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Conserved Ser/Arg-rich Motif in PPZ Orthologs from Fungi Is
Important for Its Role in Cation Tolerance®
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Background: Ppz1 orthologs, novel family of phosphatases, have a unique N-terminal non-catalytic domain.
Results: Ppz1 ortholog from halotolerant yeast Debaryomyces hansenii plays important role in salt tolerance, cell wall integrity,

and cell growth through distinct mechanism.

Conclusion: Short serine arginine-rich motif in non-catalytic domain is essential for its role in salt tolerance.
Significance: This motif is conserved among orthologs and functionally important.

PPZ1 orthologs, novel members of a phosphoprotein phos-
phatase family of phosphatases, are found only in fungi. They
regulate diverse physiological processes in fungi e.g. ion home-
ostasis, cell size, cell integrity, etc. Although they are an impor-
tant determinant of salt tolerance in fungi, their physiological
role remained unexplored in any halotolerant species. In this
context we report here molecular and functional characteriza-
tion of DhPPZ1 from Debaryomyces hansenii, which is one of the
most halotolerant and osmotolerant species of yeast. Our results
showed that DhPPZ1 knock-out strain displayed higher toler-
ance to toxic cations, and unlike in Saccharomyces cerevisiae,
Na*/H* antiporter appeared to have an important role in this
process. Besides salt tolerance, DAPPZ1 also had role in cell wall
integrity and growth in D. hansenii. We have also identified a
short, serine-arginine-rich sequence motifin DhPpz1p thatis
essential for its role in salt tolerance but not in other physio-
logical processes. Taken together, these results underscore a
distinct role of DhPpzlp in D. hansenii and illustrate an
example of how organisms utilize the same molecular tool
box differently to garner adaptive fitness for their respective
ecological niches.

Phosphoprotein phosphatases (PPP)* constitute an impor-
tant family of phosphatases that regulate a plethora of cellular
processes in eukaryotes (1-4). Based on their primary
sequences, they are further classified into a few distinct groups
such as protein phosphatase 1 (PP1), PP2A, PP2B (commonly
known as calcineurin), PP4, PP5, PP6, and PP7. Within the con-
served catalytic domain (~30 kDa), members of the PPP family
contain three characteristics sequence motifs (GDXHG, GDX-
VDRG, and GNHE) (2, 4). Besides these, some groups also
exhibit conserved sequence motifs outside the catalytic
domain, e.g Ca?"-calmodulin binding motif in calcineurin,
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TPR motifin PP5, etc., that are very important for the function-
ality of the respective members (2, 4, 5). Compared with the
number of serine/threonine kinases, eukaryotic genomes con-
tain fewer phosphatases that control specific dephosphory-
lation of thousands of phospho-protein substrates. Based on
the evidences gathered from few well studied members, it
appeared that the combinatorial associations with multiple reg-
ulatory subunits and other interacting proteins conferred
potentially distinct substrate specificity to the catalytic subunits
(4, 6,7). Thus, the details of these interactions are of paramount
importance in deciphering the biological roles of these phos-
phatases. PPP enzymes are among the ancient phosphatases,
with at least one PPP-like member in all prokaryotes and
eukaryotes. Fungi, in general, contain several PPP family of
phosphatase. Although the corresponding orthologs for most
of them could be found in higher eukaryotes, a few of them are
quite unique and restricted to this kingdom of life only (8).
Ppzlp and Ppz2p are such type of novel members of PPP
family of phosphatase, originally identified in Saccharomyces
cerevisiae (9 —11). Within the catalytic domain, Ppz1p shared
~60% sequence identity to PP1 and ~40% identity to PP2A,
making them distinct from those of PP1. PPZI orthologs
appeared to regulate diverse physiological processes in fungi,
e.g ion homeostasis, cell growth, cell size, and integrity (12). In
S. cerevisiae, deletion of PPZ] leads to hypertolerance pheno-
type toward sodium or lithium cations, which is more intensi-
fied by additional deletion of PPZ2. Deletion of PPZ2 alone has
no effect on salt tolerance (12). Recent evidences indicated that
Ppzlp affects cellular ion homeostasis primarily through the
negative regulation of Trklp, the major K™ transport system,
and this has substantial effect on salt tolerance and intracellular
pH (13, 14). Ppzlp had also been found to regulate the expres-
sion of Na* efflux pump ENA1 (15). Functional overlap of
Ppzlp with other members of PPP family has also been docu-
mented in S. cerevisiae. Sit4p, a PP2A phosphatase, and PPz1p
play opposite roles in regulating G, /S transition (16). Complex
genetic interaction of Ppz1p with Glc7p (an essential PP1 phos-
phatase) as well as with the calcineurin/Crz1 pathway have also
been observed (17-19). Hal3p is one of the most important
regulators of Ppz1p. Overexpression of Hal3p increases salt tol-
erance by suppressing the activity of Ppz1p (20). Hal3p has been
shown to act as a negative regulator by virtue of it binding to the
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TABLE 1
Strains and plasmids used in this study
Strain/Plasmid Descriptions Source/Reference
Strain

D. hansenii

DBH 9 dhhis4 Ref. 30

DBH93 dhhis4 dhargl This study

DBH91 dhhis4 dhppz1::DhHIS4 This study

DBH936 dhhis4 dhargl dhppzIl::DhHIS4 This study

DBH932 dhhis4 dhargl dhmpkl::DhHIS4 This study
S. cerevisiae

BY4742 MAT o his3A1; leu2A0; lys2A0; ura3A0 Euroscarf

Y10557 MAT o his3AI; leu2A0; lys2A0; ura3A0; ppzl::kanMX4 Euroscarf

EGY 48 MATaw; trpl; his3; ura3; 6ops-LEU2 Ref. 33

Plasmids

pDH4 DhHIS4 CfARS16 Ref. 30
pDHI11 DhHIS4 CfARS16 RFP (under DhTEF promoter) Ref. 30
PAN4 DhHIS4 CfARS16 DhPPZ1-RFP This study
pANS5 DhARGI1 CfARS16 DhPPZ1 This study
pAN6 DhARG1 CfARS16 DhPPZI (under DhTEF promoter) This study
pAN51 DhARG1 CfARS16 DhPPZ1 (A27-36) This study
pANS52 DhARGI1 CfARS16 DhPPZ1 (A59-75) This study
pANS53 DhARG1 CfARS16 DhPPZ1 (A81-104) This study
pAN54 DhARG1 CfARS16 DhPPZ1 (A106—120) This study
pANS55 DhARGI CfARS16 DhPPZ1 (A162-183) This study
PAN56 DhARG1 CfARS16 DhPPZ1 (A241-254) This study
PAN9 DhARG1 CfARS16 DhPPZ1 (A279-572) This study
pAN10 DhARG1 CfARS16 DhPPZ1 (A1-278) This study
pDA1 DHARGI CfARSI6 This study
pRS-PPZ1 HIS3 2u PPZ1 This study
PPZ1 A43-52 HIS3 2pu PPZ1(A43-52) This study
pEG202- DhPPZ1 HIS3 2u DhPPZ1 This study
pEG202- DhPPZ1A27-36 HIS3 2. DhPPZ1(A27-36) This study
pJG4-5-DhHAL3 TRPI 2 DhHAL3 This study
pEG202 (bait vector) HIS3 21 Ref. 33
pJG4-5 (prey vector) TRPI 2 Ref. 33

catalytic domain of Ppzlp. Interactions between Hal3p and
Ppz1p are destabilized upon an increase in the intracellular pH.
It has been suggested that the Hal3p-Ppz1p complex acts as a
pH sensor within the cell (14). Besides Hal3p, physical interac-
tion of Ppzlp with quite a few other proteins has also been
demonstrated in S. cerevisiae (14, 21, 22). Some of them e.g.
Trklp, appeared to be its substrate, although others, e.g. Ypilp,
regulate phosphatase activity. However, the details of the inter-
actions of Ppz1p with these proteins are not known. Ppz1p con-
tains a large N-terminal non-catalytic extension that is a char-
acteristic feature of this group of phosphatases. This region is
rich in few amino acids e.g. serine and arginine residues, and has
been shown to be functionally important (9, 12, 23).

PPZ1 is an important determinant of salt tolerance in yeast.
Most of our understanding about this molecule is based on
studying orthologs from very few species (24 -26). Compared
with these species, the yeast D. hansenii displays extreme halo-
tolerance. In the recent past D. hansenii has been considered as
a model organism to understand halotolerance in yeast (27—
29). In this study we have identified and cloned a PPZI ortholog
(DhPPZ1) from D. hansenii. Functional characterization
revealed that DhPPZ1 played an important role in salt tolerance
and cell wall integrity as well as in growth of D. hansenii
through distinct mechanism. Most importantly, we have iden-
tified for the first time a 10-amino acid-long serine/arginine-
rich motif in the N-terminal non-catalytic domain of DhPpzlp
that was essential for its role in salt tolerance but not in other
physiological processes. This motif was not only conserved
among orthologs but also functionally important as revealed
from mutational analysis of S. cerevisiae Ppz1p.
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MATERIALS AND METHODS

Strains, Media, and Growth Conditions—Yeast strains and
plasmids used in this study are listed in Table 1. D. hansenii
strains were grown in YPD or SD minimal media at 28 °C. For
dilution spotting, freshly grown cultures (12 h at 28 °C) were
normalized to A, 1.0. Serial dilutions were made in sterile
water, and 5 ul of each of the 10~ =10~ * dilutions were spotted
onto YPD or SD plates with required supplements.

Construction of Recombinant Plasmids Carrying DhPPZ1
and Its Mutants—Plasmids pAN5 was constructed to express
DhPpzlp from its native promoter in D. hansenii. For this,
fragments of sizes ~0.8 kb (corresponding to the upstream
of the ATG codon) and 1.7 kb (corresponding to DhPPZ1
ORF) were amplified from genomic DNA of CBS767 using
primer pairs DhPPZ1_F/DhPPZ1_int R1 and DhPPZ1_int
F1/DhPPZ1_R. The amplified fragments were digested with
BamH1/Ncol and Ncol/Sacl, respectively, and cloned at
the BamH1-Sacl site of plasmid pAG-CfARS to obtain
pPAL. Subsequently, a ~1.9-kb fragment corresponding to
DhARGI gene was cloned at Clal, digested, and Klenow-
treated pPA1 to obtain pAN5. To construct pAN6, a 610-bp
fragment corresponding to DhTEF promoter was PCR-am-
plified from genomic DNA using the forward DhTEF_F and
DhTEF_R primers. This fragment was digested with BamH1
and Ncol and cloned at BamH1-Ncol site in plasmid pAN5
replacing DhPPZ1 promoter.

PAN4 plasmids was constructed to express DhPpzlp-RFP
fusion protein in D. hansenii. A 2.5-kb fragment (correspond-
ing to DhPPZ1 ORF along with its native promoter) was
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amplified using the forward DhPPZ1_Full F and reverse
DhPPZ1_ORF RFPR primers and cloned at Sall/Xhol sites
in plasmid pDH11 (30) to obtain pAN4.

For constructing different N-terminal mutants (pAN51,
pANS52, pAN53, pAN54, pAN55, and pAN56) the PCR-based
overlap extension method was followed (31). Two separate PCR
reactions were performed by utilizing the primer pairs, forward
DhPPZ1_int F1 with corresponding reverse mutagenic primer
and the corresponding forward mutagenic primer with reverse
DhPPZ1_int R2 primers to obtain overlapping mutated prod-
ucts. These products were combined in the third PCR reaction
using primers DhPPZ1_int F1 and DhPPZ1_int R2. The ampli-
fied fragment (~950 bp) was digested with Ncol and BsrG1 and
cloned into Ncol- and BsrGl-digested pANS5. Similarly
PAN52, pAN53, pAN54, pAN55, and pAN56 were made by
using the primers listed in supplemental Table 1.

The constructs 4SA, 3RA, 3RE, SRAA, SRAE, S27A, S30A,
S33A, S36A, R29A, R32A, and R34A were made by introducing
point mutations at different serine and arginine residues in the
conserved Ser/Arg rich motif. For this, ~305-bp fragments car-
rying different point mutations were made by PCR-based over-
lap extension method and used to replace corresponding Ncol-
HindIII fragment in wild type DAPPZ1. Plasmid pRS-PPZ1 was
constructed by cloning a 2.7-kb PCR-amplified fragment con-
sisting of the ORF of PPZ1 gene of S. cerevisiae along with
upstream promoter region (620 bp) into vector pRS423 at
Sph1-Kpnl site. Subsequently, PPZ1 A43-52 was constructed
by overlapping extension PCR. All the mutations were subse-
quently confirmed by DNA sequencing.

Construction of DhPPZ1 and DhMPK1 Knock-out Strains—
For constructing dhppzl mutant strains, a 2.8-kb fragment har-
boring DhPPZ1 was amplified by PCR and cloned into plasmid
pGEM7Z (Promega) at BamH1-Xhol site to obtain pAN2. The
disruption plasmid pDhPPZ1-HIS4 was constructed by insert-
ing a 3.2-kb DhHIS4 gene at the EcoRV site in pAN2. Subse-
quently a ~6.0-kb BamHI/Xhol fragment from pDhPPZ1-
HIS4 containing the DhHIS4 gene flanked by 1946 and 923 bp
of the DhPPZ1 gene sequence on either side was transformed
into DBH9 and DBH93 to obtain DBH91 and DBH936. The
disruption of DhAPPZ1 locus in DBH91 and DBH936 was con-
firmed by PCR.

To make deletion in DAIMPK1, a 2.2-kb DNA fragment-har-
boring DhMPKI gene was PCR-amplified using the forward
primer DhMPK1_F and reverse primer DhMPK1_R using
genomic DNA from D. hansenii strain CBS767 as template. The
PCR fragment was cloned at BamHI/Xhol sites in pGEM7Z
vector to obtain plasmid pAN7. Subsequently, the disruption
cassette was constructed by replacing a 351-bp EcoR1/EcoRV
fragment of DhMPKI1 ORF with 3.2-kb DhHIS4 gene. The
resultant plasmid (pAN7-HIS4) was then digested with
BamHI/Xhol to isolate a ~5.2-kb disruption cassette. This cas-
sette was transformed into DBH93, and the transformants
obtained on SD plates supplemented with arginine were ana-
lyzed by PCR to confirm deletion in DZMPKI. One of the trans-
formants DBH932 was used subsequently.

Determination of Intracellular Li* and K*—To determine
the intracellular concentration of Li™ and K™ in D. hansenii,
the method described by Posas et al. (12) was essentially fol-
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lowed. Briefly, the cells from 100-ml culture at early logarithmic
phase (Agoo ~ 1.0) were harvested by centrifugation, quickly
washed twice with chilled MilliQ water, and finally resus-
pended in 25 ml of incubation buffer (10 mm Tris-HCI, 50 mm
MgCl,) supplemented with 200 mm LiCl salt. Cells (4 ml) were
collected at different time intervals (0, 60, 90, and 120 min) on
0.45-um membrane filters. The filters were washed twice with
chilled buffer (20 mm MgCl,, 1 M sorbitol). Cation was
extracted from the filters by incubating them in 10 ml of extrac-
tion buffer (10 mm MgCl,, 0.2 m HCI) at room temperature for
20 h. Concentration of cation in the filtered extracts was deter-
mined by atomic emission spectrophotometer AA-6800 (Shi-
madzu). Steady state concentration of cation (Li*; , and K*, )
was expressed as ppm/Ag, of cells.

Quantitative Real-time PCR (qPCR) Assay—The RT-qPCR
was performed with the SYBR® Green one-step RT-qPCR kit
(Invitrogen). Each reaction was performed with 10 ul of 2X
SYBR® Green reaction mix, 200 nm gene-specific forward
primer, 400 nm gene-specific reverse primer (supplemental
Table 1), 100 nM fluorescein (reference dye), 0.8 units of Super-
Script™ III RT/Platinum® Taq mix, and 500 —1000 ng of RNA
template in a 20-ul total reaction volume. The PCR reaction
was carried out in i-cycler iQ ™ (Bio-Rad). Reaction conditions
for one-step RT-PCR include initial cDNA synthesis at 55 °C
for 45 min 15 s followed by initial denaturation at 95 °C for 2
min and 40 cycles at 95 °C for 15 s, 55 °C for 30 s, and 72 °C for
20 s. Amplification specificity was assessed using melting curve
analysis. Relative expression levels were normalized using
DhGPDH as an internal control. The average relative expres-
sion levels for each gene in wild type and dhppzl mutant was
calculated using the AACt method and expressed as fold differ-
ence. The RNA was made free of DNA contamination by in-
column DNase I (Invitrogen) digestion. The absence of the
DNA contamination in the RNA samples was confirmed by a
reaction with platinum Taq DNA polymerase without reverse
transcriptase.

Two-hybrid Assay—The two-hybrid assay was carried out as
described earlier (32). Plasmids pEG202 and pJG4-5 were used
for constructing the bait and prey, respectively (33). DhHAL3
ORF (1.77 kb) was PCR-amplified using primers DhHAL3
ORFf and DhHAL3 ORFr and cloned in pJG4-5 at EcoR1
(blunt-ended) and Xhol site. DAPPZ1 and DhPPZ1A27-36 was
cloned in bait vector pEG202 at BamH1-Xhol site. S. cerevisiae
strain EGY 48 was co-transformed with bait and prey con-
structs and selected on minimal media with 2% glucose and
without tryptophan and histidine. Co-transformed cells were
grown up to Aqy, ~ 1.0, and 5 ul of the cultures (normalized to
Agoo 1.0) were spotted onto minimal media with 2% galactose,
1% raffinose, and without tryptophan, histidine, and leucine.
Plates were incubated for 4 days at 30 °C. For liquid growth
assays, EGY48 carrying DHHAL3 as prey and DhPPZI or its
mutant as bait were grown overnight in minimal media with 2%
raffinose (without tryptophan and histidine). The cultures were
re-inoculated in minimal media with 1% raffinose and 2% galac-
tose (without tryptophan, histidine, and leucine) at an initial
Agoo of ~0.10 and grown for 41 h. Experiments were carried
out twice in duplicate with a pool of four independent
transformants.
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RESULTS

Identification and Cloning of PPZ1 Ortholog from D. hansenii—
To identify the gene encoding PPZ1 ortholog in D. hansenii, a
TBLASTN search (www. ncbi.nlm.nih.gov) was carried out
using protein sequences of S. cerevisiae Ppzlp (692 amino
acids) and Ppz2p (710 amino acids) as query against the avail-
able genome sequence data base of D. hansenii strain CBS767.
A single 572-amino acid-long hypothetical protein was identi-
fied as putative PPZ1 phosphatase in D. hansenii. DhPPZ1 ORF
sequence was found to be located at chromosome E, and its
length was 1719 bp. Predicated amino acid sequence of
DhPpzlp showed 54.8 and 54.2% identity with Ppzlp and
Ppz2p, respectively. Furthermore, like a typical Ppz1p ortholog,
DhPpz1p also contains a large, N-terminal non-catalytic region
consisting of 254 amino acids and C-terminal 318 amino acids
corresponding to the catalytic domain. C-terminal catalytic
region of DhPpz1p showed 85.2 and 83.4% identity with that of
Ppzlp and Ppz2p, respectively (supplemental Fig. S1). In the
N-terminal half, DhPpz1p exhibited only 25.0 and 35.4% iden-
tity with that of Ppz1p and Ppz2p of S. cerevisiae, respectively.
However, like Ppz1p and Ppz2p, the N-terminal non-catalytic
region of DhPpz1 is also rich in serine (63 residues) and aspar-
agine (45 residues).

Ppzlp is a membrane protein in S. cerevisiae and its mem-
brane localization is due to the myristoylation at Gly-2 residue
(14). This residue appears to be conserved in DhPpz1p. There-
fore, intracellular localization of DhPpz1p was determined. For
this purpose, the plasmid pAN4 was made to express DhPpz1p
as the RFP fusion protein and transformed into D. hansenii
strain DBH9. The transformants were grown to logarithmic
phase and examined by fluorescence microscopy. In the cells
expressing the DhPpz1p-RFP fusion protein, RFP fluorescence
was visible throughout the cytoplasm, which indicated that
unlike Ppz1p, DhPpzlp in D. hansenii was localized in the cyto-
sol (supplemental Fig. S2).

DhPPZ1 Knock-out Strain Shows Increased Tolerance to
Toxic Cations—PPZ1 homolog has been shown to be an impor-
tant determinant of salt tolerance in S. cerevisiae, and the dele-
tion of this gene resulted in the increased tolerance to salt in this
species (12). We have identified only one PPZ1 homolog in
D. hansenii. To determine the role of this gene in salt tolerance,
D. hansenii strain (DBH91)-carrying deletion in DZPPZ1 gene
was created, and the growth pattern of this strain was checked
on plates containing different concentrations of LiCl and NaCl.
Compared with the control strain DBH9, which did not grow
beyond 100 mm LiCl, DBH91 showed prominent growth even
at 1 m LiCl. However, on plates containing 1 M or 2 M NaCl, no
perceptible difference in growth was observed between these
two strains (Fig. 14). The effect of DAPPZ1 mutation on salt
tolerance was also measured in liquid medium. For this, DBH9
and DBHO1 strains were grown in YPD media or YPD media
supplemented with different concentrations of salt for 24 h.
Relative growth of the strain at each concentration of salt was
expressed as the percentage of the growth (44, observed in
the absence of salt. It was apparent from the results that DBH91
grew better than DBH9 at all concentrations of LiCl tested. In
the presence of NaCl, DBH91 exhibited 4—6 times more
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FIGURE 1. Growth of dhppz1 mutant in the presence of toxic cations. A, 5
ul of 10-fold serial dilutions of logarithmic phase culture of D. hansenii strains
DBH9 (wild type) and DBH91 (dhppz1) were spotted on YPD plates supple-
mented with different concentrations of LiCl and NaCl. Growth on plates was
observed after 2 days of incubation at 28 °C. B, saturated cultures of DBH9 and
DBH91 grown in YPD medium were re-inoculated (at initial Ag,, of 0.025) into
50 ml of YPD medium at different pH values containing different concentra-
tions of NaCl. After 24 h of growth at 28 °C, the Ag,, of these cultures was
measured. Relative growth of the culture at each concentration of salt was
expressed as the percentage of the growth measured in the absence of added
salt at same pH. Data presented are the results of three independent experi-
ments (mean = S.D.). C, shown is dilution spotting of DBH9 and DBH91 on
YPD plates containing different amounts of hygromycin and spermine.
Results are representative of three independent experiments.

growth at 0.5 and 1.0 m NaCl, but at higher concentrations the
difference was negligible (data not shown). Thus, the deletion of
DhPPZ1 also conferred higher salt tolerance in D. hansenii.
Next, we checked whether the pH of the growth medium had
any effect on this increased resistance to salt stress. For this,
DBH9 and DBHO91 strains were re-inoculated in 50 ml of YPD
medium containing the indicated concentrations of NaCl with
the pH adjusted to 6.0, 7.0, and 7.5. After 24 h of incubation at
28 °C, A4 of these cultures was measured, and the data were
expressed as relative growth. Growth (44,0 in YPD medium
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FIGURE 2. Effect of DhPPZ1 knock out on cation ion transport in D. hansenii. A and B, shown is intracellular concentration of Li* and K* in wild type
D. hansenii (DBH93) and dhppz1 mutant (DBH936) at different pH values. D. hansenii cells at early log phase were exposed to 200 mm LiCl in incubation buffer
at different pH values. Cells were collected at different time points by filtration, and the total intracellular concentration (ppm per Aqq, of the cells) of Li*™ and
K™ ion in these cells were measured by atomic absorption spectrophotometer as described under “Materials and Methods.” Data (mean = S.D.) from duplicate
biological samples with three replicates each are shown. C-E, shown is a comparison of the levels of DhENAT, DhTRK1,and DhNHAT transcript in wild type and
dhppz1 strains as analyzed by RT-qPCR. Total RNA was isolated from logarithmic phase cultures of wild type (DBH9) and dhppz1 mutant (DBH91) strain grown
in YPD medium or after exposing them to 200 mwm LiCl for 20 min. The RT-gPCR was performed with one step SYBR-I Green reaction kit (Invitrogen) using gene
specific primers. Relative expression levels were normalized using DhGPDH as an internal control. The average relative expression levels for each gene in wild
type and dhppz1 mutant was calculated using the AACt method and expressed as -fold difference (mean = S.D.).

without salt at the respective pH values was used as control
(100%). It was observed that when pH of the medium was
shifted to higher values from pH 6, the favorable effect of 0.5 m
NaCl on the growth of the mutant strain started decreasing, and
it almost diminished at pH 7.5 (Fig. 1B). A similar effect of pH
on sodium tolerance was also observed at higher salt concen-
trations (Fig. 1B).

Besides alkali metal cations, ppzI mutant in S. cerevisiae
strain can also tolerate high concentration of other toxic cat-
ions such as spermine, tetramethylammonium, and hygromy-
cin B (13). To check whether the D. hansenii mutant also exhib-
its similar phenotype, growth of DBH91 and DBH9 strain on
YPD plates supplemented with different concentrations of
hygromycin and spermine were checked by dilution spotting.
Our results showed that the DBH91 strain could grow in the
presence of 50 ug of hygromycin or 4.5 mm spermine. In con-
trast, DBHO strain failed to grow above 10 ug of hygromycin or
2.5 mM spermine-containing plates (Fig. 1C). The dhppzl
mutant DBH936 also showed a similar phenotype.

DhPPZI1 Knock-out Strain Accumulates Lower Amount of
Li Intracellularly—As mentioned above, dhppzI mutant strain
exhibited higher tolerance to toxic cation. This phenotype
could arise if it accumulates less amount of toxic ion in com-
parison to parent strain. To examine this possibility, a steady
state concentration of Li* ions inside the cells (Li*, ) was
determined. dhppzl mutant (DBH936) cells at early logarith-
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mic phase was exposed to 200 mm LiCl at indicated pH. Sam-
ples were withdrawn at different time intervals, and the total
intracellular Li" ion content of the cells was measured by
atomic absorption spectrophotometer as described under
“Materials and Methods.” From our results it was apparent that
dhppzl mutant strain accumulated lower steady state concen-
tration of lithium ion compared with the parent strain both at
pH 6.0 and at pH 7.0 (Fig. 24).

In S. cerevisiae, Ppz1p modulates the activity of K* trans-
porter Trklp. Increase in the activity of Trklp in the absence of
Ppzlp results in the accumulation of higher K* ion concentra-
tion inside the cell, which indirectly affects the salt tolerance
(13, 34). The increased resistance to LiCl exhibited by dhppz1
mutants could also be due to a higher accumulation of K* intra-
cellularly. To check this, the intracellular level of K* ion was
determined in dhppzl mutant strain (described under “Mate-
rials and Methods”). DBH936 as well as parent DBH93 cells at
early logarithmic phase were exposed to 200 mm LiCl at differ-
ent pH. The cells were harvested by vacuum filtration at differ-
ent time points, and the intracellular K* concentration in these
cells was measured by atomic absorption spectrophotometer.
Results presented in Fig. 2B showed that dhppzI strain accu-
mulated higher K™ compared with the parent strain both at pH
6 and pH 7.

Activity of various transporters directly regulates the intra-
cellular concentration of different cations. The above-men-
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FIGURE 3. DhPPZ1 knock-out affects growth of D. hansenii. A, growth
curve of dhppz1 mutant (DBH936) and control parental (DBH93) D. hansenii
strains are shown. Saturated cultures DBH936 and DBH93 were re-inoculated
100 ml of YPD medium at initial Agoo Of 0.05. Growth of these cultures was
monitored by measuring Aqq, at regular intervals. B, shown is reversal of slow
growth phenotype of dhppz1 mutant by expressing DhPPZ1 from plasmid.
Saturated cultures of DBH936 strains transformed with indicated plasmids
were re-inoculated into 25 ml of SD medium (at initial Ago,0f 0.025). After 24 h
of growth at 28°C, Ag,, of these cultures was measured. DBH93 strain
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tioned difference in Li* and K™ observed in dhppzl mutant
could be a result of differences in the level of cation transport-
ers. Itis to be noted that the loss of Ppz1p activity induces ENA 1
transcription in S. cerevisiae (13). Therefore, the level of expres-
sion of major cation transporters DhHENAI, DhTRKI, and
DhNHA1 was compared in dhppzl mutant and parent strain
using real time PCR method. Under the salt stress, dhppzl
mutant showed 10-fold higher DEINHA1 expression compared
with the parent strain used as wild type control (Fig. 2E). In
comparison, little or no difference in the level of expression of
DhENA1 and DhTRKI could be observed between dhppzIi
mutant and parent strain under these conditions (Fig. 2, C
and D).

DhPPZ1 Is Crucial for Normal Cell Growth in D. hansenii—
PPZ1I plays a regulatory role in the number of divergent path-
ways such as salt stress, cell wall remodeling, and cell cycle
regulation in yeast. Disruption of DhPPZ1 showed that it was
not an essential gene in D. hansenii; however, it did not rule out
its vital role in normal cellular processes. To check this, growth
pattern of the dhppzl strain was compared with the parent
strain. Saturated cultures of D. hansenii strains (DBH936 and
DBH93) were re-inoculated into 100 ml of YPD medium at an
initial A, of 0.05 and incubated further at 28 °C with vigorous
shaking (200 rpm). Growth of the cultures was monitored by
measuring A, at regular intervals. It was evident that dhppz1
mutant (DBH936) grew significantly slower than the parent
strain DBH93 used as control (Fig. 34). The growth defect
exhibited by dhppzI mutant of D. hansenii could be abrogated
by expressing DhPPZ1 either under its own promoter (pAN5)
or a stronger DhTEF promoter (Fig. 3B). Moreover, the growth
of the strain expressing DhPPZI1 under DhTEF promoter was
quite similar to DBH93, thereby clearly indicating that the over-
expression of DhPPZI had a negligible effect on the growth of
D. hansenii. Contrasting this, an excess of Ppz1p in S. cerevisiae
is known to have an adverse effect on growth by affecting G, /S
transition, bud emergence, and DNA synthesis (9, 11, 16).
Although S. cerevisiae strains lacking both PPZ1/2 show nor-
mal growth in YPD medium, with the increase in the pH of the
medium it exhibits a slow-growth phenotype (13). Therefore,
the growth of the dhppzl mutant strain was checked in YPD
media at pH 6.0, 7.0, and 7.5. As shown in Fig. 3C, the growth
pattern of dhppzl mutant was quite similar at pH 6.0, 7.0, and
7.5, which indicated that the deletion of DAPPZ1 in D. hansenii
had no significant effect on growth under alkaline conditions.

Effect of DhPPZ1 Mutation on Cell Wall Remodeling in
D. hansenii—To check the involvement of DAPPZ]I in cell wall
remodeling in D. hansenii, the sensitivity of dhppzl mutant
toward cell wall-destabilizing agents, such as caffeine, was
determined by dilution spotting. The strain DBH93, which was
used as the control, grew very well on plates containing 5 mm

transformed with plasmids pDA1 and pDH4 was used as control. Data were
expressed as their relative growth with respect to the control. C, relative
growth of dhppz1 mutant at different pH values is shown. Saturated cultures
of DBH936 and DBH93 (control) were re-inoculated (initial Agoo 0.025) into 50
ml of YPD medium buffered to different pH values. After 24 h of growth at
28 °C, Agy, Of the culture was measured. The growth at pH 6.0 for the respec-
tive culture was taken 100%. Data presented are the results of three inde-
pendent experiments (mean =+ S.D.).
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FIGURE 4. Overexpression of DhPpz1p suppresses phenotypic defects of dhmpk1 deletion in D. hansenii. A, suppression of the toxic cation and caffeine
sensitivity of dhmpk1 mutantis shown. DBH932 harboring plasmids pAN5, pAN6, or pDAT (vector control) were grown in SD medium to logarithmic phase (Agoo
~ 1.0). 10-Fold serial dilutions of these cultures were on SD plates containing LiCl or caffeine as indicated. B, shown is relative growth of dhmpk1 mutant
harboring different plasmids as indicated. Aq, after 24 h of growth for control (DBH93 harboring pDA1 and pDH4) was taken 100%. Data presented are results

of three independent experiments (mean = S.D.).

caffeine. In contrast, DBH936 did not grow at all on this plate.
However, with the addition of 1 M sorbitol as osmotic stabi-
lizer, the growth of DBH936 in the presence of 5 mm caffeine
could be seen (supplemental Fig. S34). Mutation in dhppz1l
gene also conferred temperature-sensitive phenotype in
D. hansenii, as DBH936 failed to grow on YPD plates incu-
bated at a temperature of 32 °C and above. This defect could
also be alleviated by the addition of 1 M sorbitol as the
osmotic stabilizer (supplemental Fig. S3B). These results
clearly indicated an important role of DAPPZ1 in cell wall
integrity in D. hansenii as well.

In yeast, a signal transduction pathway comprising mitogen-
activated protein kinase MPK1 plays pivotal role in mediating
cell wall remodeling under different physiological conditions
including stress (35). Genetic interaction of this pathway with
PPZ1 has been reported in S. cerevisiae earlier (11, 34).
Through BLAST analysis of the genome sequence data base, we
identified a putative MPKI ortholog (DhMPK1) in D. hansenii.
To determine the genetic interaction between this pathway and
DhPPZ1, we constructed a DBH932 strain-carrying deletion in
DhMPK1 gene. DBH932 displayed a temperature-dependent
cell lysis defect that could be abrogated by the addition of 1 M
sorbitol (supplemental Fig. S4). These phenotypes suggested
that DhMPK1 was a typical member of the cell wall integrity
MAPK pathway in D. hansenii. We next transformed DBH932
strain with pANS5 (DhPPZ1 gene under its native promoter) and
pANG6 (DhPPZ1 gene under strong DhTEF promoter), and
transformants were selected on SD plates. Phenotype analysis
of the transformants showed that only the expression of
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DhPpzl1p from a strong promoter but not from its own pro-
moter could suppress caffeine and salt sensitivity of DBH932
(Fig. 4A). Similarly, the growth defect of dhmpkl deletion could
also be abrogated only by overexpressing DhPpz1p (Fig. 4B).
Thus, like that in S. cerevisiae, DhPPZ1 behaved like a multi-
copy suppressor of the growth defect associated with the dele-
tion of the cell wall integrity pathway component (11).
N-terminal Non-catalytic Region Is Essential for Functional-
ity of DhPpzIp—Ppz1p represents a novel phosphatase family
with a conserved, catalytic C-terminal region and a large non-
catalytic N-terminal region rich in few amino acids e.g. serine,
asparagine, arginine residues (8, 23). The C-terminal catalytic
domain shares substantial sequence homology among Ppzlp
orthologs as well with other PPP members. In comparison, the
N-terminal regions are quite diverged in their primary
sequences. The N-terminal region is a unique feature of Ppz1p
orthologs and appeared to have a regulatory role in the func-
tionality of this phosphatase. Surprisingly, not much informa-
tion is available about this region. Analysis of DhPpzlp
sequence showed that the N-terminal region comprised of
amino acid residues 1-278 and the catalytic domain was from
amino acid residues 279 —572. Phenotypic analysis showed that
either the N-terminal (pAN9) or C-terminal catalytic (pAN10)
region was non-functional as they failed to suppress LiCl and
hygromycin tolerance or caffeine-sensitive phenotype of
dhppzl mutant (data not shown). Besides these, none of these
constructs could rescue the slow growth phenotype exhibited
by dhppzl mutant (data not shown). Together these results
validated the importance of both halves for the functionality of
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FIGURE 5. Structure-function analysis of N-terminal domain of DhPpz1p.
Schematics depicting wild type and mutant DhPpz1p are shown. C-terminal
catalytic domain (light box), N-terminal non-catalytic domain (dark box), and
the position of different deletions are shown. The right panel shows pheno-
typic complementation of dhppz1 mutation in DBH936 by different plasmid
constructs as determined by dilution spotting on SD plates containing LiCl,
hygromycin (Hyg), and caffeine (Caf). + indicates complementation, and —
indicates no complementation. Experiments were repeated three times with
similar results.
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DhPpz1p. Primary sequence clearly indicated that N terminus
of DhPpz1p was also rich in serine and asparagine residues, as it
contained 63 serine (22.58%) and 45 asparagine (16.13%) resi-
dues. Analysis of the primary sequence of the N-terminal
region (1-278 amino acids) of DhPpz1p with the help of bioin-
formatics tools such as SMART (Simple Modular Architecture
Research Tool at EMBL) and PROSITE (data base of protein
families and domains) did not indicate the presence of any
known domain or motif in this region. However, it showed a
six-sequence motif of low complexity that was rich in serine,
asparagine, or arginine residues (Fig. 5). To delineate the role of
these regions in the functionality of DhPpz1p, six mutant con-
structs were generated by a PCR-based method by deleting the
amino acid residues corresponding to 27-36 (pAN51), 59-75
(PAN52), 81-104 (pAN53), 106-120 (pAN54), 162-183
(pANS5), and 241-254 (pAN56). All these constructs were
transformed in D. hansenii strain DBH936. Transformants
were selected on SD plates and assessed for their ability to com-
plement phenotype associated with dhppzl mutation. For this,
serial dilutions of log phase cultures of DBH936 cells harboring
pAN51, pAN52, pAN53, pAN54, pAN55, and pAN56 plasmid
were spotted on SD plates supplemented with different con-
centrations of LiCl, hygromycin, or caffeine. Growth on plates
was observed after 3—4 days of incubation at 28 °C (Fig. 5).
DBH936 strains transformed with plasmids pAN51 and pAN54
remained LiCl-resistant similar to DBH936 (dhppzl) strain,
although all other mutant constructs fully reverted to lithium-
sensitive phenotypes similar to DBH936-expressing wild type
DhPpzlp. On hygromycin plates, DBH936 transformed with
only pAN51 showed a hygromycin-resistant phenotype similar
to that of dhppzl mutant, whereas with all other constructs,
hygromycin-sensitive phenotype was observed. These results
thus indicated that pAN51 encoded a non-functional allele of
DhPpzlp with respect to this phenotype. D. hansenii strain
DBH936 was highly sensitive to caffeine, and therefore, it did
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not grow on plates containing caffeine. In contrast, DBH936
strain transformed with all the mutant constructs were able to
grow on these plates, which clearly indicated that all the mutant
constructs behaved like wild type DhPpz1p in this regard (Fig.
5).

Next we determined whether these mutant constructs could
rescue the slow growth phenotype of dhppzl mutant observed
earlier. For this, saturated cultures of DBH936 strain trans-
formed with all these constructs were re-inoculated into 25 ml
of SD medium at initial Ay, of 0.025. After 24 h of growth at
28 °C, Ay, of each culture was measured, and the data were
expressed as their relative growth compared with the parent
DBHO93 strain used as control. Our results revealed that all
mutant constructs could suppress the growth defect of dhppzl
strain, indicating their functional activity in vivo. Interestingly,
DBH936 harboring pAN51 exhibited 2-fold more growth than
the parent strain DBH93 used as controls in this experiment
(supplemental Fig. S5).

Conserved Serine/Arginine-rich Motif in N-terminal Non-
catalytic Region Is Important for Cation Tolerance—From the
above analysis, it thus appeared that none of the motifs was
important for DhPpz1p toward its role in cell wall remodeling
or cell growth. However, the short sequence motif correspond-
ing to 27-36 amino acid residues was very important for both
lithium and hygromycin tolerance phenotype and appeared to
be indispensable for DhPpz1p toward its role in ion homeosta-
sis. This motif was rich in serine and arginine residues, and it
contained five serine and three arginine residues. Analysis of
the sequence of few other orthologs from different yeast and
fungal species clearly showed the presence of this motif, and
thus it appeared to be evolutionary conserved among the mem-
bers of this group (Fig. 64). The sequence alignment of this
motif showed that the residues Ser-27, Ser-30, Ser-36, Arg-29,
and Arg-32 were present in all. However, Ser-33 appeared to be
conserved only in yeast and not in filamentous fungi. Interest-
ingly, the eighth and ninth positions were always occupied by
an arginine along with a bulky hydrophobic residue. To confirm
the functional importance of the conserved residues, we have
created few mutant constructs by site-directed mutagenesis. In
these mutants serine residues were changed to alanine where as
the arginine residues were changed to either alanine or glu-
tamic acid. The plasmids carrying these mutants were trans-
formed in D. hansenii strain DBH936. The growth patterns of
the transformants were assessed by dilution spotting on SD
plates containing different concentrations of LiCl or hygromy-
cin. The result of this experiment was summarized in Fig. 6B.
Mutation of conserved serine and arginine residues together
(SRAA or SRAE) could not suppress the lithium- or hygromy-
cin-resistant phenotype of the dhppz1 mutant. The mutation of
only serine or arginine residues alone (4SA, 3RE, or 3RA) also
could not suppress this phenotype. Replacement of arginine
residues with either alanine or glutamic acid (3RA or 3RE) had
similar effects. These results clearly indicated that both the ser-
ine and arginine residues have crucial roles in the functionality
of DhPpzlp. This motif is a common feature among Ppzlp
orthologs (Fig. 64). To check the functional importance of this
motif in other orthologs, we constructed a mutant of S. cerevi-
siae PPZ1 (PPZ1A43-52) that will express a Ppz1p allele devoid
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FIGURE 6. Mutational analysis serine/arginine-rich motif in DhPpz1p and Ppz1p. A, sequence alignment of the serine/arginine-rich motif present in
different Ppz1p orthologs from different species is shown: YL, Yarrowia lipolytica XP_504610.2; CD, Candida dubliniensis XP_002422157.1); Pzl1, Neurospora
crassa AF071752; CL, Clavispora lusitaniae XP_002619471; PG, Pichia guilliermondii EDK41476.2; Ppz1, S.cerevisiae NP_013696.1; Ppz2, S.cerevisiae
NP_010724.1; DhPpz1, D. hansenii XP_459586.2. Conserved residues are shown by asterisks. B, phenotypic complementation of wild type DhPpz1p and
mutants carrying point mutations in serine/arginine-rich motif along with the sequence of respective mutated region are shown. + indicates complementa-
tion, and — indicates not complementation. C, dilution spotting of S. cerevisiae strains expressing wild type Ppz1p or its mutants on SD plate containing LiCl is
shown. PPZ1 (parental strain BY4742/pRS423), ppz1 mutant (Y10557/pRS423), and A43-52 (Y10557/PPZ1-A43-52) were grown overnight on SD without
histidine before serial dilution. Representative data of three independent experiments are shown. D, effect of mutation in individual serine and arginine
residues of Ser/Arg motif on salt tolerance exhibited by dhppz1 mutant is shown. 10-Fold serial dilution of the DBH936 strain expressing different point
mutations was spotted on SD plates containing 0.4 and 0.6 m LiCl. Plates were incubated at 28 °C for 3—4 days before being photographed. A culture of DBH936

harboring empty vector pDA1 was used as the control. Representative data of two independent experiments are shown.

of this motif. Transformation of this construct into ppzl
mutant of S. cerevisiae failed to suppress the salt hypertolerant
phenotype of this strain (Fig. 6C). This result clearly indicated
the functional importance of this motif in other orthologs also.

To assess the contribution of each serine and arginine resi-
due in this motif, individual residues were mutated to alanine
separately. The growth pattern of DBH936 carrying these
mutants (S27A, S30A, S33A, S36A, R29A, R32A, and R34A)
was checked on lithium chloride-containing plates. Among the
serine residues, Ser-30, -33, and -36 were important, whereas
Ser-27 was not essential as the later mutation completely sup-
pressed the salt hypertolerant phenotype of DBH936 (Fig. 6D).
Similarly, Arg-29 also appeared to be dispensable, as this
mutant failed to grow on LiCl plates. Surprisingly, mutants
R32A and R34A showed partial complementation on LiCl
plates. It is thus possible that Arg residues create a positive
charge environment in the vicinity that is important. In such a
scenario, individual residues could be dispensable as their
absence could be compensated by others in the vicinity.

In S. cerevisiae, Hal3p is an important negative regulator of
Ppzlp. Hal3p has been shown to interact physically with the
catalytic moiety of Ppz1p and inhibit its activity (18, 20). Similar
to the deletion of PPZ1, overexpression of Hal3p also increases
salt tolerance through the inhibition of Ppz1p. An ortholog of
Hal3p (DhHal3p, GenBank™ accession number XP_459184)
isalso present in D. hansenii. It is possible that the Ser/Arg-rich
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motif could play a regulatory role, and thus the absence of this
motif could increase the interaction of DhPpz1p with DhHal3p,
resulting in the higher salt resistance phenotype. To check this
possibility, we performed a yeast two-hybrid interaction. As
shown in Fig. 7A, DhHal3p strongly interacted with both
DhPpzlp and Ser/Arg motif mutants. Comparison of these
two-hybrid interactions by liquid growth assay showed that
there were no significant differences between DhPpz1p and its
mutant (Fig. 7B). Thus, the Ser/Arg-rich motif does not modu-
late Hal3p binding.

DISCUSSION

PPZ1 orthologs constitute unique members of PPP family of
serine threonine phosphatases that are present only in the fun-
gal world. They are involved in a variety of cellular processes
that includes salt tolerance, ion homeostasis, maintenance of
cell integrity, and cell cycle regulation (13, 14). Although they
are an important regulator of salt tolerance, their role in the
physiology of any halotolerant organism remained unexplored.
To this effect, we undertook molecular characterization of
PPZ1 ortholog from D. hansenii, which is one of the most halo-
tolerant species of yeast and is considered as a model organism
to understand halotolerance in yeast (27-29). Interestingly, this
report is also the first documentation of functional character-
ization of any D. hansenii gene in its native host.
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FIGURE 7. Role of Ser/Arg-rich motif in the interaction of DhPpz1p with
DhHal3p. A, two-hybrid assay for interactions between DhHal3p and
DhPpz1p. Wild type DhPPZ1 or its mutant having a deletions in the Ser/Arg
motif (A27-36) cloned in pEG202 vector was used as bait, whereas DhHAL3
cloned in plasmid pJG4-5 was used as prey. Bait and prey constructs (in pairs
as indicated) or in combination with empty prey or bait (as control) were
transformed into S. cerevisiae strain EGY48. Growth of the transformants on
Gal-Raf minimal medium is shown after dilution spotting. Experiments were
repeated twice with pool of four independent transformants. Representative
data are shown. B, growth of EGY48 harboring DhPPZ1 and A27-36 baitalong
with empty prey or DhHal3 in prey vector were grown overnight in minimal
media with 2% raffinose (without tryptophan and histidine). The cultures
were re-inoculated in minimal media with 1% raffinose and 2% galactose
(without tryptophan, histidine, and leucine) at Agy, ~0.10 and grown further
for 41 h. Data (mean = S.D.) of two independent experiments, each per-
formed in duplicate with a pool of four different transformants, is shown here.

Analysis of sequence data base identified only one PPZ1
ortholog among the eight members of PPP family that are pres-
ent in D. hansenii genome. This organism harbors fewer PPP
phosphatases than S. cerevisiae, which contains 12 such pro-
teins. Except for the PPH3 ortholog, D. hansenii contains at
least one ortholog of each group that is present in S. cerevisiae,
and redundant or partially redundant isoforms are notably
absent in this species.” From the primary sequence, DhPpzlp
appeared to have all the features typical to this type of proteins.
To determine its role in D. hansenii, phenotypic analysis of
DhPPZI knock-out strains (DBH91 and DBH936) was carried
out. dhppzl mutant exhibited a high level of resistance toward
different toxic cations such as Li*, hygromycin, and spermine
(Fig. 1). For NaCl, better growth of the dhppzl mutant was
apparent only at lower concentrations, and no significant dif-
ference in growth was observed at 2.0 M or higher concentration
of NaCl (Fig. 1B). dhppzl accumulated a less amount of Li™
compared with the parent strain both at pH 6.0 and 7.0. A lower
steady state concentration of toxic cation in the cell was
expected to lead to higher resistance toward these ions. Besides
this, the intracellular K concentration appeared to be elevated
in the mutant (Fig. 2). Higher K" in the cell could also affect the
accumulation of toxic cation. In the case of S. cerevisiae ppzl
mutant, a lower intracellular Li" and increased level of intra-
cellular K* was also observed. This was achieved through two
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distinct mechanisms. One is through the transcriptional up-
regulation of ENAI encoding Na-H" ATPase, the major Na™
efflux pump in S. cerevisiae. As a substrate, the major K™ trans-
porter Trklp is also regulated by Ppzlp. In the absence of
Ppzlp, the increase in the activity of Trklp resulted in the accu-
mulation of K* and thereby affected the membrane potential
and accumulation of toxic cation in the cell. In S. cerevisiae,
interaction of Ppzlp with Trklp has been demonstrated
through immunoprecipitation (14). Both Ppzlp and Trklp
have been shown to be associated with the membrane as
observed by GFP fusion as well as other methods, and their
physical proximity in the cell has been suggested to be crucial
for Ppz1p to utilize Trklp as substrate. Our results showed that
DhPpz1p-RFP fusion protein was present in the cytosol, and
therefore, the scenario was quite different in D. hansenii.
Whether DhPpz1p could still modulate the activity of K* trans-
porter DhTrklp in D. hansenii thus remains an open question.

We had observed that the mutation in DZPPZ1 did not sig-
nificantly affect the level of DKENAI transcript in D. hansenii
which indicated the role of Enal independent mechanism in
the salt tolerance of D. hansenii dhppzI mutant. Earlier studies
showed that the extent of salt tolerance displayed by S. cerevi-
siae ppzl mutant remained unaffected by raising the pH of the
medium to 8.5 (12). Contrasting this, the salt tolerance of
D. hansenii mutant diminished at higher pH (Fig. 1B). This
observation indicated a possible role of Na*/H™ antiporter
DhNhalp. Our observation that under salt stress DANHAI
expression is strongly up-regulated in dhppzl mutant further
supports this view (Fig. 2E). In yeast, the role of Nhalp
orthologs in the regulation of cell cycle, cell volume, membrane
potential, and ion homeostasis has been demonstrated.
Although both S. cerevisiae and D. hansenii accumulate less
toxic cation in the absence of PPZI, this could, however, be
achieved through distinct mechanisms.

DhPPZ1 is not an essential gene in D. hansenii. However, its
deletion caused a dramatic decrease in the growth of the
mutant, indicating its vital role in the cellular physiology in this
species. Earlier studies showed that an excess of Ppz1p confers
slow growth phenotype in S. cerevisiae by affecting G,/S tran-
sition and bud emergence (9, 11, 16). In contrast, the overex-
pression of DhPPZI1 had a negligible effect on the growth of
D. hansenii.In S. cerevisiae, strains lacking PPZ1/2 showed pH-
dependent growth; a relatively slow-growth phenotype was
observed on medium with increasing pH (13). Our result
showed no significant changes in the growth of dhppzI mutant
with the increase in the pH of the medium (Fig. 3C). DhPpz1p
appeared to have a functional link with the cell wall integrity
pathway in D. hansenii. Like a mutant having a defect in the cell
wall integrity pathway, dhppzl strains also showed a cell lysis
defect at higher temperature and sensitivity toward cell wall
destabilizing agents, such as caffeine. Both these defects could
be suppressed by the addition of 1 M sorbitol to the medium
(supplemental Fig. S3). In S. cerevisiae, PPZ1 acts as a multicopy
suppressor of the defect associated with the mutation in MPK1
(11). A similar phenotype was also observed with DhPPZ1 in
D. hansenii. Taken together, these results underscore a distinct
role of DhPpz1p in D. hansenii despite having some functional
overlaps with its ortholog in S. cerevisiae. Both of these species
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live in a different ecological niche. Thus it is not strange that
they have evolved with different survival strategies using the
same molecular elements but in distinct ways.

Like a typical member of its group, DhPpz1p possesses a large
N-terminal non-catalytic region that is rich in a few amino acid
residues such as serine. Earlier studies with Ppz1p showed that
it is essential for the functionality. Deletion of this region in
DhPpz1p also rendered the molecule non-functional. To have
structure-function insight about this region, we undertook
bioinformatics analysis, which did not show the presence of any
known domain or motif but identified six regions of short
sequence motif with low complexity. To check the role of these
motifs, deletion constructs (pAN51, pAN52, pAN53, pAN54,
pANS55, and pAN56) were created and subjected to phenotype
analysis (Fig. 5 and supplemental Fig. S5). All the mutants could
complement the caffeine sensitivity and growth defect of
dhppzl mutation similar to that of wild type DhPpzlp. Com-
pared with other constructs, copious growth was observed with
pANS51. Therefore, all these motifs were dispensable for the role
of DhPpzlp in cell integrity and cell growth. Surprisingly,
pANGSI failed to suppress the lithium and hygromycin resis-
tance, indicating motif 27-36 could be indispensable for salt
tolerance. The growth of pAN54 on LiCl but not on a hygromy-
cin-containing plate indicated a subtle, yet unexplained, differ-
ence in these two as toxic cations. Nevertheless, analysis of
these constructs clearly demonstrated that the participation of
DhPpzl1p in salt tolerance, cell integrity pathway, or cell growth
occurred through distinct molecular events. The sequence
motif 27-36 was rich in serine and arginine residues that are
indispensable for its function in salt tolerance. The discovery
that this motif is highly conserved among the Ppz1 orthologs
also suggests its importance. Mutational analysis of S. cerevisiae
Ppzlp further supports this view (Fig. 6). Previous studies sug-
gested that Hal3p binds to the catalytic moiety of Ppzlp in
S. cerevisiae and the N-terminal non-catalytic half of Ppzlp
might play a protective function against the inhibition by Hal3p
(18, 20). The Ser/Arg-rich motif identified in this study is pres-
ent in the N-terminal region of DhPpz1p, which is far outside of
the catalytic domain and, therefore, likely to have, if any, a
built-in switch-like function in preventing the interaction with
DhHal3p. However, the yeast two-hybrid assay clearly showed
that this motif had no role in binding DhHal3p (Fig. 7).
Recently, serine/arginine-rich motifs have been shown to be
involved in protein-protein interactions (36, 37). It is unclear at
present how this motif could function. As a member of PPP
family of phosphatases, the spectrum of activities exhibited by
DhPpzl1p is regulated by its interactions with different cellular
proteins. It is plausible that some of these interactions are medi-
ated by the serine-arginine-rich motif.
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