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The kinetic analysis of L-amino acid uptake by the green alga Chlorella revealed at least seven different 
uptake systems to be present in cells grown autotrophically with nitrate as nitrogen source. There is a 
'general system' which transports most neutral and acidic amino acids, a system for short-chain neutral amino 
acids including proline, a system for basic amino acids including histidine, a special system for acidic amino 
acids, and specific systems for methionine, glutamine and threonine. The 'general system' is possibly the 
same as that which can be stimulated by incubation of cells in glucose plus ammonium (Saner, N. (1984) 
Planta 161, 425-431). The incubation of Chiorella in glucose induces the increased synthesis of six amino 
acid uptake systems, namely the above-mentioned system for short-chain neutral amino acids, a threonine 
system, a methionine system, and a glutamine system. These results indicate that the uptake of L-amino acids 
by the green alga Chiorella is as complex as in other free-living organisms such as bacteria or yeast. The 
small number of amino acid uptake systems found in cells of higher plants, i.e. two or three, seems therefore 
to be a consequence of integration of the cells in a tissue supplying a relatively constant environment, and not 
a consequence of autotrophic growth on mineral carbon and mineral nitrogen. 

Introduction 

Organisms which depend on heterotrophlc 
growth usually possess various transport systems 
for armno acids with narrow specificity For m- 
stance, Eschertchm coh produces, depending on 
substrate avadablhty, more than 15 different amino 
acid transport systems, many of wl~ch are very 
specific and work just for one or a few amino acids 
[1], in addition to a more general system, which 
accepts many different armno acids Therefore, 
each anuno acid is taken up by E cob by at least 
two different uptake systems with different lanet~c 
parameters and different regulation properties [1] 
Nearly the same situation exists in the yeast Sac- 
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charomy~es cerewstae, where about 10 systems 
could be identified klnetlcally and genetically (re- 
viewed m Ref 2) Higher organisms have less 
diversity and specificity in amino acid transport, 
for instance, animal cells have four or five systems 
with rather broad specificity [3], and tugher plants 
have three or perhaps even only two systems, 
which cover the whole range of protein amino 
acids [4-7] The question is whether the lack of 
diversity and the broad specificity of amino acid 
transport systems m tugher plants is a consequence 
of the autotropluc growth condmons or a conse- 
quence of the integration of the cells in a complex 
tissue system with homeostatic control of the cells' 
environment Therefore Chlorella, a unicellular 
green alga, was used as a model for an autotrophtc 
plant, which as a unicellular orgamsm is subject to 
drastic environmental changes In ad&t~on the 
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green algae are regarded as ancestors of the higher 
plants 

It had been found previously that Chlorella can 
induce two rather specific amino acid transport 
systems during incubation with glucose, one 
specific for short-chain neutral amino acids and 
one for basic amino acids [8] The uptake of the 
other amino acids was not affected, which could 
indicate that most amino acids permeate e~ther by 
passive diffusion or by an unspecific 'general sys- 
tem' which ~s not regulated by glucose An analysis 
of amino acid uptake systems of autotrophlcally 
grown Chlorella cells was undertaken to fred out 
whether there is passive amino acid uptake or a 
'general amino acid permease'  or a great number 
of specific uptake systems 

Material and Methods 

Growth of cells 
The strain of Chlorella vulgarts was the same as 

that used previously [8] The cells were grown m 
mineral salt medium, aerated with CO2-enrlched 
air and illuminated Usually 3 days after incuba- 
tion the cells were harvested by low-speed centrl- 
fugatlon and suspended m 25 mM sodmm phos- 
phate, pH 6, at a cell density of 25 /tl packed 
cel ls /ml  

Uptake expertments 
The cells were usually mcubated in 25 mM 

sodmm phosphate, pH 6 at 27°C The cell density 
vaned from 0 1 to 35/~1 packed cel ls /ml  Radioac- 
tively labelled amino acid (Radlochemlcal Center, 
Amersham) was added at the start of the experi- 
ment at concentrations of 1-100 /~M for K m de- 
termination and of 50/~M to 1 mM for inhlbmon 
experiments The total test volume was 3 ml Sam- 
ples of 0 5 ml were withdrawn at 30-s intervals, 
rapidly filtered on membrane fdter, 0 8 ~m pore 
ssze (Schlelcher and Schull, Dassel), and washed 
with 10 ml ice-cold 25 mM sodmm phosphate, pH 
6 The filter with the cells was transferred to a 
scmtdlation vial and counted m d~oxane-naph- 
thalene-PPO cocktad 

In inhibition and competltson studies the com- 
peting unlabelled amino acid was added to the 
cells a few seconds before the labelled amino acid 
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Glucose pretreatment 
For a few experiments cells were needed which 

had been pretreated with glucose to show induc- 
tion of transport systems In these cases the cells 
were mcubated for 3 h m 7 5 mM glucose and 25 
mM sodmm phosphate, pH 6 After 3 h all glucose 
had been taken up by the cells The cells were then 
used for uptake experiments as described above 

Calculatton of lnhtbttton 
Inhlbmon of uptake of labelled amino acid m 

the presence of another, unlabelled, amino a o d  
was determined for all protein L-amino acids to 
obtain mformahon about the amino acids which 
are transported by the same uptake system Since 
for all armno acids g m and Vm~ X values had been 
determined it was possible to calculate the degree 
of inhibition by another amino acid with the as- 
sumption that ml'ubltlon ~s competitive The 
calculated value was then compared with the actu- 
ally measured value and slmdanty (within 10%) 
was taken as evidence that both amino acids share 
the same system The calculation was performed 
with the Mlchaehs-Menten equation where v = V m 

S / ( K  m + S )  for control condttlons and v' = V m 
S/[Km(1 + ( J / K ) ) + S ]  m presence of the com- 
peting amino acid J 

If the K m value of the unlabelled amino acid 
was taken for K,, the calculated v ' ×  100 (1 e 
percentage of activity of the control) was com- 
pared with the measured v' × 100 Different phases 
of uptake were evaluated by extrapolation of the 
hnes of Lmeweaver-Burk plots [9] 

Results 

K,. and Vma x values 
The concentration-dependence of uptake of all 

protein amino acids by autotrophlcally grown 
Chlorella was followed For some amino acids 
such as lsoleucme, vahne, tyrosine, phenylalanme, 
argmme, lysine, prohne and alanine a one-phasic 
kinetic shows up For other amino acids a dual 
uptake pattern Is observed, e g for histldlne (Fig 
1), with a high-affinity phase (Km 5 - 1 0 / / , M )  and 
low-affimty phase ( K  m 100-300 ~M) All amino 
acids (perhaps with the exception of tryptophan) 
are taken up by at least one uptake system and not 
by diffusion, and furthermore it appears that there 
are several distinct uptake systems (Table I) 
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Ftg 1 Lmeweaver-Burk plot of L-hxstidme uptake by un-m- 
duced cells The cells (20/~1 packed cells/ml) were incubated in 
25 mM sodium phosphate, pH 6 and 0 01-0 5 mM t-hlstldme 

TABLE I 

K., AND Vm~ X VALUES FOR UPTAKE OF THE PROTEIN 
AMINO ACIDS 

p c, packed cells 

L-Amino aod System 1 System 2 

Km Vm.x Km Vmax 
(t~M) (pmol/ (pM) (pmol/ 

h per h per 
mlpc )  mlpc )  

Alanlne 40 0 55 - 
Argmlne 2 2 32 - 
Asparttc acid 15 0 18 250 0 50 
Asparagme 24 0 14 150 0 15 
Cysteme 115 0 15 - 
Glutamlc aod 10 0 15 170 0 37 
Glutamine 45 0 25 - - 
Glycme 10 0 17 95 0 37 
HlsUdme 7 0 11 190 0 19 
Isoleucme 13 0 17 - - 
Leucme 80 0 22 - - 
Lysme 6 0 55 - - 
Methlomne 14 0 048 91 0 062 
Phenylalanme 28 0 02 - - 
Prohne 40 0 71 - - 
Serme 24 0 24 300 0 53 
Threonlne 7 0 064 77 0 14 
Tryptophan - > 300 - 1 
Tryosme 15 0 22 - - 
Vahne 13 0 18 - - 

Inhtbmon of ammo acid uptake b~ alanme and 
prohne 

Alanine  is one of  the amino acids which seems 

to be taken up by only one system and therefore if 

amino actd uptake ~s tested m the presence of 

a lanlne the uptake of all those amino acids wh]ch 

share the same transport  system as alanlne should 

be inhibi ted in a predicted manner  according to 

the individual  K m and Vm~ , values (see Material  

and Methods)  

If, for instance, system 1 of glutamlne is identi- 

cal with the alanlne system the uptake rate over 

system 1 measured at 50 /~M glutamlne should 

decrease from 0 13 to 0 01 # m o l / h  per ml packed 

cells, whereas the rate over system 2 should stay 

constant  at 0 05 ~ m o l / h  per ml packed cell (Table 

II) The overall  uptake rate would therefore de- 

crease from 0 18 to 0 06 ~ m o l / h  per ml packed 

cells, l e down to 34% If. however, system 2 of 

g lu tamlne  is identical with the alanlne system then 

g lu tamlne  uptake over  system 1 should stay con- 

stant and that over system 2 should decrease from 

0 05 to 0 0027, and the overall  rate from 0 18 to 

0 133, t e to 75% (Table II) The exper imental  

result gives 24% actw]ty in the presence of 1 mM 

alanine, which is evidence that system 1 of gluta- 

mine  ts ldenttcal with the system for alanine up- 

take Wtth that type of exper iment  all ' sys tems '  

which are identical  with a lanme uptake could be 

dist inguished (Table II) In some cases it was 

difficult  to decide because the predicted inhibi t ion 

value was too similar for system 1 and system 2, 

e g for glutamlc actd In these cases, m addit ion,  

the amount  of inhibi t ion by 1 m M  alanme mea- 

sured at 10 # M  labelled amino acid was tested 

F r o m  all these studies it became apparent  that 

arglnlne and lysme transport  does not belong to 

the ' a lan ine  system', whereas all other  amino acids 

are t ransported by the ' a lan ine  system' However ,  

several amino acids also have another  system which 

is not  affected by alanlne Curiously, there are 

exceptions,  such as glycme and serlne, where 

a lanme lnh]blts both  systems, because the inhibi- 

t ion is clearly stronger than was expected For  

example,  for glycine an inhibi t ion of 13% had been 

measured,  a result which is only expected if both  

systems are competed  for by alanine (Table II) 

Since glucose pre t rea tment  of  cells induces an 
a lan lne-g lycme-senne-prohne  system [8] it seemed 
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TABLE III 

EFFECT OF L-PROLINE (1 raM) ON UPTAKE OF ALANINE SERINE AND GLYCINE 

Data were calculated as m Table II 

Labelled Calculated uptake rate Calculated rate Total ( V 1 + [ 2 ) Experimental Competmon 
amino ff L-prollne if prohne competes result of L-prohne 
acid ts competing uptake rate w~th system 

via via total 1/1 V 2 for % for % ( % ) 
system system (V 1 + V2) system system 
1(Vl) 2(112) 1 2 

L-Alanme not known 0 306 0 0252 - 00252 8 2 - 76 2 ~ 
Glycme 0 142 0 128 0 270 00274 0 00734 0 1554 58 0 149 55 53 1 b 
L-Serme 0 162 0 0757 0 238 0 0178 0 00338 0 0935 39 0 165 70 70 2 

a Since the two uptake systems are not indicated by different K m values, the assignation as system 2 ts arbitrary 
b Though the degree of inhibition is too slrmlar to allow a decision on the system group the measured K m values (Table I and Ref 8) 

indicate that glycme system 2 must be identical with the prohne system 

likely that a basic level of that system already 
exists in cells without glucose-pretreatment Th~s 
alanlne-transportIng system could work in ad- 
&uon to the 'general system' which accepts alanlne 
and most of the other amino acids but not prolane. 
as deterrmned in Table II In that case prohne 
should inhibit alanme, serine and glycine uptake. 
but only that fraction which ts transported via the 
reducible system From the results in Table III 
and prewous measurements of K m values [10] it 
appears that system 2 of glyclne and serine and a 
quarter of the apparently single alanme system are 
inhibited by 1 mM proline Prohne has no inhibi- 
tory effect on the uptake of any other amino acid. 
and prollne uptake is also not affected by any 
other amino acids except alanme, glyclne and 
serme (data not shown) This result implies that 
alanme uptake ~s mediated by two systems, which 
are apparently so close in Km that they do not 
separate m the kinetics of concentration-depen- 
dence measurements, but they can clearly be sep- 
arated by sensltlWty to prohne 

In conclusion, there ~s a 'general system' and 
'alanine-glyclne-senne-prohne system' in auto- 
trophlcally grown Chlorella cells The general sys- 
tem has much resemblance w~th respect to specific- 
Ity to the system which is stimulated by incubation 
of Chlorella cells with glucose plus ammonium 
[11] The system for alamne-glyclne-senne-prohne 
seems Identical with the glucose-induced system 
for short-chain neutral armno acids [8] The ques- 
tion arises as to whether the transport systems 

which could not be grouped with the 'general 
system' are single specific systems or whether they 
together belong to another group 

Transport of bastc ammo acids 
Since the basic amino acids are taken up m 

many orgamsms by a special 'basic system' it was 
tempting to expect the same feature in Chlorella 
for uptake of arglnxne, lysine and possibly hmstt- 
dine Reciprocal mhlbmon studies indeed revealed 
that the uptakes of arginme, lysine and hlstidme 
belong to the same system The degree of inhibi- 
tion ~s exactly the same as predicted by the respec- 
tive K m values (Table IV) Thus there is an 
argimne-lyslne-hlstldme system, and L-hlstadme 
can be transported by the 'basic system' and by 
the general system The presence of L-alanlne 
nearly ehrmnates the low-affinity part of h~st~dlne 
uptake (Fig 2A), whereas the presence of 1- 
argmine mostly affects the high-affinity part (Ftg 
2B) 

Transport of hlsUdine by a 'neutral system' and 
a 'basic system' has also been found in Ehrhch 
ascltes cells [12] 

Transport of acidic ammo acids 
Often the acl&c armno acids are transported by 

one special system and it was expected that those 
uptake phases wtuch did not belong to the 'general 
system' (L-glutarmc acid uptake with K m 170 ~tM 
and L-aspartlc acid uptake with K m 15 ~tM) be- 
longed to an acidic amino acid uptake system 



TABLE IV 

RECIPROCAL INHIBITION OF L-ARGININE, L-LYSINE 
AND L-HISTIDINE 

The concentration of labelled amino acid was 50 /~M, that of 
unlabelled amino acid also 50 /tM The calculation for L-hlstl- 
dine uptake was done under the assumption that only system 1 
of hlstldme uptake (Km 7 #M) is affected by argmlne or lyslne 
The calculations were performed as described in Methods and 
Table II 

Labelled Unlabelled Calculated Measured 
amino amino activity activity 
acid acid (%) (%) 

[ -Arglnlne L-lyslne 76 72 
L-hlstldlne 78 78 

L-LysIne L-arginlne 30 39 
L-hlstldlne 57 56 

L-Hlstldlne L-arglnlne 24 20 
L-lysme 49 42 

Since the acidic amino aods  were also taken up by 
the general system ~t was important to suppress 
firstly the general system by the presence of 1 mM 
unlabelled L-alanme Then 1 mM unlabelled L- 
asparagme was added, since prehmmary experi- 
ments had shown that asparagme strongly inhibits 
aod~c amino a od  transport The results (Table V) 
show that uptake of L-aspartlc acid and L-glutamlc 
acid ~s strongly mlublted by L-asparagme, whereas 
uptake of L-glutamme, t-threonme, etc,  ~s not 
Thus there ~s a speoal uptake system for aod~c 
amino aods  which also transports asparagme, but 
not glutamme The affimty of th~s uptake system ts 
strongest for aspart~c aod ,  glutamlc acid and 
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Fig 2 Llneweaver-Burk plots of L-hlstldlne uptake by un-tn- 
duced cells in the presence of L-alanlne (A) or L-arglnlne (B) 
20 #1 cells (packed volume) were incubated in 25 mM sodium 
phosphate pH 6, with 0 01-0 5 mM L-hlstldine in the absence 
or presence of 1 mM L-alanlne (A) or L-argmme (B) The 
broken line indicates the theoretically expected curve ff L- 
alanlne competes with the low-affinity system of L-hlStldme m 
this part,cular experiment 

TABLE V 

INHIBITION OF AMINO ACID UPTAKE BY L-ASPARAGINE 

The labelled amino acids were added at 50 ~tM, the unlabelled L-alanlne and L-asparagme at 1 mM each The calculatmn was 
performed as described in Methods and Table II The numbers in the first row ( + L-alamne) indicate the ,nhlbltmn by competition via 
the 'general system', the numbers m the second row indicate the expected activity If the other uptake system for aspartlc aod 
glutamlc acid, etc, is sensitive to competition with asparaglne 

Labelled amino acid 

L-Aspartlc acid 
L-Glutanuc acid 
L-Methionine 
L-Threonzne 

Calculated activity (%) Measured activity (%) 

+ 1 mM L-alanIne + 1 mM L-alanlne m the presence of 
1 mM L-alanme + 1 mM L-asparaglne 
+ 1 mM L-asparagme 

65 24 24 
61 13 19 
38 2 39 
55 9 48 
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TABLE VI 

RECIPROCAL INHIBITION OF L-THREONINE AND I-METHIONINE UPTAKE 

The concentration of the labelled amino acid ,,,,as 50 `aM the concentration of the unlabelled amino acid 1 mM or 50 `aM The 
calculation was performed as described m Methods and Table II 

Labelled amino acid Unlabelled amino acid Calculated activity (% t Measured 
If c o m p e t i t i o n  via activity, 

the general via both (%) 
system systems 

l -Threonme L-methlontne 55 12 24 
I -Methlonlne L-threonme 38 6 37 

asparaglne are taken up at a more than 10-fold 
h i g h e r  K m Since glutamlc aod  and asparaglne are 
transported by the general transport system with 
much better affimty, this so-called aodlc  system 
seems mainly devised for aspartlc acid transport 

Transport of L-threonme and L-methlonme 
There are only a few uptake systems, such as 

the low-affinity systems for L-methlonine and L- 

threonme, which remain unassigned to one of the 
so-far identified systems It was determined 
whether 1 mM of one unlabelled amino acid pre- 
dictably tnhlbits the uptake of the other labelled 
amino acid From the results (Table VI) it appears 
that methlonine ( K  m 91 #M) and threonine (K m 
77/~M) probably do not share the same system, 
since the inhibition is not convincmgly strong 

TABLE VIi 

AMINO ACID TRANSPORT SYSTEMS OF CHLORELLA 

Systems (properties) Amino acid speclfloty (with K m ) 

System I general system (probably the same as that stlmu- alanlne (40 `aM), aspartic acid (250 `aM) 
lated by treatment with glucose plus ammonium asparaglne (24 `aM) cystelne (114 `aM) glutamlc 
[11]) acid (10 `aM), glutamlne (45 `aM) glvcme (10 

`aM), hlstldlne (190 `aM), isoleucine (13 `aM), 
leuclne (80 `aM), methlonlne (14 #M) phenvl- 
alanlne (28 `aM) serlne (24 `aM) threonlne (87 
`aM), tryptophau (300 `aM) tyroslne (15 `aM) 
vahne (13 `aM) 

alanlne (40 `aM), glyclne (95 `aM), serme (300 
`aM), prohne (40 `aM) 

argmme (2 `aM) hlStldlne (7 ,aM), lyslne (6 `aM) 

System II 

System III 

System IV 

System V 

System VI 

System Vll 

short-chain neutral system (strongly induced by 
glucose or nitrogen starvation [8 13]) 

basic system (reduced by glucose or ammonium 
[8,131) 

acidic system 

methlonme system (perhaps the same as that 
sumulated by glucose [8]) 

threomne system (perhaps the same as that 
stimulated by glucose [8]) 

glutamme system (stimulated by glucose [8]) 

aspartlc acid (15 `aM) glutamlc aod (170 `aM) 
asparagme (150 `aM) 

methlonlne (91 `aM) 

threonlne (77 p M) 

glutamlne (600 gM) 



Transport of L-htstMme. L-methtonlne. L-threonlne 
and L-glutamme by glucose-Induced cells 

Since un-lnduced cells exhibit a complex series 
of transport systems which are somewhat difficult 
to separate by kinetic means, the particular regu- 
lation by induction (or derepresslon) can aid in 
identification of uptake systems It was found 
previously that reduction with glucose [8] or 
nitrogen starvation [13] increases the activity of a 
'prol ine system' and also leads to an increased 
uptake of bastldlne, threonlne, methlonlne and 
glutamme, though the effect is not so drastic as for 
uptake of alanine or argimne It was speculated 
that hlstldlne threonlne methlomne and gluta- 
mine were either poor substrates for the induced 
systems or their uptake was catalyzed by a system 
which accepts hlstldlne, threonlne, methlonlne and 
glutamme Therefore it was determined whether 
these amino acids were inhibitory in reciprocal-up- 
take experiments From the data it appears that 
L-threonlne, L-methlonlne and L-glutamlne are all 
taken up by specific, separate transport systems 
Comparison of the K m values of the glucose- 
stimulated uptake systems for threonme and 
methlonlne with the respective systems in un-in- 
duced cells might indicate that these system are 
the same, whereas the system for glutamlne seems 
special Uptake of hlstldlne is strongly inhibited 
by argmlne, in contrast to a prevmus report [14], 
and is therefore most probably transported via the 
basic system 

Discussion 

The uptake of amino acids by Chlorella Is 
surprisingly complex and diverse There are at 
least seven distract uptake systems (Table VII) 
The method of kinetic extraction of systems from 
double reciprocal plots can only separate those 
systems which are clearly different in  K m and 
similar in Vma, [15]. and the detection of transport 
systems is therefore hrmted and some systems 
might have been overlooked The rapid production 
of metabolic products could cause translnhibltlon. 
which could simulate inhibition due to competi- 
tion Therefore the figure of seven transport sys- 
tems is a lower estimate Six of the uptake systems 
are regulated and become dominant after lncuba- 
non in glucose or glucose plus ammonium The 
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lntracellular signals for the regulation of amino 
acid uptake by Chlorella are not known, but ~t 
seems certain that there is mduction of specific 
transport systems and not of the energy-providing 
machinery, e g the H+-ATPase. since then a 
stimulation of all uptake systems would have been 
expected The presence of great number of specific 
transport systems and a general transport system 
shows great similarity to the situation in yeast and 
bacteria Thus also a photosynthetically, active 
autotrophlcally growing orgamsm has many 
specific transport systems for organic compounds 
During evolution to higher plants the majority of 
systems have obviously disappeared and only the 
general system, the acidic system and the basic 
system have survived Obviously the presence of 
many specific systems is especially useful for free- 
living cells, which have to adapt to many and 
drastic changes of environment Cells of higher 
plants, which are embedded in a tissue, might have 
a much more constant nutrmonal  situation so that 
a few uptake systems seem sufficient The Vm~ , 
values of the different uptake systems in un-m- 
duced Chlorella appear low when compared with 
the rates of the inducible transport systems for 
hexoses, alamne or argmlne, e g 0 1-0  5 /~mol/h 
per ml packed cells, versus 50 -200 /xmol /h  per ml 
packed cells However. even these low uptake ac- 
tivities are well m the range of those usually mea- 
sured for cells of higher plants [5.16] 
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