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Abstract—A newly isolated osmo-, salt-, and alkalitolerant Yarrowia lipolytica yeast strain is distinguished from other yeast
species by its capacity to grow vigorously at alkaline pH values (9.7), which makes it a promising model organism for study-
ing Na*-dependent phosphate transport systems in yeasts. Phosphate uptake by Y. lipolytica cells grown at pH 9.7 was medi-
ated by several kinetically discrete Na*-dependent systems specifically activated by Na*. One of these, a low-affinity trans-
porter, operated at high concentrations of extracellular phosphate. The other two, high-affinity systems, maximally active in
phosphate-starved cells, were repressed or derepressed depending on the prevailing extracellular phosphate concentration and
pH value. The contribution of Na*/P;-cotransport systems to the total cellular phosphate uptake progressively increased with
increasing pH, reaching its maximum at pH > 9.
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Inorganic phosphate (P;) is one of the major
macronutrients essential for all living organisms including
yeasts. It is a structural element of diverse cellular com-
ponents, including nucleic acids, proteins, phospho-
lipids, and phosphosugars, a constituent of energy-sup-
plying reactions (glycolysis and oxidative phosphoryla-
tion), and a regulator in signal transduction cascades.
However, despite its widespread occurrence, P; is often
present in very low amounts in many ecosystems [1].
Therefore, yeasts, like other organisms, have to evolve a
sophisticated system for sensing P; availability and adjust-
ing coordinated gene expression in response to varying P,
levels. In Saccharomyces cerevisiae, the PHO (phosphate-
responsive signaling pathway) regulatory pathway regu-
lates expression of “PHO” genes involved in sensing

Abbreviations: CAPS) 3-[cyclohexylamino]-1-propanesulfonic
acid; CCCP) carbonyl cyanide m-chlorophenylhydrazone;
DiOC(3)) 3,3'-dihexyloxacarbocyanine iodide; HP;) high
phosphate medium; LP,) low phosphate medium; ER) endo-
plasmic reticulum.

* To whom correspondence should be addressed.

(scavenging), specific uptake, integrating, and storing of
P; [2-7].

A primary step in the utilization of extracellular P; is
its uptake by plasma membrane transporters via a
cotransport with H" or Na* [6]. Among all non-animal
eukaryotic cells, most of the available information on P;
transport systems has been confined to the yeast
Saccharomyces cerevisiae. In this fungus, three different
systems have been proposed to be involved in the uptake
of P; from the cultivation medium. One of these, a so-
called low-affinity system (with an apparent K., for extra-
cellular P; of approximately 1 mM at its pH optimum of
4.5), has been suggested to be a constitutively expressed
H*/P; cotransporter [8-10]. Recently, two new PHO
genes, PHO90 and PHO9I1, have been cloned and
sequenced. It was postulated that it is these genes that are
encoding the low-affinity P;-transporter [11].

Besides this low-affinity system, a growing family of
high-affinity P; transporters, potentially repressible by
high P; concentrations, is now believed to exist in . cere-
visiae [6, 7]. Of these, the most important is Pho84p, the
product of the PHO84 gene [12], a 65-kD hydrophobic
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membrane protein, a H/P;-cotransporter, responsible
for the major cellular P; uptake at acidic or neutral pH
values under P;-limiting conditions. It is maximally active
at pH 4.5 with an apparent K, value for P; of 1-15 uM
[13-16]. Pho84p belongs to the class of 12-transmem-
brane hydrophobic helix transporters, bearing a high
degree of similarity to members of the yeast hexose trans-
porter family [17, 18] and to both Snf3p and Rgt2p
involved in sensing of external glucose concentrations
[19]. Although Pho84p has been shown to be solely
responsible for H"-coupled P; uptake in model systems
(plasma membrane vesicles enriched in Pho84p or prote-
oliposomes loaded with Pho84p) [16, 20-22], in vivo sev-
eral other auxiliary proteins including Pho87p [23, 24],
Pho88p [24], and Gtrlp [25], are proposed to be associ-
ated with the Pho84p-mediated transport system, possi-
bly serving as receptors for P; signaling, or altering the
intrinsic stability of Pho84p, or affecting Pho84p activity
in another, so far unknown manner. Under P; starvation,
the Pho84p is not only transcriptionally up-regulated, but
being synthesized on ER (endoplasmic reticulum) cytori-
bosomes, is sorted to the final destination, i.e., the plas-
ma membrane. The correct sorting of Pho84p depends on
Pho86p, an ER resident protein, possibly required for
proper packaging of Pho84p into COPII (coat protein
complex II) vesicles, within them Pho84p is transported
to the plasma membrane [26, 27]. In low-P,-medium
containing 250-300 uM P,, the rate of Pho84p-mediated
P; uptake by S. cerevisiae gradually increases during expo-
nential growth reaching its maximum at the late-expo-
nential growth phase, and then rapidly declines [28]. The
onset of the decline in P; transporter activity coincides
with decreasing of the extracellular P; concentration to
10 uM, which is close to the reported K|, value for the
transporter [28]. These and other data support the idea
that both the derepression and inactivation of Pho84p are
under the control of extracellular phosphate level [12,
28]. As external phosphate is almost totally exhausted, the
Pho84p is inactivated and routed to the vacuole to be
degraded [3, 29].

The other high-affinity transporter of S. cerevisiae is
the PHO&9 gene product [30] catalyzing a Na*/P; cotrans-
port. The transporter is active predominantly at pH 9.5,
with a K, for P; of 1 uM at pH 7.2 [14, 30]. Like Pho84p,
Pho89p is organized into 12 discrete hydrophobic
domains [6] and displays a high degree of similarity with
mammalian Na*/P; transporters of type III. However,
activity of the Na*-coupled Pho89p in S. cerevisiae is very
low, casting some doubt on its physiological significance.
Obviously, the S. cerevisiae yeast, thriving at pH 5.5-6.5
and only barely growing at pH > 8.0, is not the best model
organism for studying Na*-coupled transporters active
predominantly under alkaline conditions. Clearly, more
appropriate yeast species are needed to gain precise reso-
lution of P; transport mechanisms in yeast cells grown
under alkaline conditions. For this purpose, in our studies
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on properties and regulation of Na"-dependent P;-trans-
port systems we used the recently isolated by us [31]
osmo-, salt-, and alkalitolerant strain of the yeast
Yarrowia lipolytica. The strain was isolated from salt-
excreting leaves of desert plants, containing microorgan-
isms well adapted to daily fluctuating and often extreme
temperature, pH, and salinity [32]. Furthermore, the salt-
excreting leaves of arid plants were commonly colonized
by the novel Y. lipolytica strain, thus indicating its perfect
adaptation to extreme growth conditions. The isolated
strain shares all advantages of typical Y. lipolytica strains,
being nontoxic, growing to very high densities, and having
a haploid genome amenable to both classical and molecu-
lar genetic techniques. The new strain, however, differs
from other typical Y. lipolytica strains and, more general-
ly, from other yeast species, by its inherent ability to grow
over a wide range of pH values, from 3.0 to 10.0 [31]. It is
worthwhile to note that pH 10.0 is the upper pH limit for
yeast growth. The overwhelming majority of yeast species
thrives at pH 5.5-6.5 and can only barely grow at pH 8.
The capacity to grow vigorously at alkaline pH values
makes the new Y. lipolytica strain a promising model for
clarifying general principles of yeast adaptation to extreme
environmental factors and possibly an exceptionally use-
ful tool in dissecting properties and regulation of Na*-
coupled P;-cotransport systems in yeasts.

Previously, we have shown that in Y. lipolytica cells
grown at pH 4.5, P, accumulation was mediated by two
kinetically discrete H*/P;-cotransport systems, maximal-
ly active at pH 5.5 with apparent K, values for P; of 2-
3 mM and 12-18 uM P,, respectively [33, 34], closely
matching the values reported for the P; transporters in S.
cerevisiae cells (see above). The low-affinity H*-coupled
P;-cotransport system operated at high P; concentrations.
The high-affinity H*/P;-cotransport system came into
play during P;-starvation, being under the control of both
extracellular P; availability and intracellular polyphos-
phates stores [33, 34].

In this paper we report kinetic properties, regulation,
and relative contribution to the total cellular P; uptake of
several kinetically distinct Na*-dependent P; uptake sys-
tems of Y. lipolytica cells grown under alkaline conditions
(pH 9.7).

MATERIALS AND METHODS

Chemicals. 3-[Cyclohexylamino]-1-propanesulfonic
acid (CAPS), succinate, Tris, carbonyl cyanide m-
chlorophenylhydrazone (CCCP), and glucose were pur-
chased from Sigma (USA); Bacto Peptone, yeast extract,
and Bacto Agar were from Difco (USA); KOH, KH,PO,,
MgSO,, (NH,),SO,, LiCl, KCI, and NaCl from Merck
(Germany).

Organism and growth conditions. In this work we
used the osmo-, salt-, and alkalitolerant strain of the
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Yarrowia lipolytica yeast obtained as a pure isolate from
epiphytic microflora of salt excreting leaves of arid
Atriplex halimus plant from the Negev Desert (Israel). On
the basis of its morphological, physiological, biochemi-
cal, and chemotaxonomic characteristics and molecular-
genetic analysis, the strain was identified as an anamor-
pha of Yarrowia lipolytica (Wick.) van der Walt and Arx or
as a new variety, Y. lipolytica var. alkalitolerance [31].

Cells were routinely grown at 30°C on complex
buffered agar-solidified medium containing either 1%
yeast extract, 2% Bacto Peptone, 1% glucose, 0.2%
KH,PO,, 2% agar (high phosphate medium, HP,) or
0.6% Bacto Peptone, 1% glucose, 2% agar, 0.05%
MgSO,, 0.03% (NH,),S0O,, vitamins, microelements,
approximately 300 uM P; as traces from the reagents used
(low phosphate medium, LP;). Culture media were auto-
claved and then adjusted to the desired pH values with
KOH and 2.5 M Tris-HCI-buffer (to the final concentra-
tion of 50 mM). Cultures grown on the buffered media
were aseptically suspended in 50 mM Tris-HCl to 9 ODsy,
units/ml, and 200 pl of the cell suspensions were spread
onto plates (1.8-1.9 ODsy, units/plate) and allowed to
grow for only 8-10 h at pH 7.0 or for 20 h at pH 9.7 to
avoid considerable acidification during the growth. Cell
growth was monitored at 590 nm (A4sy).

Phosphate uptake was assayed as described earlier
[33-36] (see also figure legends). The transport process
was initiated by addition to 30-pl cell suspension
(0.546 mg dry weight) of 1 pl of *?P-labeled orthophos-
phate (0.18 Ci/umol; 1 mCi = 37 MBq; Amersham-
Pharmacia Biotech., Sweden). Incubation time was 20,
40, and 60 sec. Phosphate uptake was terminated by
addition of 3 ml of ice-cold dilution buffers. The cell sus-
pensions were immediately filtered, the Whatman GF/F
filters (Whatman, UK) were washed once with the same
cold dilution buffers, and the radioactivity retained on
the filters was determined by liquid scintillation spec-
trometry. To assay activity of the H*/P;-cotransport sys-
tem, yeast cells were washed by 25 mM Tris-succinate
buffer, pH 5.5, and suspended in the same buffer, supple-
mented with 0.11 mM P; and 3% glucose. To assay activ-
ity of the Na*/P;-cotransport system, cells were washed
by 25 mM CAPS-Tris-buffer, pH 9.5, and suspended in
the same buffer, supplemented with 0.11 mM P;, 3% glu-
cose, and 20 mM NaCl. The initial rate of P, uptake was
estimated for the first minute. Every point on figures is
the average from four to five determinations using the
same cell preparation £ SE; experiments were run at least
4 times.

RESULTS AND DISCUSSION

First, we elaborated a procedure allowing to rigor-
ously maintain the desired pH values of buffered media
in order to attain maximal activities of both H"- and
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Na*-coupled P; transport systems. We empirically opti-
mized the composition of LP;-medium, the number of
cells used as inoculum, and the time period for cell
growth.

Y. lipolytica cells grown in LP; medium at pH 9.7, in
spite of these severe conditions, preserved full viability (as
judged from the propidium iodide test) and generated
high transmembrane potential (Ay) (monitored with flu-
orescent probes by flow cytometry) in both the mitochon-
drial and plasma membrane compartments [34]. The Ay-
fluorescence related to the mitochondrial potential
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Fig. 1. Stimulatory effect of NaCl on P; uptake by Y. lipolytica
cells grown at pH 9.7 in LP; (a) and HP; (b) medium. Cells
grown as described in “Materials and Methods” were washed
twice in 25 mM CAPS-Tris, pH 9.5, and suspended in the assay
buffer containing 25 mM CAPS-Tris, pH 9.5, 0.11 mM P;, and
3% glucose in the presence of various NaCl concentrations.
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(measured with 2 nM DiO4(3)) was sensitive to the
uncoupler CCCP (50 uM), which is in harmony with
direct measurements of oxidative and phosphorylative
activities of high-quality mitochondria isolated from Y.
lipolytica cells grown at pH 9.7 [34]. In contrast, the plas-
ma membrane potential (visualized with 20 nM DiO¢(3))
was not significantly affected even in the presence of
140 uM CCCP [33], suggesting that the observed hyper-
polarization of the plasma membrane was not predomi-
nantly due to the H" electrochemical gradient.

In contrast to Y. lipolytica cells grown at pH 4.5,
where P; accumulation was independent of Na* concen-
trations in the incubation medium [33, 34], cells grown at
pH 9.7 in LP;- and HP;-media containing the lowest
attainable Na* concentration as trace amounts from the
reagents used, exhibited an almost negligible P; uptake
(Figs. 1 and 2). The initial rate of P, uptake was strongly
promoted by increasing external Na* concentrations (up
to 10 mM), especially in cells grown on LP;-medium
(Figs. 1a and 2). The stimulatory effect of Na* was high-
ly specific; other ions of alkali metals (K* or Li*) did not
potentiate P; uptake (Fig. 2, curves 5 and 6). P; uptake
activity was dependent on the presence of glucose as an
energy substrate (Fig. 2, curve 3) and was practically
insensitive to the uncoupler CCCP (Fig. 2, curve 2).
These results suggest that P; uptake by Y. lipolytica cells
grown under alkaline conditions is mediated by transport
systems differing from those engaged in P; accumulation
in Y. lipolytica cells grown at acidic conditions and that
this transport was most likely driven by a symport with
Na*. In the numerous well-documented cases of the Na*-
substrate symport, found mainly in animal cells and alka-
lophilic bacteria, Na* extrusion pumps transfer Na* out
of the cell against its electrochemical potential gradient,
thus establishing a transmembrane Apy,;. The downhill
return flux of Na* ions is coupled to inward flux of the
symported substrate, in this case P;.

P, transport in Y. lipolytica cells grown in both HP;-
and LP;-media at pH 9.7 was similarly dependent on the
external pH. Activity was maximal at pH 5.5-9.5,
decreasing to one-third at pH 3.5 and diminishing to
almost zero at pH 11 [34, 35]. The rather high transport
activity seen at pH 6.5-8.5 was presumably due to fast
expression of the H*/P;-cotransport system under appro-
priate assay conditions. It is worthwhile to note that in Y.
lipolytica grown in LP;-medium at pH 9.7, the initial net
uptake of P, measured during the first 15 and 30 sec under
optimal conditions (the assay buffer contained 25 mM
CAPS-Tris, pH 9.5, 20 mM NacCl, 0.11 mM P,, and 3%
glucose) corresponded to internalization of approximate-
ly 55 and 80% of the total added radioactivity, respective-
ly (Fig. 2), which was essentially more than that reported
for S. cerevisiae [30].

The high level of P; internalization observed under
optimal conditions in P;-starved Y. lipolytica cells (Figs.
la and 2), but lacking in HP;-grown cells (Fig. 1b), sug-
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Fig. 2. Effect of alkali ions and CCCP on P; uptake by Y. lipoly-
tica cells grown in LP;-medium at pH 9.7. Cells were washed
twice in 25 mM CAPS-Tris, pH 9.5, and incubated in 25 mM
CAPS-Tris, pH 9.5, containing 0.11 mM P; and 3% glucose in
the absence of any alkali ion (4) or in the presence of 25 mM Na™
(D), 25 mM K* (5), 25 mM Li* (6), or 60 uM CCCP + 25 mM
NaCl (2). In the control experiment, the assay buffer was sup-
plemented with 25 mM NaCl but glucose was omitted (3).

gested the presence of at least two different Na*-depend-
ent carrier systems responsible for the active P; uptake
under alkaline conditions. To investigate this possibility,
we assessed the kinetic properties of P; transport systems
expressed in HP;- and LP;-grown cells by measuring
uptake activity over a wide P; concentration range (1 uM
to 2 mM). The uptake reaction measured in cells grown in
HP;-medium at pH 9.7 in the presence of 20 mM Na*
and various concentrations of P; (0.167 to 2 mM) could
be described by Michaelis—Menten kinetics with an
apparent K, for P, of 0.6 mM (Fig. 3¢). Because at pH 9.7
less than 5% of the P; is in the form of the monovalent
anion [36], the apparent K., derived from Fig. 3 has to be
corrected by a factor of 20 or more. The P; accumulation
by cells grown in LP;-medium at pH 9.7 was also meas-
ured in the presence of 20 mM Na* and increasing P,
concentrations from 1.1 to 25 pM. Lineweaver—Burk
plots describing P; uptake as a function of external P; con-
centration typically revealed two linear phases (Fig. 3, a
and b), suggesting a multiphasic mechanism of P; uptake
with different affinities of the transporter for substrate(s).
The term “multiphasic” in this context refers only to the
shape of the reciprocal graphs, regardless of the mecha-
nism of the uptake. Lineweaver—Burk plots for P; con-
centrations ranging from 1.1 to 5.2 uM (Fig. 3a) and from
5.2to 25 uM (Fig. 3b) indicated K, values for P, uptake of
10.7 and 87 uM, respectively, the values that reflect an
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Fig. 3. Lineweaver—Burk plots describing P; uptake by Y. lipolyt-
ica cells grown in LP;- (a, b) and HP;- (c) media at pH 9.7 as a
function of external P; concentration. Cells were incubated in
25 mM CAPS-Tris, pH 9.5, containing 3% glucose, 20 mM
NaCl, and P; ranging from 1.1 to 5.2 uM (a), from 5.2 to 25 uM
(b), and from 0.167 to 2 mM (c).

overestimation of at least 20-fold with respect to monova-
lent phosphate anion. Thus, Y. lipolytica cells grown
under alkaline conditions exhibited both low- and high-
affinity Na*/P;-cotransport systems. The dramatic differ-
ence in the P, uptake rate observed in Y. lipolytica cells
grown in LP;- and HP;-media at pH 9.7 (Figs. 1, a and b)
indicates that the Na*/P;,-cotransport systems, like the
H*/P;-cotransport systems of these cells [33, 34], are
under the control of the availability of the extracellular P;
concentration.

To get further insight into the regulation of the high-
affinity H*/P;- and Na*/P,-cotransport systems, we
measured P; uptake by Y. lipolytica cells following their
growth on LP;-medium at different pH values. To assess
activity of the H*/P;-cotransport system, cells were incu-
bated in 25 mM Tris-succinate buffer, pH 5.5, supple-
mented with 0.11 mM P, and 3% glucose [33, 34], while
the activity assayed in 25 mM CAPS-Tris, pH 9.5,
20 mM NacCl, 0.11 mM P;, and 3% glucose was taken as
a measure of the Na*/P;-cotransport system. Cells grown
on LP;-medium at pH 7.0 (Fig. 4a) were used as a start-
ing material to initiate growth of Y. lipolytica cells on LP;-
media at pH 7.0 (as a positive control; Fig. 4b) and
pH 9.7 (Fig. 4¢). In both cases, cell transfer to the fresh
portion of LP;-media was accompanied by an initial tran-
sient drop in activity of both H*/P;- and Na*/P;-high-
affinity cotransport systems, possibly as a result of their
repression by relatively high (300 uM) extracellular phos-
phate concentrations, followed by their recovery in a
clearly pH-dependent manner. At pH 7.0, activities of
both high-affinity H"/P;- and Na*/P;-cotransport sys-
tems were almost synchronously restored to their original
high levels (Fig. 4b), while at pH 9.7, only the Na*-cou-
pled P; transport system was re-established (Fig. 4c),
attaining very high (record) activity (7.8 pumol P; con-
sumed per min per g dry weight). When cells grown at
pH 9.7 (Fig. 4c) were transferred to LP;-medium, pH 7.0
(Fig. 4d), activity of the Na*/P;-cotransport system ini-
tially declined and then recovered with a concomitant
enhancement of the H*/P,-cotransport system, with a
ratio of the H*/Na*-coupled P, transport systems close to
unity. Remarkably, the dramatic changes in activities of
both H*- and Na*-coupled high-affinity P; transport sys-
tems upon cell transfer to fresh portions of LP;-medium
occurred when cell growth was essentially absent; there-
fore, they could not be explained by the dilution effect
during cell growth. Rather, in the presence of repressible
P; concentrations, these transport systems may be inacti-
vated or rapidly degraded, as it was demonstrated for the
high-affinity H*/P;-cotransport system of S. cerevisiae
[37]. No growth was seen for Y. lipolytica cells precul-
tured at pH 9.7 and then transferred to LP,-medium,
pH 4.5. Moreover, this transfer was accompanied by cell
lysis concurrent with an increase in extracellular P; con-
centration. The rate of P; accumulation by Y. lipolytica
cells grown on HP;-medium at different pH values was
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Fig. 4. Time course of **P-labeled orthophosphate accumulation by Y. /ipolytica cells during growth in LP,-medium at pH 7.0 (a, b, d) and
9.7 (c). Cells grown at pH 7.0 (a) were aseptically collected by centrifugation at 2300g for 15 min and divided into two portions, one of
which was washed with 25 mM Tris- HCl buffer, pH 7.0, while the other with 25 mM Tris-HCI buffer, pH 9.5. These cell portions were used
as starting materials for growth on LP;-media, pH 7.0 (b) or pH 9.7 (c), respectively. Similarly, cells grown at pH 9.7 (c) were transferred
to LP,-medium, pH 7.0 (d). Cells were aseptically collected and Asq, (/) and activities of the H*/P;- (2) and Na*/P;-cotransport systems
(3) were determined.
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very low (~0.3 pumol P; consumed per min per g dry
weight) and largely independent of the prevailing growth
phase.

Thus, several novel kinetically discrete Na®-
dependent P; transport systems in Y. lipolytica cells
grown under alkaline conditions have been revealed and
characterized. One of these, a low-affinity Na*-depend-
ent transporter with a K, value of 0.6 mM for monophos-
phate is most likely constitutively expressed at high
extracellular P; concentrations. The other two Na*-
dependent high-capacity, high-affinity systems under-
went repression-derepression depending on the prevail-
ing extracellular P, concentration and pH value. The
quantification of the relative contribution of the H*- and
Na*-coupled P; transport systems to the total P, uptake
cellular activity clearly showed that the H"/P; transport
systems driven by the H*-gradient generated across the
plasma membrane as a result of H*-ATPase operation,
provided most, if not all, of the P, uptake into Y. lipolyti-
ca cells grown at pH 4.5 and 6.0 [34, 38]. Previously, we
have shown [34] that the cytoplasmic membrane of Y.
lipolytica cells contains highly active H*-ATPase.
Unfortunately, these data are the only available on
ATPases of Y. lipolytica cells. The contribution of the
Na*/P; cotransport systems into the total cellular P,
uptake activity increased with increasing pH values,
reaching its maximum at pH > 9, where P; accumulation
was preferentially, if not exclusively, maintained through
the Na*/P, cotransport systems (Fig. 4c). At pH 7.0, both
H*/P, and Na*/P; cotransport systems were equally
responsible for P; uptake (Fig. 4, a, b, and d).

In summary, the findings presented in this paper
show the advantage of Y. lipolytica as a model system in
studying of P; transport upon large fluctuations in pH
values of the growth medium and especially at alkaline
pH values. To our knowledge, the yeast low-affinity Na*-
dependent P; uptake system was kinetically characterized
for the first time. We also pioneered in showing that
yeasts are endowed with a high-capacity, high-affinity,
finely controlled Na*-dependent P, acquisition system.
This required the appropriate yeast species growing at
alkaline pH values and optimization of growth condi-
tions in order to rigorously maintain the desired pH val-
ues during cell growth. It was shown for the first time
that both H*/P;- and Na*/P;-cotransport systems are
under dual control by the prevailing extracellular P; con-
centration and pH value. Altogether, these results con-
tribute to the general knowledge of strategies underlying
adaptation of Y. lipolytica yeast to varying growth condi-
tions.
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of Sciences (grant on cellular and molecular biology), by
the Russian Foundation for Basic Research (grant 03-
04-48388), and by the Royal Swedish Academy of
Sciences.
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