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ABSTRACT

In eukaryotes, LAMMER kinases are involved in various cellular events, including the cell cycle. However,
no attempt has been made to investigate the mechanisms that underlie the involvement of LAMMER
kinase. In this study, we performed a functional analysis of LAMMER kinase using the fission yeast,
Schizosaccharomyces pombe. FACS analyses revealed that deletion of the gene that encodes the LAMMER
kinase Lkh1 made mutant cells pass through the G1/S phase faster than their wild-type counterparts. Co-
immunoprecipitation and an in vitro kinase assay also revealed that Lkh1 can interact with and phosphor-
ylate Rum1 to activate this molecule as a cyclin-dependent kinase inhibitor, which blocks cell cycle pro-
gression from the G1 phase to the S phase. Peptide mass fingerprinting and kinase assay with Rum171104
confirmed T110 as the Lkh1-dependent phosphorylation residue. In this report we present for the first
time a positive acting mechanism that is responsible for the CKI activity of Rum1, in which the LAMMER
kinase-mediated phosphorylation of Rum1 is involved.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

The LAMMER protein kinase family comprises a set of dual-
specificity protein kinases that possess serine/threonine and tyro-
sine kinase as well as autophosphorylation activity [1-3]. They
contain a conserved motif “EHLAMMER” in kinase subdomain X,
which is essential for their kinase activity and subnuclear localiza-
tion [1,4,5]. Since the discovery of the first member of the LAMMER
protein kinase family, CLK1 [2], a number of studies have reported
that LAMMER kinases are involved in mRNA splicing by regulating
splicing factors [4,6,7]. In addition, LAMMER kinases may play a
role in the regulation of cellular processes by activating kinases
[8] and tyrosine phosphatase [9].

While the cellular function of LAMMER kinase in fungi has not
yet been described in detail, an lkh1* deletion has revealed various
phenotypes in the fission yeast Schizosaccharomyces pombe, includ-
ing an abnormality in cell division [10,11], flocculation in liquid
medium, filamentous and adhesive growth on solid medium
[5,10], sensitivity to oxidative stress [12], and pre-mRNA process-
ing [13]. Recently, we found that phosphorylation by Lkh1 is re-
quired for the activation of Csx1, which protects mRNAs
encoding the transcription factor Atf1 from exonuclease-mediated
decay due to oxidative stress [14] and for the activation of tran-
scriptional repressors, Tup11 and Tup12 [5], which regulate differ-
ent gene expression programs [15]. This suggests that Lkh1 may
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play important roles in regulating gene expression in S. pombe.
However, much remains to be determined in terms of the mode
of Lkh1 action.

The eukaryotic cell cycle is regulated at two major points: in G1
before initiation of the S-phase, and in G2 before entry into mitosis
due to the activity of cyclin-dependent kinase (CDK) [16]. In fission
yeast, the activity of the only CDK present, Cdc2, is regulated by at
least three different biochemical events [17]. First, Cdc2 associates
with four different B-type cyclins to display its kinase activity. The
amount of Cdc2 remains constant throughout the cell cycle, while
the cyclin levels oscillate. Second, the kinase activity of Cdc2 is also
regulated by the phosphorylation state of specific amino acids.
Third, the CDK activity of Cdc2 is regulated by the only known
CDK inhibitor (CKI) Rum1 (replication uncoupled from mitosis),
which in G1 blocks cell cycle progression to allow the initiation
of sexual development in response to nutrient deprivation such
as nitrogen starvation [18].

Although an abnormality that is observed during cell division of
the LAMMER kinase-deficient mutant in S. pombe have been re-
ported previously [10,11], no attempt has been made to investigate
mechanisms that underlie the involvement of LAMMER kinase in
the cell cycle. In this study, we tried to clarify the involvement of
Lkh1 in cell-cycle regulation and found that the Ikh1* deletion mu-
tant cells passed the G1/S phase progression faster than their wild-
type counterparts. Furthermore, we discovered that LAMMER ki-
nase can phosphorylate Thr110 to activate Rum1 as a CKI, which
negatively regulates G1/S progression. We report here for the first
time the positive acting mechanism that is responsible for the CKI
activity of Rum1.
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2. Materials and methods
2.1. Strains and culture conditions

The S. pombe strains that were used in this study are listed in
Table S1. The rich medium was YES, and the selective medium
was Edinburgh synthetic minimal medium (EMM) with appropri-
ate supplements. EMM without NH4CI (EMM-N) but with growth
factors was used for nitrogen starvation experiments. Genetic
crossing and standard techniques for fission yeast molecular genet-
ics were performed according to Moreno et al. [19]. Sporulation
efficiency was determined by calculating the number of cells that
bore ascospores after diploid cells were induced to undergo sporu-
lation in EMM-N medium [20].

2.2. Recombinant DNA techniques and preparation of fusion proteins

For the deletion of Ikh1* in ED665 and h®° cells, ura4* flanked by
5" and 3’ sequences of the Ikh1™ ORF was constructed. The flanking
regions of lkh1" were PCR-amplified with the gene-specific primer
set Ikh1-kdal and lkh1-udb1 for the 5’ flanking region, and lkh1-
uda2 and Ikh1-b5 for the 3’ flanking region. The selective marker,
ura4*, was amplified by PCR with the DHU-a1 and DHU-b1 primer
set. The fragments were joined by overlapping PCR, and the deletion
cassette was used to transform the yeast cells. To construct a Alkh1
mutant with a lue2” selective marker, the disruption cassette was
PCR-amplified with a specific primer set (Ikh1-kda1l and 1kh1-b5)
using DNA from strain PHM5L as a template and then introduced
into strain ED668. For the construction of the cdc10-129 mutant
with lkh1" deletion (FY7030L), PCR-amplified KanMX6 flanked by
the 5’ and 3’ sequences of [kh1™ ORF was introduced into the strain
FY7030. The 5’ and 3’ flanking regions of lkh1* were amplified with
the specific primer sets lIkh1-kda1/lkh1-kdb1 and lkh1-kda2/Ikh1-
b5, respectively. KanMX6 from pFA6a-kanMX6 was PCR-amplified
with specific primer set Kan-F1 and Kan-R1. The purified fragments
were joined by overlapping PCR. For the deletion of rum1*, a disrup-
tion cassette was constructed by overlapping PCR with three DNA
fragments that were amplified with the gene-specific primer sets
dRum-al and dRum1-b1 for the 5’ flanking region, DHU-a1 and
DHU-b1 for the ura4® selective marker, and dRum1-a2 and
dRum1-b2 for the 3’ flanking region. The disruption cassette was
then transformed into strains ED665 and ED668.

To express His-tagged Rum1 in Escherichiacoli, BamHI-Xhol frag-
ments of rum1* from pT-rum1”, which is the TOPcloner TA vector
(Enzynomics, Korea) that contains rum1* amplified by PCR with
the gene-specific primer set Rum1-al and Rum1-b1 was sub-cloned
into the corresponding restriction site of pET28a (Novagen, USA). To
generate rumi7 7% mutant allele, DNA fragments amplified with
specific primer sets (Ruml-al and Ruml-b5, pRum1-a9 and
Rum1-b2) were joined by PCR with primer set Ruml-al and
Rum1-b2. For bacterial expression of the GST-tagged catalytic do-
main of Lkh1(cLkh1), the previously reported pGEX4T-1 (GE Health-
care, Sweden) was used, and the fusion proteins that were expressed
in E. coli were purified by using previous methods [21]. To generate
pESP/rum1” to produce the Flag-tagged GST-fusion form of Rum1 in
S. pombe, rum1* was amplified with the primers Rum1-al and
Rum1-b2 and cloned into the BamHI site of pESP-1 (Stratagene,
USA). The oligonucleotide primers that were used for the PCR reac-
tions are listed in Table S2.

2.3. GST-pull down assay and kinase assays

In vitro interaction between bacterially expressed cLkh1 and
Rum1 proteins was performed by using GST-cLkh1-bound Sephar-
ose beads with His-tagged Rum1 proteins as described previously
[21]. Purified GST-cLkh1 was used for the kinase assay with

putative substrates, purified His-tagged Rum1 and Rum1T!10A,

The purification of the His-tagged Lkh1 complex and immunoblot
analyses were performed using wild-type cells that expressed
chromosomally His-tagged Lkh1 and an lkh1-deletion mutant that
harbored pESP or pESP/rum1”, respectively.

2.4. FACS analysis of DNA contents

FY7030 (cdc10-129) and FY7030L (lkhi1-deleted FY7030) were
grown at 30 °C up to ODggp = 0.4 in EMM-N with appropriate growth
factors and then transferred to 37 °C and grown for 4 h. After 10 min
on ice, the cultures were incubated at 30 °C and samples that con-
tained 10* cells in total were taken every 30 min. The samples were
washed and suspended in 1 mL of distilled water. The cells were
fixed in 10 mL of 70% ethanol at 4 °C overnight. After centrifugation,
the cells were washed and suspended in 1 mL of 50 mM sodium cit-
rate. The cell suspension was treated with 10 pL of 20 mg/mL RNase
A for 2 h at 37 °C and stained by 20 pL/mL of propidium iodide. The
stained cells were analyzed using a flow-cytometer FACSCalibur
(Becton-Dickinson) as described previously [22].

3. Results

3.1. FACS analysis revealed earlier G1/S progression due to lkh1-
deletion

Previously, we found that the Ikh1-deleted cells were shorter
than the wild-type cells, which suggested the possible involvement
of Lkh1 in cell-cycle regulation [10,12]. To confirm this observa-
tion, we first analyzed the size distribution of the cells. As shown
in Fig. S1A, the size-distribution of the deletion mutant cells
showed shorter ranges than that of the wild-type cells, and the
short size distribution of the mutant cells was reversed through
the regulated expression of the reintroduced lkh1* under the
inducible nmt1* promoter (Fig. S1B). Moreover, the expression of
Ikh1* with the aid of over-expression vector pREP2 made the
Ikh1-deleted cells much longer than the wild-type cells, as is the
case of gene(s) for cell-cycle regulation, for which over-expression
usually makes the cells longer than they normally are (data not
shown). These results indicate the involvement of Lkh1 in the
cell-cycle regulation of the fission yeast.

In the cell cycle, fission yeast coordinates its cell size at the end
of G1 (G1/S size control) and G2 (G2/M size control or mitotic size
control) [23]. We therefore analyzed effect of the lkh1-deletion on
the DNA content of the cells during the cell cycle using a FACS. Since
itis difficult to detect any changes in G1 to S progression for S. pom-
be cells because they have very short G1 phase, lkh1-deletion was
introduced into a temperature-sensitive cell division cycle mutant,
cdc10-129. The FACS analysis of wild-type cells showed dominant
population shift from 1C to 2C approximately 135 min after tem-
perature restriction release and revealed a 3:7 ratio of 1C versus
2C cells approximately 300 min after releasing the temperature
restriction (Fig. 1A). Whereas the lkh1-deletion mutant showed a
dominant population shift from 1C to 2C approximately 75 min
after temperature restriction release and revealed the exclusive
dominance of 2C cells approximately 300 min after temperature
restriction release (Fig. 1B). These results indicated that the dele-
tion of Lkh1 caused abnormalities in cell cycle progression due to
defects in regulation of either G1/S or G2/M size control.

3.2. Effect of lkh1-deletion on the responses to nitrogen starvation

Upon testing the effect of external stresses on the growth, we
found that the [kh1-deletion mutant cells showed growth-retarda-
tion upon nitrogen starvation. On complete plates, the growth of
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Fig. 1. Effect of lkh1-deletion on G1 to S cell cycle progression. cdc10-129 (A) and cdc10-1294lkh1 (B) strains were cultured in minimal medium and synchronized in the G1
phase by incubating at a non-permissive temperature of 37 °C. Samples were taken at the indicated time points after release to a permissive temperature 28 °C for flow
cytometry analysis. The percentage of cells that contained 1C or 2C DNA is depicted along with the time after release to the permissive temperature.

the Ikh1-deletion mutant was almost similar to that of the wild-
type. However, on the nitrogen-deprived minimal plates, growth
of the mutant was dramatically retarded. The growth retardation
of the lkhl-deletion mutant under nitrogen starvation was re-
versed by reintroducing of the lkh1 gene (Fig. 2A). When the
growth was tested with liquid medium, the lkh1-deletion mutant
cells could not proliferate after being transferred from EMM to
EMM-N unlike the wild-type cells, which proliferated even after
being transferred to EMM-N (Fig. S2). These results confirmed that
the sensitivity to the nitrogen starvation of the mutant cells re-
sulted from the loss of Lkh1 function.

Since the nitrogen source is one of the key factors that is in-
volved in regulating the sexual cycle and cell cycle [22], the sensi-
tivity of the lkh1-deletion mutant toward nitrogen starvation also
suggested that Lkh1 might affect sexual differentiation. Interest-
ingly, the lkh1-deletion mutant showed a lower level of ascospore
production than did the wild type (middle panels, Fig. 2B): the
Ikh1-deletion mutant showed 3.27% and 17.12% ascospore produc-
tion in EMM and EMM-N medium, respectively. However, the wild
type strain showed 18.20% and 33.65% ascospore production in
EMM and EMM-N medium, respectively. We next determined
whether the effect of the lkhi-deletion on sexual reproduction
was due to the failure during the initial step of the meiotic cycle,
zygote formation, or during meiosis. We measured the level of
ascospore production using the h® strain, which is homothallic
for sexual reproduction. As shown in right panel, Fig. 2C, the dele-
tion of Ikh1* in cells with an h®® background also showed a lower
level of ascospore production than that of the wild-type cells. It
was noteworthy, however, that the levels of ascospore production

in the h® background were higher than those in the heterothallic
background (left panel, Fig. 2C), which suggests that not only the
meiotic events that are necessary for ascospore production but also
the conjugation process that is necessary for zygote formation
were affected by the lkhi-deletion. We also noted that, unlike
the rum1*-deletion, the deletion of Ikh1" did not result in the com-
plete abolishment of zygote formation and thus, the meiotic cycle,
indicating that Lkh1 is not the only factor that is involved in Rum1
activation.

Taken together, the above results led us to conclude that Lkh1 is
not the only factor that is necessary for normal sexual develop-
ment. However, its deletion caused a defect in the complete arrest
of the cells during G1, which is a prerequisite for successful entry
into the meiotic cycle (sexual differentiation) in response to nitro-
gen-deprivation.

3.3. Lkh1 interacts with and phosphorylates Rum1 in vitro

Since the lkh1-deletion caused a decrease in cell growth and
ascospore production under nitrogen deprivation, S. pombe Gen-
eDB was examined to select candidate proteins that are involved
in cell cycle arrest in response to nitrogen starvation. Among the
candidates, Rum1 is required for cell cycle arrest during G1 to al-
low the initiation of sexual differentiation in response to nitrogen
starvation [18], for which the phenotype seemed to be very similar
to that of the lkh1-deletion mutant.

Therefore, we examined the in vitro interaction between Lkh1
and Rum1 by performing a pull-down assay with bacterially ex-
pressed GST-tagged cLkh1l and His-tagged Rum1. As shown in
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Fig. 2. Effect of Ikh1-deletion on the response to nitrogen starvation. (A) Effect of Ikh1-deletion on cell growth under nitrogen starvation. YES plates and EMM-N plates were
incubated for 3 and 8 days, respectively, before being photographed. (B) Heterothallic strains were used for mating and ascospore production. (C) Homothallic strains were

used for evaluating the ability to produce ascospores.

Fig. 3A, the binding assay confirmed the interaction between cLkh1
and Rum1 in vitro. We next examined if Lkh1 could phosphorylate
Rum1 using bacterially expressed proteins. As shown in Fig. 3B,
cLkh1 exhibited autophosphorylation activity as reported previ-
ously [21] and evidently phosphorylated Rum1. Peptide mass fin-
gerprinting (PMF) of Rum1, which had been phosphorylated by
cLkh1, revealed T110 as a putative phosphorylation residue
(Table S3 and Fig. S3). Pull-down assay and in vitro kinase assay
with Rum1™'°* mutant protein showed complete abolishment of
interaction (upper right-most panel, Fig. 3A) and dramatic reduction
of phosphorylation by cLkh1l (upper right-most panel, Fig. 3B).
However, the T110A mutation did not result in the complete abol-
ishment of Rum1 phosphorylation, suggesting that T110 is not the
only residue involved in Lkh1-dependent phosphorylation.

These data suggested that Rum1 may be the in vivo target of
Lkh1. Although further experiments are needed to confirm the po-
sitive effect of Lkh1 on the intracellular function of Rum1, our re-
sults presented here indicate that Lkh1 is involved in regulating
the S. pombe life cycle, such as G1 to S progression in mitosis and
meiotic sporulation via regulating the activity of Rum1, which is
a CDK inhibitor that can cause G1-arrest.

4. Discussion

One of the main advantages of using the fission yeast for study-
ing cell-cycle regulation is that the size variation between cells di-
rectly reflects its abnormality during the cell cycle. Our previous
study suggested the possible involvement of Lkh1 in cell-cycle reg-
ulation by showing the shortening of cell size that was caused by
an lkh1-deletion [10]. Analyses of the size distribution of the
wild-type, lkhi-deletion mutant, and lkhl-retransformant cells
(Fig. S1) confirmed the involvement of Lkh1 in cell-cycle regulation
of the fission yeast.

In S. pombe, 2C cells that have a DNA content equivalent to that
of diploid cells grow during the G2 phase until they reach a critical
size, at which point Cdc2 kinase is activated and mitosis is initiated
(M phase). A minimum size is also required for Start, but a wild-
type cell at the end of mitosis is already beyond this minimum.
Therefore, the G1 phase for 1C cells with a DNA content equivalent
to that of haploid cells is very short. Since the production of shorter
cells usually reflects a shortening of G2 phase, the possible

involvement of Lkh1 in G2 phase regulation was indicated. The
involvement of Lkh1 during the G1 phase, however, cannot be ex-
cluded because S. pombe cells are able to grow during G1 when the
elongation of the cell is not fully accomplished during G2. A FACS
analysis of synchronized cells with the aid of a temperature-sensi-
tive cdc10-129 mutant indicated that the lkhil-deletion caused
abnormalities in cell cycle regulation, such as earlier progression
from G1 to S and the lengthening of G2 (Fig. 1). Therefore, shorten-
ing of the cell size caused by the lkh1-deletion might be the conse-
quence of defects in the regulation of either G1/S or G2/M size
control. Since S. pombe mutants that fail to arrest at the G1 phase
due to nitrogen-deprivation or pheromone treatment are unable
to commit to sexual differentiation [22], the deleterious effect of
the Lkh1-deletion on ascospore production (Fig. 2C) indicates the
involvement of Lkh1 in cell-cycle regulation during G1 phase.

Rum1 is not essential under normal growth conditions, but it is
required to block G1 to S progression during the cell cycle to allow
the initiation of sexual differentiation in response to nutrient
deprivation [18,24]. Although phosphorylation site prediction by
using the NetPhosK 1.0 program revealed dozens of amino acid res-
idue targets for protein kinases, thus far CDK-Cig2 complex-depen-
dent phosphorylation on residues T58 and T62 has been reported
to trigger its degradation [25-27]. A direct in vitro kinase assay that
used GST-fusion forms of various mutants of Rum1 demonstrated
the MAPK-dependent phosphorylation of residues T13 and S19,
which negatively regulates the function of Rum1 [17]. The molec-
ular mechanisms that underlie the regulation of Rum1 activity,
however, are largely unknown especially in terms of the kinase
that is responsible for the positive regulation of Rum1 activity
in vivo. PMF analysis and kinase assay with Rum171%* mutant pro-
tein confirmed Lkh1-dependent phosphorylation of T110 (Fig. S3
and Fig. 3B). The involvement of residue(s) other than T110, how-
ever, cannot be excluded because T110A mutation did not result in
the complete abolishment of Rum1 phosphorylation (Fig. 3B). Our
results presented herein indicate that the deletion of Lkh1 causes
defects in Rum1 activity for tight block in G1 phase, and thus,
Lkh1 has a positive effect on the function of Rum1.

Recently, it was reported that the deletion of the gene that en-
codes an RNA binding protein Csx1 results in defects in sexual dif-
ferentiation. Cells that lack Csx1 are partially sterile with a reduced
amount of ste11” mRNA, which encodes a regulatory protein that is
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Fig. 3. In vitro interaction and phosphorylation between Lkh1 and Rum1. (A) Soluble protein extracts were incubated with GST and GST-cLkh1 which were coupled with
glutathione-Sepharose beads, and then precipitated by centrifugation. The precipitates were separated by 10% SDS-PAGE and transferred to a PVDF membrane. (B) Purified
Rum1 proteins, which were His (6x )-tagged, were mixed with purified GST-cLkh1 fusion proteins in the presence of [y->2P]dATP, respectively. After incubation at 30 °C for
30 min, the reaction was stopped by adding the SDS-PAGE sample buffer. The kinase reaction samples were resolved on 10% SDS-PAGE, and an autoradiogram was obtained.
His-Rum1" and His-Rum1" indicate wild type and T110A mutant Rum1, respectively.

responsible for the transcription of many genes that are required
for the initial steps of conjugation and meiosis [28]. We previously
described that oxidative stress induces the phosphorylation of
Csx1 and that binding of activated Csx1 to the atfI* mRNA are af-
fected by the S. pombe LAMMER kinase, Lkh1 [14]. Although further
analyses are required, defects in sexual differentiation that are
caused by Lkh1-deletion are mediated not only via Rum1 but also
via Ste11. Our results also support the question that was raised
previously [28] about the possible coordination of sexual differen-
tiation and oxidative stress response, as well as the role of RNA
binding proteins in adapting to environmental signals.

LAMMER kinases are involved in gene expression mainly by
regulating nucleic acid binding factors such as splicing factors
[4,6,13], mRNA binding factor [14], transcription factors [21], and
chromatin factors [29]. However, we presented a novel cellular
function for the LAMMER kinase by showing that fission yeast
Lkh1 affects cell cycle progression through phosphorylation of
the cyclin-dependent kinase inhibitor protein, Rum1. This is in
contrast to previous reports that showed a negative effect of phos-
phorylation on Rum1 such as triggering the degradation and inhi-
bition of the CKI activity of Rum1 [25-27]. In addition it should be
noted that Lkh1 is not the only factor that is necessary for Rum1
activation because the lkhi1-deletion could not completely block
meiotic sporulation, unlike the rum1-deletion.

Further experiments involving the identification and substitu-
tion of Lkh1-mediated phosphorylation sites(s) in Rum1 and an
investigation of the effect of the substitution(s) on the CKI activity
of Rum1 will help us to understand the function of the LAMMER Kki-
nase Lkh1 in cell cycle regulation in fission yeast.
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