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Transport of amino acids in $acdmromyces 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-hydrolyzinlg activity, to a similar degree as they inhibited the 
transnort of amino acids. The inhibitors had virtually no effect on the membrane electric potmtial or on the Apll  
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 especialty of the basic ones. The elK, ors were greater wiitb 
higher amino acid concentrations. All this is taken as evidence that the amino acid carriers respond kinet icS,  to 
the presence of protons directly at the membrane site where they are extruded by the H +-ATIPase, rather than to the 
overall protonmotive force. 

Introduction 

Most transports of nutrients in various yeast species 
are now known to proceed in symport with H ÷ ions, 
driven by the electrochemical potential difference of 
these ions [1-5]. This difference apparently arises 
through concerted action of several mechanisms, such 
as active pumping by the plasma membrane H +-ATPase 
[6], release of CO 2 caused by a burst of endogenous 
metabolism with subsequent hydration t o  H 2 C O  3 and 
dissociation to H ++ HCO~" [7], and a passive K + dif- 
fusion potential (the measured membrane potential is 
strongly reduced in the presence of extracellular K+). 

The resulting electrochemical potential difference 
A/2, ~ or, after dividing with F, the protonmotive force, 
is thermodynamically competent to maintain the ob- 
served accumulation ratios of proton-driven so, utes [8] 
even on assuming that only a singie proton is bound to 
the carrier according to 

- RT In(c~/c~) = n[d@F + RT ln(c; ' t /c ;0 ] 

Correspondence: A. Kolyk. Department of Membrane Transport, 
lnstitule of Physiology, Czechoslovak Academy of Sciences. 14220 
Prague 4. CSFR. 

or, at 30°C, 

c~/c~ = exp( - 38.32 nAO - 2.3 pH) 

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

However, it was indicated several times before [9,10] 
that far from equilibrium, which is the common situa- 
tion in a livil~ cell and hence also during the transport 
process, the A/In~ 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 [1 I] 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 cultication. The following ~trains of Sac- 
charomyces cerevbiae were used: S. cereuisiae K (CCY 
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21-4-60), S. cererisiae 2'1278b and its gap mutant 2512c, 
lacking the general amino acid permease (the two 
isogenic strains were a kind gift from Prof. Marcelle 
Grenson of the Universit6 libre in Brussels), and S. 
cereHsiae Y55 and its pmal-i05 mutant, with defective 
plasma membrane H ÷-ATPase (these were a kind gift 
from Prof. James F. Haber of the Rosenstiel Basic 
Sciences Research Center in Waltham, MA, USA). 
Also a strain of Loddcromyces elongisporus (CCY 65-1- 
1, ATCC 11503) was used (a kind gift from Prof. Ervin 
Nowik of the Institute of Hygiene in Budapest). 

The strains were grown aerobically at 30°C in a 
:/east extract-glucose medium with mineral salts as 
described by Kotyk [12]. Aftcr harvesting, tl~e cells 
were ~,ashed in distilled water, aerated for 69 rain on a 
magnetic stirrer, incubated for 60 min with 5(1 mM 
glucose at 30°(], washed a:~d u~ed 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 essential requirement 
for comparability of results. 

Uptake measun'ments. Transport of labelled solutes 
wa:; estimated in 25-ml Erlenmeyer flasks agitated at 
1.2 Hz in a . . . . . . . . .  reciprocal water b . , . ,  using 0.1 M 
triethanolaminc-phthaIic acid buffer of pH 5.5, aerobi- 
cally at 30°C. The advantages of this buffer and ihe 
particular pit  value are described in Ref. 17. The 
details of the procedure were described in Ref. 12. 

pH determination. The extraccllular pH was moni- 
tored with a Radiometer glass electrode (less than 5 
mm diameter) submerged in 5 ml of suspension m a 
jacketed constant-temperature vessel, connected to a 
WGW pH-meter and a conventional flatbed recorder. 
The intracellular pH was estimated using the dual- 
wavelength excitation method with fluorcscein (di- 
acetate) as the fluorophore [18]. 

Membrane potential estimation. This was done by 
equilibrating cells at 30°C with a 75 nM solution of 
~'~C-labelled tetraphenylphosphoni-m chloride (see 
,'),eL !o). The equilibrium was always achieved within 
less than 20 rain. The poiei~tial va[ue was calculated 
from the Nernst equation. 

ATP hydrolysis. The ATP-Ilydrolyzing activity was 
determined in membrane fragments as described in 
[201 but 20 mM KNO.~ was added to block any vacuolar 
ATPase activity present. 

Reagents. All the amino acids used were frow, 
IJachcma (Czech~sltw~:kia) and were of the highest 
purity available. Hcaw w~ter (D,O) was from Merck 
(FRG) and was 99.9~ pure. Diethylstilbestrol, micona- 
7ol, eryth~osin B. suloctidii and dicyclohexylcarbo- 
diimidc were from Sigma (FRG), fusicoecin was a kind 
gift of Or. Uilrich-Eberius of the Technische 
Hochschule in Darmstadt. All other chemicals were 
from Laehema (Czechoslovakia). 

The t4C-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 
'4C-labelled tetraphenylphosphonium chloride. 

Results and Discussion 

A TPase acth'ity 
Two types of reaction can be followed in this re- 

spect, the hydroly:,is of ATP by an ATPase-containing 
membrane preparation [20.21] irt 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 acids [24]. Hence, even tile most 
powerful inhibitors of the ATPase reaction (such as 
diethylstilbestroL suloctidil or D20) diminish the glu- 
cose-induc,d acidification only partially (Fig. 1). 

The various reported inhibitors of the H +-ATPase 
[25,26] do not display identical effects on ATP hydroly- 
sis and on glucose-induced acidification (Table 1) but, 
clearly, DaO, diethylstilbestrol and suloctidil inhibit 
both processes very powerfully. 

The different effects of inhibitors during the initial 
phase of acidification and during a later period only 
support the view that the acidification process is a 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
6.5 

Hli,,,11 \ 

Tlme 

Fig. I. T~aces of extraccllular p i t  of a suspension of 5. ,vrecisiae K 
:P. 30°C, aerobically, wilh 5.5-6,1 mg dry wt. per ml. Cells were 

addud at heavy arrow, If;- glucose a,t light arrow. 
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TABLE ! 

Effects of inhihitor~" or1 H ÷ -4 TP,°:,'e ,,'tictty of S. cerecisiae K plasma 
membratx~'~ 

Ranges of at least four experiments are shown. 

Inhibitor Conch. ATP Acidifi- Acidifi 
added ~:~M) hydrolysis a cation h cation ¢ 

A B 
None - ! rio 11)0 IIH) 
D,O _d 37-58 18- 31" 75- 98 ~ 
Diethylstil- 

bestrol ~ i(Hl 11}-31 31)- 45 89-1211 
Erytitrosin B r 50 15-22 68- 75 95-11t0 
Miconazol ~ 511 32-56 98- ! 2(1 18- 28 
S,loctidil t 50 5- 8 12- 26 12- 28 
Sodium 

vanadate 50 45-70 75-. t;5 L',~- ~2 
Cupric sulfate HI 17-?? 52- 68 69-!311~ 
Dicyclohexyl- 

carbodiimide I{X} 48-~)  89- 95 ~,.- 102 
Fusicoccin f 100 85-92 l,q0-1115 98-1118 

" In per cent of the control; 10{1% -- 0.19±0.05 pmol P~ split off per 
min per mg membrane protein. 

h In per cent of the control; IIH)% = 7.0±2.3 nmol H * per rain per 
mg dr~ wt., for the period between 311 and ~) s after addition of 
glucose. 

c In per cent of the control; lfl0~,; , = 4.3± i.8 t,moi H + per min per 
mg dW wt.. for the period between 5 and 10 rain after addition of 
glucose. 

a Not less than 97r~I -, 

The measured pH (or pD) values were by 11.4 units higher than 
would correspond to reality [27]. 
Corrections for the effect of ethanol as solvent were always made. 

s The behaviour here was anomalous. 

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

Protonmot ice  force 
The effects of  inhibitors on the protonmotive force 

at pH 5.5 (the opt imum pH for transport  studies in 
yeast, see Ref. 17) were quite different from those on 
the ATPase  activity (Table I!) which indicates, a:~ong 
other  things, that the p.'otonmotive force is not 0rimar- 
ily the result of  ATPase  activity, Two of the most 
powerful inhibitors of  ATPasc activity, D 2 0  and dieth- 
ylst!lbestrol, in fact increase the membrane  potential 
and the protonmotive force, in case of  diethylstilbestrol 
highly significantly. This refutes the notion that this 
substance may diminish the barrier propert ies of  the 
p~=sma membrane  r-,o~ t L O J .  

Uptake o f  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 actds 
which are present  intracellularly as freely dissolved 
molecules [31,32]. The demonstrat ion that terminated 

the debate of  whether  protons or other "sources of  
energy'  are involved in the uptake was the one using 
heavy water [1t]. Now the pronounced effect on the 
ATPase as well as on all secondary transports studied 
suggested the possibility that the inhibition of  the H + 
symports of  nutrients is due '3  a primary i.-.hibi,ion of 
the plasma membrane  ATPase. Such a mechanism 
would be just;fiabk, if one r~atizcs that the uptake of  
amino acids (with protons) causes an immediate acid- 
ification ot the ceil mtertor,  one that is compensated by 
the activ;W of the plasma membrane  ATPase. Beca u ~  
it is highly probable that the protons u ~ d  f;~r thi:; type 
of transpor~ ;,re atilt.zeal in the immedia 'e  vicinity of  
the r~entb~a,-'.c [33] and-because the pH optima 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 protons 
could be reflected in the activity of the ~ c o n d a t y  
(symport) active uptake of any solute that is trans- 
ported along with protons. 

From a total of  13 amino acids tested glutamic acid 
was selected in the most extensive inhibitor ~ reen ing  
(Table II!). The  inhibition percemages  are seen to 
agree quite well with the effect of  the various sub- 
stances on glucose-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  ei ther  the membrane  potential or the total 
protonmotive force. 

The effect of  the two most powerful inhibitors, D 2 0  
and diethylstilbestrol, was then examined with all the 
13 amino acids and a clear dependence  of the effect on 
tht: isotonic point of  the amino acid was established 
(Table IV). While the two acidic amino acids are 
inhibited on the average by 77% in D 2 0  and 88% in 
100 /.tM diethylstilbcstrol, the corresponding figures 

TABLE I! 

Membrane potential ~10 and tile proiomn,uire ~me pmf ::f the S. 
cerecLffae K plasma membram, s 

Means hem 3-6 experiments are shown. 

Inhibztor Concn. JO P'~f 
(/xM) (mV) (mV) 

None - 55 146 
D20  ( > 97~)  57 911 
DJe!hylslilbeslrol I(N) 70 I I 7 
Erylhrosin B 5(1 57 75 
Suloctidil 5o 46 o3 
Sodium vanadat,- 5~ 47 72 
Cupric sul[ate Ii} 49 79 
DicycloheJtylcar!x,-diimidg 100 4 i 711 
Fusicoccin ItX) 54 88 
Ethanol (0 ,7%) 51 73 
Ethanol (3.5~'~) it~ 45 
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TABLE il l  

The initial rate o f  uptake o f  I0 p M  t.-ghetamic acid by S, cercrisiae K 
in the presence of  inhibimrs, at plt  5.5. m,~n%¢ally, at 30~C 

Ean~.es of values fro~ at 4 -6 experiments arc shown. 

Inhibitor Conch. Uptake rate" 
(~M~ 

None - IlK) 
D20 ( > 97~) In-  32 
Diethylstilbest rol 100 9-  12 
Erylhr~sin B 50 61- 74 
Suloctidil 50 25- 31 
Sodium vanadate 50 70- 85 
Cupric sulfate 50 MI- 71 
Dicy¢lohe~ylcatbodiimide IlK) 9 I -  109 
Fusicoccin I t'A) "/9- i 05 
Ethanol (11.7%) lt)[I- 115 

a 100% - 87+ 16 nmol glularnic acid per ml cell water per rain. 

are 48% and 71% for thc neutral 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 z cids carry a net negative charge of 
nearly one (0.92-0.96), the neutral ones have no net 
electric charge and the basic one~ one full positive 
charge. Thus, the basic amino acids could in principle 
enter c~ells without an additional proton (eL 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 
s3'stem but a morc general property is evidenced by thc 
use of the mutant lacking the general amino acid 

permcase 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- 
ta,q~ both leucine and proline (not shown in the figure) 
are much -'qore affected by D20 than [s iysine although 
in Eddy's ~ork identical stoichiometries of 1 : 1 were 
found. Moreover, it appears here that basic amino 
acids display lower accumulation ratios than either the 
neutral or the acidic ones, this being an argument 
against multiple H + ions being involved in their uptake 
[8,36]. 

The direct link between ATPase pumping of pro. 
tons and the transport of amino 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 
transporl is reduced in the presence of D20 by 19% at 
50 nM Glu, by 55% at 2.5 p,M Glu, by 73% at 125 pM 
Glu and by 78% at 3,1 mM Giu, A revcr~e sequence 
would be expected if the transport rate depended on 
the 'source of energy', such as the protonmotive force, 
where the accumulat, ion ratios are higher at lower than 
at high solute concentrations (e.g, Refs. 37 and 38). 

(2) In pm~ rnut"~ts w~t,h an impaired function of the 
plasma membrane H +-ATPase [39], the uptake rate of 
amino acids is substantially lower than in the parent 
strain, the ratio being 0,30 for L-proline, 0.48 for t- 
leucine, 0.62 |or L-arginine and 0.28 for L-aspartic acid 
(very poorly transported both in the parent and in the 
mutant). 

TABLE IV 

ln~riai rates o f  uplake of  iO IzM amino acids it: the prest'ncc o]' D2C fcolumn A) and !00 p M  dit'thylstillw.wrol (cohmu~ fl), in S. ¢ert'ri~'iat' I~ at pH 
5,5, gcrohicall), at 30°C 

Express~ in nmol amino acid lakcn • ,: per ml cell water per rain, means from at least five experimcnls. 

Group Amino acid p l  Control Rate of uptake 

A ~ B ¢~ 

! i.-Aspan~c acid 2.95 52.0 ~,4 18 6.2 12 
I.-Glutamic acid 3.l~ 83,2 23, ! 28 9.0 ] 1 

ll ,.-Phenylalanine 5,67 [6.4 7.5 46 5. l 3I 
z.-Methionine 5,71 5 !.4 34.2 66 n.m. - 
t-T~ptophan 5.94 34.3 21,5 63 8.9 26 
i.-Lcucinc 6.04 97.0 46,7 48 25.2 26 
Glycine 6.07 52.4 21,3 4 ~. n,m. - 
L-Alanine 6.11 5 !.6 18A 36 11.7 23 
2-Aminoisobutyric acid 6.29 9.3 4,2 45 3.9 42 
L-Proline 6.30 61.2 44,8 73 14.5 24 

ill  L-Ornilhin¢ 9.73 70.2 62,4 89 57.1 81 
L-Lysiae 9.90 3 I. I 22. I 7 i 23.6 76 
L-Arginine 10.74 I9.2 17, I 89 13.7 7i 



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

(4) As mentioned before [ l l ]  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 CO2 dissolved at the cells, 
quite probably on the H +-ATPase. At a density of 0.25 
mg dry wt. of S. cere~biae K cells per ml the initial rate 
of uptake of I taM L-tryptophan at 30"C was 450 nmol 
per ml intmcellular water per rain, while at a density of 
12.5 mg dry wt. per ml *,he rate was only 130 nmol per 
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ml per min. The lower-density rate was decreased in 
D20 by 55%, the high-density rate by 19%. 

Conclusiot~ 
Taken together, these data suggest that inhibitors or 

conditions (genetic or physiological) that affect the 
function of the plasma membrane H+-ATPase depress 
in a similar fashion the transports of amino acids in 
yeast. T~,.: rates of transport have very little to do with 
either the membrane potential or the protonmotive 
force, contrary to prcdi,:tions from various kinetic mod- 
els [41,42] where the components of the protonmotiv¢ 
force measured macroscopically are included and their 
coupling with the transport system is assumed. The 
dependence of the rate of glutamic acid uptake 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 agreemenl '..m~een the rate of uptake and the 
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Fig. 2. ]Effect of heavy water on the uptake of I0/AM amino acids by the wild-type strain S. ecro'i~iae ,~1271ib and by its gap mutant, deficient in 
the general amino acid pcrmca~, 
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Fig. 3. Dependence ol the rate t+l uptake of I0 yM L-glutamic acid 
by the wild-type strain of £ cm'risiae on the rate of ATP hydm!ysis 
by the plasma membrane H'-ATPase in vitro, on the medium 
acidification by this ATPase (the first segment of the pH curve 
corresponding to colunm A of Tabk I} ,rod on ihc prohmmotiv¢ 
force, The median values of the range of values were always taken. 
The dashed line was computed by the least-squares method for the 

dependence on ihe rate of acidification. 

A T P  hydrolysis ( co r re la t ion  coef f ic ien t  0,487) a n d  ab-  
solute ly  no  re la t ionsh ip  b e t w e e n  the  u p t a k e  ra te  a n d  

the  p r o t o n m o t i v e  force  ( the  co r re l a t ion  coef f ic ien t  i~ 
negat ive) .  

I t  is likely tha t  what  the  t r a n s p o r t  sys tems  see  in the  
m e m b r a n e  is the  local c o n c e n t r a t i o n  o f  H + ioes  a_~ is 
g e n e r a t e d ,  in the  case  desc r ibed  here, a p p a r e n t l y  
main ly  by  the  p l a s m a  m e m b r a n e  H +-ATPase .  
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