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Summary 

1. There was no apparent correlation between the rate of respiration and rate 
of accumulation of  proline in Candida albicans cells. 

2. In contrast to normal cells, the respiration in the starved cells became 
completely cyanide insensitive. The starvation of cells in the presence of cyclo- 
heximide prevented the cells from becoming cyanide insensitive. The addition 
of Fe(III), however, accelerated the process. 

3. Oxidizable substrates e.g. NADH, acetate and glucose, when added to 
cyanide-insensitive starved cells, exhibited 40--280% stimulation in respiration 
rate. However, this enhancement  in oxidation by various substrates was not 
coupled to a simultaneous increase in the proline uptake or in intracellular ATP 
levels. 

4. There was 6-fold stimulation in proline uptake when cyanide-insensitive 
cells were preincubated with 50 mM glucose. The preincubation of starved cells 
resulted in a partial restoration of cyanide sensitivity and increased intracellular 
ATP levels. The preincubation of starved cells with other oxidizable substrates 
resulted in a partial restoration of cyanide sensitivity but had no stimulatory 
effect on intracellular ATP levels and proline accumulation. 

5. Both the enhanced uptake and ATP levels in glucose preincubated cells 
were found to be completely abolished by iodoacetate. 

6. It is proposed that  the increased proline uptake in cells preincubated with 
glucose was mainly due to the production of  glycolytic energy. 

Introduct ion 

Uptake of various amino acids in yeast cells is an energy-dependent process 
as shown by its stimulation by suitable sources of metabolic energy such as 
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D-glucose and its inhibition by uncouplers of oxidative phosphorylat ion [1--6].  
Ramos et al. [7] have demonstrated that  various substrates, e.g. pyruvate,  
acetate, propionaldehyde and butanol,  capable of  activating mitochondrial  
electron transfer and oxidative phosphorylat ion can stimulate the concentrative 
uptake of  leucine in Saccharomyces cerevisiae. Stubstrate-stimulated uptake of  
various amino acids and sugars is a common phenomenon in various systems 
[8--12].  In our earlier communicat ion we have shown that proline uptake in 
Candida albicans is an energy-dependent process and is against a concentration 
gradient [13]. The present paper demonstrates that  C. albicans cells acquire 
cyanide-insensitive respiration upon starvation, a phenomenon familiar among 
various bacterial and plant systems [14--20] and discusses its relevance to 
proline transport. 

Materials and Methods 

Yeast and growth conditions. C. albicans 3100, a wild type  pathogenic yeast  
strain, was obtained from the National Chemical Laboratory,  Poona, India. In 
each instance, cells were transferred from a slant into minimal medium contain- 
ing 0.3% (w/v) KH2PO4, 0.3% (w/v) (NH4)2SO4, 0.025% (w/v) CaC12; 0.025% 
MgSO4 and 0.001% (w/v) biotin with the addition of  a carbon source 0.5% 
(w/v) glucose. Cells were grown at 30°C for 16--17 h and the inoculum was 
then transferred to the same medium. Cell growth was monitored turbidimetri- 
cally by reading the absorbance at 470 nm in a Bausch and Lomb Spectronic 
20 spectrophotometer .  For  uptake measurements cells growing in mid-expo- 
nential phase were harvested by centrifugation (1500 × g for 10 min), washed 
three times with sterile distilled water and were suspended in water before 
dividing into two portions. One portion of  the washed cells (here termed 
'normal cells') was immediately used for the extimation of  intracellular ATP 
levels, proline and oxygen uptake. In order to deplete the endogenous energy 
pool,  the other  port ion of  the washed cells was aerated in a shaker for 14--15 
h. Such aerated cells (here termed 'starved cells') were then used for the estima- 
tion of  intracellular ATP levels, proline and oxygen uptake. 

Measurement o f  L-[14C]proline uptake. A reaction mixture containing 
normal or starved cells (160--180 tzg protein/ml) were preincubated at 30°C for 
10 min after the addition of  cycloheximide {final concentration 200 tzg/ml) to 
inhibit protein synthesis. The other  additions specified in each case were also 
made along with the cycloheximide. Unless otherwise mentioned,  the antibiotic 
was present in all the assay mixtures of  proline uptake. The reaction was 
initiated by the additon of  14C-labelled L-proline (1 mM, 5 tzCi/ml). At indi- 
cated time intervals, 0.1-ml aliquots were removed with an Eppendorf  pipette 
and immediately diluted in 5 ml chilled distilled water, or in 5 ml chilled phos- 
phate buffer {0.05 M, pH 7.0). The diluted suspension was rapidly filtered 
through a 0.45 tLm Millipore filter and radioactivity retained was counted in a 
Packard scintillation counter  using a toluene-based scintillation fluid. 

Chromatographic identification o f  internal radioactive material following 
active transport o f  proline. Studies were undertaken to determine whether the 
accumulated proline was incorporated into protein or existed in the free from 
within the cells. The L-[14C]proline was extracted and identified by paper and 
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thin layer chromatography as the free amino acid. More than 90% of the total 
radioactive proline was recovered in the free form. 

Measurement o f  oxygen uptake. The rate of oxidation by normal or starved 
cells was measured polarographically at 30°C with an oxygen monitor  (Yellow 
Spring Instruments Co., Ohio) according to Estabrook [21]. 

Determination o f  intracellular A T P  levels in normal and starved cells. The 
samples to be assayed for ATP levels were extracted with cold perchloric acid 
(5%) for 45 min and then sonicated for 2 min and centrifuged. The supernatant 
was neutralized with the addition of  0.4 M triethanolamine/HC1 (pH 7.4)/1.8 M 
KOH [22]. The precipitate was discarded by  centrifugation and ATP content  in 
the supernatant was evaluated by spectrophotometr ic  measurements of 
NADPH produced by the addition of  15 mM glucose to the incubation medium 
containing 8 mM MgC12, 0.1 mM NADP, I unit  glucose-6-phosphate-dehydro- 
genase and 2 units hexokinase in 100 mM Tris-HC1 (pH 8.0) [23]. 

Protein was estimated according to Lowry et al. [24]. 
Chemicals. L-[14C]Proline (specific activity: 100 mCi/mmol) was purchased 

from the BARC, Bombay,  India. L-Proline, iodoacetic acid, antimycin, sodium 
azide, sodium arsenate, cycloheximide, glucose-6-phosphate dehydrogenase and 
hexokinase were purchased from Sigma Chemical Company,  U.S.A. Other 
chemicals were of  analytical grade. 

Results 

Proline uptake in normal cells. Fig. 1 shows the uptake of  L-[~4C]proline in 
the absence of exogenous substrates in normal cells. An increase in the uptake 
was observed up to 20 min, after which a steady state was attained. Under the 
assay conditions, the total incorporation of proline into trichloroacetic acid- 
precipitable proteins was less than 10% of the total accumulation. The kinetic 
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F ig .  1. T r a n s p o r t  o f  L - [ 1 4 C ] p r o t i n e  in  n o r m s ]  C. albicans. T r a n s p o r t  o f  L - [  ] 4 C ] p r o l i n e  was  assayed as 
d e s c r i b e d  in M a t e r i a l s  a n d  M e t h o d s .  F o r  t h e  d e t e r m i n a t i o n  o f  L - [  1 4 C ] p r o l i n e  i n t o  t r i c h l o r o a e e t i c  ac id -  
p r e c i p i t a b l e  p r o t e i n s ,  a n  a l i q u o t  o f  s a m p l e  w a s  d i l u t e d  2 5  t i m e s  i n  5% t r i c h l o r o a c e t i e  a c i d  a n d  b o i l e d  f o r  
1 5  r a i n  a n d  t h e n  f i l t e r e d  t h r o u g h  a M i l i i p o r e  f i l t e r ,  e - -  • L - [ 1 4 C ] p r o l l n e  u p t a k e  in  n o r m a l  ce l l s ,  

. . . . . .  f~, L - [ 1 4 C ] p r o l l n e  i n c o r p o r a t i o n  i n t o  t r i c h l o r o a e e t i c  a c i d - p r e c i p i t a n l e  p r o t e i n s .  I n s e t  s h o w s  
k i n e t i c s  o f  p r o l i n e  u p t a k e :  ©- ~ ,  n o r m a l  ce l l s .  
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studies showed that the apparent K m for proline uptake was 250 nM and the 
V was 333 nmol /mg protein per min (Fig. 1, inset). 

Effect  o f  various respiratory inhibitors on proline uptake, oxygen uptake 
and A T P  levels in normal cells. The inhibition of  proline uptake with various 
respiratory inhibitors was much higher (40--90%) compared to their effect on 
oxygen uptake (30--60%) (Table I). Sodium arsenate, a known inhibitor of 
protein biosynthesis and phosphorylat ion,  did not  show any inhibition on 
oxygen uptake;  however,  proline uptake was reduced to 66%. All the inhibitors 
studied except  m-chlorocarbonylcyanide phenylhydrazone reduced the intra- 
cellular ATP levels (35--80%); however,  in most  of the cases there was no 
parallel drop in the proline uptake. These results suggest that  besides ATP, 
some other form of mitochondrial  energy is probably required for the uptake 
of proline. In order to understand the form and nature of  such an energy, cells 
were starved to deplete their endogenous energy reserves so that  the energy 
input can easily be regulated. 

Proline uptake in starved cells. As shown in Table II, the 10 min accumula- 
tion of  proline in starved cells was reduced to 75% when compared to normal 
cells. Various inhibitors e.g. iodoacetate,  antimycin A, azide and cyanide 
inhibited the proline uptake approximately to the same extent  as that of 
normal cells (Table II). The kinetic studies revealed that  the Kra for proline 
uptake in normal and starved cells was same. The V, which was reduced in 
starved cells, was further reduced in the presence of  potassium cyanide (data 
not  shown). 

Effect  o f  various inhibitors on oxygen uptake and A T P  levels in starved cells. 
Potassium cyanide at 10 mM concentrat ion exhibited 50--60% inhibition on 
oxygen uptake in normal cells (100% with 20 mM KCN). However,  a complete 
insensitivity towards oxygen uptake in starved cells was observed (Tables I and 

T A B L E  I 

E F F E C T  OF V A R I O U S  R E S P I R A T O R Y  I N H I B I T O R S  A N D  I O N O P H O R E S  ON P R O L I N E  U P T A K E ,  
O X Y G E N  U P T A K E  A N D  A T P  L E V E L S  IN N O R M A L  CELLS  

L-[ 14C]pro l in  e u p t a k e  and intracel lulax ATP  levels were  m e a s u r e d  as descr ibed  in Materials  and Methods.  
O x y g e n  u p t a k e  was  m e a s u r e d  according  to  E s t a b r o o k  [21 ]  using a Clark o x y g e n  e l ec t rode .  Fo r  the  e f f ec t  
of  var ious  in-hibitors on  A T P  levels the  cells w e r e  pre ineubated  for  10 rain w i t h  the  i nh ib i to r  p r io r  to  the 
add i t i on  of  perehlor ic  acid.  Fresh ly  p r e p a r e d  b u f f e r e d  so lu t ions  o f  cyan ide  and azide were  used.  

A d d i t i o n  Con e e n -  Prol ine u p t a k e  02  u p t a k e  Cellular c o n c e n t r a t i o n  
trat ion  (# rao l / rag  ( n m o l / m g  of ATP  

prote in  per  10 rain prote in  per  m i n )  ( n m o l / m g  pro te in )  

N o n e  0 .68  178 15 
Cyan ide  10 m M  0 .05  83 3.2 
A n t i m y c i n  A 10 ~zM 0.23 59 9.6 
I o d o a e e t a t e  1 raM 0.41 118 9.0 
Ar sena t e  25 raM 0.23 178 4.6 
A z i d e  5 raM 0 .09  60 9.6 
Valinon~ycin + K + I 0  #M 0.18 178 n.d.  
m-Chloroeaxbon-  60  ~M 0 .20  178 14.1 

yleyanide 
p h e n y l h y d r a z o n e  

n.d. ,  n o t  d e t e r m i n e d .  
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T A B L E  II  

E F F E C T  OF V A R I O U S  I N H I B I T O R S  ON P R O L I N E  U P T A K E ,  O X Y G E N  U P T A K E  A N D  ATP L E V E L S  
IN S T A R V E D  C E L L S  

Cells were  s t a rved  as desc r ibed  in Mater ia ls  a nd  Methods .  Assay cond i t ions  for  prol ine  u p t ak e ,  o x y g e n  
u p t a k e  and  A T P  levels were  s imilar  to  those  desc r ibed  for  Table  I. 

A d d i t i o n  Concen-  Proline u p t a k e  0 2  u p t a k e  Cellular c o n c e n t r a t i o n  
t r a t i on  ( p m o l / m g  ( n m o l ] m g  of ATP ( n m o l / m g  

p ro t e in  pe r  10 m i n )  p ro t e in  pe r  ra in)  p ro t e in )  

N o n e  0 .20  60  6 
Cyan ide  10 m M  0.03 60 6 
A n t i m y c i n  A 10 pM 0 .08  24 3 
Azide  5 mM 0 .02  20 3 
I o d o a c e t a t e  1 m M  0 .12  40 3.6 

II), whereas other  respiratory inhibitors such as antimyein A, azide and iodo- 
acetate inhibited the oxygen uptake to an extent  similar to normal cells. The 
insensitivity of  starved cells to potassium cyanide may be due to the synthesis 
of  a mitochondrial  alternative respiration (by-pass) as has been observed in the 
case of  Saccharomyces lipolytica [ 25]. 

In order to understand if any new protein is involved in the biogenesis of the 
cyanide-insensitive pathway,  the cells were starved both  in the presence and in 
the absence of  cycloheximide,  a known inhibitor of  protein synthesis. Cells 
which were starved in the absence of  cycloheximide acquired cyanide insensi- 
tivity within 2--3 h. The addition of  2 mM Fe(III) to the starving cells (without  
cycloheximide) enhanced the rate of  the appearance of  cyanide-insensitive 
respiration (Fig. 2). However,  when the cells were starved in the presence of  
cycloheximide,  they did not  acquire any cyanide insensitivity (Fig. 2). (Cyclo- 
heximide does no t  have any effect  on oxygen uptake.)  These results suggest 
that  protein synthesis is necessary to bring about  cyanide insensitivity during 
starvation. 

Effect of  various oxidizable substrates on oxygen uptake, proline uptake and 
ATP levels in starved cells. In contrast  to normal cells, the immediate addition 
of  various oxidizable substrates e.g. glucose, NADH and sodium acetate, 
accelerates the oxygen uptake (40--280%) in starved cells. However,  the stimu- 
lation of  oxidation was not  accompanied by a simultaneous increase in the 
proline uptake or ATP levels (Table III). Furthermore,  the stimulated oxidation 
by various oxidizable substrates was also insensitive to cyanide (data not  
shown). The ineffectiveness of  various oxidizable substrates in stimulating 
proline uptake or ATP levels in starved cells may be due to the cyanide insensi- 
tivity acquired by the starved cells. 

Proline uptake in starved cells preincubated with glucose. When cyanide- 
insensitive starved cells were preincubated with 50 mM glucose for 30 min, 
they exhibited a 6-fold stimulation in proline uptake (Fig. 3). However,  the 
preincubation of such cells with other  oxidizable substrates, e.g. NADH or 
acetate, did no t  influence the proline accumulation though they stimulated the 
oxygen uptake (data not  shown). The preincubation of starved cells with 
glucose (with other  substrate also) was found to be associated with a partial 
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Fig. 2. T he  e f fec t  of  c y c l o h e x i m i d e ,  F e ( I I I )  on cyan ide  insensi t ivi ty  dur ing  s ta rva t ion .  The  cells were  
s t a rved  as descr ibed  in Materials  and  Methods .  200  p g ] m l  c y c l o h e x i m i d e  or  2 raM Fe ( I I I )  were  a d d e d  
for  obse rva t ion  of  the i r  e f fec t  on  c ya n ide  insensi t iv i ty .  N o r m a l  cells exh ib i t ed  55% cyan ide  sensi t ivi ty  
wh ich  d r o p p e d  to zero  a f t e r  s t a rva t ion .  The  d rop  in c ya n id e  sensi t ivi ty  in presence  or  in the  absence  of  
c y c l o h e x i m i d e  or  in the  p resence  of  F e ( I I I )  has been  p l o t t e d  against  the  t ime  of  s ta rva t ion .  ~ --~, 
cyan ide  sensi t iv i ty  in cells s ta rved  in wa te r ;  • e cyan ide  sensi t ivi ty  in cells s t a rved  in w a t e r  plus 
2 r am  FeC13 ; o o, cyan ide  sensi t ivi ty  in cells s ta rved  in w a t e r  plus  200 ~g/ ra l  c y c l o h e x i m i d e .  

Fig. 3. E f fec t  of  glucose a nd  i o d o a c e t a t e  on  L - [ 1 4 C ] p r o l i n e  u p t a k e  in s ta rved  cells. Assay cond i t ions  were  
s imilar  to those  desc r ibed  for  Fig. 1 and  Table  IV.  o ©, L - [ 1 4 C ] p r o l l n e  u p t a k e  in s t a rved  cells; 
• --• ,  s t a rved  cells plus 50 m M  glucose;  • • ,  s ta rved  cells plus 50 m M  glucose plus 1 m M  iodo-  
ace ta te .  

restoration of  cyanide sensitivity {data not  shown).  The stimulated uptake of 
proline in the glucose preincubated cells was found to be completely sensitive 
to iodoacetate,  a potent  inhibitor of glycolysis [26] .  There was approximately 
a 60% rise in cellular ATP levels in the cells preincubated with glucose which 
was abolished by the addition of  iodoacetate (Table IV). When starved cells 
were preincubated with other oxidizable substrates like NADH and acetate 
there was no change in the intracellular ATP levels (data not  shown).  When 
cyclo heximide was added along with glucose to the starved cells, it did not  

T A B L E  I I I  

E F F E C T  OF V A R I O U S  S U B S T R A T E S  ON O X Y G E N  U P T A K E ,  P R O L I N E  U P T A K E  A N D  ATP 
L E V E L S  IN S T A R V E D  C E L L S  

O x y g e n  u p t a k e  was r aeasu red  wi th  the  i m m e d i a t e  add i t i on  of  va r ious  oxid izable  subs t ra tes  accord ing  to 
E s t a b r o o k  [ 2 1 ]  using a Clark e l ec t rode .  Assay cond i t ions  for  the  u p t a k e  of  L - [ 1 4 C ] p r o l i n e  an d  ATP  
levels were  s imilar  to those  desc r ibed  in Materials  a nd  Methods ,  wi th  the  ex cep t i o n  t h a t  var ious  oxid izable  
subs t ra t e s  were  s imu l t aneous ly  a d d e d  wi th  L-[ 14C]pro l ine .  

A d d i t i o n  Concert-  0 2  u p t a k e  Proline u p t a k e  Cellular c o n c e n t r a t i o n  
t r a t i on  (n rao l ] rag  ( p m o l / m g  of  ATP  ( n m o l / m g  

p ro t e in  pe r  m i n )  p r o t e in  pe r  10 m i n )  p ro t e in )  

None 60  0 .20  6 
Glucose  50 raM 231 0 .20  6 
N A D H  6.6 m M  118  0.21 5.5 
S o d i u m  ace t a t e  50 rnM 93 0 .19  5.5 
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T A B L E  IV 

E F F E C T  O F  P R E I N C U B A T I O N  WITH G L U C O S E  O N  P R O L I N E  U P T A K E  A N D  A T P  L E V E L S  IN 
S T A R V E D  C E L L S  

L-[  14 C ] p r o l i n e  u p t a k e  a n d  i t s  i n c o r p o r a t i o n  i n t o  t r i c h l o r o a c e t i c  a c i d p r e c i p i t a b l e  p r o t e i n s  a n d  A T P  levels 
we re  d e t e r m i n e d  as d e s c r i b e d  in  Mate r i a l s  a n d  M e t h o d s  a n d  Fig .  1. G l u c o s e  a lone  o r  with the a d d i t i o n s  
i n d i c a t e d  b e l o w  w e r e  p r e i n e u b a t e d  w i t h  t h e  s t a r v e d  cells  f o r  3 0  r a i n  b e f o r e  the  a d d i t i o n  o f  L-[  14 C] p r o l i n e  
o r  p e r c h l o r i c  ac id .  

A d d i t i o n  P ro l ine  u p t a k e  
( /~mol /mg p r o t e i n  pe r  1 0  m i n )  

T o t a l  T r i c h l o r o a c e t i c  
acidprecipitable 
f r a c t i o n  

Cel lu la r  c o n c e n t r a t i o n  o f  
A T P  ( n m o l / m g  p r o t e i n )  

N o n e  .0 .20 0 . 0 3  6 .6  
G l u c o s e  ( 5 0  r aM)  1 .11  0 . 0 5  10 .6  
G l u c o s e  ( 5 0  raM)  1 . 0 0  0 . 0 0 9  n .d .  

+ cyc lohex imide  
( 2 0 0  Dg/ml)  

G l u c o s e  ( 5 0  r aM)  0 . 2 1  n .d .  6 .4  
+ i o d o a c e t a t e  (1 r aM)  

n .d . ,  n o t  d e t e r m i n e d .  

show any effect  on glucose stimulated proline uptake excluding the possibility 
of proline being incorporated into proteins (Table IV}. 

Discussion 

In the starved cells of  C. albicans there is no stimulated uptake of proline in 
presence of  various oxidizable substrates as has been demonstrated in various 
Saccharomyces and bacterial systems [2,4,5,6--12].  Normal C. albicans cells do 
not  show any enhancement  in oxygen utilization upon the addition of  oxidiz- 
able substrates. However,  when cells were starved to deplete their endogenous 
energy pool,  various oxidizable substrates, e.g. sodium acetate, NADH and 
glucose, exhibited a 40--280% stimulation in the respiration rate. But  contrary 
to various reports on Escherichia coli and Saccharomyces species, C. albicans 
cells do no t  shown any simultaneous increase in the proline uptake.  It should 
be ment ioned here that  proline uptake has been shown to be an energy- 
dependent  process in these cells [13].  The observation suggests that  either the 
substrate oxidation in starved cells is not  coupled to phosphorylat ion of  ADP 
and Pi, or there is an uncoupling between inextricably associated oxidation and 
proline uptake.  

Starved cells were found to respire at a slow rate as compared to the normal 
cells, however,  the oxygen utilization was completely insensitive to cyanide 
whereas in normal cells 100% cyanide sensitivity is obtainable. A mitochondrial 
alternative respiration insenstive to cyanide and antimycin A has already been 
reported in a large number  of  organisms [14--20] .  Furthermore,  a cyanide- 
insensitive respiration has also been induced in S. lipolytica [25].  

When oxidizable substrates were added to cyanide-insensitive starved cells, 
the stimulated oxidation was no t  coupled to a simultaneous increase in the 
intracellular ATP levels. Since we could not  seen any increase in the proline 
uptake,  it was assumed that probably a restoration of  cyanide sensitivity might 
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enhance the proline upon the addition of  oxidizable substrates. When starved 
cells were preincubated with glucose or with other oxidizable substrates, a 
partial restoration in cyanide sensitivity was achieved; however, glucose alone 
could stimulate the proline accumulation. This glucose-stimulated uptake was 
accompanied by a simultaneous rise in the intracellular ATP levels. Both the 
levels of  proline accumulation and intracellular ATP were completely sensitive 
to iodoacetate in these preincubated cells. Other substrates could not enhance 
the intracellular ATP levels, but they restored cyanide sensitivity. It seems 
probably that an uncoupling between an energy-requiring process (proline 
transport) and an energy yielding process (ATP production) takes place when 
cells are starved to deplete their endogenous energy pool. These two uncou- 
pling processes could not be restored even when cells acquire cyanide sensitiv- 
ity. It is proposed that the stimulated uptake of  proline in glucose-preincubated 
cells is mainly due to the production of  energy via the glycolytic pathway. 
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