
Biochimica et Biophysica A eta, 394 ( 1975 ) 470-48 I 
C; Elsevier Scientific Publishing Company, Amsterdam Printed in The Ncthcrkmds 

BBA 76988 

ENERGY R E Q U I R E M E N T S  FOR THE UPTAKE OF L-LEUCINE BY 

S A  C C H A  R O  M Y C E S  C E R E  V1SIA  E* 

E. H. RAMOS, L. C. DE BONGIOANNI, M. L. CLAtSSE** and A. O. M. STOPPANI 

Instituto de Ouimica Biol6.qiea, Facultad de Medicina. Unirersidad de Bueno,~ 4ire,s. Para#uav 2155, 
Buenos Aires (Arflentina) 

(Received January 3rd, 1975) 

SUMMARY 

(1) Substrates capable of activating mitochondrial electron transfer and oxt- 
dative phosphorylation, namely, pyruvate, acetate, propionaldehyde and butanol, 
stimulated the concentrative uptake (transport and accumulation) of L- [~ +C]leucine 
by S a c c h a r o m y c e s  cerevis iae  (wild type strain 207, starved cells). Under adequate ex- 
perimental conditions, the L-[~4C]leucine uptake versus the oxygen uptake ratio was 
almost the same with either pyruvate, acetate or l)-glucose as energy sources. Substrate 
oxidation also increased k-[ t 4C]leucine incorporation into the cell protein. 

(2) With S. ceret;isiae D261 and D247-2 and propionaldehyde as an energy 
source, or with strain 207 and glucose as energy source, 2,4-dinitrophenol (50 l+M) 
inhibited L-[ ~ 4C]leucine uptake, the inhibition being accompanied by stimulation of 
respiration. With S. cerer is iae  207 and propionaldehyde as energy source, 2,4-dini- 
trophenol inhibited both respiration and t-[14C]leucine uptake, but with respiration 
being less affected than uptake. Displacement of accumulated I.-[~4C] leucine was 
also inhibited by 2,4-dinitrophenol. 

(3) In the presence of glucose, and for relatively brief incubation periods, 
anaerobically grown cells of S. cerevis iae  207 and of a,o +'petite" mutant of this strain 
incorporated L-[t4C]leucine with less efficiency than the original wild type strain 207. 
grown aerobically. With l)-glucose as energy source, 2,4-dinitrophenol atad iodoace- 
tate inhibited alike l.-[ ~ 4C]leucine uptake by the respiration competent cells+ 

(4) It is postulated that in respiration-competent yeasts, the mitochondrion 
contributes to L-[' 4C]leucine uptake by supplying high-energy compounds required 
l\+r amino acid transport and accumulation. Conversely, the promitochondrion in the 
anaerobically grown yeast, or the modified mitochondrion in the respiratory deficient 
mutant, competes l\+r high energy compounds generated by glycolysis in the cytosol. 

INTRODUCTION 

Uptake of amino acids by S a c c h a r o m y c e s  species is an energy-coupled process. 

* Paper I in the series "'Studies on amino acid uptake b~ yeasts". 
* *  Permanent address: Laborato i re  de G6n6t ique Mol6cula i re du ( 'en l rc  Nat ional  de la R c  

cherche Scientif ique. (}if+,ur-y'teette, 91190, France. 



471 

as shown by its stimulation by suitable sources of metabolic energy, such as D-glucose 
and its inhibition by uncouplers of oxidative phosphorylation [1-5]. In the present 
study we have further investigated the nature of the energy sources capable of driving 
amino acid uptake in Saccharomyces cerevisiae. In that context, we have measured 
uptake of e-[t 4C] leucine by: (a) wild type S. cerevisiae with low levels of endogenous 
substrates (starved cells); (b) the same yeast, energized by simultaneous oxidation of 
substrates capable of activating mitochondrial electron transfer and oxidative phos- 
phorylation; (c) anaerobically grown, cytochrome-deficient and respiration-incom- 
petent yeast [6] (starved, or energized by incubation with D-glucose) and (d) a cyto- 
chrome-deficient and respiration-incompetent [7, 8] p-  mutant, obtained from the wild 
type by the acriflavin method [9] (starved, or energized as above). Moreover, 2,4-dini- 
trophenol, a typical uncoupler of oxidative phosphorylation, and iodoacetate, a 
selective inhibitor of glycolysis, have been assayed on transport, accumulation and 
displacement of L- [~ 4C] leucine, with both the respiration-competent and the respira- 
tion-deficient yeasts. 

MATERIALS AND METHODS 

Yeasts and growth conditions 
The yeasts used were: S. cerevisiae, diploid, wild type, strain 207 from the 

collection of the Institute of Agricultural Microbiology (Buenos Aires University); a 
cytoplasmatic p-  mutant, "petite colonic", isolated from the former strain by the 
acriflavine method [9]; diploid strain D261 (wild type yeast) and strain D247-2 (a 
nuclear mutant homozygote for the mutated gene cyc I-l, that produces a partial de- 
ficiency in cytochrome e due to a complete absence of iso-l-cytochrome e, only iso-2- 
cytochrome e being synthesized [10, 11 ]), both from the Laboratoire de Genetique 
Physiologique, Gif-sur-Yvette (France). 

The yeasts were grown in a Wickerham medium [12], in a New Brunswick 610 
shaker placed in a constant temperature room, at 30 °C, until the early stationary 
phase was reached. The harvested cells were centrifuged at 4 °C, washed twice with 
distilled water and starved overnight as previously described [13]. Anaerobic cultures 
were performed in a 2-1 flask provided with a three-way stopcock, a lateral safety valve 
with Hg and a magnetic stirrer. The medium contained: 100 g D-glucose, 70 g yeast 
extract (Difco), 5 g KH2PO 4, 0.3 g Tween 20, 1.25 g Tween 80, 37.5 mg ergosterol 
and water to 1 1. After adding the inoculum, nitrogen (99.8 ~o) was bubbled through 
the medium for 2 h. The gas inlet was closed and the culture was allowed to continue, 
at 30 °C, with constant stirring. A nitrogen atmosphere was ensured through the cul- 
ture medium until the stationary phase was reached. The yeast suspension was quickly 
poured into tubes containing ice and immediately centrifuged at 0 °C. The yeast was 
collected, suspended in distilled water and starved under nitrogen atmosphere. The 
absorption spectra of the yeasts employed is shown in Fig. 1. The presented spectra 
are in accordance with previous observations by other authors [7, 14]. Neither the p-  
mutant nor the anaerobically grown yeast respired when oxygen uptake was assayed 
in the Gilson Oxygraph (model K). 

L- [U- ~ 4C ] Leucine was purchased from the Radiochemicai Centre, Amersham, 
U.K., through the Argentine Atomic Energy Commission and diluted with non- 
isotopic carrier as required. 
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Fig. I. Absorp t ion  spectrum of yeasts. A frame fixed near the p h o t o t u b e a l l o w e d  tile insertion o f u  
2 ram-thick sample of  yeast paste in the sample beam and tracing paper in tile reference beam. Other 
condi t ions  were as described under Materials  and Methods. A, wild-type yeast; B, a n a e r o b i c a l b  
grown, wild type y e a s t ; C , t ,  - "pe t i te"  mutant-  The absorpt ion m a x i m a o f c y t o c h r o m c a  : as, h~uld 

c are 603, 562 and 549.5 nm, respectively. 

Chemicals 
L-Leucine and iodoacetic acid were purchased from Sigma Chemical Co. (iodo- 

acetic acid was recrystallized from ethyl ether); 2,4-dinitrophenol was purchased from 
British Drug Houses Ltd, and D-glucose was purchased from Mallinckrodt. Other 
chemicals were of analytical grade. 

Incubation techniques 
Kinetics of L-[ 14C]leucine uptake and displacement were carried out at 30 C 

in a New Brunswick Gyratory Water Bath Shaker (model T.76) with 10 ml incubation 
mixture containing, unless otherwise stated, yeast (2 mg/ml), 20 mM phthalate buffer 
(K) pH 4.5 and additions as specified in each case. Anaerobic experiments were per- 

o/ formed in specially designed vessels gassed with nitrogen (98.8 j,,). Gassing was started 
10 min before the beginning of the incubation. Oxygen uptake was measured by the 
Warburg direct method in manometers at 30 "C with air in the gas space. 

Analytical methods 
Determination of total intracellular L-[14C]leucine was carried out by the 

following methods. 
Method A. One ml of incubation mixture was filtered through a M illipore filter 

25 ea, HA, 0.45/tm. The cells were immediately washed four times with 3-4 ml of 
20 mM cold phthalate buffer, pH 4.5. Control experiments showed that cold (0 'C) 
washing did not extract intracellular 14C-labelled compounds. The filtrates were dis- 
carded except in displacement experiments. The Millipore filters, after drying, were 
counted for ~4C. in kinetic experiments zero-time samples were taken and subtracted 
as the blank value. 

Method B. One ml of incubation mixture was thoroughly mixed with I ml of 
20 mM phthalate buffer (pH 4.5) at 0 °C and cells were washed twice in tile centrifuge 
at 4 °C with the same phthalate buffer (1.0 ml). The washed cells were suspended in a 
9 : I (v/v) methanol/water mixture ( 1.0-2.0 ml ) and total suspension and the methanol~ 
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water-soluble 14C_labele d material were counted directly. In order to establish possible 
conversion of L-[~4C]leucine into other substances, the methanol/water-soluble 
fraction was subjected to chromatography and radioautography in accordance with 
previously described methods [15]. As reported under Results, that conversion did not 
occur, at least not to a detectable extent, and therefore total 14C values in cell sus- 
pensions or the methanol/water-soluble fraction were representative of their L- 
[14C]leucine content. In one experiment (Table I, Expt 2) L-[~4C]leucine was eluted 
from the respective radioactive area in the chromatogram and counted. Radioactivity 
values in methanol/water extracts fit in well with those in water extracts from the same 
yeast. The water extracts were prepared by keeping 1-2 ml of yeast suspension (in 
distilled water) immersed in boiling water for 5 rain, and after centrifugation, ~4C 
activity was measured in the supernatant. 

After methanol/water extraction, the yeast residue was extracted twice with 
5 % (w/v) trichloroacetic acid (1-2 ml) at 0-4 °C and, after centrifugation, the pre- 
cipitated 14 C activity was measured; this is termed non-soluble- (or protein-) fraction 
radioactivity. 

Displacement ofintraeellular L-[24C]leueine. This was determined by measuring 
14C in the yeast cells after removal from the suspending medium by Millipore filtra- 
tion (as described above). In some experiments a 4C activity in filtrates was measured. 

Assay of radioactive samples. Total ~ 4C activity of samples in Millipore filters 
was counted in a Nuclear Chicago, Model 724 system with a scintillation mixture 
made of 2,5-diphenyloxazole (5 g) and p-bis-2-(5-phenyloxazolyl) (POPOP) (50 rag) 
in 1 1 of toluene, a4C activity in filtrates was counted by Bray's method [16]. 

Other methods. The cytochrome spectrum of yeast was determined as de- 
scribed by Cazzulo et al. [17] with a specially adapted Beckman DK-2 spectrophoto- 
meter, equipped with a xenon lamp PEX-75. 

Expression of results. Unless otherwise stated, uptake of L-[14C]-leucine by 
yeasts is expressed as/~mol/g of cells. The concentration of yeast suspension is ex- 
pressed by the weight after drying at 104 °C for 24 h. 

RESULTS 

Experiments with the wild type (aerobic) yeasts 
Fig. 2a shows the general characteristics of L-[t 4C]leucin e uptake in the absence 

of exogenous substrates. The pH was 4.5 which was adequate for the subsequent assay 
of inhibitors such as 2,4-dinitrophenol n.nd iodoacetate which permeate the cell mem- 
brane in the non-dissociated form [18, 19]. Maximal uptake rates were maintained 
during the first 10-30 min of incubation with 1-5 mM L-it 4 C]leucine, and after 60 min 
incubation, an apparent steady-state was attained. Chromatographic and radioauto- 
graphic analysis of the yeast soluble fraction showed that after incubation, L-leucine 
remained as the sole radioactive compound. Moreover, L-[t 4C]leucin e in the soluble 
cell fraction amounted to 98 % of total incorporated ~4C with the 30-min samples and 
to 95 % with the 90-min samples. Uptake was concentrative, as shown by the apparent 
concentration ratios (intracellular to extracellular) attained at the end of incubation 
(Fig. 2a, legend). Under the given conditions, displacement of accumulated L-[14C] - 
leucine was very limited, since after 15 min reincubation with 1.0 mM external L- 
leucine, the efflux of internal L-[14C]leucine amounted to 17% of the initial value, 
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Fig. 2. (a) Kineticsoft.-[t'*C]leucine uptake by starved yeast. Cells suspended in 20raM plathalatc 
buffer (pH 4.5) containing ~-[~¢C]leucine in concentration (raM) as stated in parenthesis• Internal 
radioactivity was measured with Method B. Final intracellular concentration ot'n. [t *C]leucine (m M. 
with respect to cell water (60 '~(, of wet weight [2]J) was (in parenthesis, external initial concentration 
of L-[14C]leucine): 2.0 (0.1); 4.3 (0.5); 5.5 (I.0) and 5.6 (5.0). (b) Displacement of accumulated 
L-[ ~'~C]leucine by external t-leucine. Starved cells suspended in 15ml of 20ram phthalate buffer 
(pH 4.5) containing 0.1 or 1.0 mM t.-[~'~C]leucine. After 30 rain incubation the cells were centrifuged. 
washed twice in the centrifuge with ice-cold distilled water (10 ml) and resuspended in 20 mM phthu- 
late buffer (pH 4.5) containing 0.1 or 1.0mM r-leucine. Internal (I; /., r ~ and external (E; O~ 
radioactivities were measured as described in the text (in parenthesis, concentration of external l- 
leucine (raM) which was the same as used during preincubation with t -[~ 4C]leucine ). Other condition, 
were as described under Materials .'rod Methods. 

matching the disappearance of intracellular L-[ n'~C]leucine with the amino  acid ap- 
pearance in the external medium (Fig. 2b). It should be noted that displacement values 
were smaller than those reported by other workers [2, 3], which may be due, firstly, to 
the more acidic pH employed in our experiments and secondly, to the absence of an 
energy source capable of driving the influx of the non-radioact ive amino acid. 

Table I shows the effect of different sources of metabolic energy for I_-[~4CJ - 
leucine uptake. It may be seen that, in addit ion to glucose, non-fermentable  substrates 
capable of activating electron transfer and oxidative phosphorylat ion (pyruvate. 
acetate and butanol )  increased L-[ ~ 4C]leucine uptake. Under  the same experimental  
condit ions,  propionate,  succinate, fumarate  and glycine were ineffective. The con- 
centrative nature of L-[t 4C]leucin e uptake was confirmed by the effect of the oxidized 
substrates, despite the relatively high external concentra t ion of amino acid (5 mM ). 
In this experiment,  uptake was measured alter 3 h incubat ion,  in order to minimize 
the effect of the relatively slow rate of acetate and pyruvate oxidation by starved yeast 
[15]. An empirical correlat ion of L-[~4C]leucine uptake and oxygen consumt ion  
yielded approximately the same value with D-glucose, pyruvate and acetate (Table I ). 
Analysis of the incubated yeasts (soluble fract ion) showed that despite substrate 
oxidation,  L-leucine remained as the sole radioactive compound .  Oxidation of endog- 
enous substrates could also drive L-[ ~ 4C]leucine uptake, as results from the signifi- 
cant difference between the starved and non-starved yeast in Fig. 3. 
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TABLE I 

EFFE CT  OF SUBSTRATE OXIDATION ON I.-[14C]LEUCINE U P T A K E  BY S. CEREVISIAE 
(WILD TYPE)  

Starved cells (4.8 (Expt 1) or 10.9 (Expt 2) mg/ml; strain 207) were incubated in Warburg-mano-  
meters in 20 mM phthalate buffer (pH 4.5) containing 5 mM L-[~aC]leucine (5.2 (Expt 1) or 1.1 
(Expt 2) ;< 104 counts/min),  and addit ion as stated below; total volume, 3 ml; 3 h incubation. In 
Expt 1, uptake of  L-[14C]leucin e was measured by Method B. In Expt 2, uptake of  p-[14C]leucin e in 
the soluble fraction was measured by counting ~4C in the eluate o f  the L-leucine area in the chromato-  
gram. Other experimental details were as described under Materials and Methods.  

Addit ion Expt I 
(5 raM) L- [~ 4C]leucine uptake 

(/imol/g of  cells) 

Total Non-soluble 
fraction 

ta) 

Expt 2 

Total 02 Ca) L-[m'~C]leucine Apparent  internal 
uptake (b) ~ l0 uptake in the vs external 

mmol i soluble cell concentrat ion 
~ o f  cells/ fraction ratio* 

mmol 
(b) (i o f  cell wa te r !  

3.51 I.O1 105 21.0 
1.32 1.01 39 7.8 
0.95 0.91 37 7.4 

- -  2 8  5 . 6  

D-Glucose 357 45 
Pyruvate 134 13 
Acetate 87 7 
Butanol -- --  
None 11 1 0.21 (0.25)** -- 17 3.4 

* Since the concentrat ion o f  unlabelled (endogenous) L-leucine is neglected and the calculation 
is based on the initial (5 mM)  concentrat ion of  external L-[~4C]leucine, ratios may be higher than 
stated (this applies also to values in Fig. 1 (legend)). 

** L-[14C]leucine omitted. 
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Fig. 3. Comparat ive uptake o f  L-[14C]leucine by starved (S) and non-starved (NS) yeast. Cells sus- 
pended in 20 mM phthalate buffer (pH 4.5) containing 0.1 or 1.0 m M  L-[14C]leucine. Left ordinate,  
results with external 1.0 m M  L-[~4C]leucine: (A) ,  starved cells; (A) ,  non-starved cells. Right ordi- 
nate, results with external 0.1 m M  L-[14C]leucine: (O) ,  starved cells; (O) ,  non-starved cells. Other 
condit ions were as described under Materials and Methods.  
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TABLE I I  

EFFECT OF P R O P I O N A L D E H Y D E  A N D  2 ,4 -D I NI TROP HENOL ON t . - ["*C]LEUCINE 
UPTAKE BY S. C E R E V I S I A E  D261 and D247-2 

Yeast D261, 5 rag; D247-2, 4.1 mg; 5 mM c-p¢C]leucine (4.1 104 counts ' rain);  time of  incuba- 
tion, 1.5 h; other experimental conditions were as in Table I. 

Propionaldehyde 2,4-Dinitrophenol S. cerecisiae D261 S. cererisiae D247-2 

(mM) (/tM) i.-['4C]leucine uptake Qo{ t,-['¢C]leucine uptake Qo2 
(ffmol/g cells) (Hmol,'g cells) 

Total Non-soluble Total Non-soluble 
fraction fraction 

0 93 0 3.7 92 l) 4.0 
50 91 0 25 119 0 21 

0 194 I1 13 252 16 17 

50 78 3 30 77 2 23 

0 

Table !I shows the effect of propionaldehyde on L-[~4C]leucine uptake by 
yeasts D261 and D247-2. Propionaldehyde was oxidized to propionate by two alde- 
hyde dehydrogenases (one exclusively NADP-requiring [20, 21 ]) and therefore, the 
increase of L-[14C]leucine uptake depended on the oxidation of reduced pyridine 
nucleotides in mitochondria. 2,4-Dinitrophenol inhibited (59 69 ",,~) the propionalde- 
hyde-dependent uptake and also amino acid incorporation into the cell protein. Simul- 
taneously, 2,4-dinitrophenol released the respiratory control and stimulated respira- 
tion in good agreement with its well known action on oxidative phosphorylation. With 
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Fig. 4. (a) Effect o1" propionaldehyde (P) and 2.4-dinitrophenol on l_-[ ~4C]leucine uptake. Starved 
cells suspended in 2 0 r a m  phthalate buffer (pH 4.5) containing 5 mM t-["~C]leucine. Internal 
radioactivity was measured with Method B. (O) ,  control; (A) ,  same, plus 5 mM propionaldehyde; 
( ' ) ,  same, plus 5 mM propionaldehyde and 50/tM 2,4-dinitrophenol. (b) Effect of  glucose (G) and 
2,4-dinitrophenol on L-p4C]leucine uptake. Unless otherwise stated conditions were as in (a). ((_'.,), 
control; (A) ,  same, plus 160 mM glucose; ( 1 ) ,  same, plus 160 mM glucose and 60HM 2,4-dinitro- 
phenol. In parenthesis, oxygen uptake in ffl/mg of  cells at the indicated time. Other conditions were as 
described under Materials and Methods. 
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Fig. 5. Effect o f  glucose (O) and iodoacetate ( IA)  on L-[t4C]leucine uptake. Starved cells suspended 
in 20 m M  phthalate buffer (pH 4.5) containing 1.0 m M  L-[14C]leucine with or wi thout  additions. 
Internal radioact iv i ty was measured wi th method A. (O) ,  control;  ( 0 ) ,  same, plus ! m M  iodoace- 
rate; (A) ,  same, plus 5 m M  glucose; (A ) ,  same, plus 5 m M  glucose and ! m M  iodoacetate; (~1), 
same plus 160 m M  glucose; (11), same, plus 160 m M  glucose and 1 m M  iodoacetate. Other conditions 
were as described under Materials and Methods. 

yeast 207 and propionaldehyde as substrate (Fig. 4a), 2,4-dinitrophenol inhibited uptake 
by 90 % and respiration by 70 % (not shown in the figure), the inhibition of respiration 
being in accordance with previous observations by Stoppani et al. [22]. This inhibi- 
tion of respiration was not due to a direct action of 2,4-dinitrophenol on electron 
transfer, since, with the same yeast and glucose as substrate (Fig. 4b), the uncoupler, 
though inhibiting amino acid uptake by 65 %, increased the rate of respiration by 50 %. 

Fig. 5 shows that iodoacetate, a typical inhibitor of glycolysis at the level of 
glyceraldehyde-3-phosphate dehydrogenase [23] inhibited about 90 % the glucose-de- 
pendent uptake. The effect of iodoacetate, and those of 2,4-dinitrophenol in Table II, 
Figs 4a and 4b must be interpreted as an inhibition of uptake (or accumulation) 
of L-[14C]leucine rather than as an exaggerated displacement of the accumulated 
amino acid. In fact (Fig. 6), when cells loaded with L-[14C]leucin e were reincubated 
with the inhibitors, iodoacetate did not affect the displacement of intracellular 
L-[~4C]leucine while 2,4-dinitrophenol inhibited it by 45 % (at 2 rain) and 55 % (at 
5 min). 

Experiments with respiration-deficient yeasts 
Fig. 7a shows the e-[a4C]leucine uptake, under nitrogen atmosphere, by the 

anaerobically grown wild type yeast. Uptake was lower than that observed under air 
with the aerobically grown yeast (compare Figs 5 and 7a). Although lower than for 
the aerobic experiment, the amino acid uptake was still greatly increased by the addi- 
tion of glucose. In this case, the initial rate of entrance doubled, while at 15 min incu- 
bation the amino acid incorporation was increased sixfold. 2,4-Dinitrophenol inhi- 
bited both the initial rate of entrance and total uptake of L-[t4C]leucine; at 15 rain 
incubation, 53-55 % inhibitions were obtained in the presence of glucose and 60- 
70 % inhibitions were observed in the absence of added substrate (Fig. 7a, inset). 

Fig. 7b shows the kinetics of L-[~ 4C]leucine uptake by the p- ,  "petite" mutant, 
in the presence and absence of glucose. For comparative purposes, uptake values ob- 
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Fig. 6. Displacement o f  accumulated L-[ '4C]leucine (effect o f  inhibitors). Yeast cells suspended in 
20 mM phthalate buffer (pH 4.5) containing 5 mM L-[~4C]leucine and 160 mM glucose. After 30 rain 
incubation the cells were washed in the centrifuge, suspended in 20 mM phthalate buffer (pH 4.5 ) and 
reincubated with the following additions: (A) ,  5 mM L-leucine; ( I l L  5 mM L-leucine plus I mM 
iodoacetate (IA); (L]) 5 mM L-leucine plus 50ffM 2,4-dinitrophenol. Other conditions were us 
described in Fig. 2 (b} and under Materials and Methods. The points represent internal radioactivit}. 

tained in a parallel experiment with the original wild type yeast are included. In the 
absence of glucose the "petite" mutant took up less L-[t 4C]leucin e than the wild type 
yeast. In the presence of 160 mM glucose this was also verified for the shorter incuba- 
tion periods, but at 15 min incubation the uptake of L-[~4C]leucine by the mutant 
was somewhat decreased with respect to the uptake by the wild type strain. (Similar 
results were obtained with 5 mM glucose.) 

"a) _ 

b I _ 

4 W 6!- 

0 5 10 15 O 9 10 15 
Time (min) T ime  (rain) 

Fig. 7. Ca) Effect o f  glucose IG) and 2,4-dinitrophenol on L-[~4C]leucine uptake by the anaerobi- 
cally grown yeast. Starved cells suspended in 20 mM phthalate buffer (oH 4.5} containing I mM 
L-[t4C]leucine; nitrogen atmosphere.  Internal radioactivity was measured with Method A, ( A t .  
control  plus 160 mM glucose; (~ ) ,  same, plus 50ffM 2,4-dinitrophenol. Inset: (A) ,  control; (LJl, 
same, plus 50ffM 2,4-dinitrophenol. Other condit ions were as described under Materials and Methods.  
(b) L-[14C]leucine uptake by the p -  mutant  (comparison with the wild type yeast), p -  mutant  (M l: 
(O) ,  control;  (O) ,  same, plus 160 mM glucose. Wild type yeast (WT): (A) ,  control; ~ A),  samc. 
plus 160 mM glucose. Other condit ions were as described under Materials and Methods. 
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With the p-  mutant, glucose increased the initial rate of entrance, the final total up- 
take and the incorporation of L-[14C]leucin e into the cell protein (15 ~ of total ~ 4C 
uptake). In contrast to the effect of glucose, 5 mM propionaldehyde inhibited uptake 
(experimental data omitted in Fig. 7b). 

In accordance with the inhibitions observed with the wild-type yeast, 2,4-di- 
nitrophenol and iodoacetate inhibited uptake of L-[14C]leucine by the p-  mutant 
(Table III ). However, 2,4-dinitrophenol did not inhibit the initial rate of entrance (up- 
take at 2.5 min incubation). On the other hand iodoacetate inhibited the stimulatory 
effect of glucose both on the rate of entrance (3 min incubation) and on total 
uptake (10 min incubation), the latter inhibition being about 66 %. Displacement of 
accumulated L-[~4C]leucine was irrelevant for 2,4-dinitrophenol and iodoacetate 
effects, since under conditions as described in Fig. 6, the inhibitors did not stimulate 
displacement of accumulated L-[14C]leucine and moreover, at 30 min incubation, 
2,4-dinitrophenol inhibited displacement by 32 %. 

TABLE II1 

EFFECT OF GLUCOSE, 2,4-DINITROPHENOL AND IODOACETATE ON L-[14C]LEUCINE 
UPTAKE BY THE "PETITE" M U T A N T  

Starved cells were suspended in 20 mM phthalate buffer (pH 4.5) containing 1 mM L-[~4C]leucine 
with additions as stated below. Samples were taken at the indicated time intervals and internal radio- 
activity was measured by Method A. Other experimental details were as described under Materials 
and Methods. 

Expt Glucose Inhibitor L- [14C]leucine uptake 
(raM) (t~mol/g cells) 

2.5 rain 10 rain 
_ k  

0 None 0.164 0.220 
2,4-Dinitrophenol (50 t~M) 0.188 0.252 

160 None 0.225 4.78 
2,4-Dinitrophenol (50tIM~ 0.206 1.64 

3.0 min 10 min 

2 0 None 0.145 0.142 
160 0.350 8.74 

lodoacetate (1 raM) 0.230 3.46 

DISCUSSION 

Entrance (and accumulation) of amino acid in yeasts involves the operation of 
permeases [2, 3, 24, 25] and energy-yielding mechanisms [1-5]. The results presented 
here allow one to compare L-[~4C]leucine uptake by two types of yeasts essentially 
different in their energy supply mechanism, that is to say, one yeast endowed with a 
competent mitochondrial electron-transfer system (wild type, aerobically grown yeast) 
and two yeasts lacking several cytochromes, including the terminal oxidase (anaero- 
bically grown and p-  mutant yeasts). Glucose increased the rate of entrance and accu- 
mulation of L-[14C]leucin e with all the assayed yeasts (Figs 4b, 5 and 7) in accordance 
with the view that glycolytically generated high-energy compounds energize the trans- 



480 

port (and accumulation) of amino acids. Furthermore, it is known [24] that high- 
energy compounds and amino acids resulting from glucose catabolism (aerobic and 
anaerobic) stimulate the rate of protein synthesis, which explains the glucose effect 
on L-[~4C]leucine incorporation into the non-soluble cell fraction in Table !. At a re- 
latively high concentration of glucose (160 raM, Figs 7a and 7b) the uptake values 
for the wild type and the mutant yeasts were much alike (Fig. 7b), demonstrating that 
a normal mitochondrion was not essential for amino acid uptake. Nevertheless, the 
effects of pyruvate, acetate, butanol and propionaldehyde in Tables I and il show 
that  metabolic energy originating in the mitochondrion was used, when necessary, 
to drive transport (and accumulation) of L-[ ~ 4C]leucine and also amino acid incorpo- 
ration into the cell protein. In fact, the oxidation of those substrates compulsorily 
determined electron transfer and oxidative phosphorylation [13, 15, 22, 26] and 
moreover, in long-term incubation experiments, pyruvate and acetate were as effec- 
tive as glucose (Table I) when their effectiveness was compared on the basis of oxygen 
co nsumption. 

The results presented here lead us to postulate that the mitochondrion con- 
tributed to L-[' 4C]leucine uptake by supplying high-energy compounds required for 
amino acid translocation (and accumulation) since direct coupling of amino acid 
translocation and electron transfer (as occurs in membrane preparations from 
Escherichia coli and other organisms [27] ) was precluded by the absence of electron 
carriers in the yeast external membrane (plasmalemma) [28]. Reciprocally, the inhibi- 
tion of L-[~C]leucine uptake by 2,4-dinitrophenol (Tables II and Figs 4a and 4b) 
would reflect the depletion of high-energy phosphates at the translocating mechanism. 
This assumption is borne out by the effect of 2,4-dinitrophenol on yeast ATPase 
[29, 30] and also on the intracellular concentration of soluble nucleotide and inorganic 
polyphosphates [22]. With the respiratory-deficient yeasts, that contain a promito- 
chondrial, uncoupler-activated ATPase [30], 2,4-dinitrophenol may stimulate tile 
hydrolysis of glycolytically generated ATP, otherwise available for the energization of 
amino acid translocation. Accessibility of cytosol ATP to mitochondrial (or promito- 
chondrial) energy-conserving mechanisms (that include tile ATPase) was earlier 
postulated by Slater [31 ] and more recently by Groot et al. [32] and SuNk et al. [33]. 

The effect of 2,4-dinitrophenol with the respiration-deficient yeasts (Figs 7a 
and 7b and Table Ill ) is another instance of the uncoupler's abilityto inhibit, at rela- 
tively low concentrations, energy-dependent anaerobic processes, for example protein 
synthesis [34] and the anaerobic operation of some reactions of the Krebs cycle [35] 
(in yeasts), or amino acid transport (in Staphylococcus aureus [36]). 

Fig. 5 and Table II1 show that iodoacetate was an effective inhibitor of 1.-[' ~C ]- 
leucine uptake by aerobic and anaerobic yeasts, particularly after 15 rain incubation 
(Fig. 5). Since iodoacetate inhibits glycolysis at the level o1' glyceraldehyde-3-phos- 
phate dehydrogenase [23], limitation of energy supply seems to be a suitable mecha- 
nism for iodoacetate effect on L-[ ~ 4C]leucine uptake. Besides, iodoacetate inhibited 
amino acid incorporation into the cell protein (non-soluble fraction) with little change 
in tile soluble pool and without increasing the displacement of internal L-[ ~ +C]leucine 
to the external medium (Fig. 6). The inhibition of protein synthesis could indirectly 
exert a regulatory effect on the entrance process [37], mediated by unbound ~-[~'~C]- 
leucine. 
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