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Summary

Background: In the fission yeast Schizosaccharomyces pombe, cell growth takes place

exclusively at both ends of the cylindrical cell. During this highly polarized growth, microtubules

are responsible for the placement of the cell-end marker proteins, the Tea1-Tea4/Wsh3

complex, which recruits the Pom1 DYRK-family protein kinase. Pom1 is required for proper

positioning of growth sites, and the ∆pom1 mutation brings about monopolar cell growth.

Results: Pom1 kinase physically interacts with Rga4, which has a GAP (GTPase-activating

protein) domain for Rho-family GTPase. Genetic and biochemical evidence indicates that Rga4

functions as GAP for the Cdc42 GTPase, an evolutionarily conserved regulator of F-actin.

CRIB(Cdc42/Rac interactive binding)-GFP microscopy has revealed that GTP-bound, active

Cdc42 is concentrated to growing cell ends accompanied by developed F-actin structures,

where the Rga4 GAP is excluded. The monopolar ∆pom1 mutant fails to eliminate Rga4 from

the non-growing cell end, resulting in monopolar distribution of GTP-Cdc42 to the growing cell

end. However, mutational inactivation of Rga4 allows Cdc42 to be active at both ends of ∆pom1

cells, suggesting that mislocalization of Rga4 in the ∆pom1 mutant contributes to its monopolar

phenotype.

Conclusions: Pom1 kinase recruited to cell ends by the Tea1-Tea4/Wsh3 complex is essential

for proper localization of a GAP for Cdc42, Rga4, which ensures bipolar localization of GTP-

bound, active Cdc42. Because of the established role of Cdc42 in F-actin formation, these

observations provide a new insight into how the microtubule system achieves localized

formation of F-actin to generate cell polarity.
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Introduction

Microtubules and F-actin are two major cytoskeletal structures conserved among eukaryotic

species. These polar filaments are the principal determinants of the cell polarity and

morphology, which are intimately connected to the physiology and function of individual cell

types. There has been emerging evidence in various organisms that microtubules provide an

intrinsic cue to position cortical sites where F-actin structures are localized to generate cell

polarity [1]. Currently, the fission yeast Schizosaccharomyces pombe is one of the best-

characterized organisms for the microtubule-dependent cell polarity [2, 3]. S. pombe is a

unicellular organism of a cylindrical cell shape with microtubule bundles running along the long

axis, providing the basis for polarized cell growth [4, 5]. The plus ends of microtubules growing

toward cell tips carry a protein complex containing Tea1 and Tea4/Wsh3, which is then

deposited to the cell-end cortex [6-8]. These proteins appear to serve as cell-end markers, since

they are localized to both cell ends throughout the cell cycle, marking regions for growth. Loss

of the cell-end markers or factors required for their specific localization leads to frequent failure

in initiation and positioning of growth sites [6-11].

Both cell tips of S. pombe are not constitutively active as growth sites during the cell

cycle. Newly born daughter cells initiate growth only at the old end inherited from the mother.

Later in G2 phase, the new end generated by the preceding division begins to grow, resulting in

bipolar growth. This transition from monopolar to bipolar growth is known as NETO (New End

Take Off) [12]. The transition also correlates with changes in the localization of F-actin patches,

which are concentrated to actively growing cell ends [13, 14]. Disruption of the F-actin structures

by the inhibitor drug latrunculin blocks cell tip growth [15], suggesting an essential role of F-actin

in cell expansion. The localized formation of F-actin structures is likely to be brought about by

Rho-family small GTPases, as is found in other eukaryotes [16]. The fission yeast genome

encodes six Rho-family GTPases, Cdc42 and Rho1 to Rho5, among which Cdc42 is essential

for polarized growth and F-actin organization [17]. Extensive studies of Cdc42 in diverse
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eukaryotes have found that the GTP-bound form of Cdc42 binds and activates a group of

proteins with the CRIB (Cdc42/Rac-interactive binding) domain. The CRIB-domain proteins

include p21-activated kinases (PAKs) and WASp (Wiskott-Aldrich Syndrome gene product),

which induce actin polymerization and formation of F-actin structures [16].

Misplacement of the growth site and NETO defects in the tea1, tea3, tea4/wsh3 mutants

strongly suggest that the cell-end marker proteins placed by microtubules somehow contribute

to formation of localized F-actin structures. Of particular interest in this regard is the protein

kinase Pom1, mutations of which result in cell polarity phenotypes similar to those of the cell-

end marker mutants [8, 18]. Pom1 is recruited to cell ends in a manner dependent on the cell-

end markers, yet Pom1 appears to be neither a component of the cell-end marker complex nor

required for the proper localization of the complex [7, 18, 19]. A simplest interpretation of these

observations is that Pom1 may act as a downstream effector of the cell-end marker complex.

Pom1 belongs to an evolutionarily conserved serine/threonine kinase family, DYRK (Dual-

specificity tyrosine-phosphorylation-Regulated protein Kinase;[20]). Both localization and activity

of Pom1 kinase are important for its cellular function [18, 19], but very little is known as to how

Pom1 contributes to the correct placement of F-actin structures and growth sites.

In this study, we have found that Pom1 kinase physically interacts with Rga4, which

appears to function as GTPase-activating protein (GAP) for Cdc42. Rga4 is excluded from the

cell tips where GTP-bound, active Cdc42 is concentrated to develop F-actin structures required

for growth. Importantly, Pom1 is essential for the tip-exclusion of Rga4, ensuring activation of

Cdc42 at both cell tips for bipolar growth. We propose that Pom1 is a link between the

microtubule-dependent cell-end markers and the Cdc42 GTPase, which organizes the actin

cytoskeletons for polarized cell growth.
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Results

Pom1 kinase interacts with Rga4, a GAP for Rho-family GTPase

Aiming to identify effectors and regulators of Pom1 kinase, we conducted a yeast two-hybrid

screen for proteins that physically interact with Pom1. The screen identified cDNA clones of the

rga4+ gene (rho GTPase activating protein 4; [21]). Rga4 is a 933-amino acid protein with two

LIM domains, two coiled-coil motifs and a C-terminal GAP domain homologous to those that act

on the Rho-family GTPases (RhoGAP domain; Figure 1A). Two cDNA clones isolated from the

screen encode amino acid residues 471-933 and 622-933 of Rga4, respectively (Figure 1A),

indicating that the N-terminal LIM domains and the coiled-coil motifs are not essential for

interaction with Pom1. A further truncated clone for residues 471-760 of Rga4 demonstrated that

its GAP domain is also not required for the interaction. Further deletion from its N- or C-termini

of the Rga4[471-760] fragment yielded no additional positive fragment in the same assay

(Figure 1A; data not shown). On the other hand, any partial Pom1 fragments examined did not

interact with Rga4 (Figure 1A). Thus, both non-catalytic and catalytic domains of Pom1 kinase

may be involved in the interaction with Rga4.

In order to detect the interaction between Pom1 and Rga4 in S. pombe, we constructed

strains in which the chromosomal rga4+ and pom1+ open reading frames (ORFs) are fused at

their 3' end with the FLAG or myc epitope sequences. The resultant strains, rga4:FLAG,

rga4:myc, pom1:FLAG and pom1:myc, were indistinguishable from the wild-type strain,

indicating that all the fusion proteins are functional. The Rga4 protein was insoluble in the cell

lysate without non-ionic detergent (data not shown), implying that Rga4 is a membrane-

associated protein. Therefore, the following immunoprecipitation experiments were performed in

the presence of the detergent Tween-20. From the cell lysate of the rga4:FLAG pom1:myc

strain, immunoprecipitation of Rga4FLAG resulted in co-purification of Pom1myc, significantly

above the background level (Figure 1B). A reciprocal experiment with the rga4:myc pom1:FLAG

strain further confirmed association of the two proteins (Figure S1A). In these co-precipitation
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experiments, only small fractions (<1%) of cellular Rga4 and Pom1 were detected as a complex

(data not shown), implying that their interaction is transient in S. pombe. A similar experiment

also detected association of Rga4 with the catalytically inactive Pom1-2 mutant protein [19], and

therefore, the kinase activity of Pom1 is dispensable for its physical interaction with Rga4 (data

not shown). Rga4 lacking residues 622-760, which seem to be involved in interaction with Pom1

(Figure 1A), was also co-precipitatable with Pom1, suggesting that binding of Pom1 is not

limited to that region (data not shown). Interestingly, however, this internal deletion mutant of

Rga4 was detected throughout the cytoplasm (Figure S1B), in contrast to wild-type Rga4 that is

targeted to the cell cortex [22] (Figure 2A); residues 622-760 may contain a sequence required

for the cortical localization of Rga4.

Pom1 kinase affects the phosphorylation state of Rga4

The Rga4 protein ran as a broad, smeared band in SDS-PAGE, especially in gels with reduced

bis-acrylamide (Figure 1C). The smear collapsed into a sharp band when Rga4 was treated by

protein phosphatase (Figure 1C), suggesting that Rga4 is phosphorylated at multiple sites.

Since Pom1 kinase interacts with Rga4, we examined whether Pom1 affects the

phosphorylation state of Rga4, thus the mobility of Rga4 in electrophoresis. In both ∆pom1 and

pom1-2 mutants, Rga4FLAG still appeared as defused bands (Figure 1D), indicating that Rga4

phosphorylation is not largely dependent on Pom1 kinase. Rather, even slower migrating

smears of Rga4FLAG were detectable in these strains as well as in the ∆tea1 mutant, where

Pom1 kinase is catalytically active but not localized to cell ends [18, 19]. The mobility of

Rga4FLAG was also reduced when Pom1 was overexpressed from a plasmid (Figure 1D, lower

panel). Thus, the catalytic activity and localization of Pom1 affect the phosphorylation state of

Rga4. However, Pom1 failed to phosphorylate Rga4 in vitro, and the rga4 mutations at the

putative phosphorylation sites by DYRK (Rx1-3[S/T]P) [23] did not affect the electrophoretic

mobility of Rga4 nor brought about any cellular phenotype (data not shown). Therefore, Rga4

does not seem to be a direct substrate of Pom1 kinase.
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During these experiments, we noticed that the lysis buffer with the detergent Tween-20

failed to extract the Rga4 protein from cells overexpressing Pom1 (Figure 1E). On the contrary,

an increased amount of Rga4 was recovered to the centrifugal supernatant from the ∆pom1 cell

lysate, comparing to the wild-type control. The altered solubility of Rga4 may reflect Pom1-

dependent changes in the subcellular localization of Rga4. Thus, we next examined whether

Pom1 affects the Rga4 localization.

pom1 mutants fail to exclude Rga4 from the non-growing cell end

We constructed rga4:GFP and rga4:RFP alleles in which the chromosomal rga4+ ORF was

fused to the GFP or RFP (Red Fluorescent Protein [24]) sequences. These fusion genes

appeared to be functional since the constructed strains did not show any of the ∆rga4

phenotypes [21, 22]. As has been reported [22], Rga4GFP and Rga4RFP showed punctate

staining close to the cellular cortical regions, being largely excluded from both cell ends (Figure

S1C). Figure 2A shows Rga4GFP localization in cells at different stages of the cell cycle. Late in

G2, Rga4 was detected mostly in half of the cell with the old end inherited from the parental cell

and absent from the vicinity of the new end (top panel). During cell division, Rga4 was

concentrated toward the forming division septum (2nd and 3rd panels). Right after cytokinesis,

Rga4 was repositioned from the division plane to the cell surface (4th panel), moving away from

the new end of the daughter cells (5-8th panels).

Also in ∆pom1 cells, Rga4GFP showed cortical staining (Figure 2B and S1D) but, in

contrast to wild-type cells, its signal was excluded only from one cell end (asterisk) during

interphase, forming a “sock”-like localization pattern. F-actin staining (Figure S1E) showed that

the Rga4-free end was the actin-rich, growing end of ∆pom1 cells, which grow only in a

monopolar manner [18], suggesting that exclusion of Rga4 from the non-growing end is

dependent on Pom1. In dividing ∆pom1 cells, a significant amount of Rga4GFP remained

throughout the cortex including cell tips (Figure 2B, arrow), in contrast to its concentrated

localization to the division plate in wild-type cells (Figure 2A). Conversely, Pom1 appeared to be
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localized normally at both cell ends even in the ∆rga4 mutant (Figure S1F). The “sock”-like

localization of Rga4 was also observed in the kinase-inactive pom1-2 mutant as well as in

mutants defective in Pom1 localization, ∆tea1 [18] and ∆tea4/wsh3 [8] mutants (Figure 2B and

S1D). On the contrary, other monopolar mutants, ∆bud6 [25], ∆tea3 [26], orb2-34 [27] and ∆for3

[28], showed Rga4 exclusion from both cell ends, as in wild-type cells (Figure 2B and S1D).

These results strongly suggest that both kinase activity and cell-end localization of Pom1 are

important for exclusion of Rga4 from the non-growing cell end to form the “corset”-like

localization pattern. In the presence of functional Pom1, Rga4 is excluded from both growing

and non-growing ends of pre-NETO cells that have not switched to bipolar growth [22] (data not

shown). Rga4 is also excluded from both ends of G1-arrested cdc10ts cells growing in a

monopolar fashion (Figure S1G). Thus, it appears that the cell-end exclusion of Rga4 is not

dependent on localized growth or F-actin patches at cell ends.

Consistent with Pom1-mediated regulation of the Rga4 localization, ectopic

overexpression of Pom1 disturbs the cortical distribution pattern of Rga4. The characteristic

corset localization of Rga4 was lost in 47% of cells (n=247) after 14-hour induction of Pom1

from the strong nmt1 promoter [29]; Rga4RFP signals diffused throughout the cell cortex,

including cell ends (Figure 2C). 16 hours after Pom1 induction, Rga4RFP often appeared more

intense at cell ends (34.6% of interphase cells, n=107). Prolonged Pom1 overexpression (>23

hr after thiamine depletion) led to aberrant cell morphology [19] with Rga4 diffused throughout

the cytoplasm (data not shown).

Rga4 is a GAP for Cdc42 GTPase

To determine which Rho GTPase is regulated by Rga4 among the six Rho-family members in S.

pombe, we conducted a survey by the yeast two-hybrid assay, which detected interaction of

Rga4 with the Cdc42-Q61L mutant protein, but not wild-type Cdc42 (Figure 3A). Cdc42-Q61L is

a constitutively GTP-bound (“GTP-locked”) mutant [30] and its specific interaction with Rga4

suggests that Rga4 is a GAP for Cdc42 and binds only the GTP-bound form of Cdc42 to
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promote GTP hydrolysis. The interaction between Rga4 and GTP-Cdc42 was further confirmed

biochemically; Rga4 was successfully precipitated from S. pombe cell lysate by the bacterially

produced Cdc42-Q61L protein conjugated to agarose beads (Figure 3B).

If Rga4 is a Cdc42 GAP, increased expression of Rga4 should reduce the cellular level of

GTP-bound Cdc42. Therefore, we overproduced Rga4 in a strain expressing Cdc42 with a N-

terminal HA epitope tag. The amount of GTP-bound HA-Cdc42 in cell lysate was determined by

a pull-down assay using the CRIB domain immobilized on agarose beads, to which only GTP-

bound, active Cdc42 can bind [31]. As shown in Figure 3C, overexpression of Rga4 significantly

reduced the amount of GTP-bound HA-Cdc42 precipitatable by the CRIB-beads. The same

assay detected an increase in the level of GTP-bound HA-Cdc42 after overexpression of

Scd1/Ral1, a guanine nucleotide exchange factors (GEF) for Cdc42 [32, 33]. In ∆rga4 cells, no

significant change was detected in the cellular GTP-Cdc42 level (data not shown), probably

because one or more of the other eight RhoGAPs in S. pombe [21] also function as Cdc42

GAP.

Genetic interaction between rga4+ and cdc42+ further suggested the Rga4 function as

Cdc42 GAP. Through PCR-based mutagenesis, we isolated two hypomorphic alleles of cdc42,

designated as cdc42-2 and cdc42-3. Overexpression of Rga4 or its GAP domain (residues 681-

933) impaired the growth of these mutants more severely than that of wild-type cells (Figure

3D). This effect was reversed by mutating Rga4 Arg-783, the conserved “arginine finger”

essential for GAP activity [34]. Together with the results described above, these observations

indicate that Rga4 functions as a GAP for the Cdc42 GTPase.

Rga4 regulates polarized distribution of GTP-Cdc42 and F-actin

Having found that Rga4 is a GAP for Cdc42, we delved into the role of Rga4 in the regulation of

Cdc42 in vivo. To this aim, the GTP-bound form of Cdc42 was detected in living S. pombe cells

by expressing GFP fused to a CRIB domain that specifically binds to GTP-Cdc42 [35]. Figure

4A shows representative CRIB-GFP images of a wild-type strain at different stages of the cell
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cycle. Late in G2 phase, CRIB-GFP was detected at both cell tips, where active cell expansion

takes place (top panel). During M phase, CRIB-GFP became delocalized from cell tips and

concentrated around the forming division septum (2nd and 3rd panels). Immediately after

completion of cytokinesis, CRIB-GFP was repositioned from the newly formed cell end to the old

end, the initial growth site after cell division [12] (4th and 5th panels). Later in G2 phase, CRIB-

GFP reappeared also at the new cell end, showing bipolar localization, which is likely to

represent NETO (6th and 7th panels). Note that Cdc42 is not localized in the nucleus of fission

yeast [36] and therefore, nuclear GFP signals are independent of Cdc42 but used as a

convenient nuclear marker. These results strongly suggest that GTP-bound, active Cdc42 is

concentrated at growing cell tips during interphase. We also examined CRIB-GFP localization in

the ∆scd1 mutant that lacks a Cdc42 GEF and is expected to have reduced GTP-Cdc42 levels

[33]; cortical CRIB-GFP was hardly detectable in ∆scd1 cells, which showed less polarized,

spherical morphology (Figure 4B).

Overexpression of Rga4 brings about a significant decrease in the cellular level of GTP-

bound Cdc42 (Figure 3C). Consistently, 17 hr after induction of Rga4 from the nmt1 promoter,

CRIB-GFP signals were almost completely lost from both ends in 36.7% of cells (n=218) and

the signals in other cells also appeared decreased (Figure 4C). The growing tip of these cells

was reduced in diameter (Figure 4C, arrowheads) as reported previously [22], and residual

CRIB-GFP signals were occasionally observed at the pointed tip. Prolonged Rga4

overexpression (21 hr) completely eliminated CRIB-GFP signals from the cell cortex, leading to

growth inhibition (Figure 4C, right panels). The reduced CRIB-GFP signals in these experiments

is likely to be brought about by the Cdc42 GAP activity of Rga4, because the GAP domain of

Rga4, but not that with the arginine finger mutation (R783G), is sufficient to decrease cortical

CRIB-GFP signals upon overproduction (Figure 4D).

In comparison with wild-type cells, ∆rga4 cells are 20-30% larger in diameter [21, 22], but

CRIB-GFP staining also spanned the hemispherical ends of interphase ∆rga4 cells (Figure 4E).

The intensity of cortical CRIB-GFP signals in ∆rga4 cells was comparable with that in wild-type
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cells (data not shown), suggesting that GTP-bound Cdc42 does not dramatically increase at the

cell cortex in the ∆rga4 mutant. However, a reduced percentage of interphase ∆rga4 cells (35%,

n=60) showed evident CRIB-GFP signals at both cell tips in comparison with wild-type cells

(69%, n=97), reflecting the ∆rga4 defect in bipolar cell growth [22] (Figure S2B-D). In some

short ∆rga4 cells immediately after cytokinesis (10% of interphase cells, n=60), CRIB-GFP

exhibited depolarized localization (Figure 4E, asterisk), which implies a transient delay in

activation of Cdc42 at the old cell end. Thus, deletion of the rga4+ gene affects spatial control of

Cdc42 activation in the cell cycle.

Polarized activation of Cdc42 is a key determinant of cellular F-actin organization and cell

polarity [16]. Therefore, we examined F-actin structures in the ∆rga4 mutant by fluorophore-

conjugated phalloidin (Figure S2F). The percentage of ∆rga4 cells with F-actin patches

concentrated at both cell ends (35%, n>200) is significantly lower than that of wild-type cells

(59%, n>200), consistent with the smaller population of ∆rga4 cells with bipolar CRIB-GFP

localization. In ~10% of ∆rga4 cells, depolarized actin patches were observed. On the other

hand, F-actin cable structures appeared to be comparable between wild-type and ∆rga4 cells.

However, it was reported that, in ∆rga4 cells, the For3 formin was not properly localized to cell

tips [22]; For3 is an essential nucleator of F-actin cables in interphase cells [28, 37]. Therefore,

For3 localization in ∆rga4 cells was reexamined using the for3:GFP3 allele to express GFP-

fused For3 [38]. We found that most interphase ∆rga4 cells (92%, n=100) showed polarized

localization of For3GFP at either one end or both ends (Figure S2G). As was found with CRIB-

GFP, depolarized For3GFP was observed only in a small percentage of short ∆rga4 cells

immediately after cell division (8% of interphase cells, n=100) (Figure S2G, asterisk). The ∆rga4

mutant seems to be delayed in re-polarizing GTP-Cdc42 at the old cell end right after division,

and depolarized localization of GTP-Cdc42 in those cells may lead to temporarily dispersed

For3 localization. Indeed, For3 interacts with GTP-bound Cdc42 [37] and its cell-tip localization

is dependent on functional Cdc42 [39].
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Cell-end exclusion of Rga4 by Pom1 is important for bipolar activation of Cdc42

Simultaneous observation of Rga4RFP and CRIB-GFP (Figure 5A, left) demonstrated that, in

growing interphase cells, GTP-bound Cdc42 is confined to the cell-end cortex where Rga4, a

Cdc42 GAP, is excluded. Complementary localization of Rga4 and GTP-Cdc42 was also

apparent in monopolar ∆pom1 cells; CRIB-GFP was concentrated exclusively to the growing tip,

while Rga4RFP was localized over the rest of the cell (Figure 5A, right). This “sock”-like

localization of the GAP appears to constrain GTP-Cdc42 to the single growing end of ∆pom1

cells. We hypothesized that failure of the ∆pom1 mutant in excluding Rga4 from the non-

growing end results in the monopolar accumulation of GTP-Cdc42, which coincides with

monopolar growth. Therefore, we constructed the ∆pom1 ∆rga4 double mutant to examine

whether deletion of rga4 allows activation of Cdc42 at both cell ends. Comparing to the parental

single mutants, the ∆pom1 ∆rga4 mutant grew 20 – 30 % slower, with severe flocculation. Some

cells showed cytokinesis defects and significantly increased sizes due to polyploidy (data not

shown). However, among the interphase cells growing more normally, 24% (n>300) exhibited

CRIB-GFP signals at both cell ends (Figure 5B, left), while less than 5 % of ∆pom1 single

mutant cells (n>200) showed bipolar distribution of CRIB-GFP. Similarly, the rga4R783G allele

expressing catalytically inactive Rga4 allows bipolar CRIB-GFP distribution in interphase ∆pom1

cells (30%, n=250; Figure 5B, right). Altogether, these results suggest that Pom1 is required to

eliminate Rga4 from the non-growing cell end and that Rga4, a Cdc42 GAP, at the non-growing

end contributes to the monopolar phenotype of the ∆pom1 mutant. However, detectable tip

growth took place only at one end of the ∆pom1 ∆rga4 double mutant cells, indicating that ∆rga4

cannot completely rescue the monopolar growth phenotype of ∆pom1 cells (data not shown).

This is probably because the ∆rga4 mutation also impairs bipolar cell growth [22] (Figure S2B-

D). It is also conceivable that Pom1 undertakes additional function for bipolar tip growth. Indeed,

our yeast two-hybrid screens suggest that Pom1 interacts with multiple proteins (H.T.,

unpublished results).
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Discussion

In fission yeast, concentrated F-actin patches continually attend growing cell tips, where active

membrane expansion takes place [13, 40]. In this study, using CRIB-GFP microscopy, we

demonstrated for the first time that active growth sites in S. pombe is accompanied by the GTP-

bound form of Cdc42, a conserved Rho-family GTPase essential for F-actin organization and

polarized growth [17, 32, 33]. Furthermore, we determined that Rga4 [21, 22] functions as

Cdc42 GAP, whose proper localization is dependent on Pom1 kinase at cell ends. It has been

established that the polarized localization of Pom1 is governed by the microtubule-dependent

cell-end marker proteins, Tea1 and Wsh3/Tea4 [8, 18]. Therefore, the interaction of Pom1 with

Rga4 appears to serve as a molecular link between the microtubule system and the polarized F-

actin organization regulated by Cdc42.

Genetic, biochemical and cell biological evidence presented in this paper consistently

indicate that Rga4 functions as GAP for Cdc42. Rga4 is not likely to be the only Cdc42 GAP in

S. pombe, because the cellular level of GTP-bound Cdc42 does not markedly increase in the

∆rga4 mutant. However, the following observations strongly suggest that Rga4 plays important

roles in polarized distribution of GTP-Cdc42 within the cell. First, the complementary

localizations of Rga4 and GTP-Cdc42 detected by CRIB-GFP are consistent with the idea that

Rga4 defines the cortical region where Cdc42 is kept inactive. Secondly, without the Rga4

“corset”, active Cdc42 is expected to be more diffused and form an expanded growth zone at

the cell end, which explains the increased cell diameter observed in the ∆rga4 mutant [21, 22].

Third, in the ∆rga4 mutant, depolarized localization of GTP-Cdc42 was often observed

immediately after cell division, when cells need to re-establish Cdc42 activation at the old end.

The frequent failure of ∆rga4 cells in NETO [22] also suggests that this mutant is compromised

in the re-organization of Cdc42 from monopolar to bipolar activation later in G2. Thus, during the

transitions of the growth sites along the cell cycle, Rga4 becomes particularly important to attain

the spatial reorganization of GTP-Cdc42. Impaired polarization of GTP-Cdc42 in ∆rga4 cells
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may be responsible for the varying growth patterns under different temperatures [22] and other

growth conditions (Figure S2B-D). However, cell polarity is not completely lost even in the

absence of Rga4, probably because Cdc42 GEFs, Scd1/Ral1 and Gef1, still promote local

activation of Cdc42 at cell ends [32].

We identified Rga4 as a protein that physically interacts with Pom1 kinase, and found

that the phosphorylation state and solubility of Rga4 is modulated by the dosage of Pom1.

Furthermore, ∆pom1, pom1-2 and the cell-end marker mutants defective in Pom1 localization

cannot exclude Rga4 from the non-growing cell end, resulting in the ‘sock’-like Rga4

localization. Such mislocalization of Rga4 is not observed in other monopolar mutants,

consistent with the idea that the proper ‘corset’ localization of Rga4 is dependent on functional

Pom1 at cell ends. Interestingly, the ‘sock’-like localization of Rga4 in pom1 mutants seems to

be responsible for their monopolar activation of Cdc42 at the growing cell tip, because

inactivation of Rga4 allows bipolar distribution of GTP-Cdc42 in pom1 mutant cells. In addition

to Rga4, Pom1 is also required for preventing cell-end distribution of Mid1/Dmf1, a key

determinant of division plane positioning [41, 42]. In the ∆pom1 mutant, Mid1 is dispersed over

the cell cortex of the non-growing end, leading to a division plane displaced from the cell center.

Thus, a major cellular function of Pom1 kinase may be exclusion of certain cortical proteins,

such as Rga4 and Mid1, from the non-growing cell end. Consistently, in newly divided wild-type

cells, Rga4 is promptly eliminated from the new end, where Pom1 is enriched [18] (Figure 2A).

However, our data suggest that Rga4 is not likely to be a direct substrate of Pom1 kinase, and

the exact molecular mechanism of Rga4 regulation by Pom1 remains to be elucidated. Even in

∆pom1 cells, Rga4 is highly phosphorylated and detected as broad, smeared bands in SDS-

PAGE. Recent studies in other yeast species identified cell cycle-dependent regulation of Cdc42

GAPs through multiple phosphorylation sites by cyclin-dependent kinases (CDKs) [43, 44]. As

S. pombe Rga4 also contains 21 potential CDK phosphorylation sites, Rga4 may be subjected

to intricate phosphorylation events for both CDK-dependent temporal regulation and Pom1-

dependent spatial regulation described here.
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Pom1 belongs to the DYRK family of Ser/Thr-protein kinases ubiquitously conserved

among eukaryotes. Phylogenetic analysis suggests that DYRKs are classified into three

subfamilies (Figures S3 and S4). The DYRK1 subfamily is animal specific and represented by

the mammalian DYRK1, minibrain (mbk) in Drosophila, and C. elegans mbk-1. Budding yeast

Yak1, Ppk15 in S. pombe and their close orthologs form a fungal-specific subfamily. On the

other hand, the DYRK2 subfamily is conserved among diverse eukaryotic organisms, including

mammalian DYRK2, fly’s smi35A, worm’s mbk-2 and Pom1 in fission yeast. Interestingly, no

member of the DYRK2 subfamily is found in budding yeast species, whose cell polarity is

established by F-actin independently of microtubules [45]. Absence of a DYRK2 member in

budding yeast might imply the function of the DYRK2 subfamily in the microtubule-driven cell

polarity in other eukaryotes, as has been found with Pom1 [18]. Our results indicate that,

through a Cdc42 GAP, Pom1 plays a crucial role in translation of microtubule-dependent

polarity cues into F-actin formation. Further studies of the DYRK2-family kinases in other cell

systems will be of great interest to understand the conserved molecular function of DYRK2.
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Experimental Procedures

S. pombe strains used in this study are listed in Supplementary Table 1. Growth media and

basic techniques for S. pombe have been described [46]. S. pombe cells were grown in yeast

extract medium YES and synthetic medium EMM. Gene tagging with epitope and GFP

sequences has been described previously [47, 48]. Live cell imaging was performed at room

temperatures (23-28oC) [12]. F-actin staining with fluorescent-labeled phalloidin has been

described previously [[8, 14]. For the CRIB-GFP microscopy, a plasmid to express the CRIB

domain (residues 1-208 of the S. cerevisiae Gic2 protein [35]) fused to three tandem copies of

GFP under the control of the shk1 promoter was integrated at the ura4 locus. The procedure for

yeast two-hybrid screens has been described previously [8]. Details of the screens are

described in the Supplemental information. The PCR-based method was used to isolate cdc42ts

mutants, details of which are described in the Supplemental information.
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Figure legends

Figure 1. Pom1 kinase interacts with a RhoGAP, Rga4.

(A) Interaction between Pom1 and Rga4 in the yeast two-hybrid assay. LIM, LIM domain; cc,

coiled-coil; GAP, Rho-GAP domain; kinase, Ser/Thr-protein kinase domain. Domain prediction is

based on the Pfam database. Numbers indicate positions in amino acid sequences. Interaction

between Pom1 and Rga4 in the yeast two-hybrid assay was determined by growth on medium

without histidine. “+++”, growth with 8 mM 3-AT; “+”, growth without 3-AT; “-”, no growth even

without 3-AT.

(B) Pom1 kinase is co-purified with Rga4. pom1:myc and pom1:myc rga4:FLAG strains were

grown in YES medium and their cell lysate was subjected to anti-FLAG immunoprecipitation,

followed by anti-FLAG and anti-myc immunoblotting.

(C) Rga4 is a phosphoprotein. Denatured crude lysate, prepared from a rga4:FLAG strain, was

incubated with λ protein phophatase (λPP) with and without phosphatase inhibitors, and

resolved by SDS-PAGE with reduced bis-acrylamide in the gel.

(D) Pom1 affects the phosphorylation state of Rga4. Top, anti-FLAG immunoblotting was

performed with the crude lysate of wild-type, ∆pom1, ∆tea1, pom1-2 strains expressing

Rga4FLAG. Bottom, anti-FLAG immunoblotting of the lysate prepared from the rga4:FLAG

∆pom1 strain carrying the pREP1-pom1:myc before (-) and after (+) induction of Pom1myc by

thiamine depletion.

(E) Pom1 affects the solubility of the Rga4 protein. The supernatant was analyzed by

immunoblotting. Lanes 1, rga4:FLAG; lanes 2, rga4:FLAG ∆pom1; lanes 3, rga4:FLAG ∆pom1

overexpressing Pom1 from the pREP1-pom1:myc plasmid. Anti-Spc1 immunoblotting served as

a loading control.

Figure 2. Cellular localization of Rga4 is regulated by Pom1 kinase.

(A) Localization of Rga4 during the cell cycle. rga4:GFP cells grown on EMM agarose were
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observed. Representative projection images are aligned in the order of cell cycle progression.

(B) The ∆pom1, pom1-2, and ∆tea1 mutants show a “sock”-like localization pattern of Rga4.

Rga4GFP was observed in ∆pom1, pom1-2, ∆tea1, ∆bud6, ∆tea3, and orb2-34 mutants. Mid-

section images are shown. Asterisks mark the cell ends from which Rga4GFP was excluded.

Arrows indicate dividing cells.

(C) Localization of Rga4 is altered by ectopic overexpression of Pom1 kinase. A rga4:RFP

CRIB-GFP strain carrying the pREP1-pom1:myc plasmid was grown at 30 °C in EMM medium

without thiamine to overexpress Pom1 and observed at 14 hr and 16 hr after removal of

thiamine. Projection images are shown. CRIB-GFP images of the same fields are presented in

Figure S2A.

Scale bars represent 5 µm. Images were taken at 0.4 µm steps and deconvolved.

Figure 3. Rga4 is a GAP for Cdc42.

(A) Rga4 interacts specifically with the GTP-bound form of Cdc42. Interaction of the Rga4

RhoGAP domain with the wild-type and GTP-locked mutants of Cdc42, Rho1, and Rho3 was

assessed by histidine auxotrophy in the yeast two-hybrid assay.

(B) Rga4 binds to the GTP-locked mutant of Cdc42. Bacterially expressed wild-type and GTP-

locked mutant of GST-Cdc42 was immobilized to glutathione-beads and incubated with cell

lysate of a rga4:FLAG strain, followed by anti-FLAG immunoblotting.

(C) Overexpression of Rga4 reduces the cellular level of GTP-bound Cdc42. GFP-tagged Scd1

and Rga4 proteins were expressed from the nmt1 promoter in a strain carrying the HA:cdc42

allele. GTP-bound HA-Cdc42 in the cell lysate was collected by CRIB-beads, and detected by

anti-HA immunoblotting. Overexpression of the GFP-tagged proteins was monitored by anti-

GFP immunoblotting.

(D) Overexpression of Rga4 or its GAP domain inhibits growth of the cdc42-3 mutant. Wild-type

and cdc42-3 strains were transformed with the pREP1 vector (“empty vector”) and pREP1

carrying full-length rga4+, rga4R783G or their truncated fragments encoding the GAP domain
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(residues 681-933). Serial dilutions of the transformants were spotted onto EMM agar medium

with or without thiamine and incubated at 30°C.

Figure 4. Rga4 is involved in localization of active Cdc42.

(A) Fluorescence microscopy of a wild type strain expressing CRIB-GFP. Images of cells at

different stages of the cell cycle are shown.

(B) Fluorescence microscopy of a ∆scd1 strain expressing CRIB-GFP. Cortical CRIB-GFP was

hardly detectable.

(C) Fluorescence (CRIB-GFP; top) and DIC (bottom) microscopy of a strain overexpressing

Rga4. A wild-type strain expressing CRIB-GFP was transformed with the pREP1-rga4:FLAG

plasmid and grown at 30 °C for 17 hr and 21 hr in EMM without thiamine to induce Rga4FLAG

expression. Arrowheads indicate the growing cell tip with reduced diameter.

(D) Wild-type (Rga4GAP) or arginine-finger mutant (Rga4GAP R783G) GAP domains tagged

with the FLAG epitope were overexpressed using the pREP1 vector in a CRIB-GFP strain. Cells

were cultured in EMM medium without thiamine for 14 hr at 30oC to induce expression from the

nmt1 promoter. Anti-FLAG immunoblotting confirmed that the wild-type and mutant Rga4 GAP

domain fragments were expressed at similar levels (data not shown).

(E) Fluorescence microscopy of a ∆rga4 strain expressing CRIB-GFP. An asterisk marks a

∆rga4 cell in which CRIB-GFP appears depolarized.

Scale bars represent 5 µm. Images were taken at 0.4 µm steps and deconvolved for projection

images.

Figure 5. Loss of Rga4 allows bipolar distribution of active Cdc42 in ∆pom1 cells.

(A) Fluorescence microscopy of wild type and ∆pom1 strains expressing CRIB-GFP and

Rga4RFP.

(B) Fluorescence microscopy of ∆pom1 ∆rga4 and ∆pom1 rga4R783G strains expressing CRIB-

GFP. Immunoblotting confirmed that the Rga4R783G mutant protein was expressed at a level
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comparable to that of wild-type Rga4.

Signals of CRIB-GFP and Rga4RFP were pseudo-colored green and red, respectively, and

superimposed. Scale bars represent 5 µm. Images were taken at 0.4 µm steps and

deconvolved for projection images.
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Materials and methods

Yeast two-hybrid screens

The entire ORF of pom1+ was cloned in the pGBT9 vector (Clontech) to express the GAL4

DNA-binding domain fused to the Pom1 protein. Using a S. pombe cDNA library constructed in

the pGADGH vector (Clontech) and the budding yeast strain HF7c [1], approximately 2.4x107

transformants were screened by histidine auxotrophy and β-galactosidase assay. Library

plasmids were recovered from positive yeast transformants and verified for expression of the

reporter genes by retransformation, followed by DNA sequencing and/or southern hybridization.

Interaction between Pom1 and Rga4 was further characterized by yeast two-hybrid

assays. The partial fragments of Rga4 fused to the GAL4 transcription activation domain were

expressed from pGADGH. The full-length and partial fragments Pom1 fused to the GAL4 DNA-

binding domain were expressed from pGBT9. Using the budding yeast HF7c strain, histidine

dependent growth was examined either in the absence or in the presence of varied

concentrations (1 – 8 mM) of 3-amino-1,2,4-triazole (3-AT), an inhibitor of histidine biosynthesis.

Cell lysate preparation and immunoprecipitation

Harvested cells were disrupted by vigorous vortexing for 5 min at 4 °C with 0.5 mm-diameter

glass beads in lysis buffer A (1x PBS, 0.5 % Tween-20, 10 mM p-nitrophenylphosphate, 10 mM

sodiumpyrophosphate, 10 mM β-glycerophosphate, 0.1 mM Na3VO4, 1 mM

phenylmethylsulfonyl fluoride, protease inhibitor cocktail [P8215, Sigma]), and cleared by

centrifugation at 2,300 x g for 10 min [2]. The supernatant was incubated at 4°C for 2 hr with

anti-FLAG M2 affinity gel (Sigma), followed by extensive washes with the lysis buffer. The lysate

and immunoprecipitates were analyzed by immunoblotting with anti-FLAG antibodies (M2,

Sigma) and anti-myc antibodies (A14, Santa Cruz).

For the lysate fractionation experiments, cells were disrupted by glass beads at 4°C in

lysis buffer B (20 mM Tris-HCl pH7.5, 150 mM NaCl, 0.5% Tween-20, 1 mM

Supplemental Data
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phenylmethylsulfonyl fluoride, leupeptin, aprotinin). Total cell homogenate and the supernatant

after centrifugation at 2,300 x g for 5 min was analyzed by SDS-PAGE followed by anti-FLAG

and anti-Spc1 immunoblotting.

Preparation of TCA-denatured crude lysate for immunoblotting analysis was performed as

described previously [3].

λ protein phosphatase treatment

Three microliter of TCA-denatured crude lysate [3] was incubated at 30 °C for 30 min in 60 µl of

1x λ protein phosphatase buffer containing 80 U of λ protein phosphatase (New England

BioLabs), 2 mM MnCl2, and 1% Triton X-100. As a negative control experiment, phosphatase

treatment was performed in the phosphatase buffer without MnCl2 in the presence of the

phosphatase inhibitor cocktail (10 mM NaVO4, 50 mM NaF, 50 mM β-glycerophosphate, 20 mM

p-nitrophenylphosphate, 50 mM EDTA, pH8.0).

Interaction of Rga4 with Cdc42

For yeast two-hybrid interaction assays of the Rga4 RhoGAP domain, a budding yeast strain

L40 was transformed with a pBTM116-based plasmid carrying the Rga4 RhoGAP domain (745-

933aa). The resultant transformant was then transformed with pCAD422 carrying either wild

type or GTP-locked mutants of Cdc42, Rho1, Rho3, and Rho4. GTP-locked mutants used were

Cdc42Q61L, Rho1Q64L, Rho3Q71L, and Rho4Q74L. To prevent the lipid modification at the C-

terminus, the C-terminal cysteine residue in each Rho GTPase was substituted with serine

(Cdc42C189S, Rho1C199S, Rho3C202S, Rho4C200S). Interaction was determined by histidine

auxotrophy.

For the in vitro interaction assay, S. pombe cdc42+ cDNA was cloned in pGEX-KG [4] and

the Q61L mutation was introduced using the QuikChange kit (Stratagene) to express the GTP-

locked mutant protein [5]. The GST-Cdc42 and GST-Cdc42Q61L proteins were expressed in E.

coli DH5α strain and absorbed onto glutathione-Sepharose 4B (Amersham) [5]. Cell lysate of
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strain CA4462 was prepared in lysis buffer B and incubated with the GST-Cdc42 beads at 4°C

for 1 hr in the presence of 5 mM MgCl2. The Rga4FLAG protein bound to the beads was

detected by anti-FLAG immunoblotting.

Detection of GTP-bound Cdc42

The procedure reported by Benard et al. [6] was adopted. The CRIB domain of S. pombe Shk1

(residues 135 to 227) was expressed in E. coli DH5α as a GST-fusion protein using the pGEX-

KG vector [4]. The GTP-bound HA-Cdc42 protein precipitated by the GST-CRIB beads was

detected by anti-HA (12CA5, Boehringer) immunoblotting.

Isolation of cdc42ts mutants

The PCR-based method described by Uritani et al. [7] was used with modifications to introduce

mutations to the S. pombe cdc42+ locus. The details will be published elsewhere. Briefly, the

kanMX6 marker cassette was integrated downstream of the cdc42+ ORF, and the genomic DNA

from the resultant strain was used as template in PCR to amplify the cdc42+ locus and the

downstream kanMX6 marker gene. The amplified DNA fragment was used to transform a wild-

type strain, and G418-resistant, temperature-sensitive (ts) transformants were isolated.

Genomic sequencing confirmed missense mutations in the cdc42 ORF. The ts phenotypes of

both cdc42-2 and cdc42-3 mutants were complemented by a plasmid carrying the wild-type

cdc42+ gene (data not shown).

Construction of the rga4R783G mutant

Site-directed mutagenesis was conducted using the QuikChange kit (Stratagene) with the

following oligoDNA primers;

rga4_2668-712_C89G, atggattttgaaggtctgtatGgcaaGAGCggggcaacttctcaa

rga4_2712-2668_C89, ttgagaagttgccccGCTCttgcCatacagaccttcaaaatccat

Substitution from arginine to glycine at the 783th amino acid position in rga4 was confirmed by
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DNA sequencing.

Microscopy

To observe Rga4-GFP in cdc10-V50 mutant, cells grown in liquid EMM at the permissive

temperature (25 °C) were mounted and immobilized on thin EMM – agarose film under cover

slip. After sealing cover slip, cdc10 mutant cells were incubated for 4 hr in the dark at the

restrictive temperature (36 °C). In this experimental condition, cdc10 cells divided once and

arrested in G1 phase before NETO [8], forming pairs of daughter cells.
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Supplemental Figure Legends

Figure S1.

(A) Rga4 is co-purified with Pom1. Anti-FLAG immunoprecipitation was performed as in Figure

1B with rga4:myc strains carrying the untagged pom1+ (CA4466) or pom1:FLAG (CA5156)

alleles, followed by immunoblotting with anti-FLAG and anti-myc antibodies.

(B) Residues 622-760 are required for cortical localization of Rga4. A strain was constructed in

which the GFP-fused Rga4 mutant lacking residues 622-760 was expressed under the native

promoter from the rga4 locus (CA5544). The resultant strain was observed under fluorescence

microscopy. Immunoblotting confirmed that the mutant Rga4 protein was expressed at a level

similar to that of wild type Rga4 (data not shown).

(C) Fluorescence microscopy of a wild-type strain carrying the rga4:GFP allele (CA4699). Z-

axial images were taken at 0.4 µm steps and deconvolved. 'mid section' and 'top section'

represent a single focal plane at the middle of cells and at the top surface of cells, respectively.

(D) The ∆pom1, pom1-2, ∆tea1, and ∆wsh3 mutants show a “sock”-like localization pattern of

Rga4. Rga4GFP or Rga4RFP was observed under fluorescence microscopy in ∆pom1

(CA4707), pom1-2 (CA5913), ∆tea1 (CA4713), ∆wsh3 (CA4717), ∆for3 (CA4710), ∆bud6

(CA6084), ∆tea3 (CA6085), and orb2-34 (CA6095) mutants. Projection images were composed

by stacking Z-axial images after deconvolution. Asterisks mark the cell ends from which

Rga4GFP was excluded. Arrows indicate dividing cells.

(E) Rga4 is not excluded from the non-growing end of ∆pom1 cells. ∆pom1 cells expressing

Rga4GFP (CA4707) were grown in YES medium and fixed in formaldehyde. F-actin and Rga4

were visualized with rhodamine-phalloidin and anti-GFP antibodies, respectively. Fluorescence

images were pseudo-colored (F-actin, red; Rga4GFP, green) and superimposed.

(F) Pom1 is localized at cell ends of the ∆rga4 mutant. Images of a ∆rga4 strain carrying the

pom1:GFP allele (CA4168) were taken by fluorescence and DIC microscopy.

(G) Rga4 is excluded from both cell ends in G1-arrested cells. A cdc10-V50 strain carrying the
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rga4:GFP allele (CA5225) was incubated at 36 °C for 4 hours before fluorescence microscopy.

Z-axial images were taken, deconvolved, and stacked. Rga4 remains excluded from both cell

ends while the mutant cells grow only at the old cell end.

Scale bars represent 5 µm.

Figure S2.

(A) CRIB-GFP distribution is affected by ectopic overexpression of Pom1. CRIB-GFP images of

the cells presented in Figure 2C. Under this experimental condition, both CRIB-GFP and

Rga4RFP (Fig. 2C) were often detectable at cell tips.

(B) ∆rga4 cells grow only at the old end when mounted between cover glass and solid agarose

medium. ∆rga4 cells (CA4168) were mounted on EMM agarose under cover glass. Cell growth

at room temperature (28-30 °C) was monitored under DIC microscopy for 335 min, and the five

time-course images at a 40-min interval were superimposed. Similar results were obtained in 14

∆rga4 mutant cells.

(C, D) The ∆rga4 mutant is partially defective in NETO. cdc25-22 (CA2302) and cdc25-22 ∆rga4

(CA4230) strains grown in YES at 25°C were shifted to 36°C for 4 hours before Calcofluor

staining. The temperature-sensitive cdc25-22 mutant arrests in G2 after NETO with continued

bipolar growth [8]. In contrast, 41% of the double mutant cells were found to continue monopolar

growth at the old end even after the cell cycle arrest, leaving a weakly stained birth scar at the

new end. Arrowheads indicate birth scars formed in the previous cell division. ≥200 cells from

each strain were analyzed for their growth pattern and shown in the graph.

(E) The ∆rga4 mutant initiates growth from the old end after cell division. cdc10-V50 ∆rga4 cells

(CA4233) were incubated in YES medium at 36°C for 4 hours to induce cell cycle arrest in G1

before NETO and fixed for Calcofluor staining. 96% (n=213) of the double mutant cells grew

exclusively at the old end, with the birth scar remaining at the new end.

(F) F-actin structures in wild type and ∆rga4 cells. Wild type (KNW441) and ∆rga4 (KNG401)

strains grown in YES medium were fixed and stained for F-actin with bodipy-phalloidin. Z-axial
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images were taken and projected after deconvolution.

(G) Fluorescence microscopy of wild-type (CA5818) and ∆rga4 (CA5815) strains carrying the

for3:GFP3 allele. Z-axial images were take at 0.4 µm steps and deconvolved for projection

images. An asterisk indicates a ∆rga4 cell in which For3 localization was not clearly polarized.

Scale bars represent 5 µm.

Figure S3.

A phylogenetic tree for the kinase domain sequences of DYRKs from fungi, invertebrates and

vertebrates. The phylogenetic tree was built using the ClustalW software [9] and the JalView

software [10]. The kinases included are; Q13627 (H. sapiens DYRK1a, Swiss-Prot), Q9Y463 (H.

sapiens DYRK1b, Swiss-Prot), Q92630 (H. sapiens DYRK2, Swiss-Prot), O43781 (H. sapiens

DYRK3, Swiss-Prot), Q9NR20 (H. sapiens DYRK4, Swiss-Prot), AAF53380.1 (D. melanogaster

smi35A, GenBank), P49657 (D. melanogaster minibrain, Swiss-Prot), Q8WQL7 (C.elegans

mbk-1, Swiss-Prot), Q9TVF4 (C.elegans mbk-2, Swiss-Prot), S. cerevisiae YAK1 (GeneDB), S.

pombe pom1 (GeneDB), S. pombe ppk15 (GeneDB), XP_680947.1 (A. nidulans, GenBank),

XP_963133.1 (N. crassa, GenBank), XP_960871.1 (N. crassa, GenBank), XP_502390.1 (Y.

lipolytica, GenBank), XP_572873.1 (C. neoformans, GenBank), XP_664708.1 (A. nidulans,

GenBank), XP_501913.1 (Y. lipolytica, GenBank), XP_447506.1 (C. glabrata, GenBank),

XP_572689.1 (C. neoformans, GenBank), NP_001026651.1 (G. gallus DYRK2, GenBank),

XP_683531.1 (D. rerio DYRK2, GenBank), NP_989881.1 (G. gallus DYRK1a, GenBank),

XP_684056.2 (D. rerio DYRK1a, GenBank), AAH87464.1 (X. laevis DYRK2, GenBank),

AAH44104.1 (X. laevis DYRK1a, GenBank). The kinase domain was defined according to the

Pfam database entry (PF00069).

Figure S4.

Primary structures of members in the DYRK subfamilies.

Representatives of the three DYRK subfamilies were chosen from human, fly, worm, budding
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yeast, and fission yeast. The kinase domain was defined according to the Pfam database entry

(PF00069). In addition to the kinase domain, members of the DYRK subfamilies share a

conserved region unique to each subfamily: PfamB-5751 (PB005751) for the DYRK2 subfamily,

PfamB-17663 (PB017663) for the DYRK1 subfamily, and PfamB-24143 (PB024143) for the

YAK1 subfamily. Numbers indicate positions in amino acid sequences.
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Supplementary Table 1. S. pombe strains used in this study

CA3 ura4-D18 Lab stock

CA2302 ura4-D18 cdc25-22 Lab stock

CA2520 ura4-D18 pom1:GFP(kanMX6) [1]

CA2529 ura4-D18 cdc10-V50 Lab stock

CA2548 ura4-D18 ∆tea1::ura4+ [2]

CA3125 ura4-D18 pom1-2:GFP(kanMX6) [3]

CA3252 leu1+ ∆bud6::kanMX6 [4]

CA3333 ura4-D18 ∆pom1::ura4+ [1]

CA4166 ura4-D18 ∆rga4::ura4+ [5]

CA4168 ura4-D18 pom1:GFP(kanMX6) ∆rga4::ura4+ This study

CA4230 ura4-D18 cdc25-22 ∆rga4::ura4+ This study

CA4233 ura4-D18 cdc10-V50 pom1:GFP(kanMX6) ∆rga4::ura4+ This study

CA4462 ura4-D18 rga4:3FLAG(kanMX6) This study

CA4466 ura4-D18 rga4:12myc(kanMX6) This study

CA4496 ura4-D18 rga4:3FLAG(kanMX6) ∆pom1::ura4+ This study

CA4628 h90 ura4-D18 ade6-M216 ∆scd1::ura4+ [6]

CA4699 ura4-D18 rga4:GFP(kanMX6) This study

CA4707 ura4-D18 rga4:GFP(kanMX6) ∆pom1::ura4+ This study

CA4710 ura4-D18 rga4:GFP(kanMX6) ∆for3::ura4+ This study

CA4713 ura4-D18 rga4:GFP(kanMX6) ∆tea1::ura4+ This study

CA4717 ura4-D18 rga4:GFP(kanMX6) ∆wsh3::ura4+ This study

CA4858 ura4-D18 cdc42-3(kanMX6) This study

CA5128 ura4-D18 pom1:13myc(kanMX6) This study

CA5156 ura4-D18 pom1:3FLAG(kanMX6) rga4:12myc(kanMX6) This study

CA5188 ura4-D18 nmt1:3HA:cdc42(kanMX6) This study

CA5225 ura4-D18 cdc10-V50 rga4:GFP(kanMX6) This study

CA5544 ura4-D18 rga4∆622-760aa:GFP(ura4+) This study

CA5547 ura4-D18 pom1:13myc(kanMX6) rga4:3FLAG(ura4+) This study

CA5815 ura4-D18 for3:3GFP(kanMX6) ∆rga4::ura4+ This study

CA5818 ura4-D18 for3:3GFP(kanMX6) This study

CA5911 ura4-D18 pom1-2:GFP(kanMX6) rga4:3FLAG(kanMX6) This study

CA5913 ura4-D18 pom1-2:GFP(kanMX6) rga4:RFP(kanMX6) This study

CA5929 CRIB:GFP(ura4+) rga4:RFP(kanMX6) This study

Supplemental Strain List



Tatebe et al.

2

CA5931 CRIB:GFP(ura4+) This study

CA5932 CRIB:GFP(ura4+) ∆rga4::ura4+ This study

CA5939 CRIB:GFP(ura4+) ∆scd1::ura4+ This study

CA5949 ura4-D18 ∆tea1::ura4+ rga4:3FLAG(kanMX6) This study

CA6009 CRIB:GFP(ura4+) ∆pom1::ura4+ ∆rga4::ura4+ This study

CA6011 CRIB:GFP(ura4+) ∆pom1::ura4+ rga4:RFP(kanMX6) This study

CA6084 ura4-D18 rga4:GFP(kanMX6) ∆bud6::kanMX6 This study

CA6085 ura4-D18 rga4:GFP(kanMX6) ∆tea3::kanMX6 This study

CA6070 ade6-M216 orb2-34 [7]

CA6095 rga4:GFP(kanMX6) orb2-34 This study

CA6165 CRIB:GFP(ura4+) ∆pom1::ura4+ rga4R783G:3FLAG(kanMX6) This study

KNF303 h+ ura4-D18 ade6-M210 ∆for3::ura4+ [8]

KNG401 ura4-D18 ade6-M216 ∆rga4::ura4+ [5]

KNW441 ade6-M216 Lab stock

All strains are h- leu1-32 unless indicated.
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