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Nthough the sterile 20 (Ste20) ser-
ine/threonine protein kinase was
originally identified as a component
of the S. cerevisiae mating pathway, it
has homologs in higher eukaryotes and
is part of a larger family of Ste20-like
kinases. Ste20-like kinases are involved
in multiple cellular processes, such as cell
growth, morphogenesis, apoptosis and
immune response. Carrying out such
a diverse array of biological functions
requires numerous regulatory inputs
and outputs in the form of protein-
protein interactions and post-transla-
tional modifications. Hence, a thorough
knowledge of Ste20-like kinase binding
partners and phosphorylation sites will
be essential for understanding the vari-
ous roles of these kinases. Our recent
study revealed that Schizosaccharomyces
pombe Nakl (a conserved member of
the GC-kinase sub-family of Ste20-like
kinases) is in a complex with the leucine-
rich repeat-containing protein Sog2.
Here, we show a novel and unexpected
interaction between the Nakl-Sog2
kinase complex and Casein kinase 2
(Ckal, Ckbl and Ckb2) using tandem-
affinity purification followed by mass
spectrometric analysis. In addition, we
identify unique phosphosites on Nakl,
Sog2 and the catalytic subunit of casein
kinase 2, Ckal. Given the conserved
nature of these kinases, we expect this
work will shed light on the functions of
these proteins both in yeast and higher
eukaryotes.
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Introduction

Ste20 kinase in S. cerevisize functions
as a MAP4K in the mating pheromone-
response MAP kinase pathway.! There
are 28 kinases in this family in mam-
mals, with some members functioning
similarly to Ste20 in MAP kinase signal-
ing cascades.”® The Ste20 family of pro-
tein kinases is further subdivided into
p21-activated kinases (PAKs) and germi-
nal center kinases (GCKs) based on their
structural differences. Ste20 in budding
yeast, Pakl/Shk kinases in fission yeast
and corresponding PAK family homologs
in mammals are regulated by the Rho/
Cdc42 family of small GTPase.*> GCKsin
mammals include MST1/2 and MST3/4,
which act upstream of two NDR kinase
signaling  pathways (Hippo/LATS1/2
and NDR1/2), which have distinct roles
in control of cell growth and apoptosis.®’
In S. pombe, the GCK family members
(Nakl, Sid1 and Ppkl1) also function in
distinct NDR kinase signaling pathways.
Nakl and Ppkll kinases function in the
MOR (morphogenesis Orb6 network) sig-
naling pathway that regulates interphase
polarized growth and cell separation at
the end of cytokinesis through activation
of the NDRI1/2-related kinase Orb6.51?
In contrast, Sidl activates the LATS1/2-
related kinase Sid2 during late mitosis to
trigger cytokinesis through constriction of
the actomyosin ring. Work from S. pombe
showed that crosstalk between these sig-
naling pathways is important for proper
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EXTRAVIEW

Nakl1 (652 aa)

Sog2 (886 aa)

T4

Ckal (332 aa)

A : (# of unique peptides / sequence coverage)
Systematic ID | Name Product
Nakl-TAP | Ckal-TAP Sog2-TAP
SPBC887.09¢ | Sog2 leucine-rich repeat protein (predicted) (42 /54.6) (3/5.3) (38/46.4)
SPBC17F3.02 | Nakl Ste20-related protein kinase (29 /56.0) (1/1.7) (34/69.2)
SPAC23C11.11 | Ckal serine/threonine protein kinase (16 /45.8) (16 /58.7) (19/64.2)
SPAC1851.03 | Ckbl CK2 family regulatory subunit (4/16.5) (1/17.8) (9/53.7)
SPBC2G5.02¢ | Ckb2 | CK2 family regulatory subunit (predicted) (2/8.3) (3/25.2) (6/32.7)
B S450 S533
S479 S539 S581
S541 S584
S481 $543
S491 S552
S492 S554
N S383 S499 SS<5651
S501 5
S271 S386 « 565

I —

Figure 1. |dentification and characterization of proteins co-purifying with Nak1-TAP, Sog2-TAP and Ckal-TAP. (A) List of proteins identified by mass
spectrometry co-purifying with S. pombe Nak1-TAP, Sog2-TAP and Ckal-TAP. Proteins were purified from cycling S. pombe cells expressing Nak1-TAP
(JG15615), Sog2-TAP (JG16552) or Ckal-TAP (JG15429). Only proteins identified with at least two peptides are included. For a full list of identified pro-
teins see Table S1. Proteins found in other unrelated purifications (common contaminants) are omitted from this table. Number of unique peptides
and sequence coverage are indicated. (B) Summary of phosphorylation sites identified by mass spectrometry. Protein purifications were performed
as described in (A). Phosphorylation sites identified on Nak1, Ckal and Sog2 in this study are indicated. New phosphorylation sites identified are indi-
cated in bold. Sites with the R-X-X-S consensus motif are indicated in red. Asterisks indicate sites with the CK2 consensus motif S/T-X-X-D/E.

regulation of cell growth and division.'*!

Specifically, there appears to be mutual
antagonism between the SIN and MOR
pathways, whereby the SIN inhibits MOR
signaling through phosphorylation of the
Nakl kinase.® Nakl is in a complex
with the leucine-rich repeat-containing
protein, Sog2, which might also be a tar-
get of SIN inhibition.” Therefore, study-
ing NakI phosphorylation and interacting
proteins has provided insights into cross-
talk between conserved NDR-kinase sig-
naling networks.

Interestingly, the genetic screen for
cell polarity mutants, which identified
Nakl and other MOR pathway compo-
nents, also identified mutants in casein
kinase 2.>° However, how casein kinase 2
fits in to the MOR signaling pathway has

remained mysterious.

www.landesbioscience.com

Results and Discussion

In order to identify proteins that physi-
cally interact with the Nakl kinase, we
constructed functional tandem affinity
purification (TAP)-tagged Nakl (Nakl-
TAP) according to our protocol described
at  http://mendel.imp.ac.at/Pombe_tag-
ging/.'® We used a TAP protocol to purify
Nak1-TAP, and co-purifying proteins
were identified by mass spectrometry.
Among proteins with at least two unique
peptides, we identified leucine-rich repeat
protein Sog2, an uncharacterized pro-
tein SPBC2G5.02¢, as well as catalytic
(Ckal) and regulatory subunits (Ckbl) of
casein kinase 2 (Fig. 1A). To confirm the
specificity of these interactions, we also
performed reciprocal purifications using

functional TAP-tagged Sog2 (Sog2-TAP)
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and Ckal (Ckal-TAP). Indeed, we found
that Nak1, Ckal, Ckbl and SPBC2G5.02¢
co-purified with Sog2-TAP and Nakl,
Sog2, Ckbl and SPBC2G5.02¢ co-puri-
fied with Ckal-TAP (Fig. 1A). Our find-
ing that Nakl co-purifies with Sog2 is
consistent with our recent study®” and the
observation from budding yeast that the
Sog2 ortholog is known to interact with
the Nakl ortholog Kicl.” More intrigu-
ing is our observation that Nakl co-puri-
fies with casein kinase 2 (CK2) (Fig. 1A).
CK2 is an evolutionarily conserved serine/
threonine protein kinase that regulates
many cellular processes, including cell
signaling and proliferation, DNA repair,
apoptosis and senescence.’*?? Extensive
evidence of its involvement in various can-
cers as well as neurodegenerative diseases
had led to its emergence as a promising
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drug target.”> However, crosstalk between
protein kinases from the Ste20 family and
CK2 kinases is poorly understood.

So far, the only evidence linking these
two kinase families in humans appears
to be from Chaar et al., who observed
that human CK2 can phosphorylate the
Ste20-like kinase family member SLK in
vitro.?* It has also been shown that CK2
subunits in S. cerevisize interact with
either Ste20 and/or with Beml, a cell
polarity establishment protein that acts as
a scaffold for Ste20.2° Few other stud-
ies in yeast and humans show interaction
of CK2 subunits with Ste20-associated
proteins. For instance, budding yeast
Ckal subunit associates with Ste20 tar-
get Stell (MAP3K).” The CSK2B sub-
unit of human CK2 contains the binding
domain for p21 (CDKNIA), which is
required for p2l-mediated CK2 inhibi-
tion.® In §. pombe, CK2 subunits Ckal
and Ckbl interact with Teal, a microtu-
bule-associated polarity protein that is
regulated through phosphorylation by the
Pak1/Shk1 kinase.”” Together, it suggests
that CK2 affects Ste20-mediated signal-
ing to regulate processes such as polar-
ized growth. Moreover, mutations in both
nakl and ckal genes in S. pombe result in a
similar phenotype—spherical cells, which
are indicative of a loss of bipolar growth.*

We also observed that Ckal-GFP local-
izes to the nucleolus, cell tips, septa and
the spindle pole bodies (Fig. 2A and B).
While Nak1 localizes to the SPB only dur-
ing early mitosis, Ckal-GFP appears to
remain at the SPBs at all times. Therefore,
it pardially co-localizes with Nakl at
the SPB. Similar to Nakl," Ckal also
localizes to the cell tips and the septum
(Fig. 2A). This reinforces the possibility
that crosstalk between Nakl and Ckal
kinases is important for the establishment
of polar growth, and it will be interesting
to investigate this in the future.

Protein kinase CK2 is a tetramer com-
posed of two catalytically active (CK2 «
isoforms) and two regulatory (CK2 B iso-
forms) subunits. In fission yeast, one cata-
lytic subunit (Ckal) and one regulatory
subunit (Ckbl) have been characterized.?
Our analysis showed that Ckal, in addi-
tion to Ckbl, co-purifies with an unchar-
acterized protein SPBC2G5.02c¢ (Fig. 1A).
Our revealed that

sequence searches
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A ckal-GFP

B ckal-GFP sad1-RFP

Spm

Figure 2. Ckal-GFP localizes similar to MOR pathway proteins like Nak1. (A) Fixed Cka1-GFP-
expressing cells (YDM2969) were stained with DAPI. White arrows in the merge panel indicate
localization of Ckal-GFP to dots that might correspond to the SPB. Red arrows indicate Ckal-GFP
localization to cell septum and tips. (B) Ckal co-localizes with the SPB marker Sad1. Fixed Cka1l-
GFP Sad1-RFP expressing cells (YDM3463) were stained with DAPI.

SPBC2G5.02¢ shows high sequence simi-
larity to Ckbl as well as to other CK2 3
isoforms from various species (data not
shown). This suggests that SPBC2G5.02¢
gene encodes for the second fission yeast
CK2 B isoform, and we propose to call
this gene ckb2 (CK2 beta isoform 2).
Next, we mapped the phosphorylation
sites on proteins identified in our purifi-
cations. Nakl was phosphorylated on 22
residues, Sog2 on 19 residues and Ckal on
a single residue (Fig. 1B). Previous studies
found 15 residues phosphorylated on Nak1
(8373, S§376, S383, S$386, S407, T440,
S448, S450, S479, S481, S539, S541, S543,
S549, $552) and 11 residues phosphory-
lated on Sog2 (S301, T392, T395, S398,
S400, T403, S404, S464, S648, S829,
$839).153233 In this study, we show 11 and
nine new phosphosites on Nak1 and Sog?2,
respectively (Fig. 1B, indicated in bold).
Sites with an RXXS consensus motif are
targeted by NDR kinases. We previously
showed that the RXXS sites on Nakl are
phosphorylated by the SIN pathway NDR
kinase, Sid2. All Sid2 phosphorylation
sites identified by this study were mutated
previously (ref. 15 and unpublished data;
Fig. 1B, shown in red). Analysis of the
mutants showed that Sid2 phosphoryla-
tion of Nakl causes removal of Nakl
from the spindle pole bodies, which pre-
vents premature activation of the SIN in
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early mitosis. Moreover, Sid2 phosphory-
lation of Nak1 blocks MOR signaling by
preventing interaction of Nakl with the
scaffold protein Mor2."” The presence of
RXXS site phosphorylation on the Nakl
binding partner Sog2 suggests that it
might also be phosphorylated by the SIN
kinase Sid2. To completely understand
the role of phosphorylation in the regula-
tion of Nakl, Sog2 and Ckal, it will be
important to identify relevant protein
kinases and counteracting phosphatases,
analyze possible periodicity during the cell
cycle and study functional consequences
of mutating these phosphorylation sites.
We suggest that sites with the phospho-
motif pSP may be targets of the Cdkl
kinase.** Furthermore, both Nakl and
Sog2 contain the consensus phosphoryla-
tion motif S/T-X-X-D/E, which is recog-
nized by CK2.>"% Some of these sites have
been identified by our analysis (Fig. 1B,
indicated by asterisks). This indicates a
possibility that Nakl and Sog2 may be
potential CK2 substrates. However, fur-
ther mutational studies will be required
to confirm this. Because most of the phos-
phorylation sites on Nakl cluster in the
C-terminal non-kinase half of the protein,
we expect that this region is a key regula-
tory module targeted by multiple kinases.

Taken together, our results presented in
this study provide a thorough biochemical
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analysis of Nakl-interacting partners and
their post-translational modifications. We
confirmed that Nakl co-purifies with
Sog2. Significantly, Nakl shows interac-
tion with the CK2 complex. We therefore
established a physical interaction between
members of two major kinase families,
namely Ste20-related kinases and the
Casein kinase 2 family. Further explora-
tion should reveal a better understanding
of the functional relationship between
them.

Materials and Methods

Strains. S. pombe strains expressing
either NakI-TAP (JG15615, A nakl-
TAP::KanMX), Ckal-TAP (JG15429,
b ckal-TAP::KanMX) or Sog2-TAP
(JG16552, b s0g2-TAP::KanMX) were
grown in complete yeast extract medium
(YE + 5S).%¢%% TAP-tagging was con-
firmed by PCR and immunoblotting.'®
The TAP epitope was detected using PAP
antibodies (rabbit antiperoxidase antibody
linked to peroxidase, Dako) at 1:50,000
dilution in PBS-T.

Protein purification. Six-liter cultures
of strains expressing TAP-tagged proteins
were grown to mid-log phase (OD -0.8)
and collected by centrifugation. Yeast cell
powder was made from frozen pellet using
SPEX SamplePrep 6870 Freezer/Mill.
Proteins were extracted using IPP150 buf-
fer (50 mM Tris pH 8.0, 150 mM NaCl,
10% glycerol, 0.1% NP-40, complete pro-
tease and phosphatase inhibitors, I mM
PMSF). All washing steps were performed
in Poly-Prep columns by gravity flow (Bio-
Rad Laboratories, Ges.m.b.H). Five hun-
dred pl of IgG Sepharose™ 6 Fast Flow
beads (GE Healthcare, cat.# 17-0969-01)
was washed with IPP150 buffer, mixed
with protein extract and rotated for 2 h at
4°C. Beads were washed with 20 volumes
of IPP150 buffer and with 5 volumes of
TEV cleavage buffer (TCB, 10 mM Tris
pH 8.0, 150 mM NaCl, 10% glycerol,
0.1% NP-40, 0.5 mM EDTA, 1 mM
DTT). Cleavage step was performed in 2
ml of TCB buffer supplemented with 400
units of ACTEV™ protease (Invitrogen,
cat. # 12575-015) for 2 h at 16°C. Two
ml of eluate was supplemented with 6 pl
of 1 M CaCl, and mixed with 6 ml of
Calmodulin binding buffer 1 (CBBI1, 10

www.landesbioscience.com

mM Tris pH 8.0, 150 mM NaCl, 10%
glycerol, 0.1% NP-40, 1 mM imidazole,
1 mM Mg-Acetate, 2 mM CaClz, 10 mM
B-mercaptoethanol). One hudred and
fifty wl of Calmodulin Sepharose™ 4B
beads (GE Healthcare, cat. # 17-0529-01)
was washed with CBB1 buffer, added to
a mixture of eluate and CBB1 buffer and
incubated for 2 h at 4°C. The beads were
washed with 10 volumes of CBBI and 5
volumes of Calmodulin binding buffer
2 (CBB2, 10 mM Tris pH 8.0, 150 mM
NaCl, 1 mM Mg-Acetate, 2 mM CaCl,,
1 mM B-mercaptoethanol). The proteins
were step-eluted using bead volume of
elution buffer (EB, 10 mM Tris pH 8.0,
150 mM NaCl, 1 mM Mg-acetate, 2
mM EGTA, 1 mM B-mercaptoethanol).
Eluted proteins were separated on SDS-
PAGE and checked by silver staining.
Eluates from peak fraction were submitted
for LC-MS/MS analysisa.!®3*4
Enzymatic digest, LC-MS/MS anal-
ysis and data analysis. The pH of the
sample was adjusted to 8.5. Disulfide
bonds were reduced with DTT (1:10 of
the estimated amount of protein) for 30
min at 56°C and subsequently alkylated
with iodoacetamide (1:2 of the estimated
amount of protein) for 20 min at RT
protected from light. DTT (1:20 of the
estimated amount of protein) was added
to consume excess iodoacetamide and
proteins were digested either with trypsin
(recombinant, proteomics grade, Roche;
1:25 of the estimated amount of protein)
at 37°C overnight. Digestion was stopped
by addition of trifluoroacetic acid to pH 2.
Digests were separated on an UltiMate
3000 RSLC nano LC system (Dionex,
Thermo Fisher Scientific). Peptides were
loaded on a trapping column (PepMap
C18, 5 pm particle size, 300 pm i.d. x 5
mm, Dionex, Thermo Fisher Scientific)
equilibrated with 0.1% TFA and sepa-
rated on an analytical column Acclaim
PepMap RSLC C18 (50 cm x 75 pum x
2 pm, 100 A, Dionex, Thermo Fisher
Scientific) applying a 30 min resp. 60
min linear gradient from 2% up to 40%
acetonitrile. The HPLC was directly cou-
pled to a Q Exactive mass spectrometer
(Thermo Fisher Scientific) via a nano-
electrospray ionization source (Proxeon,
Thermo Fisher Scientific). The electro-
spray voltage was set to 1,900 V. The
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mass spectrometer was operated in the
data-dependent mode: one full scan
(m/z: 350-2,000, resolution 70,000) with
lock mass enabled was followed by maxi-
mal 10 MS/MS scans. The lock mass was
set at the signal of polydimethylcyclosi-
loxane at m/z 445.120025. The 10 most
intense ions were fragmented by higher
energy collisional dissociation (HCD)
with normalized collision energy of 30.
Fragment spectra were acquired with a
resolution of 17,500. The ion target value
for full MS was set to 1,000,000 for
MS/MS to 100,000. Fragmented ions
were excluded from further selection for
20 sec.

Peptide identification was performed
using the SEQUEST algorithm in the
Proteome Discoverer 1.3.0.339 software
(Thermo  Fisher Scientific).
Spectra  were searched against the
Sanger S. pombe database (04/23/2012).
Following search parameters were used:
peptide tolerance was set to 10 ppm, MS/
MS fragment tolerance to 50 mmu, tryp-
sin was selected as protease and two missed

package

cleavages were allowed, carbamidometh-
ylcysteine was set as static modification,
oxidation of methionine and phosphoryla-
tion of serine, threonine and tyrosine as
a variable modification. The results were
filtered at the XCorr values to an FDR of
1% on the peptide level.
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