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Introduction

The role of Ca2+ as a second messenger in signal transduc-
tion in eukaryotes requires maintenance of its free cytosolic 
concentration ([Ca2+]) at very low levels (reviewed in ref. 1). 
In yeast cells Ca2+ sequestration occurs in secretory organ-
elles by means of the Golgi apparatus membrane Pmr1 pump 
and in the vacuole by means of Ca2+ ATPase Pmc1 and H+/
Ca2+ antiporter Vcx1.2-4 Loss of Pmc1 leads to an increase in 
cytosolic [Ca2+] and decrease in vacuolar [Ca2+]. This rise of 
cytosolic [Ca2+] is alleviated due to the presence of the Golgi 
apparatus Pmr1 Ca2+/Mn2+ ATPase, inactivation of which is 
synthetically lethal with the loss of Pmc1. The synthetic lethal-
ity of pmr1 and pmc1 is due to an elevated concentration of 
cytosolic [Ca2+], since it can be rescued by inactivation of the 
calcineurin.2 Calcineurin is a Ca2+/calmodulin-dependent pro-
tein phosphatase consisting of the catalytic A and regulatory 
B subunits.5 In Saccharomyces cerevisiae, the former subunit 
is encoded by two functionally redundant genes, CNA1 and 
CNA2, while the latter one is encoded by the single CNB1 
gene. One of the calcineurin targets is the Crz1 transcription 
factor which regulates the expression of various genes impli-
cated in ion homeostasis (e.g., PMR1, PMR2, PMC1) and cell 
wall integrity (e.g., FKS2).6,7

The vacuolar Ca2+ ATPase Pmc1 is involved in maintenance of a low Ca2+ concentration in cytosol in yeast cells. Here 
we observed that increase of Ca2+ cytosolic concentration in yeast Hansenula polymorpha due to inactivation of Pmc1 
resulted in sensitivity to sodium dodecyl sulfate (SDS). To elucidate the mechanisms of the observed effect, a screening 
for mutations suppressing SDS sensitivity of the H. polymorpha pmc1 mutant was performed. As a result, three genes 
were identified. Two of them, designated as their Saccharomyces cerevisiae orthologs CCH1 and HOG1 encoded the plasma 
membrane voltage-gated high-affinity calcium channel and the MAP kinase involved in osmoregulation, respectively. 
The third gene, designated as WEE1, coded for the ortholog of Wee1/Swe1 kinase involved in cell cycle regulation by 
inhibiting of the G2/M transition. Detailed analysis of this mutant demonstrated that suppression of pmc1 SDS sensitivity 
by the wee1 mutation depended on an accompanying chromosomal rearrangement, whereas inactivation of WEE1 in the 
absence of this rearrangement caused SDS sensitivity. Expression of a chimeric protein containing an N-terminal portion 
of Wee1 in the pmc1 mutant led to abnormal morphology characteristic of G2 delay. Our data indicate that cytosolic Ca2+ 
rise causes SDS sensitivity in H. polymorpha through the activation of the Wee1 kinase, which is mediated by the Hog1 
kinase. Wee1 has a dual role in the manifestation of SDS sensitivity in the H. polymorpha pmc1 mutant. Mechanisms of 
influence of the obtained mutations on the G2/M transition are discussed.
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Requirement of calcineurin for cell growth was revealed 
in strains defective in pathways involved in cell wall integrity 
control. For example, the loss or inhibition of the calcineurin 
pathway exacerbates the cell wall integrity defects caused by 
an impairment of Mpk1 MAP kinase cascade.8,9 In particular, 
inactivation of the CNB1 gene in a mpk1Δ mutant led to the 
need of an osmostabilizer for growth. The HOG pathway (high 
osmolarity of glycerol), which is implicated in the response 
to an elevation of osmolarity,10 antagonizes calcineurin in the 
control of cell wall integrity, since its inhibition restores ability 
of the cnb1Δ mpk1Δ double mutant to grow without an osmo-
stabilizer.11 These pathways regulate distinct processes of bud 
emergence: calcineurin negatively regulates actin polarization 
at the bud site at an early step of bud emergence, whereas the 
HOG pathway promotes bud emergence at a step after actin has 
become polarized.11

Activation of calcineurin increases the expression of Wee1 
kinase, which is involved in the G

2
 cell cycle regulation. In S. 

cerevisiae, this kinase is encoded by the SWE1 gene (Saccharomyces 
WEE1).12 Phosphorylation of Cdc28 by Swe1 leads to G

2
 delay. 

This is opposed by the Mih1 protein phosphatase, which acti-
vates the Cdc28/Clb complex promoting G

2
/M transition. 

Recruitment of Swe1 to the bud neck by Hsl1-Hsl7 causes its 
rapid degradation, leading to an activation of the Cdc28/Clb 
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wall carbohydrate composition or in cell wall protein pattern was 
revealed in this mutant (data not shown). Moreover, the growth 
of the pmc1 mutant was noticeably retarded at high sorbitol con-
centrations even in absence of a detergent (data not shown).

Inactivation of CCH1 or HOG1 suppresses manifestations 
of PMC1 deficiency. To elucidate the mechanism responsible 
for the effects of Pmc1p on the cell wall integrity, we performed 
a screen for mutations suppressing SDS sensitivity of the pmc1 
mutant s67. Mutations were obtained by random integration of 
the linearized pCLHXdHS plasmid. Several clones able to grow 
on SDS-containing medium were selected, and the chromosomal 
loci adjoining the plasmid integration sites were identified in 
three of them, SDS61, SDS63 and SDS116 (see Materials and 
Methods and Fig. 2). The SDS61 clone possessed the plasmid 
integrated into the CCH1 gene coding for a component of the 
plasma membrane high-affinity calcium channel. Plasmid inte-
gration in SDS63 occurred in the HOG1 gene coding for the 
mitogen-activated protein kinase responsible for osmoregulation. 
Targeted disruption of the CCH1 or HOG1 genes also suppressed 
SDS sensitivity of the s67 strain (Fig. 3). These genes are ortho-
logs of S. cerevisiae CCH1 and HOG1, since their inactivation in 
a H. polymorpha strain with wild-type PMC1 led to phenotypes 
that are characteristic of the corresponding S. cerevisiae mutants. 
In particular, the hog1 mutant was hypersensitive to a high osmo-
larity, while the cch1 mutant was unable to grow at low Ca2+ con-
centrations (data not shown).

complex.13 The HOG pathway is also involved in this phase 
of the cell cycle regulation, since activated Hog1 interacts and 
directly phosphorylates a residue within the Hsl7-docking site of 
the Hsl1 checkpoint kinase, which results in delocalization of 
Hsl7 from the septin ring and leads to Swe1 accumulation.14

Cdc28 is not the only Wee1 substrate. For example, in 
Drosophila, Wee1 may phosphorylate Kinesin-5 to regulate its 
activity.15 In yeast and mammalian cells, Wee1 was shown to 
phosphorylate a conserved tyrosine residue in the N-domain 
of a subpopulation of nuclear-localized Hsp90 in a cell cycle-
dependent manner.16 This modulates Hsp90 chaperone func-
tion toward a subset of client proteins, including Wee1 itself. In 
yeast, the Hsp90 Y24F mutation prevents Hsp90 phosphoryla-
tion by Wee1 and leads to Wee1 destabilization.17 In human cells, 
Hsp90-mediated stabilization of Wee1 depends on the ubiquitin-
specific protease USP50.18

In this study we have observed that in Hansenula polymorpha 
manifestations of the cytosolic [Ca2+] rise can be alleviated by a 
defect of Hog1 or Wee1 and that, upon high cytosolic [Ca2+], 
expression of a chimera containing the N-terminal portion of 
Wee1, leads to alterations in cell morphology, which were previ-
ously shown to be characteristic of G

2
 delay in S. cerevisiae.

Results

Inactivation of PMC1 leads to SDS sensitivity. Two H. polymor-
pha strains defective for the PMC1 gene were isolated by search-
ing SDS-sensitive clones among transformants bearing randomly 
integrated linear DNA fragments (see Materials and Methods). 
One of these mutants, DLQS1, was obtained in H. polymorha 
DL-1, while another one, S67, was detected in H. polymorpha 
CBS4732. The PMC1 wild-type allele was cloned by comple-
mentation of the SDS sensitivity of the DLQS1 strain. This gene 
was able to complement SDS sensitivity of S67 as well (data not 
shown). Targeted disruption of PMC1 in the DL-1 (Fig. 1) and 
CBS4732 (data not shown) strains confirmed that its inactivation 
led to SDS sensitivity. It had been previously shown that S. cere-
visiae pmc1 mutants are unable to grow at high Ca2+ concentra-
tions.2 The same phenotype was observed in the H. polymorpha 
pmc1 mutants (Fig. 1). In contrast to H. polymorpha, disruption 
of PMC1 in S. cerevisiae did not cause increased sensitivity to SDS 
(data not shown). As a rule, osmo-remediable detergent sensitivity 
indicates a cell envelope defect. However, the SDS sensitivity of 
H. polymorpha pmc1 mutants was not alleviated in presence of an 
osmotic stabilizer (0.5–1.2 M sorbitol), and no alteration in cell 

Figure 1. Sensitivity of pmc1Δ mutant to SDS and CaCl2. Serial 1:10 dilu-
tions of cell suspensions of DL1-L (PMC1) and DL1-Δpmc1 (pmc1Δ) were 
applied onto YPD (-), YPD supplemented with 0.15 M CaCl2 (CaCl2), or 
YPD containing 0.005% SDS (SDS) and incubated at 37°C for 2 d.

Figure 2. Schemes of pCLHXdHS integration in SDS61, SDS63 and 
SDS116 mutants. Lines, chromosome sequences; bar, pCLHXdHS 
sequence. Arrows indicate positions of the identified ORFs. Boxed 
numbers indicate positions of integration sites respectively the ORFs. 
“45173 bp” indicate distance between sequences adjoining the plasmid 
integration deduced from the H. polymorpha DL-1 genome database.
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(Leu+ Ura+) segregants were less sensitive to SDS than pmc1 (Leu- 
Ura+) segregants, indicating that pmc1 suppression depended on 
the wee1 allele. However, targeted disruption of WEE1 in three 
pmc1 (Leu- Ura+) segregants even slightly enhanced their SDS 
sensitivity. Clones obtained by targeted disruption of PMC1 in 
three wee1 (Leu+ Ura-) segregants were less sensitive to SDS than 
PMC1 disruptants bearing the WEE1 wild-type allele. Obtained 
data allowed a suggestion that suppression of pmc1Δ was due to 
expression of a portion of WEE1 remaining in the SDS116 strain. 
To verify this hypothesis, the WEE1 wild-type allele in a pmc1Δ 
strain was replaced with the truncated WEE1 allele isolated from 
SDS116. However, this did not alleviate the pmc1 SDS sensitivity 
(data not shown). Taken together, our data indicate that suppres-
sion of the pmc1 SDS sensitivity by WEE1 disruption depends 
on the chromosomal rearrangement that occurred in the SDS116 
strain.

Expression of a chimera containing the N-terminal portion 
of WEE1 in pmc1-Δ strain causes abnormal cell morphology. 
Since in S. cerevisiae, expression of the SWE1/WEE1 gene is posi-
tively regulated by the Ca2+/calmodulin-dependent protein phos-
phatase calcineurin,12 one could suggest that in H. polymorpha, 
an increase of cytosolic [Ca2+] also induces WEE1 expression. To 
test this, a portion of WEE1, which included its promoter and 
ORF fragment lacking the protein kinase domain, was fused to 
the E. coli lacZ ORF. Then, H. polymorpha transformants pos-
sessing this WEE1:lacZ cassette were obtained. Disruption of 
PMC1 led to only a slight increase in the β-galactosidase activity 
(from 13.3 ± 0.7 to 15.9 ± 1.0 U per mg of total cellular pro-
tein). Interestingly, pmc1 disruptants expressing WEE1:lacZ 
grew noticeably slower than pmc1 strains lacking this construct 
(data not shown). Besides the decreased growth rate, inactiva-
tion of PMC1 in the WEE1:lacZ-expressing transformants led to 
alterations in cell morphology such as an abnormal cell shape 

Suppression of pmc1 by inactivation of WEE1 depends 
on genetic background. In contrast to SDS61 and SDS63, the 
sequences adjoining the transforming DNA fragment in the 
SDS116 clone were found to belong to different genomic loci 
(Fig. 2). The integrated plasmid was flanked by a portion of a 
gene coding for a homolog of the Wee1/Swe1 kinase and by a 
sequence lacking presumable ORFs and originating from another 
genomic locus. This could be due to a chromosomal rearrange-
ment accompanied the plasmid integration. The identified gene 
was designated as WEE1, since, similarly to the S. cerevisiae 
swe1Δ mutation,19 its targeted disruption led to sensitivity to 
drugs, inducing ER stress (data not shown). Besides, this muta-
tion affected cell morphology, since in contrast to wild-type cells, 
which were olive-shaped, most of the wee1Δ cells were spherical 
or were sometimes elongated at the side opposite the budding site 
(Fig. 4).

Surprisingly, while genomic integration of the plasmid bear-
ing wild-type WEE1 abolished SDS resistance of the SDS116 
strain (Fig. 3), targeted disruption of WEE1 did not suppress, but 
rather aggravated, SDS sensitivity of the pmc1Δ mutant (Fig. 5). 
Inactivation of WEE1 in a strain with wild-type PMC1 also led 
to SDS sensitivity, which, however, was less pronounced then in 
pmc1 mutants (data not shown).

To elucidate the role of the wee1 mutation in suppression of 
pmc1 SDS sensitivity in SDS116, we studied inheritance of this 
phenotype in meiotic progeny of a diploid obtained in the cross of 
SDS116 with the 1B27 strain bearing wild-type WEE1 and PMC1. 
This diploid was homozygous for the leu2 and ura3::ADE2 alleles 
and heterozygous for the wee1 and pmc1 alleles obtained by inte-
gration of DNA fragments carrying LEU2 and URA3 markers, 
respectively. This enabled monitoring of wee1 and pmc1 segrega-
tion by leucine and uracil prototrophy. All 21 tested pmc1 wee1 

Figure 3. Suppression of pmc1 SDS sensitivity by cch1, hog1 and wee1 
mutations. Cell suspension were applied onto YPD (-), or YPD supple-
mented with 0.004% SDS (SDS) and incubated at 37°C for 2 d. CCH1 
HOG1, the S67 strain; cch1Δ, S67Δcch1 strain; hog1Δ, S67Δhog1 strain; 
[WEE1], SDS116 strain transformed with the pKAF48 plasmid bearing 
wild type WEE1; wee1, untransformed SDS116 strain.

Figure 4. Cells of DL1-L transformants. WT, transformant bearing only 
an empty LEU2-containing vector; wee1, DL1-L disrupted for WEE1 by 
LEU2; WEE1:lacZ, DL1-L bearing pKAM613 plasmid, which was trans-
formed with an empty LEU2-containing vector (PMC1), or disrupted for 
PMC1 by LEU2 (pmc1).
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that Hog1 is implicated in cell cycle regulation (reviewed in 
ref. 21). Its involvement in G

2
 cell cycle regulation is mediated 

by Swe1/Wee1, which inhibits Cdc28. The Hsl1-Hsl7 com-
plex promotes Swe1/Wee1 degradation, which results in acti-
vation of the Cdc28/Clb complex promoting G

2
/M transition. 

Phosphorylation of Hsl1 by Hog1 rescues Swe1/Wee1 from deg-
radation, thus leading to its accumulation.13 This warrants the 
suggestion that in H. polymorpha, pmc1 detergent sensitivity is 
related to a G

2
 delay due to Wee1 accumulation. Indeed, inac-

tivation of PMC1 in cells expressing the WEE1:lacZ construct 
led to cell morphology alterations that were very similar to those 
observed in S. cerevisiae upon G

2
 arrest. In particular, similar 

effects were observed when Swe1 was overexpressed in S. cerevi-
siae cells under the control of GAL1 promoter.22 One can sug-
gest that in H. polymorpha, the fusion protein containing only 
the N-terminal portion of Wee1 rescues wild-type Wee1 from 
degradation by competing with it for interaction with the Hsl1-
Hsl7 complex. According to this model, the increase of cyto-
solic [Ca2+] due to PMC1 inactivation induces phosphorylation 
of Hsl1 by Hog1, which, in turn, leads to Wee1 release that is 
boosted in presence of the Wee1:lacZ fusion protein. Although 
this protein was expressed under control of the native WEE1 
promoter, which provides a relatively low expression level, its 
concentration in the cytosol could be much higher than that 
of wild-type Wee1, since the latter is transported to the nucleus 
and undergoes degradation, while the chimeric protein possibly 
escapes these pathways.

Interestingly, the targeted inactivation of WEE1 caused 
increased SDS sensitivity on its own and slightly increased the 
SDS sensitivity of the pmc1-Δ mutant. Suppression of pmc1 SDS 
sensitivity was observed only in strains bearing the wee1 allele 
obtained by random integration of a transforming DNA frag-
ment. This integration was accompanied by a chromosomal rear-
rangement, which possibly affected some gene(s) mediating the 
negative effect of Wee1 loss on SDS resistance and, thus, allowed 
suppression of pmc1 SDS sensitivity. We suggest that the primary 
process leading to the SDS sensitivity at high cytosolic [Ca2+] is 
boosted by Wee1 and by an unknown component (X), which 
is negatively regulated by Wee1 (Fig. 6). Inactivation of either 
Wee1 or this hypothetical component X would not alleviate SDS 
sensitivity. On the contrary, deletion of WEE1 aggravated SDS 
sensitivity of pmc1 and led to SDS sensitivity on its own in a wild-
type strain. According to the suggested model (Fig. 6) this can be 
due to activation of the hypothetical component X. Inactivation 
of Hog1 may relieve the direct effect of Wee1 while maintain-
ing its inhibitory effect on the component X, thus mimicking 
loss of both Wee1 and the component X. A search for mutations 
suppressing SDS sensitivity in a H. polymorpha pmc1 wee1 strain 
might identify this hypothetical component.

Materials and Methods

Yeast strains, culture conditions and genetic methods. H. poly-
morpha cells were cultivated at 37°C in YPD (1% Yeast extract, 
2% Peptone and 2% glucose) or in synthetic complete media 
SC [0.67% yeast nitrogen base (Difco), supplemented with 2% 

and elongated buds (Fig. 4). At the same time, cell morphology 
was not noticeably affected, neither in wild-type cells expressing 
WEE1:lacZ, nor in pmc1 cells lacking this construct (data not 
shown), indicating that the observed effect was due to the com-
bination of these factors.

Discussion

In yeast, the Pmc1 vacuolar Ca2+ ion pump is involved in the 
sequestration of cytosolic Ca2+ into the vacuole. Disruption of 
this process in S. cerevisiae by pmc1 mutations leads to sensitivity 
to elevated [Ca2+] in culture medium.2 Here, the same pheno-
type was observed in H. polymorpha pmc1 mutants, indicating 
the same role of this Ca2+ pump in ion homeostasis. However, 
unlike in S. cerevisiae, inactivation of the H. polymorpha PMC1 
gene additionally led to detergent sensitivity.

We have identified three genes, CCH1, WEE1 and HOG1, 
whose inactivation suppresses the pmc1 detergent sensitivity. 
Importantly, CCH1 encodes a subunit of the plasma membrane 
high-affinity Ca2+ channel involved in the Ca2+ influx.20 This 
indicates that the detergent sensitivity is due to an increased 
cytosolic [Ca2+]. Since in S. cerevisiae, expression of the WEE1 
ortholog (SWE1) is positively regulated by the Ca2+/calmodulin-
dependent protein phosphatase, calcineurin,12 one could expect 
that H. polymorpha WEE1 is also a target of calcineurin regula-
tion. Therefore, pmc1 detergent sensitivity can be mediated by an 
increase of WEE1 expression in response to elevation of cytosolic 
[Ca2+]. However, we observed only a slight WEE1 promoter acti-
vation in pmc1Δ cells. Such slight increase of WEE1 expression by 
itself is unlikely to lead to the severe SDS sensitivity we observed 
in pmc1 mutants.

The third gene encoded the Hog1 MAP kinase, which is 
a key component of the HOG signaling pathway required for 
survival at high environmental osmolarity (reviewed in ref. 
10). Inhibition of this pathway rescues cell wall integrity in S. 
cerevisiae cnb1Δ mpk1Δ double mutant, indicating an antago-
nistic relationship between the HOG and Ca2+/calcineurin 
signaling pathways.11 Suppression of the pmc1 SDS sensitivity 
by inactivation of HOG1 could indicate similar negative effect 
of the HOG pathway on cell wall integrity in H. polymorpha. 
However, our data suggest that the pmc1 detergent sensitivity 
is mediated by a mechanism, in which Ca2+-mediated signaling 
and the HOG pathway are not antagonized. It is noteworthy 

Figure 5. Growth of the 1B (PMC1 WEE1), 1BΔpmc1 (pmc1Δ WEE1) and 
1BΔpmc1Δwee1 (pmc1Δ wee1Δ) strains on YPD (-) and YPD supplement-
ed with 0.004% SDS (SDS).
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Construction of plasmids and identification of mutant 
loci in the SDS61, SDS63 and SDS116 clones. The pSS5 plas-
mid containing the PMC1 wild-type gene was isolated from 
H. polymorpha DL-1 genomic library25 by complementation of 
SDS sensitivity of the DLQS strain. To obtain PMC1 disrup-
tion cassettes, the BamHI-MluI fragment of the pSS5 plasmid 
containing PMC1 was inserted into the pUK21 vector.26 Then 
the PMC1 NheI-HindIII and DraI-Asp718 internal fragments 
were replaced with the XbaI-HindIII fragment of AMIpL1 27 to 
obtain the pKAF2 plasmid, and with the PvuII-BsrGI fragment 
of pGAPZα-a (Invitrogen) to obtain the pKAI41 plasmid. The 
pCLHXdHS plasmid was obtained by deleting the HindIII-SalI 
fragment in pCLHX.28 As a result, this plasmid does not pos-
sess a HincII cleavage site. HincII digestion and self-ligation of 
chromosomal DNA of the SDS61, SDS63 and SDS116 clones, 
obtained by random integration of pCLHXdHS, produced 
p61H, p63H and p116H plasmids, respectively. These plasmids 
contained chromosomal sequences adjoining the integration 
sites. Sequencing of these plasmids revealed that in the SDS61 
and SDS63 clones, the pCLHXdHS sequence replaced short 
portions of CCH1 and HOG1 loci, respectively (Fig. 2). The 
recombination pattern in the SDS116 clone was more complex, 
since p116H possessed sequences located between recombination 
sites at a distance of 45,173 bp (Fig. 2). Possibly, this 45,173 bp 
fragment was excised from the chromosome by recombination 
with the pCHLXdHS sequence forming a circular molecule, 
which could re-integrate into the genome via recombination at 
a site within the captured 45,173 bp fragment. The p63N plas-
mid possessing the H. polymorpha HOG1 ORF was obtained by 
NheI digestion (Fig. 2) and self-ligation of the SDS63 chromo-
somal DNA. The pCAF41 plasmid was obtained by replacing 
the XbaI-BsrGI fragment of p63N with the XbaI-BsrGI frag-
ment of pJJ282.29 The p116E plasmid containing a portion 

glucose]. H. polymorpha strains were crossed, and hybrids were 
sporulated on maltose-containing medium. H. polymorpha was 
transformed according to the modified lithium acetate method.23 
Ability of H. polymorpha strains to grow in a Ca2+ shortage was 
studied using EGTA-containing medium as described earlier in 
reference 24.

Strains used in this work are listed in Table 1. The DLQS 
strain resulted from an accidental inactivation of the PMC1 
gene in DLQ due to random integration of LEU2-containing 
fragment of EcoRV-digested pSS2.25 The SDS-sensitive S67 
mutant was selected among transformants of the u23M25 strain 
obtained by random integration of the PstI-linearized pKNR50 
plasmid. This mutant was defective for PMC1, since its SDS-
sensitivity could be complemented by a single copy integration of 
a plasmid possessing the wild-type H. polymorpha DL-1 PMC1 
gene (data not shown). The SDS61, SDS63, SDS116 strains 
with increased resistance to SDS were obtained via random inte-
gration of the EcoRV-linearized pCHLXdHS plasmid into the 
genome of the S67 strain. The DLΔpmc1 strain was obtained by 
transformation of the DL1-L strain, with the PMC1 disruption 
cassette bearing the LEU2 selectable marker (EcoRI- and DraI-
digested pKAF2 plasmid). The 1BΔpmc1 strain was obtained 
by transformation of the 1B strain with the PMC1 disruption 
cassette bearing the Zeor selectable marker (MluI- and BglII-
digested pKAI41 plasmid). The 1BΔpmc1Δwee1 was obtained 
by transformation of the 1BΔpmc1 strain with WEE1 disrup-
tion cassette (PstI-digested pCAF45 plasmid). The S67Δcch1 
and S67Δhog1 strains were obtained by transformation of the 
S67 strain with CCH1 disruption cassette (HincII-digested 
p61H plasmid) and HOG1 disruption cassette (NheI-digested 
pCAF41 plasmid), respectively. The 1B27 strain was obtained 
by disruption of the URA3 gene with ADE2 selectable marker 
in the 1B strain.

Figure 6. Hypothetical scheme of events leading to SDS sensitivity. Arrows and lines with bars indicate positive and negative influence, respectively. 
Dotted lines indicate that influence is depressed. In wild-type cells (WT), Wee1 is downregulated by interaction with the Hsl1-Hsl7 complex, which 
however does not prevent inhibition of the hypothetical component X involved in control of SDS resistance (see text). Inactivation of PMC1 (pmc1) 
leads to activation of Hog1, which releases Wee1 from interaction with Hsl1-Hsl7. Wee1 in turn affects SDS resistance. Inactivation of WEE1 (pmc1 wee1) 
abolishes its influence on SDS sensitivity, but activates the hypothetical component, which causes SDS sensitivity on its own. Suppression of pmc1 by 
wee1 may be observed upon inactivation of this component (pmc1 wee1 ΔX). Inactivation of HOG1 (pmc1 hog1) restores the negative effect of Hsl1-Hsl7 
on Wee1, but residual Wee1 activity is sufficient to inhibit the hypothetical component. Incomplete suppression of SDS sensitivity by hog1 mutation 
may be due to presence of an alternative pathway marked by “?,” which mediates the effect of high cytosolic [Ca2+] on this phenotype.
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cultures were diluted to OD
600

 = ~0.5 and cultured for 4 h. Then 
β-galactosidase activity was assayed as described previously in 
reference 32 and normalized to total cellular protein.

GenBank accession numbers. GenBank accession numbers 
of H. polymorpha PMC1, HOG1, WEE1 and CCH1 sequences 
are JN015194, JN015195, JN015196 and JN015197, respectively.
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of the WEE1 ORF was recovered from SDS116 chromosomal 
DNA by Ecl136II digestion (Fig. 2). The StuI-MluI fragment 
of the WEE1 sequence in p116E was replaced with the LEU2 
selectable marker to obtain pCAF45. The pKAF48 plasmid was 
obtained by insertion of H.  polymorpha DL-1 WEE1 into the 
pKAM556 vector.30 The WEE1 gene was amplified by PCR with 
the 5'-GGA ACA CGA AAG TAG ATG GC-3' and 5'-AAG 
GGT ATG TAT CGA AAT GG-3' primers. The pKNR50 
plasmid was obtained by inserting of the PstI-SmaI fragment of 
pJJ244 29 between the PstI and SmaI sites of pUK21.26 To obtain 
pKAM613, the BamHI-NdeI fragment of pKAF48 was replaced 
with the BamHI-VspI fragment of Yep368 bearing the E. coli 
lacZ gene.31

β-galactosidase activity assay. To determine β-galactosidase 
activity in H. polymorpha transformants, overnight YPD 
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