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In Candida albicans, ATCC 46977, transport of basic amino acids is mediated by two systems (S t and S z). 
Kinetic data and competitive inhibition studies of the different systems showed that transport of L-lysine, 
L-arginine and L-histidine have distinct specificities. System S t of L-lysine and L-arginine was highly specific 
for the respective single basic amino acid. However, S z of L-iysine and S t of t-histidine were shown to be 
specific systems for most of basic amino acids. S 2 of L-arginine was different from S 2 of t-lysine and S t of 
L-histidine. The effect of a thiol reagent, N-ethylmaleimide, revealed that S 2 of L-lysine and S t of L-histidine 
were sensitive to this reagent, while all other systems were insensitive. The transport activity of different 
systems of L-lysine, L-arginine and L-histidine was followed during the growth of C. albicans. It was observed 
that different basic amino-acid systems have maximum activity during different stages of C. aibicans growth. 

Introduction 

The practically unidirectional transport of 
amino acids in baker's yeast proceeds against con- 
siderable concentration gradients. At least ten 
specific amino-acid transport systems with differ- 
ent specificities have been identified in Sac- 
charomyces cerevisiae [1-7]. Generally,  S. 
cerevisiae possesses two types of transport system 
for amino acids: one is specific for only one or a 
family of structurally related amino acids [1-4,8,9], 
and a general amino-acid permease is shared by a 
large number of amino acids [10,11]. The former 
type is not sensitive to ammonia, while the latter 
elicits repression or derepression in presence or 
absence of ammonia [10]. However, there are some 
specific amino-acid transport systems char- 
acterized in S. cerevisiae which are not mediated 
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by general amino-acid permease, but demonstrate 
ammonia sensitivity [6,9,12]. 

Grenson and her group have characterized 
specific systems for basic amino acids, i.e., L-lysine, 
L-arginine and L-histidine, in S, cerevisiae [1,2,4]. 
For example, for L-lysine, three systems were iden- 
tified: a highly specific lysine system [1], a system 
common to all basic amino acids [2] and a general 
amino-acid system which is shared by most of the 
neutral and the basic amino acids [10]. There is, 
however, no report available to demonstrate 
whether basic amino acids are transported by a 
single affinity system or by different affinity sys- 
tems in Candida albicans cells. 

As compared to S. cereuisiae, the transport 
systems of C. albicans, a strictly aerobic yeast, are 
less well characterized. C. albicans exhibits dimor- 
phism depending upon its growth conditions and 
germ-tube phase is probably more pathogenic as 
compared to the yeast phase [13-16]. Among 
several factors responsible for its morphological 
transition, certain amino acids also help in in- 
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ducing germ tubes in C. albicans cells [17-19]. We 
have been characterizing various amino-acid per- 
meases of C. albicans cells to predict their involve- 
ment in regulation of growth and differentiation 
[20-24]. 

Our results have revealed that most of the amino 
acids are transported via an active mechanism and 
accumulate against a concentration gradient 
[20-22]. A specific and inducible proline transport 
is also characterized in C. albicans cells [23]. In 
contrast to S. cerevisiae cells, the transport of 
amino acids in C. albicans is insensitive to am- 
monia [24]. In the present study we have char- 
acterized the transport systems for L-lysine, L- 
arginine and L-histidine, and have measured their 
kinetic constants and specificities. Furthermore, 
variation in uptake during the course of growth, 
and its significance, are discussed. 

Materials and Methods 

Strain and culture conditions. C. albicans, ATCC 
46977, was obtained from National Chemical 
Laboratory, Poona, India. Cells were grown in a 
synthetic growth media containing 0.5% glucose, 
0.3% KH2PO 4, 0.3% (NHa)2SO4, 0.025% CaCI2, 
0.025% MgSO 4 and 0.001% biotin at 30°C as 
described earlier [20-24]. For uptake measure- 
ments, cells of mid-exponential phase were used. 

Measurement of amino acid uptake. Transport 
assay methods were similar to those described 
earlier [20-24]. A reaction mixture containing C. 
albicans cells (200-250/~g prote in/ml)  in 50 mM 
citrate buffer (pH 5.0) was incubated at 30°C for 
10 min with cycloheximide (200 ~ g / m l )  to inhibit 
protein synthesis. The reaction was initiated by the 
addition of labelled amino acid. Final concentra- 

tions of amino acid for their uptake systems were 
2-4-times more than their respective K t values. At 
indicated time intervals, aliquots were removed 
with an Eppendorf pipette and immediately di- 
luted in 5 ml chilled distilled water. The diluted 
suspension was rapidly filtered through 0.45 /~m 
Maxflow filter discs (Maxflow, Bombay, India) 
and the radioactivity retained was counted in a 
LKB-Wallac (1217) Rack Beta liquid scintillation 
counter using a toluene-based scintillation fluid. 

Protein measurement. Protein was determined 
according to Bradford [25], using bovine serum 
albumin as standard. 

Chemicals. L-Amino acids, o-amino acids, 
cycloheximide, N-ethylmaleimide and bovine 
serum albumin were purchased from Sigma 
Chemical Co., St. Louis, MO, U.S.A. L-[U- 
14C]Lysine and L-[U-3H]arginine were obtained 
from Bhabha Atomic Research Centre, Bombay, 
India. L[U-14C]Histidine was procured from 
Amersham International, Amersham, U.K. All 
other chemicals were obtained from commercial 
sources and were of the highest purity. 

Results 

Kinetic studies of basic amino-acid transport 
To test the transport activities for basic amino 

acids, i.e., L-lysine, L-arginine and L-histidine in C. 
albicans, ATCC 46977, various external concentra- 
tions of different amino acids ranging from 1 #M 
to 100 mM were used. The uptake kinetics for 
these three basic amino acids show a deviation 
from simple Michaelis-Menten kinetics. Biphasic 
curves of the Lineweaver-Burk plot (Fig. 1) and 
concave upward curves of the Hofstee plot (not 
shown) revealed the existence of two kinetic sys- 

TABLE I 

APPARENT K t A N D  Jmax VALUES OF HIGH- A N D  LOW-AFFINITY SYSTEMS FOR BASIC AMINO ACIDS 

K t andJma x values were calculated from the Lineweaver-Burk plots shown in Fig. 1. 

Basic High-affinity system (S 1 ) Low-affinity system (S 2) 
amino acid 

Kt,1 Jmax,l KI.2 Jmax.2 
(1" 10--6 M) ( n m o l / m g  protein per s) (1 • 10 6 M) ( n m o l / m g  protein per s) 

L-Lysine 2.01 +- 0.10 0.035 + 0.001 14.3 +- 0.60 0.94 _+ 0.05 
L-Arginine 2.5 + - - 0 . 1 2  0.034+-0.005 200 +- 7 1.8 --+0.10 
L-Histidine 13.3 -+0.60 0.600+_0.063 500 -+10 4.1 -+0.12 
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Fig. 1. Lineweaver-Burk plots of basic amino acid uptake. 
Kinetic studies were carried out in 0.5 ml reaction mixture 
containing cells (100/zg protein) and 50 mM citrate buffer (pH 
5.0) with various external concentrations of amino acids (range 
1 /~M to 100 mM). A 0.1 ml aliquot was taken out every 30 s 
for 2 min. Velocities of accumulation were determined from the 
linear plots of the time-course of accumulation. The reciprocal 
of the velocity is shown as a function of the reciprocal of the 
amino-acid concentrations• All Lineweaver-Burk plots are 
shown at lower concentration range. Since the reciprocals of 
velocities of accumulation at higher concentrations are also 
linear, with those at lower concentration, the accumulation at 
higher concentrations is not shown in the graph. 

terns of all the three basic amino acids. One system 
($1) has high affinity for a particular amino acid, 
with a low half-saturation constant (Kt, x) and low 
maximum velocity (Jmax,l)" The other system ($2) 
has rather low affinity, with high Kt, 2 and Jmax,2" 
These two uptake systems of each basic amino 
acid were clearly detectable at low concentration 
ranges. The values of Kt.1 ,  Kt.2, Jmax,1 and Jmax,2 
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for L-lysine, L-arginine and L-histidine are listed in 
Table I. 

The Kt,  1 values of L-lysine ( 2 . 1 0  6 M) and 
L-arginine (2.5 • 1 0  - 6  M) were quite similar; how- 
ever, these two high-affinity systems were different 
in their specificities and characteristics. There was, 
on the other hand, no such system with s a m e  K t 

value for L-histidine transport. The K~ values for 
S 1 and S 2 of L-histidine were 13 .3 .10  - 6  M and 
5 0 0 . 1 0  6 M, respectively. It was interesting that 
the K t value of S1 of L-histidine was close to that 
of S 2 of L-lysine (14.3' 10 6 M). Further results 
obtained from both systems would indicate that 
the high-affinity system of L-histidine (S 1) and the 
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Fig. 2. Effect of N-ethylmaleimide on the velocity of basic 
amino acid uptake at various external concentrations. Cells 
were preincubated with N-ethylmaleimide (500/tM) for 10 min 
and labelled basic amino acid was added. Aliquots were re- 
moved every 30 s up to 2 min. The velocity (nmol /mg protein 
per s) of each basic amino acid uptake at various external 
concentrations near to its K t, was measured (zx). Simulta- 
neously, velocity was also determined in the absence of N-eth- 
ylmaleimide (©). 
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TABLE II 

SPECIFICITY OF BASIC AMINO ACID UPTAKE SYSTEMS 

Cells were incubated with and without 100-fold concentration of inhibitor indicated in the table, along with labelled basic amino acid. 
After 2 rain the whole mixture was filtered and radioactivity was counted. The values represent an average of three or four separate 
experiments. The variation of the inidividual values was not more than 10%. 

lnhibitors Percentage of inhibition 

L-Lysine L-Arginine L-Histidine 

S1 S 2 S1 S 2 S1 S 2 
(1 a) (20 a) (1 ~) (3 a) (3 a) (100 a) 

L-Lysine 90 95 16 57 95 56 
L-Arginine 18 96 87 84 93 67 
L-Histidine 15 79 15 9 92 69 
L-Ornithine 20 94 33 56 91 46 
L-Citrulline 7 65 0 46 76 40 
D-Arginine 19 85 15 25 85 62 
D-Lysine 22 81 12 35 90 39 
D-Histidine 12 75 17 30 91 63 
L-Valine 10 30 14 25 31 43 
l.-Glutamine 12 28 12 18 30 52 
t.-Methionine 10 19 17 16 18 56 
L-Serine 14 20 16 19 35 49 
L-Threonine 25 12 25 31 44 
L-Tryptophane 16 22 13 18 20 55 
L-Phenylalanine 8 35 0 12 16 33 
L- Proline 9 15 0 18 16 42 

" Inhibitor concentration in mM. 

low-affinity system of L-lysine ($2) are probably a 
part of one common basic amino-acid transport 
system. 

Specificity of the high- and low-affinity systems 
In order to investigate the characteristics of the 

different uptake systems for L-lysine, L-arginine 

TABLE III 

EFFECT OF N-ETHYLMALEIMIDE (NEM) ON VELOCITY, K t and Jmax OF BASIC AMINO-ACID UPTAKE SYSTEMS OF 
C ALBICANS 

The g t and Jr,la~ values of the various basic amino acid uptake systems were calculated from the velocity values taken from Fig. 2. All 
values are an average of four separate experiments. 

Basic High-affinity system (S 1 ) Low-affinity system (S 2 ) 
amino acid 

Velocity KtA Jmax, 1 Velocity Kt.2 Jmax,2 
(nmol /mg (btM) (nmol mg (nmol /mg (>M) (nmol /mg 
protein per s) protein per s) protein per s) protein per s) 

L-Lysine 

-- NEM 0.02 2.01 0.35 0.6 14.3 0.94 
+ NEM 0.017 2.01 0.34 0.003 1.45 0.03 

l.-Arginine 

- N EM 0.015 2.5 0.034 1.0 200 1.8 
+ NEM 0.015 2.7 0.032 1.28 215 1.5 

I_-Histidine 

NEM 0.4 13.3 0.6 1.5 500 4.1 
+ NEM 0.03 1.33 0.065 1.4 520 4.0 



and c-histidine, their specificities were ascertained. 
The uptake of each system was measured in pres- 
ence of a high concentration of unlabelled amino 
acids (100-fold). Results listed in Table II show 
that the S a systems of c-lysine and L-arginine are 
very specific, because their uptakes were not sig- 
nificantly inhibited, either by basic amino acids or 
by other amino acids. However, the S 2 systems of 
L-lysine and L-arginine were inhibited by other 
basic and structurally related amino acids. In con- 
trast to L-lysine and L-arginine, uptake of L-histi- 
dine through its high-affinity system (S~) was in- 
hibited between 90 and 95% by basic amino acids 
and other structurally related amino acids. Fur- 
thermore, high concentrations of amino acids other 
than basic ones had no effect on either system of 
the basic amino acids. However, the S 2 system of 
L-histidine is an exception, since other amino acids 
could also inhibit its uptake between 40 and 60%. 
Therefore, S t of L-histidine and S 2 of L-lysine and 
of L-arginine are specific for basic amino acids. 
The S= system of L-arginine needs special mention, 
since c-arginine uptake is inhibited by L-lysine and 
L-ornithine, but L-histidine has no effect• The D- 
isomers of basic amino acids also had no signifi- 

2 4 1  

cant effect on L-arginine uptake, while they were 
effective inhibitors for S 2 of L-lysine and S 1 of 
L-histidine. 

Effect of N-ethylmaleimide on basic amino acid 
transport systems 

The effect of the thiol reagent, N-ethylmalei- 
mide on the velocity of different transport systems 
corroborates above results. N-Ethylmaleimide ef- 
fectively inhibited the velocity of the S= system of 
L-lysine. This sensitivity to N-ethylmaleimide was 
observed from 6 to 100/zM external L-lysine con- 
centration (Fig. 2). Results obtained by above 
experiment have shown that Kt, 2 and Jmax,2 of $2 
of L-lysine decreased in presence of N-ethyl- 
maleimide (Table III). However, S~ of L-lysine was 
insensitive to N-ethylmaleimide. This insensitivity 
could also be seen at very low external concentra- 
tions of L-lysine, from 0.2 to 2/aM (Fig. 2). Similar 
to S 2 of ~-lysine, the velocity of S t of L-histidine 
was also inhibited. In presence of N-ethylmalei- 
mide, Kt, ~ and Jmax.~ of L-histidine were decreased 
(Table III). The S 2 system of L-histidine as well as 
the two systems of L-arginine were insensitive to 
N-ethylmaleimide (Fig. 2). 
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Fig. 3. Transport activity of basic amino-acid uptake systems during different growth stages. Cells were grown as described in 
Materials and Methods. The assay conditions for uptake studies were same as described earlier. Cell growth expressed in cell 
number/ml ,  was estimated by direct microscopic counting with a hemocytometer, e ,  Uptake of amino acid by S 1 system: A, uptake of 
amino acid by S 2 system; O, cell growth. 
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Influence of growth stage on transport of basic amino 
acids 

It is known that solute uptake undergoes sig- 
nificant variation during the course of growth. 
Study of growth-dependent variation has been of 
interest in detecting cryptic activities. Robinson 
and coworkers [26] reported a transient increase of 
the acidic amino-acid permease during germina- 
tion of Aspergillus nidulans. Jayakumar [27] has 
observed a growth-dependent variation of proline 
uptake in C. albicans cells. 

To ascertain how different uptake systems of 
basic amino acids respond to different growth 
conditions, we have measured the transport activ- 
ity of different systems during growth stages of C. 
albicans. Maximum activity of different systems of 
basic amino acids was observed at different stages. 
The transport activity of $1 of L-lysine was high in 
the lag phase, whereas for the S 2 system it was 
high in the exponential phase. Maximum transport 
activity of S~ of L-histidine was observed in ex- 
ponentially growing cells, while the activity did 
not change significantly throughout the growth for 
the S: system. The maximum activity of the L- 
arginine transport by both systems was observed 
after exponential stage (Fig. 3). 

Discussion 

Based on kinetic data, competitive inhibition, 
and sensitivity to thiol reagent (N-ethylmaleimide), 
it appears that there are very specific transport S~ 
systems for L-lysine and L-arginine. In addition, 
both amino acids have S 2 systems, which are rather 
less specific, with high K t and J, .... values. How- 
ever, systems S 2 of L-lysine and L-arginine are 
different from each other (Table III, Fig. 2). In 
contrast to L-arginine and L-lysine, the L-histidine 
uptake is not mediated via a very specific per- 
mease. S~ of L-histidine is competitively inhibited 
by other basic amino acids, and hence does not 
appear to be as specific as S~ of L-arginine and 
L-lysine. S 2 of L-histidine is of the nonspecific 
type, since most of the other amino acids are able 
to inhibit its uptake. 

The existence of a general amino-acid permease 
and its sensitivity to ammonia is not demonstrable 
in C albicans cells [24]. However, the competitive 
inhibition by both D and t stereoisomers of $2 of 

L-lysine, and S 1 and S 2 of L-histidine suggests that 
their permeases, too, can mediate the uptake of 
both stereoisomers. General amino-acid permease 
of S. cerevisiae is sensitive to ammonia, which 
mediates the uptake of both D and L stereoisomers 
[10,11]. Based on competition by the D and L 
stereoisomers of the amino acids, the basic per- 
meases of C. albicans resemble general amino-acid 
permease characteristics, but in the absence of its 
sensitivity towards ammonia, the possibility of 
general amino-acid-type permease does not exist 
[24]. 

The basic amino acid systems specific for 
L-arginine, L-lysine and L-histidine have been 
characterized in S. cerevisiae cells by Grenson and 
her group [1,2,4]. Specific permeases for basic 
amino acids are also known to exist in other fungi 
[28,29]. However, this report constitutes the first 
detailed study of basic amino-acid transport sys- 
tems in C. albicans cells. The multiplicity of 
amino-acid transport is a well-known characteris- 
tic of S. cerevisiae, which is also evident in this 
pathogenic yeast. What is the exact role of these 
multiple systems remains to be elucidated. The 
different responses of basic amino-acid transport 
to various growth stages of C. albicans cells do 
suggest that the multiple systems behave differ- 
ently at the different growth stages. 
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