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Transport of amino acids in Saccharomyces cerevisiae is an H *-driven secondary active transport. Inhibitors of the
plasma membrane H *-ATPase, particularly heavy water, diethylstilbestrol and suloctidil, were shown to affect the
H *-extruding ATPase activity as well as the ATP-hydrolyzing activity, to a similar degree as they inhibited the
transnort of amino acids. The inhibitors had virtually no effect on the membrane electric potential or on the ApH
which constitute the thermodynamically relevant source of energy for these transports. Transport of acidic amino
acids was affected much more than that of the neutral and esiecially of the basic ones. The effects were greater with
higher amino acid concentrations. All this is taken as evidence that the amino acid carriers respond kineticaily to
the presence of protons directly at the membranc site where they are extruded by the H -ATPase, rather than to the

overall protonmotive force,

Introduction

Most transports of nutrients in various yeast species
are now known to nroceed in symport with H* ions,
driven by the clectrochemical potential difference of
these ions [1-5]. This difference appatently arises
through concerted action of several mechanisms, such
as active pumping by the plasma membrane H*-ATPase
[6), release of CO, caused by a burst of endogenous
metabolism with subsequent hydration to H,CO; and
dissociation to H* + HCOj3 [7], and a passive K* dif-
fusion potential (the measured membrane potential is
strongly reduced in the presence of extracellular K*).

The resulting elecirochemical potential difference
Afiy,+ or, after dividing with F, the protonmotive force,
is thermodynamically competent to maintain the ob-
served accumulation ratios of proton-driven soiutes [8]
cven on assuming that only a singic proton is bound to
the carrier according to

= RT In(cg /cg) = n[A¢F + RT In(cfy /o))

E';r;spondence: A. Kotyk, Department of Membrane Transpont,
Institute of Physiology, Czechoslovak Acudemy of Sciences, 14220
Prague 4, CSFR.

or, at 30°C,
cg /c§ = exp(—38.32 nay — 2.3 pH)

where ¢g and c¢g are the solute concentrations (in mol
per litre) intra- and extracellularly, n is the number of
protons symported per one solute molecule, F is the
Faraday constant (96485 C mol '), R is the gas con-
stant (8.314 J mol~' K~'), T is the absolute tempera-
ture in Kelvin and Ay the membrane potential in voit.

However, it was indicated several times before {9,10}
that far frem cquilibrium, which is the comimon situa-
tion in a living cell and hence also during the transport
process, the A@y. or the protonmotive force is not
directly related either to the capacity or to the half-
saturation constant of the transport system. Specifi-
cally, it was shown by using heavy water [11] that many
H *-associated transports in yeast are generally de-
pressed by it quite substantially while neither the mem-
brane potential nor the pH difference are appreciably
affected. It is shown here that there is a much clearer
link of these transports to the function of the mem-
brane H*-ATPase.

Materials and Methods

Strains and cultivation. The following <trains of Sac-
charomyces cerevisiae were used: S. cerevisiae K (CCY
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21-4-60), S. cererisiae X1278b and its gap mutant 2512c,
lacking the gencral amino acid permease (the two
isogenic strains werc a kind gift from Prof, Marcelic
Grenson of the Université libre in Brussels), and §.
cerevisiae Y55 and its pmg!-105 mutant, with defective
plasma membrane H*-ATPase (these were a kind gift
from Prof. James F. Haber of the Rosensticl Basic
Sciences Rescarch Center in Waltham, MA, USA).
Also a strain of Lodderoniyces elongisporus (CCY 65-1-
1, ATCC 11503) was uvsed (a kind gift from Prof. Ervin
Novik of the Institute of Hygicne in Budapest).

The strains were grown acrobically at 20°C in a
seast extract-glucose medium with mineral salts as
described by Kotyk [12). After harvesting, the cells
were washed in distilled water, acrated for 6() min on a
magnetic stirrer, incubated for 60 min with 50 mM
glucose at 30°C, washed and used immediately for the
experiment. As the transport systems synthesized dur-
ing incubation with glucose [13) tend to be degraded
with half-times of tens of minutes [14-16] utmost stan-
dardization and speed were an cssential requircment
for comparability of results.

Uptake measurements. Transport of labelled solutes
was estimated in 25-ml Erlenmeyer flasks agitated at
1.2 Hz in a Dubnoff reciprocal water bath, using 0.1 M
tricthanolaminc-phthalic acid buffer of pH 5.5, acrobi-
cally at 30°C. The advantages of this buffer and the
particular p!i value are described in Ref. 17. The
details of the proccdure were described in Ref. 12,

pH determination. The extracellular pH was moni-
tored with a Radiometer glass electrode {less than 5
mm diameter) submerged in 5 ml of suspension 1 a
jecketed constant-temperature vessel, connccted to a
WGW pH-meter and a conventional flatbed recorder.
The intracellular pH was estimated using the dual-
wavelength excitation method with Ruoreseein (di-
acetate) as the fluorophure [18],

Membrane potential estimation. This was done by
cquilibratisig cells at 30°C with a 75 oM solution of
"C-labelled tetraphenylphosphonivm  chloride (sec
Ref. 10}, The cquilibrium was always achieved within
less than 20 min. The poteitial value was calculated
from the Nernst equation.

ATP hydrolysis. The ATP-hydrolyzing activity was
determined in membrane fragments as described in
[20] but 20 mM KNQ; was added to block any vacuolar
ATPase activity present,

Reagents. Al the amino acids used were fion
Lachema (Czechostovekia) and were of the highest
purity available. Heavw woter (D,O) was from Merck
(FRG) and was 99.9% pure. Dicthylstilbestrol, micona-
7ol, erythrosin B, suloctidil and  dicvcloliexylcarbo-
diimide were from Sigma (FRG), {usicoccin was a kind
gift of Or. Ullrich-Eberius of the 7Technische
Hochschule in Darmstadt. All other chemicals were
fram Lachema (Czechoslovakia).

The '“C-labelled amino acids were from the Insti-
tute for Research, Production and Uses of Radioiso-
topes {Czechoslovakia), with the exception of t-
ornithine and 2-aminoisobutyric acid which were from
Amersham International (UK). The same firm supplied
“(C-labelled tetraphenylphosphonium chloridc.

Results and Discussion

ATPase activity

Two types of reaction can be followed in this re-
spect, the hydroly:is of ATP by an ATPase-containing
membrane preparation {26.21] in vitro and acidification
of external medium upon addition of glucose [22,23].
While the former reaction appears to be a straightfor-
ward reflection of the enzyme activity, the latter is a
complex process, apparently involving exchanges of
cations (results prepared for publication) as well as
extrusion of organic «cids [24]. Hence, even the most
powerful inhibitors of the ATPasc reaction (such as
diethylstitbestrol, suloctidil or D,Q) diminish the glu-
cose-induc.d acidification only partially (Fig. 1)

The various reporied inhibitors of the H*-ATPasc
[25.26] do not display identical effects on ATP hydroly-
sis and on glucose-induced acidification (Table i) but,
clearly, D,0, dicthylstilbestrol and suloctidil inhibit
boih processes very powerfully,

The different efiects of inhibitors during the initial
phasc of acidification and during a later period only
supporl the view that the acidification process is a
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Fig. 1. Tiaces of extracellular pH of a suspension of 5. cerevisive K
#t MPC, acrobically, with 5.5-0,1 mg dry wt. per mil. Cells were
added at heavy arrow, §9¢ glucose at light arrow.,




TABLE )

Effects of inhibitors on H *-4TPese acifedy of 8. cerevisiae K plasma
membranes

Ranges of at least four experiments are shown.

Inhibitor Concn.  ATP Acidifi- Acidifi
added (n M) hydralysis®  cation® cation®
A B8

None - 10 HH) 14}
D,O -4 37-58 18- 31¢ 75~ y§*
Dicthylstil-

bestrol ! 110 10-31 30- 45 89-120
Erytirosin Bf 50 15-22 68~ 75 95-100
Miconazol 50 32-56 98- 120 18- 2%
Suloctidil! 50 5- 8 12- 26 12- 28
Sodium

vanadate 50 45-70 75- 88 au- 92
Cupric sulfate H 12-22 52- 68 6Y-130R
Dicyclohexyl-

carbodiimide 100 48-60 89- 95 9:-102
Fusicoccin’ 100 85-92 K- 105 98-108

* In per cent of the control; 100% = 0.19+0.05 pmol P, split off per
min per mg membranc protein.

" In per cent of the control; 100% = 7.0 £2.3 nmol H* per min per
mg dry wi., for the period between 30 und %0 s after addition of
glucose.

€ In per cent of the control; 0% = 4.3+ 1.8 nmol H® per min per
mg dry wt., for the period between 5 and 10 min after addition of
glucose.

4 Not less than 9797

¥ The measured pH (or pD)} values were by 0.4 units higher than
would correspond to reality [27),

' Corrections for the effect of ethano! as solvent were always made.

& The behaviour here was anomalous.

combination of several H "-releasing reactions [22]. The
ATPase proper appears to be most active during the
first period after adding glucose.

Protonmotive force

The effects of inhibitors on the protonmotive foice
at pH 5.5 (the optimum pH for transport studies in
yeast, see Ref. 17) were quite different from thuse on
the ATPase activity (Table II} which indicates, among
other things, that the p.otonmotive force is not primar-
ily the result of ATPase activity. Two of the most
powerful inhibitors of ATPasc activity, D,0 and dieth-
ylsiilbestrol, in fact increase the membrane potential
and the protonmotive force, in case of diethylstilbestrol
highly significantly. This refutes the notion that this
substance tmay diminish the barrier properties of the
plosma membranc {28).

Uptake of amino acids

Amino acids in yeasts are taken up by a secondary
active transport involving protons [29,30), even if there
is virtually no efflux of once accumulated amino acids
which arc present intraceilularly as freely dissolved
molecules [31,32]. The demonstration that terminated
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the debate of whether protons or other "sources of
energy’ are involved in the upiake was the onc using
hcavy water [11]. Now the pronounced cffect on the
ATPasc as well as on alf seccondary transpoits studied
suggested the possibility that the inhibition of the H*
symports of nutrients is due *5 a primary inhibi
thc plasma membrane ATPase. Such a mechanism
would be justifiable if one reafizes that the upiake of
aminv acids (with protons) causes an immediate acid-
ification of tite ceil intenor, one that is compensated by
the activiiy of the plasma membrane ATPase. Because
it is highly probable that the protons used for this type
of transpori wre utilizcd in the immediaic vicinity of
the mombiane [33] and because the pil vptima of the
symports coincide with or tend toward the pH opti-
mum of the ATPase reaction (6.0-6.5; [10)) it is clear
that a failure of the ATPase to provide these proions
could be wcflected in the activity of the sccondary
(symport) active uptake of any solute that is trans-
ported along with protons.

From a total of 13 amino acids tested glutamic acid
was selccted in the most extensive inhibitor screening
(Table 1. The inhibition perceniages are scen to
agree quitec well with the effect of the various sub-
stances on glucnse-induced acidification and fairly weli
with the ATP-hydrolyzing activity, although there the
effects of most of the inhibitors tend to be greater than
cn acidification. There is poor agreement with the
values of either the membrane potential or the total
protonmotive force.

The effect of the two most powerful inhibitors, D,O
and diethylstilbestrol, was then ¢xamined with all the
13 amine acids and a clear dependence of the efiect on
the isoionic point of the amino acid was established
(Table 1V). While the two acidic amino acids are
inhibited on the average by 77% in D,O and 88% in
100 M diethyistilbestrol, the corresponding figures

TABLE 11

Membrane potential &g and the protonmotive force pmf of the S.
ceretisive K plusma membranes

Meuns fiom 3-6 experiments are shown.

Inhibitor Concn. ¢ pof
{nM) (mV) (mV)

None - 55 86
D.0 (>97%) 57 9
Dicthylstilbestrol 100 0 117
Erythrosin B 50 57 75
Suloctidil 50 46 o3
Sodium vanadate K 47 7
Cupric sulfate 10 49 v
Dicyclohexylcarbodiimide 100 41 n
Fusicoccin 100 54 38
Ethanol (0.7%) 51 b

Ethanol (3.5%) i6 45




296

TABLE Il

The initial rate of uptake of 10 g M 1.-glutamic acid by §. cercvisiae K
in the presence of inhibitors, at pH 5.5, aviobically, a1 30°C

Fangpes of values from at 4 -6 experiments src shown,

Inhibitor Conen. Uptake rate
(uM}

None - 100
D,0 (>97%) - 32
Diethylstilbestrol 100 9- 12
Erythresin R 50 6l- 74
Suloctidil 50 25- 3t
Sadium vanadate 50 70~ 85
Cupric sulfate 50 - 71
Dicyclohexylcarbodiimide 100 91-109
Fusicocein 160 759105
Ethanol 0.7%) 10-115

2 100% = 87 + 16 nmaol glutamic acid per mt cell waler per min,

are 48% and 71% for the ncutral ones and 17% and
24% for the basic ones, respectively. The simplest
explanation for this grading would be that at pH 5.5
the acidic amino zcids carry a net negative charge of
nearly one (0.92-0.96), the neutral ones have no nei
electric charge and the basic ones one full positive
charge. Thus, the basic amino acids could in principle
enter cells without an additional proton (cf. the argu-
ments for Na* stimulated uptake of amine acids in
tumour cells [34]). In contrast, the neutral amino acids
may need one and the acidic ones perhaps two protons.
That this is not a matter of a particular transport
system but a more gencral property is evidenced by the
use of the mutant lacking the general amino acid

TABLE IV

permcasc where the effects are similar to those in the
wild strain (Fig. 2).

These observations are in agreement with those of
Eddy's group (summarized in Ref. 35) as far as the
special position of glutamate goes but in the gap mu-
tant both leucine and proline (not shown in the figure)
are much more affected by D,0 than is lysine although
in Eddy’s work identical stoichiometries of 1:1 were
found, Moreover, it appeass here that basic amino
acids display lower accumulation ratios than either the
neutral or the acidic ones, this being an argument
against multipie H* ions being involved in their uptake
[8.36).

The direct link between ATPase pumping of pro-
tons and the transport of amin. acids as proposed here
is supported by several auxiliary observations.

(1) As mentioned before [11], at higher concentra-
tions of the transported solute the effect of D,O is
more pronounced; thus the initial rate of glutamate
transport is reduced in the vresence of D,0 by 19% at
50 nM Glu, by 55% at 2.5 uM Glu, by 73% at 125 uM
Glu and by 78% at 3.1 mM Glu, A reverse sequence
would be expected if the transport rate depended on
the ‘source of energy’, such as the protonmetive force,
where the accumulation ratios are higher at lower than
at high solute concentrations (e.g. Refs, 37 and 38).

(2) In pm2 mutants with an impaired function of the
plasma membrane H*-ATPase [39], the uptake ratc of
amino acids is substantially lower than in the parent
strain, the ratio being 0.30 for L-proline, 0.48 for L-
leucine, 0.62 tor L-arginine and 0.28 for vL-aspartic acid
{very poorly transported both in the parent and in the
mutant).

Initial rates of uptake of i0 p M amino actds in the presence of DyC (column A) and 100 u M diethylstilbestrol (column B), in S. cerevisiae K, at pH

5.5, urrabically, ar 30°C

Expressed in nmol amino acid taken . per mi cell water per min, means from at least five experiments.

Group Amino acid pl Controt Rate of uptake
A % B %
H 1-Aspartic acid 295 520 94 18 6,2 12
1-Glutamic acid 28 83.2 2.1 28 9.0 1t
1 1-Phenylalanine 5.67 16.4 7.5 a6 5.1 31
t-Methionine 57 514 342 60 n.m. -
r-Trvptophan 594 343 21 - 63 8.9 26
1-Leucine 6,04 97.0 46.7 48 5.2 26
Glycine 6.07 524 21.3 4. n.m. -
L-Alanine 6.11 5L6 18.4 3o 1.7 23
2-Aminoiscbutyric acid 6.29 93 4.2 45 39 42
1-Proline 6.30 61.2 448 73 14.5 24
m 1-Ornithine 973 70.2 624 89 57.1 8]
L-Lysiae 9.90 3 221 " 23.6 7%
L-Arginine 10.74 9.2 17.1 89 13.7 T




(3} In Lodderomyces elongisporus, where the effect
of D,O on the glucose-induced acidification is much
lower than in Saccharomyces cerevisige, its depression
of tryptophan, leucine and glutamic acid transport is
also much lower {not shown here quantitatively).

(4} As mentioned before [11] the effects of heavy
water are generally smaller at low pH values than at
high ones, the working hypothesis being that at low
external pH values the protons (or deuterons? for the
secondary transports can be supplied from the extracel-
lular medium. At high external pH, the protons must
be supplied by the ATPase and hence its inhibition is
felt more strongly.

(5) At higher suspension densities the transport
capacity of virtually all systems is reduced [12,40] by a
noncompetitive effect of CO, dissolved at the cells,
quite probably un the H*-ATPase. At a density of 0.25
mg dry wt. of S. cerevisiae K cells per ml the initial rate
of uptake of 1 mM vr-tryptophan at 30°C was 450 nmol
per ml intracellular water per min, while at a density of

. 12.5 mig dry wt. per ml the rate was only 130 nmol per

GLUTAMIC ACIO

LEUCINE
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ml per min. The lower-density rate was decreased in
D,O by 55%, the high-density rate by 19%.

Conclusions

Taken together, these data suggest that inhibitors or
conditions (genetic or physiological) that affect the
function of the plasma memurane H*-ATPase depress
in a similar fashion the transports of amino acids in
yeast, The rates of transport have very little to do with
either the membrane potential or the protonmotive
force, contrary to prcdictions from various kinetic mod-
els [41,42] where the components of the protonmotive
force measured macroscopically are included and their
coupling with the transport system is assumed. The
dependence of the rate of glutarnic acid uptaks on
ATP-hydrolyzing activity, on medium-acidifying activity
and on protonmotive force is summarized in Fig. 3.
Clearly, considering the complicated system used, there
is a fine agreement between the rate of uptake and the
acidification capacity (correlation coefficient 0.925) but
a poor agreemeni between the rate of uptake and the
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Fig. 2. Effect of heavy water on the uptake of 10 uM amino acids by the wild-type strain 5. cerevisiae X127t and by its gap mutant, deficient in
the general amino acid permease.
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Fig. 3. Dependence of the rate of uptake of 10 M 1 -glutamic acid
by the wild-type strain of 5. ecrevisiac on the rate of ATP hydrolysis
by the plasma membrane M '-ATPase in vitro, on the medium
acidification by this ATPase (the first segment of the pH curve
corresponding to column A of Tabie I} wud on ihe protonmotive
force. The median values of the range of values were always taken.
The dashed line was computed by the Icast-squares method for the

dependence on the rate of acidification,

ATP hydrolysis {correlation cocfficient 0.487) and ab-
solutely no relationship between the uptake rate and
the protonmotive force (the correlation coefficient ia
negative).

It is likely that what the transport systems see in the
membranc is the local concentration of H* ions 2s is
generated, in the case described here, apparcatly
mainly by the plasma membrane H*-ATPase.
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