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Myosin II is an essential component of the actomyosin contractile ring and plays a crucial role in cytokinesis by
generating the forces necessary for contraction of the actomyosin ring. Cdc4 is an essential myosin II light chain in fission
yeast and is required for cytokinesis. In various eukaryotes, the phosphorylation of myosin is well documented as a
primary means of activating myosin II, but little is known about the regulatory mechanisms of Cdc4. Here, we isolated
Nrd1, an RNA-binding protein with RNA-recognition motifs, as a multicopy suppressor of cdc4 mutants. Notably, we
demonstrated that Nrd1 binds and stabilizes Cdc4 mRNA, thereby suppressing the cytokinesis defects of the cdc4
mutants. Importantly, Pmk1 mitogen-activated protein kinase (MAPK) directly phosphorylates Nrd1, thereby negatively
regulating the binding activity of Nrd1 to Cdc4 mRNA. Consistently, the inactivation of Pmk1 MAPK signaling, as well
as Nrd1 overexpression, stabilized the Cdc4 mRNA level, thereby suppressing the cytokinesis defects associated with the
cdc4 mutants. In addition, we demonstrated the cell cycle-dependent regulation of Pmk1/Nrd1 signaling. Together, our
results indicate that Nrdl plays a role in the regulation of Cdc4 mRNA stability; moreover, our study is the first to

demonstrate the posttranscriptional regulation of myosin expression by MAPK signaling.

INTRODUCTION

Cytokinesis, the physical separation of a mother cell into two
daughter cells after mitosis, is achieved through the constric-
tion of a medially placed contractile ring composed of actin,
myosin, and numerous other proteins (Satterwhite and Pol-
lard, 1992; Guertin et al., 2002; Glotzer, 2005). Myosin Il is an
essential component of the actomyosin contractile ring and
plays a crucial role in cytokinesis by generating the forces
necessary for contraction of the actomyosin ring (Satterwhite
and Pollard, 1992). Type II myosin consists of a dimer com-
prising two heavy chains, each having two associated pro-
teins: the essential light chain and regulatory light chain
(Guertin et al., 2002). In various eukaryotes, the phosphory-
lation of both the heavy and light chains of myosin has been
well documented as a primary means of activating myosin
II, which is known to be crucial for cytokinesis (Satterwhite
et al., 1992; Brzeska and Korn, 1996; Kamm and Stull, 2001).
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The genetically tractable fission yeast Schizosaccharomyces
pombe is an excellent organism for studying cytokinesis be-
cause it undergoes cell division by medial fission after as-
sembly and contraction of the actomyosin contractile ring,
which may be considered functionally analogous to the
cleavage furrow in mammalian cells (Bezanilla et al., 1997;
Balasubramanian et al., 2004; Wolfe and Gould, 2005). More-
over, numerous mutations that result in defects in each step
of the cell division process are available; these are highly
useful for clarifying the molecular pathways and regulatory
mechanisms of the cell cycle including cytokinesis (Nasmyth
and Nurse, 1981; Balasubramanian et al., 1998).

Analysis of mutants containing defects in medial ring
formation led to the identification of several components of
myosin II in fission yeast. These include an essential myosin
light chain encoded by the cdc4* gene (McCollum ef al.,
1995) and a type II myosin heavy chain encoded by the
myo2™* gene (Kitayama et al., 1997; Balasubramanian et al.,
1998). It has been suggested that Myo2 an essential compo-
nent of the cytokinetic actomyosin ring provides the con-
tractile force required for cytokinesis (Kitayama et al., 1997;
Balasubramanian et al., 1998). The second type II myosin in
S. pombe, Myp2, which localizes in the ring at a much later
stage of cytokinesis, has been proposed to increase the effi-
ciency of cytokinesis (Bezanilla et al., 1997; May et al., 1997;
Motegi et al., 2000). Two myosin light chains, Cdc4 and Rlcl
have been characterized in S. pombe. Cdc4, an essential light
chain of the myosin superfamily, is a component of the
contractile ring and plays a crucial role in cytokinesis (Mc-
Collum et al., 1995; Hou and McCollum, 2002; Guertin ef al.,
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Table 1. Schizosaccharomyces pombe strains used in this study

Strain Genotype Reference
HM123 h~ leul-32 Our stock

HM528 h* his2 Our stock

KP928 h* his2 leul-32 ura4-D18 Our stock

KP208 h~ leu1-32 ura4-D18 pmk1:urad* Our stock

KP2118 h~ leul-32 ura4-D18 pmk1::KanMx6 This study
KP2181 h*leu1-32 his2 pmk1::KanMx6 This study
KP2178 h~ leu1-32 pmk1::KanMx6 This study

KP403 h~ leul-32 cdc4-8 Our stock

KP616 h~ leu1-32 ura4-D18 nrd1:ura4* This study

KP622 h~ leul-32 pat1-114 Our stock

KP654 h~ leu1-32 ura4-D18 cdc4-8 nrd1::ura4™ This study

SP161 h~ leu1-32 ura4-D18 cdc4-8 pmk1::ura4™ This study

SP167 h~ leu1-32 ura4-D18 cdc4-8 spkl::ura4™ This study

SP310 h~ leu1-32 ura4-D18 cdc4-8 spcl::ura4™ This study

SP873 h~ leu1-32 ura4-D18 cdc4-8 pmk1::KanMx6 nrdl::ura4™* This study

SP556 h™ leul--32 ura4-D18 pmk1-GST::KanMx6 Takada et al. (2007)
SP628 h~ leu1-32 ura4-D18 cdc25-22 pmk1-GST::KanMx6 This study

FC129 h* cdc4-312 Chang et al. (1996)
SP920 h~ leu1-32 ura4-D18 cdc4-312 nrdl::ura4™ This study

SP912 h~ leu1-32 cdc4-312 pmk1::KanMx6 This study
MBY142 h~ leu1-32 ade6-210 ura4-D18 rng2-D5 Eng et al. (1998)
SP817 h~ leu1-32 ura4-D18 rng2-D5 nrdl::ura4™ This study

SP820 h~ leu1-32 rng2-D5 pmk1::KanMx6 This study
MBY517 h leul-32 ade6-21 X ura4-D18 rng3-GFP::ura4™ myo2-E1 Wong et al. (2000)
SP919 h~ leu1-32 ura4-D18 myo2-E1 nrdl::ura4™ This study

SP931 h~ leu1-32 myo2-E1 pmk1::KanMx6 This study
MBY691 h* leul-32 ura4-D18 his3-D1 ade6-M216 rlcl::ura4™ Nagqvi et al. (2000)
SP927 h~ leu1-32 ura4-D18 arg1 rlcl::ura4™ nrd1:argl™ This study

SP847 h~ leu1-32 ura4-D18 ric1::ura4™ pmk1:: KanMx6 This study
MBY113 h* leu1-32 ade6-210 rng3-65 Wong et al. (2000)
SP842 h~ leu1-32 ura4-D18 rng3-65 nrdl::ura4™* This study

SP816 h~ leu1-32 rng3-65 pmk1::KanMx6 This study
MBY142 h~ rng2-D5 ade6-210 leul-32 ura4-D18 Eng et al. (1998)
KP413 h™ cdc12-112 leul-32 Chang et al. (1996)
SP781 h~ cdc12-112 leul-32 ura4-D18 nrdl::ura4™* This study

SP827 h~ leu1-32 ura4-D18 cdc12-112 pmk1::ura4™ This study
KP1304 h~ leu1-32 ura4-D18 myo3/cis2:: ura4* Fujita et al. (2002)
SP845 h~ leu1-32 ura4-D18 cis2:: ura4™* pmk1:: KanMx6 This study

SP886 h~ leu1-32 ura4-D18 argl cis2:: ura4™ nrdl:argl™ This study

2002), and it has been shown that Rlc1 is required for cyto-
kinesis at lower temperatures (Le et al., 2000; Naqvi ef al.,
2000). A study by D’souza et al. (2001) reported that in
addition to its association with Myo2 and Myp2, Cdc4 in-
teracts with the IQ domain containing actomyosin ring com-
ponents Myp51 and Rng2. Notably, the Cdc4 protein has
been shown to be phosphorylated, but this modification is
not required for cytokinesis (McCollum et al., 1999). Hence,
the mechanism underlying the regulatory activity of Cdc4 in
cytokinesis remains unclear.

To identify novel genes that are involved in Cdc4 func-
tion, we searched for multicopy suppressors of the temper-
ature sensitivity of the cdc4-8 mutants and identified Nrd1,
an RNA-binding protein with RNA-recognition motifs
(RRMs; Tsukahara et al., 1998; Jeong et al., 2004). The nrd1*/
msa2™ gene was previously isolated as a high-dosage sup-
pressor of pat1-114 or saml mutants, both of which exhibit
the hyperconjugation phenotype (Yamamoto ef al., 1999;
Jeong et al., 2004b). Nrd1 and its mammalian counterpart
Rod1 have been reported to negatively regulate sexual dif-
ferentiation (Tsukahara et al., 1998, Yamamoto et al., 1999).
The biological role of Nrd1 is to block the onset of sexual
differentiation by repressing the Stell-regulated genes es-
sential for conjugation and meiosis, but its cellular mRNA
targets remain unknown.
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Here, we show that Nrd1 directly binds to and regulates
Cdc4 mRNA stability. Notably, Pmk1, the mitogen-activated
protein kinase (MAPK), which regulates cell integrity (Toda
et al., 1996; Sugiura et al., 1999; Sugiura et al., 2003), directly
phosphorylates Nrd1, thereby negatively regulating the ac-
tivity of Nrdl to bind to and stabilize Cdc4 mRNA. We
propose that the MAPK-dependent phosphorylation of the
RNA-binding protein Nrd1 may serve as a novel mechanism
for the regulation of myosin mRNA and cytokinesis in fis-
sion yeast.

MATERIALS AND METHODS

Strains, Media, and Genetic and Molecular Biology
Methods

S. pombe strains used in this study are listed in Table 1. The complete medium
YPD (yeast extract-peptone-dextrose) and the minimal medium EMM (Edin-
burgh minimal medium) have been described previously (Toda et al., 1996).
Standard genetic and recombinant DNA methods (Moreno et al., 1991) were
used except where noted.

Gene Disruption of nrd1™

A 3.4-kb HindIII fragment containing nrd1* was subcloned into pGEM-13Zf
to create pGEM-nrd1. pGEM-nrd1 was cleaved at the single BamHI site in
nrd1* and ligated to S. pombe ura4* (1.8-kb). This construct was used to
transform haploid cells (Rothstein, 1983).
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Northern Blot Analyses

Total RNA was isolated using the method of Kohrer and Domdey (1991). A
20-ug sample of total RNA per lane was subjected to electrophoresis on
denaturing formaldehyde 1% agarose gels and transferred to nylon mem-
branes. Hybridization was performed using digoxigenin (DIG)-labeled anti-
sense cRNA probes coding for cde4 and leul as described previously
(Hirayama et al., 2003). The DIG-labeled hybrids were detected by an enzyme-
linked immunoassay by using an anti-DIG-alkaline phosphatase antibody
conjugate. The hybrids were visualized by chemiluminescence detection on a
light-sensitive film according to the manufacturer’s instructions (Roche Ap-
plied Science, Indianapolis, IN).

mRNA Protein-binding Assay

The RNA protein-binding assay was carried out as described previously (Irie
et al., 2002). Briefly, exponentially growing cells (2 X 108) expressing gluta-
thione S-transferase (GST)-Nrd1 were disrupted with glass beads in 200 ul
extraction buffer (25 mM HEPES-KOH, pH 7.5, 150 mM KCl, and 2 mM
MgCl, containing 20 mM vanadyl ribonucleoside complexes, 200 U/ml RNa-
sin, 0.1% NP-40, 1 mM DTT, and a mixture of protease inhibitors [1 mM
phenylmethylsulfonyl fluoride, 10 wg/ml aprotinin, 10 ug/ml pepstatin A,
and 10 pg/ml leupeptin]). Extracts were cleared by centrifugation (10 min at
4000 X g). Glutathione beads were added to the cleared extracts, which were
incubated for 1 h at 4°C. Beads were washed four times in wash buffer (25 mM
HEPES-KOH, pH 7.5, 150 mM KCl, and 2 mM MgCl,) and were eluted in 100
mM Tris-HCI pH 7.5, 150 mM NaCl, 12.5 mM EDTA, 0.1% SDS for 10 min at
65°C. Eluted samples were extracted with phenol-chloroform, ethanol-precip-
itated, resuspended in DNase buffer, and treated with RNase-free DNase. The
remaining RNA was extracted, precipitated, and resuspended in diethylpy-
rocarbonate water. RT-PCR was performed using 1 ul RNA as template using
Cdc4-specific primers. The number of amplification cycles was adjusted to
avoid reaching a plateau phase during PCR.

In Vitro RNA-binding Assay

The affinity capillary electrophoresis mobility shift assay was carried out as
described previously (Mucha ef al., 2002; Taga et al., 2004) with some modi-
fications. Capillary electrophoresis was performed using a CAPI-3100 capil-
lary electrophoresis system of Photal, equipped with an autosampler, a pho-
todiode array multiwavelength UV detector and a capillary oven
thermostated by circulating air. The FunCap-CE/Type C (total length, 72 cm;
effective length, 60 cm; internal diameter, 50 um) from GL Sciences (Tokyo,
Japan) for use as a carboxylated capillary was installed in the apparatus. A
stock solution of phosphate buffer was prepared by adding 50 mM disodium
hydrogen phosphate aqueous solution to a solution of 50 mM sodium dihy-
drogen phosphate until a solution with pH 6.8 was reached using a pH meter.
An RNA solution was prepared by dissolving Cdc4 mRNA to a phosphate
buffer at a concentration of 100 ug/ml. The RNA solution was diluted with
the same buffer to appropriate concentrations to use as the RNA containing
electrophoretic solutions for affinity capillary electrophoresis mobility shift
assay. GST-fusion proteins were analyzed in the electrophoretic solutions
containing mRNA at various concentrations. The electrophoretic solutions
were filtered through a 0.45-um membrane filter, followed by degassing by
sonication for 10 min before use. Sample solutions were introduced from the
anodic end of the capillary for 30 s by the hydrostatic introduction system.
Potential of 20 kV was applied between both ends of the capillary. The
capillary tube was conditioned by rinsing with an aqueous solution of 1 M
sodium chloride for 1 min followed by an electrophoretic solution for 4 min
using the flush mode of the introduction system before each sample intro-
duction. Detection was carried out using a UV detector at a 225-nm wave-
length, which is the A,,,,, of GST-fusion proteins. The capillary electrophoretic
analyses were carried out at 25 = 0.1°C. In this method migration times were
reflected to molar ratios of complex types. Therefore, migration time shifts
indicate the strength of interaction between a protein sample and a ligand in
an electrophoretic solution.

Protein Expression, Site-directed Mutagenesis, and
Phosphorylation Assay

For protein expression in yeast, the thiamine-repressible nmt1 promoter was
used (Maundrell, 1990). Expression was repressed by the addition of 4 ug/ml
thiamine to EMM and was induced by washing and incubating the cells in
EMM lacking thiamine. The GST- or the green fluorescent protein (GFP)-
fused gene was subcloned into the pREP1, or pREP41 vectors, obtaining a
maximum expression of the fused gene using pREP1, whereas pREP41 con-
tained an attenuated version of the nmt1 promoter. For protein expression in
bacteria, the full-length Nrdl cDNA was amplified by RT-PCR from the
wild-type fission yeast total RNA. GST-fusion proteins encoding Nrd1 was
constructed using pGEX-6P (GE Healthcare, Waukesha, WI), expressed in
Escherichia coli XL1-blue, and purified using glutathione-Sepharose beads as
previously described (Sugiura et al., 1998), and the purified GST-fusion pro-
teins were used for in vitro kinase reactions. The site-directed mutagenesis
was performed using the Quick Change Site-Directed Mutagenesis Kit (Strat-
agene, La Jolla, CA). The cdc4M1M2 mutant cells were obtained after trans-
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formation with the integrative plasmid pJK-cdc4C-leu (containing the latter
half of the Cdc4 mRNA) previously digested with BglII at the unique site
within the Cdc4 mRNA. The linear fragment was transformed into haploid
strains so as to target integration at the cdc4* locus. Leucine prototrophs were
selected, and the identification of strain containing one copy of cdc4M1M2
expressed from the genomic cdc4" promoter was verified by PCR and immu-
noblot analysis. In vitro kinase reactions were performed as previously de-
scribed (Takada et al., 2007) with some modifications. Bacterially expressed
and purified GST-Nrd1 in place of Atfl-FLAG was used as a substrate.
Anti-phospho-Nrd1 antibodies were produced by immunization of rabbits
with a synthetic phospho-peptide (keyhole limpet hemocyanin—coupled)
corresponding to residues surrounding Thr40 or Thr126 of Nrd1.

mRNA Stability Assay

To analyze Cdc4 mRNA stability, cells were transformed with a reporter
plasmid pREP41-GFP-Cdc4 3'-untranslated region (UTR) fusion gene (which
included the entire cdc4 coding region plus the 3'-UTR) and then cultured in
EMM. The mRNA stability was determined as described in Sugiura ef al.
(2003). The fractions of mRNA remaining were normalized to the level of
Leul mRNA to control for loading error. The graphs show the averages of
three different experiments.

Synchronization

For synchronization, cdc25-22 strains were grown at 25°C to an optical density
at 595-nm wavelength (OD 595) of 0.3 and shifted to 37°C for 4 h. Then, cells
were released into the cell cycle by quick transfer to 25°C. Septation index was
determined by calculating the percentage of cells with a septum.

RESULTS

Nrd1 Is a Multicopy Suppressor of Cdc4

The fission yeast cdc4-8 mutant cells grew at the permissive
temperature of 27°C, but the cells failed to grow at the
restrictive temperature of 34°C (Figure 1A, +vector). To
identify novel genes that are involved in Cdc4 function, we
screened a fission yeast genomic library to isolate genes that
when overexpressed could suppress the temperature sensi-
tivity of cdc4-8 mutants. One of the genes that was previ-
ously identified is the nrd1™ gene that encodes a highly
conserved RNA-binding protein with four repeats of the
typical RRM (Tsukahara et al., 1998; Jeong et al., 2004b). As
shown in Figure 1A, overexpression of the nrd1™* gene sup-
pressed the temperature sensitivity of the cdc4-8 mutants at
34°C (Figure 1A, +nrd1"). However, cdc4-8 mutants over-
expressing the nrd1™ gene failed to grow at 36°C, whereas
cdc4-8 mutants expressing the cdc4™ gene grew well (Figure
1A, +cdc4™), indicating that Nrd1 partially suppresses the
temperature sensitivity of cdc4-8 mutants.

We also investigated the effect of nrd1* deletion on the
temperature sensitivity of cdc4-8 mutants. The Nrdl-dele-
tion cells were viable and did not exhibit temperature-sen-
sitive growth defect (Figure 1B, Anrdl); the cdc4-8 mutants
grew well at 30°C; however, the cdc4-8Anrd1 double mutants
failed to grow at 30°C, indicating that the Nrdl deletion
exacerbated the temperature sensitivity of the cdc4-8 mu-
tants (Figure 1B).

To explore the functional relationship between Nrd1 and
cytokinesis, we investigated the effects of both the overex-
pression and deletion of nrd1™ on the cytokinesis pheno-
types of cdc4-8 mutants. Microscopic observation revealed
that the cdc4-8 mutants, even at the permissive temperature,
exhibited an increase in septation index as well as an in-
crease in cells with irregular thickened septum that was
brightly stained with calcofluor (Figure 1C, +vector, white
arrowhead) and that was negligible in cdc4-8 mutants ex-
pressing the cdc4* gene (Figure 1C, +cdc4™). In cdc4-8 mu-
tant cells harboring the nrd1* gene, however, the number of
septated cells significantly decreased, and the cytokinesis
defects associated with the cdc4-8 mutants were not ob-
served (Figure 1C, +nrd1*). Moreover, compared with the
cdc4-8 single mutants (Figure 1C, +vector), in the cdc4-8Anrd1
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Figure 1. Nrdl was isolated as a multicopy
suppressor of the cdc4 mutant cells. (A) Over-
expression of nrdl™ suppresses the tempera-
ture sensitivity of the cdc4-8 mutants. Cells
were transformed with a multicopy plasmid
containing the indicated genes, streaked onto
YPD plates and then incubated at the temper-
atures as indicated. (B) Nrd1 deletion exacer-
bated the temperature sensitivity of the cdc4-8
mutants. Cells as indicated were streaked onto
YPD plates and incubated at the temperature as

N ¢
& 6(?‘ indicated. (C) Nrd1 affects the cytokinesis de-
%)

fects of the cdc4-8 mutants. Cells as indicated
were incubated at 27°C and then stained with
calcofluor to visualize the cell wall and septum.
Arrows indicate cells with abnormally thick-
ened septa (+vector) or multiseptated cells
(Anrdl), respectively. Bar, 10 um. (D) Cells as
indicated were incubated at 36°C for 8 h, and
the septation index was determined microscop-
ically with calcofluor staining. (E) Overexpres-
sion of nrdl* suppresses the temperature sen-
sitivity of the cdc4-312 mutants. Cells were
transformed with a multicopy plasmid contain-
ing the indicated genes and analyzed as de-
scribed in A. (F) Nrd1 deletion exacerbated the

+vector +nrd1’ _ Anrd1

double mutants, abnormal multiseptated cells were frequently
observed (Figure 1C, Anrd1, white arrowheads), indicating that
Nrd1 deletion enhanced the abnormalities in cytokinesis.

As shown in Figure 1D, upon temperature upshift to 36°C,
in the cdc4-8 mutants bearing the control vector alone (Fig-
ure 1D, +vector), the frequency of septated cells markedly
increased (39%), and multiseptated cells were frequent
(833%). In cdc4-8 mutant cells harboring the nrd1* gene (Fig-
ure 1D, +nrd1*), the frequencies of septated cells (23%) and
multiseptated cells (10%) were lower. Notably, in the cdc4-
8Anrdl double mutants (Figure 1D, Anrd1) the frequency of
septated cells (42%) and multiseptated cells (45%) further
increased compared with the single cdc4-8 mutants. Thus,
both the overexpression and deletion of Nrd1 had an effect
on the cytokinesis phenotypes of the cdc4-8 mutant cells.

We next examined whether Nrd1 overproduction can rescue
other cdc4 mutations. The results showed that Nrd1 overpro-
duction partly rescued the temperature sensitivity and the
cytokinesis defect of the cdc4-312 mutation (Figure 1, E and G).
In addition, the cdc4-312Anrd1 cells failed to grow at 30°C,
whereas all the single mutants grew well (Figure 1F). Even at
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temperature sensitivity of the cdc4-312 mu-
tants. Cells as indicated were analyzed as de-
scribed in B. (G) Nrd1 affects the cytokinesis
defects of the cdc4-312 mutants. Cells as indi-
cated were incubated at 27°C and then stained
with calcofluor to visualize the cell wall and
septum. Bar, 10 uwm.

the permissive temperature of 27°C, the cdc4-312Anrd1 cells
exhibited poor growth (Figure 1F), and Nrdl deletion en-
hanced the cytokinesis defects observed in the cdc4-312 mu-
tants (Figure 1G, Anrd1), indicating that Nrd1 genetically inter-
acts with the cdc4-312 mutation as well as with the cdc4-8
mutation. Thus, Nrd1 globally affects cdc4 function and is not
an allele-specific suppressor of cdc4 mutants.

Genetic Interactions between Nrd1l and Other Cytokinesis
Mutants

To examine the effect of Nrdl on Cdc4, we investigated
possible genetic interactions between nrd1* and other genes
encoding proteins that form the actomyosin ring. To this
end, we carried out genetic crosses between Anrdl and
actomyosin ring assembly/function mutants, namely, cdc12-
112, rng2-D5, rng3-65, myo2-E1, Arlcl, and Amyo3/Amyp2/
Acis? (Supplementary Table S1). Except for Arlcl, these ring
mutants show temperature-sensitive phenotypes. Because
Arlcl cells are cold sensitive (Le ef al., 2000), they grew well
at 30°C (the permissive temperature for Aric1) but failed to
grow at 23°C (the nonpermissive temperature for Arlc1). We
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therefore chose 33°C as the nonpermissive temperature for
temperature-sensitive ring mutants and 23°C as the nonper-
missive temperature for Aricl. It was noted that Anrd1 cells
display synthetic growth defects under restrictive conditions
when combined with myosin II heavy chain myo02-E1, myo-
sin regulatory light chain ricIA, and the type II myosin
heavy chain Amyo3/Amyp2/Acis2 (Supplementary Table S1,
Supplementary Figure S1, A and B). In addition, the double
mutants displayed more severe cell separation phenotypes
compared with that of the each single mutant (Supplemen-
tary Table S1 and Supplementary Figure S1, C and D). Thus,
these genetic interactions with other ring mutants suggest
that Cdc4 function is compromised in nrd1-deletion cells.

Nrd1 Regulates Cdc4 mRNA

How does Nrd1 overexpression and deletion affect the phe-
notypes of cdc4 mutant cells? Because the nrdl* gene en-
codes an RNA-binding protein, Nrd1 might control the me-
tabolism of Cdc4 mRNA, thereby affecting the temperature
sensitivity and cytokinesis phenotypes of the cdc4 mutants.
To investigate the effects of the overexpression and deletion
of Nrd1 on the amount of Cdc4 mRNA, further experiments
were conducted. In nrd1-knockout cells (Figure 2A, Anrdl),
the level of Cdc4 mRNA was significantly low compared
with that of wild-type cells, whereas in Nrd1-overproducing
cells (Figure 2A, Nrd1 OP), the level of Cdc4 mRNA was
markedly increased (Figure 2A), thus indicating that Nrd1
regulates the levels of Cdc4 mRNA. We also examined the
protein levels of Cdc4 in these cells by immunoblotting with
anti-Cdc4 antibodies (Figure 2B). The immunoblot analysis
revealed that Nrd1 deletion decreased and Nrd1 overexpres-
sion increased the Cdc4 protein level (Figure 2B), thus indi-
cating the correlation with those of the Cdc4 mRNA abun-
dance (Figure 2B).

To examine if the above changes in the Cdc4 mRNA levels
are due to alterations in Cdc4 mRNA stability, we examined
the mRNA level of GFP-Cdc4 transcribed from the thiamine-
repressible nmtl promoter (Maundrell, 1990). For this, we
created a reporter construct that included the cdc4-coding
region plus the 3'-UTR (see Materials and Methods). The
levels of GFP-Cdc4 mRNA were significantly low in Anrd1l
cells and markedly high in Nrdl-overproducing cells as
compared the wild-type cells (Figure 2C). Furthermore, the
GFP-Cdc4 mRNA level in Anrdl cells decreased more rap-
idly, whereas that in Nrdl-overproducing cells decreased
more slowly than that in the wild-type cells after transcrip-
tion was shut off (Figure 2D). Thus, Cdc4 mRNA is desta-
bilized by Anrdl mutation and stabilized by Nrd1 overpro-
duction. Together, these results suggest that Nrd1 affects the
phenotypes of the cdc4-8 mutants by regulating Cdc4 mRNA
stability.

Nrd1 Binds to Cdc4 mRNA In Vivo and In Vitro

The above findings raise the possibility that the Nrd1 pro-
tein associates with Cdc4 mRNA. To test this, we expressed
GST with a control vector or GST-Nrd1 with either a control
vector or the Cdc4 open reading frame (ORF) with or with-
out the 3'-UTR. We then purified GST-Nrd1 or GST, and the
mRNAs bound to the precipitates were detected by RT-PCR
analysis. As shown in Figure 3A, Cdc4 mRNA was detect-
able in the GST-Nrd1 pulldowns but not in the GST pull-
downs, indicating that Nrd1 associates with Cdc4 mRNA in
the presence (+Cdc4 ORF with the 3’-UTR) or absence
(+Cdc4 ORF) of its 3'-UTR. The PCR product was not ob-
tained when reverse transcriptase was omitted, indicating
that formation of this band is dependent on RNA (data not
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Figure 2. Nrdl regulates the stability of Cdc4 mRNA. (A) Top
panel, Northern blot analysis of the Cdc4 mRNA levels in wild-type
cells (wt), Nrdl-deletion cells (Anrdl), and cells overproducing
Nrd1 (Nrd1 OP). Bottom panel, quantification of Cdc4 mRNA levels
by densitometry of the bands was expressed relative to that of the
control mRNA (leucine) . (B) Top panel. immunoblot analysis of the
Cdc4 protein in cells as indicated. The whole-cell lysates were
analyzed by immunoblotting with anti-Cdc4 antibodies. Bottom
panel, the Cdc4 protein levels (relative to tubulin) were obtained by
densitometry. (C) The effect of Nrd1 on the stability of Cdc4 mRNA.
Cdc4 mRNA levels after expression from the nmtl/cdc4 construct
that included the entire coding region plus the 3’-UTR and tran-
scription repression with thiamine. (D) Quantification of Cdc4
mRNA levels from C. Cdc4 mRNA levels at each time point were
calculated as a percentage of time (0 min = 100%) after normaliza-
tion to leul levels. Shown are the mean values (+ SD) from three
independent experiments, identical to those shown in C.

shown). Thus, the Nrd1 protein interacts with Cdc4 mRNA
in vivo.

To investigate the Nrdl protein-Cdc4 mRNA interaction
in vitro, we used the affinity capillary electrophoresis mo-
bility shift assay (Taga et al., 2004) and developed a method
to detect protein-RNA interaction (see Materials and Meth-
ods). We expressed and purified the recombinant Nrd1 pro-
tein from E. coli and examined the effects of various concen-
trations of in vitro-synthesized Cdc4 mRNA on the
migration of the Nrdl protein. As shown in Figure 3B,
mobility shift (migration time; ~0.2 min) was observed in
the presence of Cdc4 mRNA (12.5 ug/ml) compared with
that of the control (0 ug/ml). This migration time delay of
0.2 min is equivalent to ~2.4% of migration time in the
absence of mRNA. It was caused by the addition of Cdc4
mRNA to the electrophoretic solution, because this method
has high repeatability with a relative SD of a migration time
of <0.40% (n = 6). Moreover, the mobility shift was ob-
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Figure 3. Nrdl binds to Cdc4 mRNA in vivo and in vitro. (A)
GST-Nrd1 associates with Cdc4 mRNA in vivo. Wild-type cells
expressing GST with either a control vector or Cdc4 with or without
its 3'-UTR or GST-Nrd1 with either a control vector or Cdc4 with or
without its 3’-UTR were analyzed for their mRNA binding as de-
scribed in Materials and Methods. (B) GST-Nrd1 associates with Cdc4
mRNA in vitro. Affinity capillary electrophoresis mobility shift
assay of the recombinant Nrdl protein concentrations of Cdc4
mRNA as indicated were analyzed as described in Materials and
Methods.

served in an RNA concentration—dependent manner, sug-
gesting the formation of an RNA-protein complex. No mo-
bility shift was observed in the presence of 100 ug/ml
anti-sense Cdc4 mRNA (data not shown). Thus, Nrd1 di-
rectly binds with Cdc4 mRNA in vivo and in vitro.

Mutation in the UCUU Sequences in Cdc4 mRNA Affects
Nrd1 Binding and mRNA Stability

As a first step toward locating the Nrd1-binding site in the
Cdc4 mRNA, we divided the Cdc4-coding region into two
fragments, N (nucleotides 1-444; numbering starts at the
first nucleotide of the start codon) and C (nucleotides 445-
689), and performed in vitro binding experiments using
these truncated forms of in vitro—synthesized Cdc4 mRNAs
as ligands. As shown in Figure 4A, the mobility shift in the
presence of the C fragment of the Cdc4 mRNA (cdc4C,
migration time; ~0.20 min) was comparable to that of the
full-length Cdc4-coding region (wt cdc4), indicating that
fragment C of the cdc4-coding region maintains strong
binding activity with Nrdl. In contrast, the mobility shift
in the presence of fragment N (cdc4N) was almost equiv-
alent to that in the absence of a ligand (no ligand), sug-
gesting that fragment C is responsible for the binding
with Nrd1l (Figure 4A).

We noted the presence of two UCUU sequences within the
C fragment of the Cdc4 mRNA (Figure 4B; Cdc4 wt, under-
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lined). Notably, Nrd1 shows significant sequence similarity
with TIA-1 and the TIA-1-related (TTIAR) proteins in higher
eukaryotes (Dember et al., 1996; Kedersha et al., 1999). It has
been reported that both TIA-1 and TIAR bind to RNA, with
the preferred binding sequence being U-rich, including the
UCUU motifs present in the mRNAs (Forch ef al., 2000;
Gatto-Konczak et al., 2000). To test whether a mutation in the
UCUU sequences affects the binding between Cdc4 mRNA
and the Nrd1 protein, we generated mutant versions of Cdc4
mRNA without alteration to the reading frame (Figure 4B;
cdc4M1IM2 and cdc4M2, underlined). We then performed in
vitro-binding experiments using the mutant versions of in
vitro-synthesized Cdc4 mRNAs as ligands. Notably, the
mutation in the two UCUU sequences (cdc4M1M2) abro-
gated the binding between Nrd1 and Cdc4 mRNA, as shown
by the migration time of the MIM2 mutant, which was
almost half that of the full-length Cdc4 (Figure 4A,
cdc4M1M2). The migration time of the M2 mutant (Figure
4A, cdc4M?2) increased only slightly compared with that of
the MIM2 mutant but decreased significantly compared
with that of wild-type Cdc4.

Consistently, the cdc4M1M2 and cdc4M2 mutants only
weakly suppressed the temperature sensitivity of the cdc4-8
mutant, whereas the wild-type cdc4 fully suppressed these
phenotypes, indicating a good correlation between the Nrd1
binding and the suppression ability of Cdc4 (Figure 4C). We
then created the cdc4 MIM2 mutant cells by altering these
sites in the Cdc4 mRNA and examined the impact of the
mutation on the morphology. For this, the cdc4 mutant strain
with one copy of cdc4M1M2 expressed from the genomic
cdc4™ promoter was obtained. Notably, the cdc4M1M2 mu-
tant cells exhibited cell separation defects (Figure 4D), sug-
gesting that the loss of Nrd1 binding affects cytokinesis.

We further examined the mRNA stability of the
cdcAM1IM2 mutant, and the results revealed that the
cdc4M1IM2 mutant mRNA exhibited significantly reduced
stability compared with that of the wild-type Cdc4 (Figure 4,
E and F). In addition, the overproduction of Nrd1 (Nrd1 OP)
stabilized the wild-type Cdc4 mRNA levels, whereas the
M1M2 mutant mRNA exhibited minimal response to Nrd1
overexpression (Figure 4, E and F). Thus, mutation in these
UCUU sequences affects Nrd1 binding, thereby resulting in
the destabilization of the Cdc4 mRNA.

The RNA-binding Activity of Nrdl is Phosphorylation
Dependent

In the Nrd1 amino acid sequence, we noted the presence of
two potential proline-directed MAPK phosphorylation sites
Thr40 (T40) and Thr126 (T126; Figure 5A, arrows). To assess
the functional significance of the phosphorylation sites in
Nrd1, we first constructed the substitution mutant Nrd144
by replacing two threonine residues with alanine and ex-
pressed this in cdc4-8 mutants. The expression of Nrd1 and
its phosphorylation mimic versions was induced by using
the thiamine-repressible nmtl promoter. The expression of
the unphosphorylatable Nrd144 mutant suppressed the
temperature sensitivity of the cdc4-8 mutants to a slightly
greater degree than that of the wild-type Nrdl (Figure 5B,
cdc4-8-+nrd144). Second, we also constructed the Nrd1PP
mutant by replacing T40 and T126 with aspartic acid. In
contrast, the expression of the Nrd1PP, a phosphorylation
mimic version of Nrd1, failed to suppress the cdc4-8 mutants
(Figure 5B, cdc4-8+nrd1PP). Because the nrdl* gene was
isolated as a multicopy suppressor of the pat1-114 mutants,
we examined if the suppression of the temperature sensitiv-
ity of the pat1-114 mutants was also phosphorylation depen-
dent. The unphosphorylated mutant version of Nrdl,
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Nrd144, suppressed the patl-114 mutants, whereas the
phosphorylation mimic version of Nrd1, Nrd1PP, failed to
suppress the patl-114 mutants (Figure 5C). Notably, the
suppression ability of Nrd1 (or Nrd144) was observed even
in the presence of thiamine (i.e., under the repressed condi-
tion), suggesting that only a modest increase in Nrdl ex-
pression is sufficient for the suppression of these mutant
cells.

Third, we performed in vivo RNA-binding experiments
by utilizing the phosphorylation mutant versions of Nrd1l
and comparing them with the wild-type Nrd1. As expected,
the amount of Cdc4 mRNA bound to the Nrd144 mutant
was increased compared with that bound to wild-type Nrd1,
and the amount of Cdc4 mRNA bound to the Nrd1PP mu-
tant was lower (Figure 5, D and E). Collectively, these results
suggest that the phosphorylation of T40 and T126 affects the
ability of Nrd1 to bind to and stabilize the target RNA(s) and
that the unphosphorylated version of Nrd1 strongly binds to
Cdc4 mRNA, thereby suppressing the cdc4-8 mutant cells.

Nrd1 is a Direct Target of MAPK Pmk1

The above results lead to the hypothesis that the inactivation
of a MAPK pathway might positively control the function of
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Nrdl, thereby suppressing the phenotype of the cdc4-8 mu-
tant cells. To test this possibility, we examined the effects of
a series of MAPK-deletion strains on the temperature-sensi-
tive phenotype of the cdc4-8 mutants. Notably, the deletion
of Pmkl MAPK, which regulates cell integrity (Toda et al.,
1996; Sugiura et al., 1999, 2003), suppressed the temperature
sensitivity of the cdc4-8 mutant cells (Figure 6A, cdc4-
8Apmk1). In contrast, the deletion of Spkl MAPK, which
regulates meiosis (Gotoh et al., 1993; Figure 6A, cdc4-8Aspk1),
or the deletion of Spcl/Styl MAPK, a homologue of p38
in fission yeast (Millar et al., 1995; Degols et al., 1996), did
not suppress the temperature-sensitive growth of cdc4-8
mutant cells (Figure 6A, cdc4-8Aspcl). Thus, the deletion
of Pmkl1 specifically suppressed the temperature-sensitive
phenotype of the cdc4-8 mutants, suggesting that the
Pmkl MAPK may phosphorylate Nrdl, thus controlling
the function of Nrdl.

To investigate the effects of Pmk1 signaling on the phos-
phorylation levels of Nrdl, we first created anti-phospho
Nrd1 T40 antibodies and anti-phospho Nrd1 T126 antibod-
ies that recognize the phosphorylation state of T40 or T126,
respectively. Results showed that T40 phosphorylation or
T126 phosphorylation of GST-Nrdl was detected in wild-
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Figure 5. The RNA-binding ability of Nrd1l is phos-
phorylation dependent. (A) The amino acid sequence
containing the two putative MAPK phosphorylation
sites. The identified phosphorylation sites, T(40) and
T(126), are denoted by arrows. (B) Phosphorylation of
T(40) and T(126) abrogates the ability of Nrdl to sup-
press the cdc4-8 mutant. Cells transformed with the
PREP1 vector containing the indicated genes were spot-
ted onto the EMM plates containing thiamine (re-
pressed condition) and then incubated at 27 or 33°C. (C)
Phosphorylation of T(40) and T(126) abrogates the abil-
ity of Nrdl to suppress the temperature sensitivity of
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type cells (wt) but not in Pmk1-deletion cells (Apmk1; Figure
6B, 0 min). Moreover, heat-shock treatment induced the
phosphorylation of Nrd1 on both T40 and T126 in wild-type
cells, whereas the phosphorylation was detected only faintly
in Apmk1 cells (Figure 6B). Second, we examined whether
the activation of Pmk1 by the overexpression of Pek1PP, a
constitutively active form of MAPKK for Pmk1 induces the
phosphorylation of Nrdl. As expected, Nrdl is heavily
phosphorylated on both T40 and T126 by the overexpression
of constitutively active Pek1PP (Figure 6B, +pek1PP). It
should be noted that anti-phospho Nrd1 T40 antibodies or
anti-phospho Nrd1 T126 antibodies recognize the wild-type
GST-Nrd1 protein but not the GST-Nrd144 mutant protein
(Figure 6C), indicating that these antibodies are highly spe-
cific and did not cross-react with nonphosphorylated Nrd1.
Finally, we carried out the in vitro kinase assay to evaluate
whether the Pmk1-dependent phosphorylation of Nrdl, as
demonstrated above, might involve the direct phosphoryla-
tion of Nrd1l by Pmk1 kinase. The results shown in Figure
6D indicate that the addition of purified Pek1PP stimu-
lated the kinase activity of GST-Pmkl1, thereby resulting
in the phosphorylation of GST-Nrd1. It should be noted
that the addition of GST-Pekl1PP alone did not result in
the phosphorylation of GST-Nrd1 (Figure 6D). Altogether,
these results indicate that Pmk1 directly phosphorylates
Nrd1 in vivo and in vitro, and that Nrd1 is a novel target
of Pmk1l MAPK.
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Pmk1-dependent Phosphorylation Negatively Regulates
the Ability of Nrd1 to Bind and Regulate Cdc4 mRNA

Next, we attempted to examine whether Pmkl-dependent
phosphorylation affects the binding of Nrd1 to Cdc4 mRNA.
First, we observed the effects of the overexpression of con-
stitutively active Pek1P® and Pmk1 deletion on the amount
of Cdc4 mRNA bound to Nrdl. The overexpression of
Pek1PP reduced the amount of Cdc4 mRNA bound to Nrd1
(Figure 7A), which is consistent with the data obtained with
the phosphorylation mimic version of Nrd1PP (Figure 5D).
The Pmk1 deletion, in contrast, increased the amount of
Cdc4 mRNA associated with Nrdl because Cdc4 mRNA
was detected even without the coexpression of Cdc4 (Figure
7A, Apmkl). Second, we performed in vitro RNA-binding
experiments utilizing bacterially expressed Nrd1 phosphor-
ylated with the activated Pmk1l MAPK. We found that the
phosphorylated Nrd1 lost its ability to bind to Cdc4 mRNA
because almost no mobility shift was detected even in the
presence of 100 ng/ml Cdc4 mRNA (Figure 7B). Again, we
observed that the assay was highly reproducible with a
relative SD of a migration time of <0.27% (n = 3). Thus,
Pmk1 phosphorylation of Nrdl negatively regulates the as-
sociation of Nrd1 with Cdc4 mRNA.

We then attempted to assess the effect of the MAPK-
dependent regulation of Nrdl function on the amount of
Cdc4 mRNA and the cytokinesis phenotypes of the cdc4-8
mutants. As shown above, Pmkl1 deletion suppressed the
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Figure 6. Nrdl is a direct target of MAPK Pmk1. (A) Inactivation
of Pmk1 specifically suppressed the temperature sensitivity of the
cdc4-8 mutants. The strains were streaked onto the YPD plates and
incubated as indicated. (B) Phosphorylation of Nrd1l is dependent
on Pmk1 signaling in vivo. The cells as indicated were transformed
with pREP1-GST-Nrd1, with either the control vector or the consti-
tutively active pek1PP, and analyzed for T40 or T126 phosphoryla-
tion. (C) Reactivity of phospho-specific Nrd1 antibodies with wild-
type Nrdl and the mutant Nrd144 proteins. Wild-type cells
expressing pREP1-GST-Nrd1, or the pREP1-GST-Nrd14# mutant
protein were analyzed by immunoblotting with anti-pNrd1 (T40),
anti-pNrd1 (T126), or anti-GST antibodies. (D) Pmk1 MAPK directly
phosphorylates Nrd1l in vitro. GST-Nrd1 phosphorylation activity
of the recombinant GST-Pmk1 was analyzed as described in Mate-
rials and Methods.

temperature-sensitive growth defect of the cdc4-8 mutant
(Figure 6A). If Pmk1 MAPK negatively regulates the Nrd1
activity thereby affecting the temperature-sensitive pheno-
type of cdc4-8 mutants, it would be expected that Pmkl
deletion, like Nrdl overexpression, could stabilize Cdc4
mRNA and suppress the cytokinesis defects observed in the
cdc4-8 mutants. As expected, the amount of Cdc4 mRNA
was significantly increased in the Pmk1-deletion cells com-
pared with the wild-type cells (Figure 8A). Moreover, after
transcription was shut off, the GFP-Cdc4 mRNA level de-
creased more slowly in the Apmk1 cells than in the wild-type
cells (Figure 8B). Consistently, Pmk1 deletion suppressed
the cytokinesis defects of the cdc4-8 mutants, because the
abnormal multiseptated phenotypes associated with the
cdc4-8 mutants improved considerably in the cdc4-8Apmkl
mutant cells (Figure 8C).

To investigate if this rescue of the cdc4-8 mutant pheno-
types induced by Pmk1 deletion occurs through a pathway
involving Nrdl, we created cdc4-8ApmklAnrdl triple mu-
tants. The cdc4-8Apmk1Anrd]l mutants failed to grow at 32°C,
whereas the cdc4-8Apmkl mutants grew (Figure 8D), indi-
cating that the Nrdl deletion reverted the effect of Pmk1
deletion on the cdc4-8 phenotypes. Moreover, the cdc4-
8Apmk1Anrdl mutant displayed an abnormal morphology
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Figure 7. Pmkl-mediated phosphorylation negatively regulates
the ability of Nrdl to bind and regulate Cdc4 mRNA. (A) Pmkl
phosphorylation of Nrdl impairs the binding activity of Nrdl to
Cdc4 mRNA. The cells indicated are transformed either with the
control vector or cdc4" and analyzed as shown in Figure 3A. Data
were quantified and expressed as shown in Figure 5D. (B) Affinity
capillary electrophoresis mobility shift assay as shown in Figure 3B
was performed with the Nrd1 protein phosphorylated by the acti-
vated Pmk1l MAPK.

and cytokinesis defects (Figure 8C). Consistent with the
aggravation of the phenotypes, the Cdc4 mRNA and protein
levels were decreased by Nrdl deletion in the cdc4-
8Apmk1Anrdl mutants (Figure 8, E and F). Thus, the RNA-
binding protein Nrd1 transmits Pmk1 MAPK signaling to an
important actin ring component, Cdc4.

Pmk-Deletion Mutants Genetically Interact with Other
Cytokinesis Mutants

The findings that Pmk1 deletion, like Nrd1 overexpression,
could stabilize Cdc4 mRNA and rescue the cdc4 mutant
phenotypes prompted us to investigate genetic interactions
between Apmkl and actomyosin ring mutants. For this, we
used 33°C as the nonpermissive temperature for tempera-
ture-sensitive ring mutants and 23°C as the nonpermissive
temperature for Arlc1 cells. First, deletion of Pmk1, similar to
Nrd1l overproduction, rescued the temperature sensitivity
and cytokinesis defects of the cdc4-312 mutant (Supplemen-
tary Figure 2, A and B). Furthermore, Apmkl displayed
genetic interactions with Arlcl, myo2-E1, and Amyo3 muta-
tions. The Pmk1 deletion, rescued the growth defects under
the restrictive conditions of the Arlcl, myo2-E1, and Amyo3
mutants (Supplementary Table S2 and Supplementary Fig-
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ure S2, C and E). This is consistent with the data that Anrd1
cells display synthetic growth defects when combined with
myo2-E1, rlc1A, and Amyo3/Amyp2/Acis2 (Supplementary Ta-
ble S1, Supplementary Figure S1). In line with this view,
cdc4-8 showed strong synthetic lethal interactions with the
myo2-E1 (Naqvi et al., 1999) and rlc1-981 mutants (Le et al.,
2000). Thus, these genetic interactions between Pmkl and
ring mutants are in good agreement with the observation
that Nrd1 affects cdc4 mRNA stability; therefore, a reduction
in cdc4 function would be expected to exacerbate the muta-
tions in these ring components.

Cell Cycle-dependent Regulation of Pmk1-Nrd1 Signaling

In a recent study, Madrid et al. (2007) reported that the
phosphorylation state of Pmk1 oscillates as a function of the
cell cycle. This prompted us to examine the hypothesis that
Nrd1 RNA-binding activity and Cdc4 mRNA abundance are
also regulated by the cell cycle. First, we examined the
phosphorylation state of Pmk1 during the cell cycle by in-
troducing the Pmk1-GST fusion into the cdc25--22 strain.
Cells from this mutant were grown to the log phase at 25°C,
shifted to 37°C for 4 h to synchronize the cells in the G2
phase, and then shifted back to 25°C. As shown in Figure
9A, changes in Pmkl phosphorylation as detected by anti-
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Figure 8. The Pmkl MAPK pathway modulates the
level of Cdc4 mRNA. (A) Inactivation of Pmk1 stabi-
lized Cdc4 mRNA. Northern blot analysis of the Cdc4
mRNA levels in wild-type cells (wt) and Pmk1-deletion
cells (Apmk1) (top panel). Quantification of Cdc4 mRNA
levels (bottom panel). The above data were quantified
by densitometry and were expressed as shown in Fig-
ure 2A. (B) The effect of Pmk1 on the stability of Cdc4
mRNA. The stability of Cdc4 mRNA was examined as
shown in Figure 2, C and D. (C) Inactivation of Pmk1
ameliorated the cytokinesis defects of the cdc4-8 mu-
tants. The indicated strains were incubated at 27°C and
then stained with calcofluor as shown in Figure 1C. Bar,
10 wm. (D) The Nrd1 deletion reverted the phenotypes
of the cdc4-8Apmkl cells. Cells as indicated were
streaked onto YPD plates and incubated at the temper-
ature as indicated. (E) Top panel, Northern blot analysis
of the Cdcd mRNA levels in the indicated cells, as
described in Figure 2A. Bottom panel, immunoblot
analysis of the Cdc4 protein in the indicated cells. The
whole-cell lysates were analyzed by immunoblotting
with anti-Cdc4 antibodies. (F) Cdc4 mRNA and protein
levels were quantified as described in Figure 2, A and B.

phospho-p42/44 antibodies were noted during the cell cy-
cle, reaching a maximum during cytokinesis, which is con-
sistent with previous observations (Madrid et al., 2007).

Next, we examined if the phosphorylation levels of Nrd1
are also cell cycle-dependent. As shown in Figure 9B, the
Nrd1 phosphorylation, as measured by the phospho-T40 or
phospho-T126 Nrdl antibodies, oscillated during the cell
cycle, increasing during the G1/S phases and reaching a
maximum during the G2 phase (180 min). This pattern of
oscillation in Nrd1 phosphorylation is consistent with our
data that Pmk1 mediates signal transmission by phosphor-
ylating Nrd1, further suggesting that Pmk1/Nrd1 signaling
is regulated in a cell cycle-dependent manner.

Finally, we measured the Cdc4 mRNA levels during the
cell cycle. As shown in Figure 9C, the Cdc4 mRNA levels
also oscillate with a peak around the M phase to G1 phases,
reaching a minimum around the G2 phase (180 min). These
results are in agreement with those of genome-wide studies
on cell cycle-dependent gene expression in fission yeast
(Rustici et al., 2004; Peng et al., 2005). Notably, a decrease in
the Cdc4 expression levels coincided with an increase in
Nrdl phosphorylation, further supporting our hypothesis
that Nrd1 binds to and stabilizes Cdc4 mRNA and that Nrd1
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Figure 9. Cell cycle-dependent regulation of Pmk1-Nrd1l signal-
ing. (A) Cell cycle-dependent activation of Pmk1 MAPK. Top, cells
from SP628 strains (cdc25-22 pmk1-GST::KanMx6) were grown at
25°C, shifted to 37°C for 4 h, and then released from growth arrest
by transferring them back to 25°C. Aliquots were obtained at dif-
ferent time points, and activated or total Pmkl was detected by
immunoblotting with anti-phospho-p42/44 or anti-GST antibodies,
respectively. Bottom, quantification of the Pmk1 activity during the
cell cycle by normalization to the loading control value. The septa-
tion index ([J) is also shown, which indicates good cell cycle syn-
chrony in the culture. (B) Cell cycle-dependent phosphorylation of
Nrd1. Top, cells from strain cdc25-22 were transformed with pREP1-
GFP-Nrd1, grown in EMM containing thiamine, and analyzed as
shown in A. Phosphorylated or total Nrd1 was detected by immu-
noblotting with anti-phospho-Nrd1l (T40), anti-phospho-Nrd1
(T126), or anti-GFP antibodies. Tubulin served as a loading control.
Bottom, quantification of Nrd1 phosphorylation by normalization to
the loading control value. (C) Cell cycle-dependent oscillation of
Cdc4 mRNA. Top, cells from the SP628 strains were grown at 25°C,
shifted to 37°C for 4 h, and then released from growth arrest by
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RNA-binding activity is negatively regulated by its phos-
phorylation.

DISCUSSION

In various eukaryotes, phosphorylation or dephosphoryla-
tion of myosin has been well documented as a regulatory
mechanism of myosin II (Satterwhite et al., 1992; Brzeska and
Korn, 1996; Kamm and Stull, 2001; Loo and Balasubrama-
nian, 2008). Notably, it has been reported that the phosphor-
ylation of the Cdc4 protein is not required for cytokinesis
(McCollum et al., 1999). This raises a question as to what is
the mechanism that regulates the essential myosin light
chain in fission yeast. Here in fission yeast, we demonstrate
that Nrd1, as an RNA-binding protein, is implicated in the
regulation of Cdc4 mRNA stability. The cdc4-8 mutation
results in the substitution of serine for glycine at amino acid
107 (G107S), indicating that the cdc4-8 mutant mRNA con-
tains a missense codon (McCollum et al., 1995). One possible
explanation for the suppression mechanism mediated by
Nrdl is that the Cdc4 G107S mRNA (and/or protein) is
more destabilized than the wild-type Cdc4 mRNA. In line
with these expectations, we demonstrated that the cdc4-8
mRNA was indeed more destabilized than the wild-type
Cdc4 and that Nrd1 deletion further decreased the amount
of Cdc4 mRNA (Figure 8, E and F), which might explain the
synthetic growth defect of the cdc4-8 mutants when com-
bined with Anrd1. Thus, the overexpression of nrd1* may
suppress the cdc4-8 mutant (G107S) by stabilizing its
mRNA. Consistent with this hypothesis, the overexpres-
sion of the mutant cdc4 G107S partially suppressed the
temperature-sensitive growth of the cdc4-8 mutants (data
not shown).

We also demonstrated that Nrd1 exhibits genetic interac-
tions with the components of type II myosin. First, Nrd1l
overexpression suppressed the temperature-sensitive
growth and cell separation defects of the cdc4-312 mutant as
well as the cdc4-8 mutant. Second, Anrdl cells display syn-
thetic growth defects when combined with cdc4-312, myosin
IT heavy chain myo02-E1, myosin regulatory light-chain rlc1A,
and type II myosin heavy-chain Amyo3 mutants, indicating
that Anrdl cells are supersensitive to the mutations that
affect myosin function. These genetic interactions among
myosin mutants and nrd1-deletion cells, together with bio-
chemical data, suggest that Nrdl stabilization of Cdc4
mRNA is a bona fide mechanism for enhancing Cdc4 levels
and that Nrd1 has a general function in cytokinesis. To the
best of our knowledge, this is the first report on the involve-
ment of an RNA-binding protein in the regulation of myosin
function. Although previous reports have identified Nrd1 as
a negative regulator of differentiation, no physiological tar-
get mRNA of Nrd1 has been identified. Here, by unraveling
the functional interaction between Nrd1 and myosin mRNA,
we have discovered a novel role of Nrd1 and a mechanism
for the fine tuning of cytokinesis.

Relationship between Nrdl and the Pmk1 MAPK
Pathway

We have also demonstrated that Nrdl is a novel target of
Pmk1 MAPK and that the Pmk1 MAPK cell integrity signal-

transferring them back to 25°C. Aliquots were obtained at different
time points, and Cdc4 mRNA was detected by Northern blot anal-
ysis as described in Figure 2A. Bottom, quantification of Pmk1
activation (A), T40 Nrdl phosphorylation (O), and Cdc4 mRNA
levels (H).
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ing pathway negatively regulates the ability of Nrd1 to bind
and stabilize Cdc4 mRNA. Consistently, Pmk1 deletion sup-
pressed the phenotypes of the cdc4-8 mutants, including
temperature sensitivity and cytokinesis defects, by stabiliz-
ing the Cdc4 mRNA. The finding that the Nrd1l deletion
reverted the effects of Pmk1 deletion on the phenotypes of
the cdc4-8 mutants further supports this model. Notably,
Pmk1 deletion also rescued other myosin mutants, including
cdc4-312 and Arlcl mutants. These data are in good agree-
ment with the genetic interactions between Nrdl deletion
and myosin mutants and further strengthen the hypothesis
that Pmk1 transmits signals via the phospho-regulation of
Nrd1. It should be noted, however, that Pmk1 deletion res-
cued the growth defects under restrictive conditions but not
the cell separation phenotypes of the myo2-E1 and Amyo3
mutants (Supplementary Table S2,Supplementary Figure S2,
E and F). This suggests that Pmk1l might influence cytoki-
nesis through multiple targets other than Nrdl, such as
targets involved in the regulation of cell wall integrity
and/or stress responses.

The Pmk1 MAPK pathway plays a key role in cytokinesis,
cell wall integrity, and ion homeostasis (Toda et al., 1996;
Sugiura et al., 1999, 2003); however, no physiological Pmk1
substrate involved in cytokinesis has been identified. Nrd1,
by serving as a MAPK target and as an RNA-binding factor
of an essential myosin light chain, responds to extracellular
signals mediated by MAPK signaling and fine tunes myosin
expression by switching off its RNA-binding property. Fur-
thermore, we demonstrated the cell cycle-dependent regu-
lation of Pmk1/Nrd1/Cdc4 signaling. Pmk1 kinase activity
is highest at the M phase and steadily declines through G2.
In contrast Nrd1 phosphorylation is highest at G2, and Cdc4
mRNA abundance is the lowest at G2, thus showing the nice
agreement of Nrd1 phosphorylation and Cdc4 mRNA abun-
dance. It should be noted, however, that Pmk1 activity does
not correlate with Nrd1 phosphorylation and Cdc4 mRNA
abundance. One possible explanation for this discrepancy is
the presence of a phosphatase that dephosphorylates Nrd1,
thus counteracting Pmk1 kinase activity; the activity of this
phosphatase is high around the M phase and declines
through G2.

In higher eukaryotes, MAPKs have been shown to regu-
late several RNA-binding proteins including TTP (Mahtani
et al., 2001), nucleolin (Yang ef al, 2002), and hnRNP-K
(Habelhah et al., 2001). Moreover, in our previous study, we
identified Rncl a KH-type RNA-binding protein that acts as
a negative regulator of Pmkl signaling by binding the
mRNA of Pmp1, the MAPK phosphatase for Pmk1 (Sugiura
et al., 2003). Thus, RNA-binding proteins are important tar-
gets of MAPK signaling and play a crucial role in cell sig-
naling by controlling posttranscriptional mRNA regulation.
Further studies are, however, required to clarify how the
MAPK phosphorylation of these RNA-binding proteins af-
fects their RNA-binding activity.

Nrd1 as a Molecular Switch Regulating Cytokinesis

and Differentiation

Our data suggest the possibility of the phosphorylation-
dependent Nrd1 regulation of two physiological processes,
namely, cytokinesis and differentiation. This implies that
there exists a mechanism that switches Nrd1 function be-
tween cytokinesis and differentiation. Intriguingly, in glu-
cose starvation conditions, under which meiosis is induced,
Nrdl is phosphorylated even in Pmkl-deletion cells (data
not shown), indicating that other kinase(s) are responsible
for the Nrd1l phosphorylation event during the phase of
sexual differentiation. It is notable that the overexpression of
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human ROD1 (hROD1) and rat ROD1 (rROD1) failed to
suppress the temperature sensitivity of the cdc4-8 mutants,
whereas they rescued the patl-114 mutants (data not
shown). This finding suggests the possibility that mamma-
lian ROD1 may act as a functional homologue of the nrd1*
gene with respect to sexual differentiation. Moreover, TIA-1
or TIAR, both of which have significant sequence similarity
and share a common preferred RNA-binding sequence with
Nrd1, might act as a mammalian homologue of Nrd1 in the
process of cytokinesis. Future studies are required in order
to unravel the regulatory mechanism that switches the Nrd1
function between cytokinesis and meiosis by isolating Nrd1
targets in both physiological processes.

In conclusion, this is the first study to demonstrate that
myosin, a key player in cytokinesis, is regulated at the
posttranscriptional level through MAPK signaling. Given
the remarkable conservation of myosin and MAPK, a similar
mechanism may regulate myosin and cytokinesis in other
eukaryotes. Further functional and molecular characteriza-
tion of Nrd1 function may help in gaining an understanding
of how eukaryotic cells integrate signaling information to
regulate the mitotic cycle and differentiation.
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