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A 1.5- to 3.5-fold accumulation of phosphatidylserine was observed when Candida albicans and Sac- 
charomyces cerevisiae cells were grown in the presence of hydroxylamine, a known inhibitor of phosphati- 
dylserine decarboxylase. However, as compared to S. cerevisiae cells, the levels of phosphatidylcholine and 
phosphatidylethanolamine were much lower in C. albicans cells. The enrichment of phosphatidylserine 
selectively affected the transport of several amino acids. 

Introduction 

Membranes have multiple sites for a large num- 
ber of metabolic processes occurring in biological 
systems and are essential for cell survival. The 
lipid composition of membranes, therefore, must 
be precisely and specifically regulated [1-4]. In 
our laboratory, several approaches have been used 
to determine the precise role of lipids in cellular 
permeability of yeast cells [5-7]. In one approach, 
the lipids of yeast have been manipulated by vary- 
ing the nature and composition of the environ- 
ment [5,6] and in another approach, by using the 
choline or ethanolamine auxotroph [7]. It is ob- 
served that altered lipid composition selectively 
influences the transport of several amino acids 
[5-7]. 

In the present study, the level of phosphati- 
dylserine (PS) in Candida albicans and Sac- 
charomyces cerevisiae membranes is specifically 
manipulated with hydroxylamine, a drug known to 
block phosphatidylserine decarboxylase (EC 

* To whom all correspondence should be addressed. 
Abbreviations: PS, phosphatidylserine; PE, phosphatidyl- 
ethanolamine; PC, phosphatidylcholine. 

4.1.1.65) activity [8-10]. The effect of phosphati- 
dylserine enrichment on the uptake of various 
amino acids is explored. 

Materials and Methods 

C. albicans (3100) and S. cerevisiae (3059) were 
obtained from the National Chemical Laboratory, 
Pune, India. The cultures were stored and grown 
for transport studies as described previously [5,7]. 
The method of Folch et al. [11] was used for total 
extraction of lipids. Phospholipids were separated 
and analyzed by the two-dimensional thin-layer 
chromatography using silica gel-G as an adsorbant 
[12,13]. Proteins were determined by the method 
of Lowry et al. [14]. 

Results and Discussion 

Fig. 1 shows the growth of S. cerevisiae and C. 
albicans in liquid synthetic complete medium in 
the absence and presence of various amounts of 
hydroxylamine, added at an early logarithmic 
phase (6 h). An inhibition of growth rates was 
observed at all the concentrations of hydroxyl- 
amine; however, the viabilities of cells were not 
affected at these concentrations (data not shown). 
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Fig. 1. Growth rate of (A) Saccharomyces cerevisiae and (B) Candida albicans with varying concentrations of hydroxylamine. Cells 
were grown in synthetic growth media at 30°C and hydroxylamine was added at the time indicated by an arrow (early logarithmic 
phase). Final concentrations of hydroxylamine added were: I mM (a a); l0 mM (e e); 20 mM (r, zx); none 
((3 (3) in early log phase and 20 mM (n I:3) added from the beginning. 

If hydroxylamine were added to the medium from 
the beginning, the same concentration was found 
to be growth inhibitory (Fig. 1). It seems that 
hydroxylamine delays the cell growth at an early 
stage. Since a maximum inhibition in growth was 
observed at 20 mM concentration of hydroxyl- 
amine, this concentration was used for further 
studies. 

Phosphatidylserine is decarboxylated almost as 
rapidly as it is formed in yeast cells and is present 
only in traces (6-8% of total phospholipids) [15]. 
The steady-state phospholipid compositions were 
examined with and without hydroxylamine (20 
mM) under different growth conditions (Tables I 
and II). It was observed that hydroxylamine-grown 
cells accumulated 1.5- to 3.5-fold more PS than 
that in normal cells grown without hydroxylamine. 
The enrichment in the PS level was maximum 
when the concentration of this drug was 20 mM 
(data not shown). The increase in PS level was 
associated with a decrease in phosphatidyl- 
ethanolamine content (Tables I and II) as was to 

be expected from the biosynthetic pathway [15]. 
This suggests that phosphatidylserine decarboxy- 
lase is one of the rate-limiting steps for PE synthe- 
sis. Moreover, PS is strikingly different from PE 
due to an additional net negative charge at neutral 
pH [16]. The "presence of such high levels of PS, 
therefore, may affect vital functions more severely 
than the presence of other phospholipids. 

An alternative pathway has already been re- 
ported for the production of PE and PC to com- 
pensate any change in phospholipid composition 
in S. cerevisiae [17]. However, a noticeable de- 
crease in PE and PC levels in C. albicans suggests 
that the alternative pathway may not be as active 
as reported for higher yeasts. The level of PE and 
PC in C. albicans was about 25-40% lower than 
that in S. cerevisiae (Tables I and II). This would 
mean that in the absence of an active phosphati- 
dylserine decarboxylase, PE and PC could not be 
actively synthesized via the Kennedy pathway in 
C. albicans [17]. It is pertinent to mention that 
prokaryotic cells do not have the Kennedy path- 
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TABLE I 

PHOSPHOLIPID COMPOSITION OF CANDIDA ALBICANS IN PRESENCE OF HYDROXYLAMINE 

Determination of lipid phosphorus and identification of different phospholipids were done as described earlier [12,13]. Phosphorus 
contents were multiplied by 25 to give the total phospholipid contents. All the values are an average of three to five separate 
determinations. 

Phospholipid Total phospholipid (%) of cells grown 

Without hydroxylamine (h) With hydroxylamine (h) 

8 10 12 8 10 12 

Phosphatidylinositol 17.4 16.5 14.1 13.9 14.6 12.8 
Phosphatidylserine 8.6 7.5 6.6 15.5 17.6 22.4 
Phosphatidylcholine 43.1 40.0 39.3 40.5 31.5 24.8 
Phosphatidylethanolamine 23.8 24.2 22.5 21.8 20.4 17.0 
Cardiolipin + uncharacterized 7.1 12.2 18.0 8.3 15.9 23.0 

TABLE II 

PHOSPHOLIPID COMPOSITION OF SACCHAROMYCES CEREVIS1AE IN PRESENCE OF HYDROXYLAMINE 

Determination of lipid phosphorus and identification of different phospholipids were done as described for Table I. All the values are 
an average of three to five separate determinations. 

Phospholipid Total phospholipid (%) of cells grown 

Without hydroxylamine (h) With hydroxylamine (h) 

8 10 12 8 10 12 

Phosphatidylinositol 11.8 11.1 12.1 17.2 13.0 17.4 
Phosphatidylserine 7.4 6.5 5.5 10.9 14.1 18.0 
Phosphatidylcholine 42.7 46.0 44.1 42.8 44.3 38.1 
Phosphatidylethanolamine 26.8 29.6 27.6 22.6 22.5 23.8 
Cardiolipin + uncharacterized 11.3 7.0 10.7 6.6 6.1 2.7 

way and depend  solely on the in terconvers ion of  
PS into  PE  [2,3,18]. 

In  add i t i on  to the accumula t ion  of  phospha t i -  
dylser ine,  there  was also an  increase in the level of  
ca rd io l ip in  in C. albicans. A n  increase  in the ra t io  
of  ca rd io l ip in  to phospha t idy lg lyce ro l  has  also been 
r e p o r t e d  in p h o s p h a t i d y l s e r i n e  deca rboxy l a se  
m u t a n t  and  in hyd roxy lamine -g rown  cells of 
Escherichia coli [10,16]. The  increase  in ca rd io l ip in  
m a y  be an express ion of  genera l  response  to 
growth- l imi t ing  cond i t ions  [16]. There  was, how- 
ever, no a p p a r e n t  change  in the to ta l  phospho l i p id  
levels in e i ther  type  of  yeas t  (da t a  not  shown).  

I t  was of  in teres t  to de te rmine  whether  PS 
en r i chment  would  in any way inf luence the cellu- 

lar  pe rmeab i l i ty  of  these cells. Accord ingly ,  the 
t r anspor t  of  phenyla lanine ,  meth ionine ,  serine, 
leucine, glycine, lysine, g lu tamic  acid  and  pro l ine  
was invest igated.  The  t r anspor t  of these amino  
acids  had  earl ier  been demons t r a t ed  to be a car- 
r ie r -media ted ,  ene rgy-dependen t  process  in these 
two species of yeas t  [5,19,20]. As  a consequence  of 
PS enr ichment ,  the accumula t ion  of  var ious  amino  
acids  was reduced  to different  levels in bo th  the 
yeas ts  (Figs.  2 and  3). The  observed reduct ion  in 
the accumula t ion  of methionine ,  phenyla lan ine ,  
g lu tamic  acid, ser ine and  lysine was be tween 40% 
and  55% in S. cerevisiae, while the up take  of 
glycine,  leucine and  pro l ine  r ema ined  unaffec ted  
(Fig.  2). As  a result  of  PS enr ichment  in C. al- 
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Fig. 2. Uptake of various amino acids in Saccharomyces cerevisiae cells. Cells (150-200 #g protein/ml) were preincubated for 10 min 
with cycloheximide (200/~g/ml) and the uptake was initiated by the addition of ]4C-labeled L-amino acids (lysine 1.66 mM; proline 
I raM; glutamic acid 0.83 raM; glycine 0.55 raM; phenylalanine 2 raM; leucine 2 mM; methionine 1.5 mM and serine 1.5 mM) to the 
assay mixture. The amino acid concentrations were 2- to 3-times their respective K m values for normal cells. At indicated time 
intervals, 0.1 ml aliquots were taken out and diluted and filtered, and the retained radioactivity was determined. All the values are an 
average of three separate determinations. Normal (O O); and hydroxylamine-incubated (A ZX) cells. 

bicans cells, the extent of  reduction in methionine, 
phenylalanine,  glutamic acid, serine, glycine and 
leucine accumulat ion was between 40% and 90%. 
However,  the uptake of  lysine and proline was 
unaffected (Fig. 3). 

I t  is apparent  that the extent of  reduction in the 
total accumulat ion of  amino acids is significantly 
variable in both  yeasts. For  instance, the reduction 
in the uptake of  lysine was 40% in S. cerevisiae, 
while it was unaffected in C. albicans cells. On  the 
other  hand, the reduct ion in glycine and leucine 
uptake was more p ronounced  in C. albicans as 
compared  to S. cerevisiae cells (Figs. 2 and 3). 
These variations could be due to the differences in 
strains and phospholipid compositions.  

This constitutes another  report  in this series 
[10,12] to demonst ra te  the importance'  of  phos- 

pholipids in yeast membrane  structure and func- 
tion. A heter6geneous effect of  PS enrichment on 
transport  activities has earlier been reported 
[10,16]. It is possible that the activities of  func- 
tional proteins related to each transport  system 
might  be activated or  suppressed because of  their 
conformat ional  changes due to altered phospholi-  
pid composit ion.  The inability of  C. albicans to 
make up the loss of  PE and PC levels due to the 
blockade of  phosphatidylserine decarboxylase is 
an interesting area for further research. Our  pre- 
l iminary results indicate that, unlike S. cerevisiae, 
the supplementat ion of  C. albicans cells with 
choline or  e thanolamine did not result in the en- 
r ichment of  their respective phospholipids.  The 
significance of  these results is being further in- 
vestigated. 
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Fig. 3. Uptake of various amino acids in Candida albicans. Assay conditions were similar to those described in Fig. 2. Normal 
(O O); and hydroxylamine-incubated (zx zx) cells. 
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