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In vivo activation of the yeast plasma membrane ATPase during nitrogen
starvation

Identification of the regulatory domain that controls activation
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Yeast plasma membrane ATPasc is activated during nitrogen starvation when a fermentable substrate is present. This activation is due to changes

in the ¥, and it is irreversible, independent of protein synthesis and apparently triggered by a decrease in the intraceltular pH. It is shown that

the ATPasc regulatory domain implicated in the activation by fermentable carbon sources is alse implicated in activation by nitrogen starvation
and by external acidification.
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1. INTRODUCTION

Yeast plasma membrane ATP~"= is an extepsively
studied enzyme [1,2] implicated in the maintenance of
the intracellular pH [3,4] and active transport of nutri-
ents [5-8]. This enzyme is activated in vivo by fermenta-
ble carbon sources [9,10] through changes in several of
its kinetic parameters [9]. In addition, plasma mem.
brane ATPase is activated by acidification of the culture
medium [11) and by the presence of high concentrations
of ethanol [12]. In these later cases V,, is the parameter
mainly affected. Deletion analysis [13] and site-directed
mutagenesis [14] have shown that activation by fer-
mentable substrates is controlled by a regulatory do-
main placed at the C-terminus of the enzyme. Informa-
tion on the domain(s) that control the other activation
processcs is not yet available. The mechanism(s) of the
activations are also stil! unknown. Although there are
indications that this enzyme might be regulated through
phosphoryiation-dephosphorylation [15,16] there is no
conclusive evidence that supports this possibility.

We report in this paper that yeust plasma membrane
ATPase is activated during nitrogen starvation when a
fermentable substrate is present. The characteristics of
this activation are similar to those of the activation by
acidification of the medium. The results obiained with
different mutations of the ATPasc gene indicate that the
domain involved in activation by fermentable substrates
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is also involved in activation by nitrogen starvation and
by external acidification.

2. MATERIALS AND METHODS

Cycloheximide, MES, dicthylstilbestrol, and ATP were from Sigma
Chemical Co. (St. Louis. MO). '*1-labeled protein A was from Amer-
sham International (Amersham, UK). All other reagents were of ana-
Ivtical grade. Strain ATCC 42407 was grown acrobically with 2%
glucose in minimal medium as previously described {17]. Strains cx-
pressing wild type ATPasc (RS-303) or mutant alleles Ala—stop (RS-
503): Ser'"'—Ala, Thr® —Ala (IB-355); Ser*''—Ala (I1B-169); and
Gin""—Glu (IB-438) have been deseribed previousiy (13,14]. These
strains were grown in galactose [13,14]. To express the mutations the
cells were transferred to a medium containing glucose as described in
[18]. Cell growth was monitored by optical absorbance measurements
at 640 nm. Conditions for nitrogen starvation were as in [17]. Crude
extracts were obtained from the cellular homogenate as previously
described {19]. Crude and purified plasma wembrane preparations
were obtained from washed eclls (non-fermenting cells) by sve- ¢
gradient centrif - ation as previously described [135. Waen hdicates
the eclls were treated with glucose before homogenization (fermenting
cells) as in (9). ATPase was determined as in [19]. To determine the
amount of ATPasc the immunoassay described in [20] was used. fn-
tracellular pH was determined using labeled benzoic acid as in [21).
Protein was determined after precipitation with 5% trichloroacetic
acid by the method ol Lowry ct al. [22].

3. RESULTS AND DISCUSSION

3.1. Effect of nitrogen starvation on the content and ac-
tiviey of ATPase
When yeasi growing on a glucose-containing medium
was deprived of a nitrogen source, the amount of ATP-
ase decreased. This decrease followed first order Kine-
tics indicating a halt-lii - for this protein of about 11 h
(Fig. 1A). When cthanol was used as encrgy source,
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Fig. 1. Effect of nitrogen starvation oa the content and activity of
ATPasc. Cells were harvested during expenential growth on glucose
and transferred 1o five times the initial volume of the meédia spevified
below. (A) Ammonium-free medium containing 2% glucose (O): ani-
monium-free medium conL:ining 10 gg ml™' cyecloheximide and 2%
glucose [ 7). After incubation at 30°C for diifferent times, cells were
harvested, washed and assayed for plasma membrane ATPase content
using anti-ATPase antibodics and erude extracts. (B} Ammonium-free
medium containing 2% giucose (C.@): ammonium-free medium con-
taining 10 gg-ml "’ cycloheximide and 2% glucose {C). After incuba-
tion at 30°C for the indicated times cells were washed (non-fermenting
ocfls. basal activity of the enzyme) (C.2) or treated with glucose as
described in [9) Uermenting cells. activated-form of the enzyme) (@)
and assaved for plasma membranc ATPase activity at pH 6.5 and 2
mM ATP using crude plasma membrane preparations. Where indi-
cated by the arrow NH.Cl was added to 50 mM final concentration
vk

nitrogen starvation was without detectable effect and
the calculated nalf-life for ATPase was >30 h (data not
shown). All these results confirm data previously re-
ported {20].

Fermentable carbon sources reversibly convert a
non-activared form (basal activity) of yeast plasma
membrane ATPase into an acuivated form through the
effect of an activating system [9). We investigated the
effect of nitrogen starvation on these wo forms of the
enzyme. We found that the activity of the activated form
(fermenting cells) remained constant (Fig. 1B) in spite
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of the observed decrease in the amount of ATPasc (Fig.
iA). In addition we found that the basal activity of the
enzyme (non-fermenting cells) increased until reaching
a plateau in about 15 h of starvation (Fig. 1B). After this
period both forms of the enzyme showed similar ac-
tivitics (Fig. 1B). When instead of glucose cthanol was
present. no changes in any of the two forms of the
enzyme were observed (results not shown).

These results indicate that nitrogen starvation trig-
gers an activation process of the veast plasma mem-
brane ATPase that affects both forms of the enzyme and
that requires the presence of a fermentable substrate.
The fact that the differences between the basal activity
and the activated form of the enzyme decreased during
nitrogen starvation (Fig. 1B) is consistent with the re-
poried unstability of the ATPase activating system
whose half-life under these conditions is ca. S h [20].

3.2. Characteristics of the activation by nitrogen starva-
tion

The activation processes of the yeast plasma mem-
branc ATPase previously reported differ in several char-
acteristics. Activation by fermentation is a reversible
process. independem of protein synthesis. that occurs
through changes in ine ¥, affinity for ATP, optimum
pH. and K, for orthovanadate of the enzyme [9]. How-
ever, activation by high concentrations of cthanol, al-
though reversible. is dependent on protein synthesis and
is due to changes in the V. [12]. Also due to changes
in the V,,., is the activation by acidification of the exter-
nal medium but in this case the process is irreversible
and independent of protein synthes : 111].

We have investigated the characteristics of the activa-
tion by nitrogen starvation of the basal activity of ATP-
ase and have found that it is an irreversible process since
it remains for. at least. 2 h after a nitrogen source is
restored to starved cells (Fig. 1B). We have also found
that this activation is due to changes in V,,, that in-
creased up to 3.5-fold whercas the K, fui ATP. op-
timum pH. and X, for orthovanadate remained virtually
constant (Table 1). In addition this process scems to be
mdependent of protein synthesis. This is inferred from
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the fact that during 8 h, activation took place in the acids in the C-terminus (RS-503) produces an ATPase
presence of cycloheximide. After this period the enzyme that remains always in its activated form and, thus, has
activity decreascd until reaching its original value (Fig. lost the ability to be activated by fermentation [13}]. We
1B). These results indicate that ATPase activation re- used this mutant to see if the three activation processes
sulting from nitrogen starvation shows similar charac- are controlled by the same regulatory domain. The ob-
teristics to ATPasc activation resulting from acidifica- tained results support this possibility since the enzyme
tion of the culture medium [11] suggesting that a com- of this mutant has also lost the ability 10 be activated
mon mechanism could be implicated in both phenom- by nitrogen starvation and acidification of the medium
ena. {Table II).

It has becn shown that Thr®'* placed in the ATPase
3.3. Decay of the intracellular pH occurring during ni- regulatory domain, is involved in activation by ferment-
trogen starvation able carbon sources and that the effect of this amino
Activation of ATPase by acidification of the external acid is reinforced by Ser®!'. It has been also shown that
medium is supposed to be triggered by a decrease of the the role of Ser”"' became apparent only after mutation
internal pH produced by the passive movement of pro- of Thr”'?, and that GIn*™ has no effect on the activation.
tons across the plasma membrane [!1]. In the case of We have investigated the eventual role of these amino
nitrogen starvation, in the presence of a fermentable acids in the activation by nitrogen starvation and aci-
substrate activation might be related to a decreasc in the dification and for this purpose we have used two single
internal pH produced by catabolism. We investigated mutants, in Ser™' (IB-169) and GIn** (I1B-438). that
changes of the intracellular pH under these conditions produce ATPase’s normally activated by fermentation.
and found that the ATPase activation taking place dur- In addition we have used a double mutant in Ser™' and
ing 15 h of nitrogen starvation was accompanicd by a Thr*** (1B-355) that produces an ATPase that remains
decrease of the intracellular pH from 6.6610.052 to always in the non-activated-form and, thus, hast lost the
6.20+0.023 (data are mean values and stardard devia- ability to be activated by fermentation [13.14]. Our ra-
tions of 4 experiments). These results support the idea tionale was that if the three activation processes are
that this activation is due to in" . Nular acidiff :tion. controlled by the same amino acids, the ATPasc’s of the
two single mutants would be normally activated by ni-
3.4. ATPase domain invelved in activation by nitr. gen trogen starvation and acidification whercas the ATPase
starvation and acidification of the double mutant would have lost both activation
The C-terminus of ATPase is involved in regulation processes. The results obtained confirm this prediction
by fermentable substrates [13]. We have investigated if indicating that GIn™*_ Ser*"’, and Thr®'* produce similar
this regulatory domain is also involved in the activation effects in the three studied activation processes (Table
by nitrogen starvation and acidification of the external .
medium, A mutant with a deletion of the last 14 amino
Table 1

ATPase activation of deletion and site directed mutants

Activalion process State of the cells ATPase {U - mg prowm )
Wild-type strain Mutants
RS-303 RS-303 18-353 1B-i6Y 1B-43%

Fermentation®

Non-fermenting u.13 0.67 020 018 @14

Fermenting 156 0.65 018 (.68 X0
Nitrogen starvation”

0 (h} 13 0.65 0.2 018 0.17

16 (h) 0.6l 0.58 0.20 092 .68
Acidification

pH 6.0 116 .50 010 ND ND

pil 35 023 0.54 .10 ND

NI

Cells were harvested during Jogarithmic growth in galactose and dilated S0-Told 0 glucose medium order 1o eypress the mutant ensines as

described in {15] Afer mcubation at 30°C for 24 b, eells were treatad i ToHows weells were washed tnon-termenting) or treated withe ghucose

termenting) as deseribed in (9] and then assayed For ATPase activity "Cells wyre harvested and ~usper Sstmomum-feee medmm conbaniy

2% glucose, cubited at W-C fus the idicated tmes witshed and assayed tor ATPase activity, "Cells s washied, suspeided e the appropriate

bulTer. incubated at 30°C for 3 b as deseribed in (11, washed and assayed Tor ATPase activiry Inall cases purificd plasma membrase preparations
were useh. Sl results were oblisncs i two dilTerent experiments.
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4. FINAL REMARKS

sulted in an' acuvauonofA'I‘l’ase ofup to 12-fold. This
value has been calculated taking into account the si-
multaneous decrease: oftheenzymeamount.'l‘heacuva-
honpmduoedbyacidiﬁmhonomrsbyawbamsm
different from those of the activations produced by fer-
mentable substrates [S] or by an excess of ethanol [12).

Mlsmggstedbythedxﬂ'mntcharacmisﬁsoﬁhse
three activation processes. We have found that the
ATPase regulatory domain that controls activation by
fermentation also controls activation by acdification.
It would be interesting to establish if this domain is also
involved in activation by ethanol. Would this be the
case it would suggest that. independently of the mecha-
nism involved, 2 unique domain of ATPase is respon-
sible for the modulation of the activity of this enzyme.
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