate the localization of Hrk-svk we expressed it as
GFP-tagged protein. Previously we have reported for GFP-Hrk-
svk a cytosolic localization and enrichment at the centrosome
(Rohlfs et al., 2007). When we stained GFP-Hrk-svk expressing
cells for CEP161 using mAb K83-632-4 we detected CEP161
staining in the strongly GFP positive region near the nucleus
showing a yellow puncta in the overlay which indicates a colocali-
zation (Fig. 5E).

Discussion

CEP161 is a novel component of the D. discoideum centro-
some harboring a gamma-tubulin ring complex (g-TuRC)

Figure 1 (See previous page). CEP161 as a novel centrosomal protein in D. discoideum. (A) CEP161 protein and domain structure. (B) g-TuRC domain
sequence alignment. Protein accession numbers: Dictyostelium discoideum (Dd) (DDB_G0282851), Drosophila melanogaster (Dm) centrosomin (CNN)
(NP_725298.1) and Human (Hs) (NP_060719). The numbers indicate the amino acid position of the g-TuRC domain in the respective proteins. Color
code: Red background, identical residues; yellow background, similar residues. (C) Localization of CEP161 at the centrosome in AX2 cells. CEP161 was
detected with mAb K83-632-4. (D) Colocalization of CEP161 and GFP-CP250 at the centrosome (upper panel). mAb K83-632-4 recognizes GFP-CEP161 at
the centrosome (lower panel). (E) Colocalization of GFP-CEP161 with comitin at the Golgi complex. Comitin was detected with mAb 190-340-8. DAPI was
used to stain the nucleus. Scale bar, 10 mm. (F) Overview of N-terminally GFP-tagged CEP161 proteins. (G) Expression of GFP-tagged CEP161 proteins in
AX2 cells. Proteins from whole cell lysates were separated by SDS-PAGE (10% acrylamide). mAb K3-184-2 was used to detect the GFP-fusion proteins
Alpha-tubulin detected with mAb YL1/2 was used as the loading control. (H) Detection of endogenous CEP161 and GFP-tagged proteins with polyclonal
antibodies specific for CEP161. The proteins were resolved by SDS-PAGE (10% acrylamide). The arrow indicates the position of endogenous CEP161. (I)
Quantification of the protein gel blot results for amounts of endogenous CEP161 and GFP-tagged proteins. (J) Subcellular localization of GFP-tagged pro-
teins. DAPI was used to stain the nucleus, the centrosome in D3 cells was stained with CP250 specific mAb K68-439-8. Scale bar, 5 mm.
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Figure 2. For figure legend, see page 1027.
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domain and 4 predicted coiled
coil domains and presumably
forms an elongated molecule
which is the characteristics of a
pericentriolar matrix protein.
CEP161 is present at the centro-
some where it remains throughout
the cell cycle (data not shown).
For this association, the N-termi-
nal part of the protein encompass-
ing the g-TuRC domain is
required. The interaction site with
its centrosomal binding partner
CP250 is also located in this
region. In a proteomic analysis,
we identified Hrk-svk as interac-
tion partner for CEP161. This
interaction appears to interfere
with the kinase activity of Hrk-svk
since in in vitro experiments
increasing amounts of a CEP161
polypeptide led to a decrease in
the phosphorylation activity of
Hrk-svk. Hrk-svk is the homolog
of D. melanogaster Hippo and its
serine/threonine kinase domain
shows high similarity to Hippo
homologs in higher organisms.

The analysis of cells ectopically
expressing C-terminally truncated
polypeptides revealed an involve-
ment of CEP161 in growth and
development. These are properties
in which Hippo signaling is typi-
cally involved. Furthermore we
observed changes in the adhesion
properties and in the motile
behavior of individual cells as well
as of the multicellular slug. In D.
discoideum regulation of the adhe-
sive properties and of cell migra-
tion have been revealed as key
functions of the Hippo path-
way.21 Cells deficient for the
binding partner CP250 exhibited
similar defects in growth, develop-
ment and motility.24 Whether
these phenotypes are also linked

Figure 2 (See previous page). CEP161 regulates nuclear and centrosomal number and affects cell size and growth. (A) Nuclei number per cell. (B)
Nucleus-centrosome distance. The percentage of cells with the indicated distances is given. (C) Nucleus-centrosome ratio. The percentage of cells is
given. A total of 600 cells were counted for AX2 and mutant strains for each of the experiments in A, B, and C. (D) Confocal images for D1 and D2 cells
showing increased centrosome numbers. DAPI was used to stain the nucleus. Scale bar, 5 mm. (E) Cell size of the strains in micrometers. (F) Growth on K.
aerogenes. (G) Growth in axenic medium in shaking culture. (H) Phagocytosis was assayed using the strains from (G) and TRITC-labeled yeast. Approxi-
mately 200 cells from each strain were counted. The percentage of cells which had engulfed yeast particles after 15 min is shown in the graph (***P <

0.001).

Figure 3. CEP161 plays an important role in development. (A) Development of wild type and mutant cell
strains on phosphate agar plates. Pictures were taken after 24 hours. Scale bar, 500 mm. (B) Stream formation
on a plastic surface under phosphate buffer. The time points (in hours) indicate the occurrence of stream for-
mation. Scale bar, 250 mm. (C) Expression of csA during starvation in shaken suspension. Cells were collected
at the indicated time points and cell lysates analyzed by SDS-PAGE and western blot. csA was detected by
mAb 33-294, mAb 47-16-1 detected a-actinin which was used as loading control. Since a-actinin blot was
similar for all strains, only the a-actinin blot for AX2 is shown. (D) Cell-substrate adhesion. Percentage of cells
detached from a plastic surface after shaking at 200 rpm for 1 hour. The symbol * indicates the significance
of the p-Value. *<0.5, ***<0.001.
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to Hippo signaling is unclear at
present. Ectopic expression of full
length CEP161 caused a misloc-
alization of the centrosome. In
»40% of the cells it was located
>900 nm away from the nucleus,
whereas ectopic expression of the
D1 and D2 proteins led to an
altered nucleus centrosome ratio.
From these data it appears that
the N-terminal part of CEP161
is important for interactions with
pathways that impact on cell
physiology and centrosome biol-
ogy. It harbors the CP250 and
the centrosome binding site and
has also the ability to interact
with and inhibit the Hrk-svk
kinase. Taking into account the
inhibitory effect of CEP161-D2
on the Hrk-svk kinase activity it
might well be that the pheno-
types which we have described
like enhanced growth and
increased size of multicellular
structures are caused by inhibition
of the Hippo signaling pathway
(Fig. 6). Interestingly, several of
these phenotypes were detected in
the Hrk-svk mutant and in
mutants deficient for other D.
discoideum components of the
Hippo signaling pathway as well.
All of them had altered growth
characteristics, development was
affected to different degrees and
motility of single cells as well as
phototactic migration were altered
(Table 1).20-22,29

A link of Hippo signaling and
the centrosome was recently sug-
gested by findings that MST1 sig-
naling controls centrosome
duplication and that in D. discoideum deletion of the LATS
homolog NdrC leads to centrosomal abnormalities.22,30 We
observed an impact of CEP161 mutant proteins on the nucleus
centrosome distance and the nucleus centrosome ratio.

Taken together, we have identified a further component of the
D. discoideum centrosome which interacts with the pericentroso-
mal D. discoideum CP250 and is the ortholog of the mammalian
centrosomal CDK5RAP2. We provide evidence for a further
interaction with Hippo-related kinase Hrk-svk which presumably
takes place at the centrosome and leads to an inactivation of the
kinase. Thus, the centrosome may also be a player in the Hippo
pathway and determine through this mechanism cell prolifera-
tion and further cellular properties.

Materials and methods

Dictyostelium strains, cell culture, and vector construction
Strain AX2–214 is the parent of all strains generated in this

study. Growth and development were done as described.31 For
expression of CEP161 GFP fusion proteins, sequences encom-
passing amino acids 1-1114 corresponding to nucleotides
1-3340 (GFP-CEP161-D1), amino acids 1-763 corresponding
to nucleotides 1-2290 (GFP-CEP161-D2) and amino acids 763-
1114 corresponding to nucleotides 2290-3340 (GFP-CEP161-
D3) were cloned into pBsr GFP N2.24 Expression was under the
control of the constitutively active actin15 promoter. The plas-
mids were introduced into AX2 cells by electroporation following

Figure 4. CEP161 affects unicellular motility and multicellular migration. (A) Analysis of chemotactic cell
motility of AX2 and mutants. Time-lapse image series were captured and stored on a computer hard drive at
30-second intervals. Images were taken at magnifications of 10X every 30 s. The DIAS software was used to
trace individual cells along image series and calculate motility parameters. Speed refers to the speed of the
cell’s centroid movement along the total path; directionality indicates migration straightness; direction
change refers to the number and frequency of turns; persistence is an estimation of movement in the direc-
tion of the path. Values are mean § standard deviation of >30 cells from 3 or more independent experi-
ments. The symbol * indicates the significance of the p-Value. *<0.5, **<0.01, ***<0.001. (B) Images showing
the cell shape of aggregation competent cells of AX2, CEP161 and D3 cells. Scale bar, 50 mm. (C) Phototaxis
assay. Slugs and slug trails were transferred to nitrocellulose filters and stained with amido black. The red
arrow indicates the source of light. (D.) Angle of deviation of the slugs in response to light source. Slugs from
four individual experiments were analyzed.
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Figure 5. For figure legend, see page 1030.

www.tandfonline.com 1031Cell Cycle



standard procedures.32 Selection of the transformants was with
blasticidin (3.5 mg/ml). Cells expressing GFP-tagged proteins
were identified by immunofluorescence analysis and western
blotting. Mutant analysis was done as described.31,33,34 Cell size
was determined using cells that had been treated with 20 mM
EDTA in Soerensen phosphate buffer (17 mM Na/K-phosphate
buffer, pH 6.0) in order to obtain perfectly round cells. For
expression as glutathione S-transferase (GST)-fusion proteins,
cDNA sequences encoding amino acids 1-763 (GST-CEP161-
D2) and amino acids 763-1114 (GST-CEP161-D3) were cloned
into pGEX4T (GE Healthcare). Yeast-two-hybrid experiments
were carried out as described.24

Generation of antibodies
Mouse monoclonal antibodies were generated against

CEP161-D2 (amino acids 1-763) as described.35,36 For immuni-
zation of mice the GST-part was removed by thrombin cleavage.

The identity of the CEP161 polypeptide was confirmed by mass
spectrometry. mAb K83-632-4 was used in this study. It recog-
nized the bacterially produced recombinant protein and the
endogenous protein in immunofluorescence analysis. Rabbit
polyclonal antibodies specific for CEP161 were generated against
a GST fusion protein containing the amino acids 763-1114
(Pineda, Berlin, Germany) and affinity purified. They recognized
the recombinant and the endogenous protein in protein gel blots
of whole cell lysates.

Immunofluorescence analysis
Immunofluorescence analysis of D. discoideum cells was car-

ried out as described.35 Antibodies used were mouse monoclonal
antibodies mAb 47-16-8 directed against a-actinin,36 mAb 33-
294 against the cell adhesion molecule csA,37 mAb K3-184-2
against GFP,34 mAb 190-340-8 against comitin25 and mAb
K83-632-4 against CEP161 (this study). The appropriate sec-
ondary antibodies were Cy3-conjugated sheep anti-mouse IgG
(Sigma, St. Louis, MO) and Alexa 568- or 647-conjugated goat
anti-mouse or donkey anti-mouse and Alexa 647 donkey anti-
rabbit IgG or Alexa 568-coupled goat anti-rabbit IgG (Molecular
Probes, Eugene, OR). Nuclei were stained with DAPI (Invitro-
gen). The coverslips were mounted and subjected to immunoflu-
orescence microscopy using a Leica TCS SP5 microscope
equipped with a HyD detector.

Mutant analysis

Analysis of D. discoideum nuclear and centrosome abnormalities
The centrosome was stained with mAb K83-632-4 for

CEP161, DNA was stained with DAPI. Fixation was with meth-
anol. Confocal microscope images were taken and nuclei and
centrosome number and the distance between centrosome and
nucleus determined. The centrosome-nucleus distance was mea-
sured using the scale bar in the LAS-AF-LITE software for confo-
cal microscopy imaging.

Phagocytosis assay
For analysis of phagocytosis, cells were collected from Petri

dishes, an equivalent amount of TRITC labeled yeast was added
to the cells, the cells were fixed with methanol after a 15 min
incubation time, and the number of ingested yeast determined.

D. discoideum cell migration studies
This analysis was done as previously described.24,38 Briefly,

aggregation competent cells were plated in a chamber (ibidi GmbH-
Martinsried, Germany) and random motility was followed. Images

Figure 5 (See previous page). DdCEP161 as a novel interacting partner of DdHrk-svk. (A) Sequence alignment for the Serine/Threonine protein kinase
domain of Human (Hs) MST2 (NP_006272.2), Drosophila (Dm) Hippo (NP_611427.1) and Dictyostelium (Dd) Hrk-svk (DDB_G0286359). The numbers indi-
cate the position of the amino acid sequence of the STK domain in the respective proteins. Color code: Red background, identical residues; yellow back-
ground, similar residues. (B) GST-tagged polypeptides for (i) CEP161 and (ii) Hrk-svk. (C) CEP161 interacts with Hrk-svk. Pull down assay with GST-tagged
residues 1-763 and 763-1114 of CEP161. (D) Pull down assay with GST-tagged residues 290-478 and 1-323 of Hrk-svk. AX2 cell lysates were used for the
pull downs in C and D. The blots were probed with the indicated antibodies. The GST-fusions were revealed by Ponceau S staining. (E) Phosphorylation
assay. GST-CEP161-D2 negatively regulates the auto- and trans-phosphorylation abilities of GST-Hrk-svk-E1. MBP, myelin basic protein. (F) Immunofluo-
rescence analysis showing the colocalization of CEP161 with GFP-tagged Hrk-svk in AX2 cells. CEP161 was detected by mAb K83-632-4, nuclei were
stained with DAPI. Size bar, 5 mm.

Figure 6. Model for the regulation of Hippo signaling by CEP161. In D.
discoideum, CEP161 interacts with Hrk-svk and reduces its auto- and
trans-phosphorylation ability presumably leading to an inhibition of the
pathway. CEP161 influence on Hippo pathway components is shown in
various colors, with black pointed arrows for direct interactions and red
blunt lines indicating inhibitory interactions and blue arrows point to the
affected functions.
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were recorded at intervals of 6 s using a Leica DM-IL inverse micro-
scope (Deerfield, IL; 40£ objective) and a conventional CCD video
camera and analyzed using Dynamic Image Analysis Software
(DIAS, Soll Technologies, Iowa City, IA).

D. discoideum cell adhesion assay
To analyze cell-substrate adhesion a substrate detachment

assay was carried out. A total of 1£106 cells in growth medium
was added per well (24 well plates, Costar) and incubated for
4 hours at 22�C. Then the plates were shaken on a gyratory
shaker at 60, 120 and 200 rpm for one hour each. The number
of detached cells was counted in a hemocytometer. The total
number of cells was determined after resuspension of all cells and
the percentage of detached cells calculated.

Phototaxis assay
Phototaxis assays were essentially performed as described ear-

lier.39 The filters exhibiting the stained slime trails were used to
determine the distance traveled by the slugs toward the source of
light from the point of application. The angle of deviation of the
slugs was measured with the software Kreiswinkelmesser.

Pull down and immunoprecipitation assays
For pull down and immunoprecipitation experiments D. dis-

coideum cells were lysed in 50 mM (10 mM for immunoprecipi-
tation assay) Tris/HCl, pH 7.4, 150 mM NaCl, 0.5% NP40,
supplemented with protease inhibitor cocktail (Sigma), 0.5 mM
PMSF, 0.5 mM EDTA, and 1 mM Benzamidine by passing
them through a 25G syringe (10–20 strokes) and incubated with
agitation for 15 min at 4�C to ensure complete cell lysis followed
by a centrifugation step at 16,000 rpm for 10 min. The superna-
tants were either incubated with GST and GST-fusion proteins
bound to Glutathione Sepharose beads, respectively, or with
GFP-trap beads (ChromoTek, Martinsried, Germany). After
incubation for 3 h GST beads were washed 3 times with wash
buffer (50 mM Tris/HCl, pH 7.4, 150 mM NaCl, protease
inhibitor cocktail, 0.5 mM PMSF, 0.5 mM EDTA, 1 mM Ben-
zamidine). GFP-trap beads were washed with a different wash
buffer (10 mM Tris/HCl, pH 7.4, 50 mMNaCl, protease inhib-
itor cocktail, 0.5 mM PMSF, 0.5 mM EDTA, 1 mM Benzami-
dine). The beads were resuspended in SDS sample buffer,
incubated at 95�C for 5 min and the proteins separated by SDS-
PAGE and analyzed by western blotting. Hrk-svk was detected
with polyclonal antibodies.

Phosphorylation assay
Hrk-svk activity was assayed in a reaction mixture (40 ml)

containing 10 mM Tris/HCl, pH 7.5, 1 mM dithiothreitol,
1 mM EGTA, 1 mM Na3VO4, 2 mM NaF, 10 mM MgCl2,
0.05 mg/ml bovine serum albumin, 0.1 mM ATP containing
2–5 mCi of [32P]ATP, 0.01% NaN3, and 1–4 mM substrate.
The reaction was initiated by addition of either the substrate or
the kinase or together with CEP161 to the reaction mixture and
carried out at 30 �C. The GST-tagged proteins CEP161-D2 and
Hrk-svk-E1 were used for the assay. Glutathione was used to
elute the GST-tagged proteins. The glutathione elution buffer

(100 mM Tris, pH 8.0, 20 mM L-Glutathione (Sigma G4251))
was used for control. Myelin basic protein (MBP) (2–4 mM final
concentration) was used as substrate. The phosphorylation was
terminated after 30 min by the addition of 20 ml of 3£ SDS
sample buffer and boiling for 5 min. Proteins were separated by
SDS-PAGE and electrophoresis was terminated before the run-
ning front reached the lower buffer chamber and the gel was cut
just above the running front to remove the lower gel strip which
contains most of the non-incorporated radioactive ATP. Protein
bands were visualized by staining with Coomassie brilliant blue
and, after drying of the gels, labeled proteins were detected by
autoradiography on Amersham hyper films.

Oligonucleotide sequences
Oligonucleotides used for PCR (Polymerase Chain Reaction)

were purchased from Sigma-Genosys in Steinheim.

Cep161 1F GGATCCATGAATGGATGGGGAGAAAGTG
ACG

Cep161 2320R GGATCCGTAGATCTTCCTTCTCAT
CGAATAGC

Cep161 2293F GGATCCTTGCTATTGGATGAGAAGG
AAGATCTAC

Cep161 3342R CCCGGGGATATCAGGATTTAAAG
TTATTAAAGATGAAG

Cep161 3314F GGATCCTCATCTTTAATAACTTT
AAATCCTGATATC

Cep161 4143R CCCGGGTTTTATTTGTTGTTTAAGT
AAATTTAATTGTTTG

Cep161 3295R GAGCTAAAGAGATGGTCATGGTTCT
TTTGGTTGTGG

Cep161 2290R CCTTCTCATCCAATAGCAATTACTG
TTGTTGTTGATTAGCC
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