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SUMMARY 

I. The green alga Chlorella v~lgaris possesses an inducible active uptake system 
for hexoses. Uptake of 3-0-methylglucose by Chlordla is strongly inhibited by the 
uncoupler carboxylcyanide-p-trifluoromethoxyphenylhydrazone (FCCP). The inhibi- 
tion is also observed below concentration equilibration. 

2. The sugar accumulation of Chlorella can be described as a pump and leak sys- 
tem. The apparent Km of I '  IO 3 M for the steady-state accumulation of 3-0-methyl- 
glucose corresponds closely to the Km for its uptake. 

3. The Km values both for D-glucose and 2-deoxyglucose uptake were found to 
be i. io :' to 2. IO -~ M. 

4. 6-Deoxyglucose as well as I-deoxyglucose get accumulated several too-fold 
within the cells. This shows that phosphorylation of the sugar does not have to take 
place for the transport of the sugar. 

5. Cells induced with glucose take up I-deoxyglucose and 6-deoxyglucose with- 
out a lag. These analogues on the other hand are also able to induce a linear uptake of 
glucose. 

INTRODUCTION 

It has been shown previously that autotrophically grown Chlorella vulgaris cells 
do not take up glucose as well as other hexoses until a rather specific hexose transport 
system is induced ~-a. Induced cells are able to accumulate sugar analogues such as 
3-O-methylglucose more than a Ioo-fold 2. The energy necessary for the accumulation 
can be supplied via respiration. However, light energy can also be utilized for this 
sugar concentration work =. The latter feature especially seems to justify a detailed 
study of this uptake system, since additional experimental approaches should be 
possible with Chlorella, which might help our understanding of the links between 
energy supply and active transport. 

In recent years evidence has accumulated that sugar transport in bacteria is 
either brought about by the phosphoenolpyruvate-phosphotransferase system 4 6 or, 
as in the case of/~-galactosides in Escherichia coli, by a transport mechanism which 
leaves the transported sugar unphosphorylated% 8. In yeasts this question does not 
seem to be settled 9, ~0 whereas in other fungi evidence is available that the transported 

. \ bb r ev i a t i on :  FCCP, carboxylcy~midc p - t r i f l uo rome t hoxypheny l hyd razone .  
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sugars tested remain unphosphorylated n,a2. I t  is also clear that  hexose transport  of 
the intestine is brought about by a non-phosphorylating uptake system as. 

In this paper the sugar transport  into Chlorella will be characterized further. 
I t  will be shown that  hexoses are accumulated in Chlorella until a steady state is 
reached (pump and leak) and evidence will be presented that  hexose accumulation 
does not require phosphorylation of the sugar. 

MATERIALS AND METHODS 

The strain of Chlorella vulgaris used and the conditions of culture were the same 
as previously described 1. 3-0-Methylglucose was obtained from Calbioehem; 3-0- 
methyl  [a4C]glucose and 2-deoxy [14C]glucose from NEN, Boston ; 2-deoxyglucose was 
obtained from Roth, Karlsruhe; D@4C]glucose from the Radiochemical Centre, 
Amersham; 6-deoxyglucose was prepared by acid hydrolysis of 6-deoxy-fl-methyl- 
glucoside from Pierce Chemical Co., Rockford; I-deoxyglucose (I,5-anhydro-o- 
glucitol) was synthesized according the method of NESS et al. 14. Carbonylcyanide- 
p-trifluoromethoxyphenylhydrazone (FCCP) was a generous gift of Dr. P. Heytler, 
Dupont  de Nemours; membrane filters of 0.8 Mm pore size were purchased from 
Sartorius GmbH, G6ttingen. 

Adaption of Chlorella cells 
Approximately 360 /~1 packed cells* were incubated in IO ml 0.032 M sodium 

phosphate buffer (pH 6.5) with 14 mg D-glucose present and shaken in an erlennlever 
flask. The glucose was used up by the algae after 2-3 h. The cells remained induced 
thereafter for at least IO h (ref. 3). 

uptake experiments 
The incubations with sugars were carried out in 0.025 M sodium phosphate 

buffer (pH 6.5) and the experiment was started by addition of adapted algae. The 
reaction mixture was shaken in an erlenmeyer flask in the dark at room temperature 
(22°). Samples were withdrawn at the times indicated and filtered rapidly through 
membrane filters. The filters were washed with 2 nfl 0.08 M ice-cold sodium phosphate 
buffer (pH 6.5) and extracted with 5 ml aqueous solution of 80 o~, ethanol at 65 ° for 
I h. The concentrated extracts were chromatographed on Whatman I chromato- 
graphic paper ascending in toluene for 20 rain to remove the pigments. The origins 
with the radioactive sugar were cut out and the radioactivity determined directly on 
paper in toluene-PPO with the liquid scintillation spectrometer Beckmann LS IOO. 
The counting efficiency was 7 ° %. After it had been established that  at least 95 %, 
of 3-O-methylglucose can be extracted from the cells as free sugar (see Fig. I) another 
extraction procedure was employed for this sugar. The cells were extracted by boiling 
the filter with the cells in I ml o.I M HC1 for IO rain. This method was advantageous 
because no pigments were extracted. Thus the extract could be measured directly by 
pipetting an aliquot into the scintillation fluid (dioxane-naphthalene-PPO). 

When non-radioactive sugars taken up by  the cells had to be assayed, the ethan- 
ol extracts of the cells were chromatographed in Solvent A, i.e. butanol-pyr idine-  

* Al l  ce l l  v o l u m e s  a re  g i v e n  as  p a c k e d  cel l  v o l u m e  w i t h o u t  a n y  c o r r e c t i o n  for  e x t r a c e l l u l a r  
w a t e r ,  e x c e p t  for  t h e  e x p e r i m e n t  of F ig .  2. 
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water-acet ic  acid (6o :7o :3o :  3, by vol.) to separate the sugars from other cell con- 
stituents. The sugars were subsequently eluted and the amounts  determined colori- 
metrically: 6-deoxyglucose according the inethod of DISCHE AND Sm,;TTLI-S ~5 ; >deoxv-  
glucose by periodate cleavage 16 and measurement of periodate with the method ()f 
AVIGAD t7. 

RESULTS 

(1) Inhibition of 3-O-methylghtcose uptake by FCCP 
It  has been shown l)efore ~ that  the green alga Chlorella is able to take up .3-0- 

methylglucose against an inside concentration more than Ioo times the concentrat ion 
in the surrounding medium. The sugar taken up can be extracted again by warm 80 % 
ethanol, and on chromatography  the radioact ivi ty  proves to be due solely to 3-0- 
methylglucose (see Fig. I). Even after prohmged incubations of 2o h and more, the 
sugar in the cell is present as free 3-O-methylglucose to at least 95 %. TILe uptake of the 
sugar is s trongly inhibited by poisons like azide or the uncoupling agent FCCP. Fig. 2 
shows this inhibition by 5" io  5 M FCCP. Although this FCCP concentrat ion is fairly 
high, it is the concentration showing optimal uncoupling action as judged by tile 
increased respiratory rate of the cells (see insert of Fig. 2). I t  should be pointed out 
that  FCCP not only inhibits the accumulation of the sugar but also the uptake into the 
cells before concentrat ion equilibration is reached (Fig. 2). 

i I . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Origin . . . . . . . . . . . . . . .  Front 

l;i~. [. Scan o[ a p a p e r - c h r o m a t o g r a p h i c  sepa ra t ion  of the  rad ioac t ive  p roduc t s  e x t r a c t e d  from 
(']t/,,rcHa af ter  3-O-methyl~t4C glucose up take .  In ~ t o t a l  vo lume  of 12 ml 145 F1 of packed  cells 
were i ncuba t ed  t o g e t h e r  wi th  6o Fmoles  of IM)elled 3-O-methylglucosc (specific a c t i v i t y  o.o~ 7 
/~C,'/tmole). Alte r  3 h [.5 ml were fi l tered and  the cells e x t r a c t e d  wi th  e t hano l  (see MAT]~2RIALS ANI) 
MI'2THODS), Half  of the  e x t r a c t  was c h r o m a t o ~ r a p h e d  on \ V h a t m a n  t in So lven t  A (see MATERIALS 
A N D  M E T I I O D S } .  

(2) The ,:ready state of 3-O-meth3,lglucose uptake 
It has been shown for active uptake systems that  the net influx decreases with 

time due to an increased efflux. However,  RING et al. is, VALLI~E AND JEAN JEAN 1'(~, 

CRABEEL AND GRENSON 20 have shown that  exceptions to this pat tern  exist, i.e. the 
net uptake into cells can also decrease with time due to a decrease in the rate of 
influx. The experiment of Fig. 3 shows that  3-O-methylglucose uptake into Chlorella 
follows the pat tern  of a pump-and-leak system. The steady-state  concentration in the 
cells is reached between 3 and 6 h and then remains constant  for more than 2o h. 
There is a slight but  significant increase in the rate of 3-O-methylglucose uptake in the 

High, him. Hiophys..4eta,  24I (tO71) [7 o q70  
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Fi~. 2. [nhil)ition of 3-O-methylglucose uptake by (FCCP (5" [°-5 M). Insert: Effect of (FC('I' 
(5" I°-s M) on respiration. In a total volume of 4 ml z8 H1 of cells (i.e, packed cell volume corrected 
by 33 % of extracellular water) were incubated together with o.44 Hlnole of labelled 3-O-methyI- 
glucose (specific activity o.9[ /tC/ltmole). At the times indicated o. 5 ml were filtered and the cells 
extracted as described in MATERIALS AND METHODS. Insert: in a total volume of - ml o.04 M sodium 
phosphate buffer (pH 6.5) and 4 ° /A of packed cells were shaken in Warlmrg vessels. 

Fig. 3- Steady-state uptake of 3-O-nlethylglucose into Chlorella. hi a total volume of 6 nil 37 /'1 
packed cells, were incubated in the presence of [.5" [o-4 NI 3-O-methylglucose. To A 3-O-methyl- 
glucose (o.2 HC, specific activity 1o HC//*nmle} were added together with the non-radioactive 
sugar, to I~ the sanle radioactivity was added after 2 h incubation with the non-radioactive sugar. 
Aliquots of o.2 nil were counted. 

s t e a d y  s t a t e  c o m p a r e d  to  t h e  in i t ia l  inf lux in to  n o n - p r e l o a d e d  cells. T h u s  tile in i t ia l  

u p t a k e  a t  1.5. IO 4 M 3 - 0 - m e t h y l g l u c o s e  is 5.7 # m o l e s / m l  p a c k e d  cells pe r  h w h e r e a s  

it is 7.4 # m o l e s / m l  p a c k e d  cells pe r  h a f t e r  I2o  rain, a l t h o u g h  the  o u t s i d e  c o n c e n t r a -  

t ion  has  d r o p p e d  s l igh t ly  (1.15- i o  -~ M). Th i s  poss ib ly  ref lec ts  t he  t r a n s - m e m b r a n e  

effect  o b s e r v e d  in f a c i l i t a t e d  d i f fus ion  as well  as in ac t ive  u p t a k e  s y s t e m s  21,22. 

The  s t e a d y - s t a t e  c o n c e n t r a t i o n  r e a c h e d  in t h e  cell is d e p e n d e n t  on t h e  o u t s i d e  

c o n c e n t r a t i o n :  it  i nc reases  w i t h  i nc reas ing  c o n c e n t r a t i o n s  in t h e  m e d i u m  a n d  t i le 

/ O  

10 e~ 
o 

e~ 6 -  
o 
× 

d 

~ 1/c ° x lO- '3 (M)  9 ' 
.~ ' ' g 2'1 ' 

Outside conch, c o x 10 3 ( M )  

Fig. 4. The steady-state concent ra t ion of 3-O-methylg|ncose in the cells at  vary ing outside con- 
centrat ions.  The t ime course of uptake was fo l lowed at  each ind iv idua l  concent ra t ion ; the steady° 
state plateau was reached between 4 and 6 h, 
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accumulation ratio (Clnslde/Coutslde) decreases. When the steady-state concentrations 
in the cells are plotted against the corresponding concentration in the medium a 
saturation curve is obtained with an apparent Km of approximately I . I o  a M 
(Fig. 4) which is identical to the Km of 3-O-methylglucose uptake (Fig. 5)- Tlms the 
same phenomenon applies here as in the fi-galactoside system of E. coli 2a,''L The 
Km value for 3-O-methylglucose uptake is very high, but D-glucose, one of the natural 
substrates of the uptake system, has an apparent affinity approximately 5 ° to Ioo 
times higher than 3-O-methylglucose (Fig. 6). The same low Km of I- Io -'~ to 2"  Io- ~ M 
has been observed for 2-deoxyglucose, a sugar which, however, does get phosphorylat- 
ed to some extent in the cells and, therefore, does not serve well as a transport analogue. 

2o0- 
a ¢  

g 
CL 

: l  

0 100" 

r 
0.1 

[3-0-.othy,g,uco@ Is],, lo~ I.~ 
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l:ig. 5" Concentrat ion dependence of the initial rate of 3-O-methylghmose uptake. 

Fig. 0. Concentrat ion dependence of the initial rate  of D-glucose uptake. 

(3) Evidence that no phosphorylation of the sugar is involved in active uptake by Chlorella 
It  had been shown before a that induced ceils as compared to non-induced cells 

did not contain any increased content of soluble hexokinase. These investigations 
have been extended to the membrane fraction and the same negative results have been 
obtained. In addition an intensive search for a phosphoenolpyruvate-phosphotrans- 
ferase activity also failed to give positive results. 

It was thought to be of interest, therefore, to see whether 6-deoxyglucose and 
I-deoxyglucose can be actively accumulated by Chlorella cells since this would exclude 
a possible phosphorylation at these two positions. The previous observation 3 that 
6-deoxy-6-fluorogalaetose inhibited the uptake of 3-O-methylglucose did not really 
prove that phosphorylation of the 6-position is not required for active uptake, since 
the inhibitor might just have interfered on the outside without being transported 
itself. Fig. 7 shows, however, that 6-deoxyglucose is taken up by Chlorella and is 
accumulated about 35o-fold under the experimental conditions. 6-Deoxyglucose is 
not at all metabolized in the cells since the sum of the 6-deoxysugar found in the cells 
and on the outside stays constant during the experimental time. Essentially the 
same result has been obtained with i-deoxyglucose (Fig. 8), which not only shows 
that a sugar without a hydroxyl group in the I-position gets aceunmlated, but also 
that it must be the pyranose form of glucose which passes through the membrane. 

Biochim. I3iophys. A cta, 24 I (I971 ) 17o-179 
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The accumulation in this case was I6o-fold. These results clearly show that phos- 
phorylation neither at the I- nor the 6-position is required for hexose accumulation in 
Chlorella. It remains possible, however, that various hexose uptake systems exist in 
Chlorella; D-glucose and 2-deoxyglucose, for example could still be taken up by a 
system phosphorylating in the 6-position, whereas 6-deoxyglucose enters the cell by a 
different but non-phosphorylating mechanism. The following results, however, 
strongly suggest that the various hexoses tested are all transported by one and the 
same non-phosphorylating uptake system. 
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Fig. 7" Uptake of 6-deoxyglucose. In a t o t a l  v o l u m e  of 6 ml 60/~1 oI packed cells were  i n c u b a t e d  
t o g e t h e r  w i t h  z i tmoles  of 6 -deoxyg lucose .  At  the  t i m e s  ind icated  i ml of the  suspens ion  was  
centr i fuged  rapidly;  the  s u p e r n a t a n t  and  the  cel ls  were  t rea ted  as described in MATERIALS AND 
M E T H O D S .  
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Fig. S. Uptake of i-deoxyglucose. Conditions as in Fig. 7 e x c e p t  t h a t  2. 4 Mmoles of i -deoxy- 
glucose h a v e  been added. 
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Fig. 9 shows Lineweaver-Burk plots of the 6- and i-deoxyglucose inhibition of  
2-deoxyglucose uptake. The two sets of data were obtained in two individual experi- 
ments. It  can be seen that  the Vmax for 2-deoxyglueose uptake differs somewhat, 
and this was observed generally from experiment to experiment; the K,~ value, how- 
ever, always remained quite constant. In the presence of the inhibitors the Km values 
increase but the Vmax also is affected; it decreases. Mixed-type inhibitions have been 
observed, however, between all sugars tested, e.g. also between D-glucose, 3-O-methyl- 
glucose and 2-deoxyglucose. 
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Fig.  9. L i n e w e a v e r  B u r k  p l o t s  of t h e  u p t a k e  of 2 - d e o x y g l u c o s e  a l ld  i t s  i n h i b i t i o n  b y  O-deoxv~ 
g lucose  (2.5" To -~ M) a n d  I - d e o x y g l u c o s e  (7-5" io  4 M). 
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Fig. lO. E x c h a n g e  of a c c u m u l a t e d  2-deoxyLHC~glucose .  In a t o t a l  v o l u m e  o[ 18 ml  [o~ ffl of M qae 
( p a c k e d  cells) were  s h a k e n  t o g e t h e r  w i t h  iS f fmoles  of l a b e l l e d  2 - d e o x y g l u c o s e  (specific a c t i v i t y  
o . o 3 3 / t C / / t m o l e ) .  A l t e r  s t e a d y  s t a t e  h a d  b e e n  r e a c h e d ,  3 ml  of t h i s  s u s p e n s i o n  were  a d d e d  ra t ) id ly  
t o  o.z ml  of a g lucose  a n a l o g u e  s o l u t i o n  (3.2" Jo 1 M) or  w a t e r ,  r e s p e c t i v e l y .  A l i q u o t s  of o. 5 ml  
were  f i l te red  a n d  t h e  r a d i o a c t i v i t y  in t h e  cel ls  d e t e r m i n e d .  
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A second  p iece  of e v i d e n c e  t h a t  6 -deoxy- ,  i - d e o x y g l u c o s e  a n d  the  va r i ous  o t h e r  

hexoses  are  t a k e n  up  b y  the  s a m e  u p t a k e  s y s t e m  comes  f rom e x c h a n g e  t r a n s p o r t  

e x p e r i m e n t s .  W h e n  these  sugars  are  a d d e d  to  cells t h a t  are  in t he  s t e a d y  s t a t e  of 

t a k i n g  up,  for  example ,  2-deoxyEl~C;glucose ou t f low of r a d i o a c t i v i t y  can  be seen 

(Fig.  io) .  T h e  a d d i t i o n  of D-ribose, wh ich  is no t  t r a n s p o r t e d  by  this  s y s t e m  a, does no t  

resu l t  in an ou t f low of 2-deoxy! l~Cig lucose .  
F i n a l l y  a co - i nduc t i on  b e t w e e n  the  sugars  in ques t i on  also has  been  obse rved .  

\Vhen  the  hexose  u p t a k e  s y s t e m  has  been  i nduced  by  p r e i n c u b a t i n g  the  cells w i t h  

g lucose  the  u p t a k e  of 6 -deoxyg lucose  s u b s e q u e n t l y  p roceeds  l inea r ly  whe rea s  h a r d l y  

a n y  u p t a k e  is o b s e r v e d  for  a t  leas t  I h w i t h  n o n - i n d u c e d  cells (Fig. I I ) .  I d e n t i c a l  r esu l t s  

resu l t s  were  o b t a i n e d  w i t h  I -deoxyg lucose .  On  the  o the r  hand ,  I - d e o x y - ,  6 -deoxy -  

g lucose  as well  as 3 - 0 - m e t h y l g l u c o s e  are  also able  to  induce  the  u p t a k e  sys tem,  since 

a f t e r  p r e t r e a t m e n t  w i th  these  sugars  g lucose  is t a k e n  up  w i t h o u t  a lag (Fig. 12). 

20- ~ . . . ~  

o ~C- 
£3 
,.b 

1() 2() 313 4C) 5'0 ~6T'o 
Time (rain) 

Not induced 

I n d u c e d  

Fig. i i .  Induction of 6-deoxyglucose uptake by D-glucose. The cells were induced by gIucose as 
described in M.~TERIALS AND METHODS and a parallel sample was sh_~ken in buffer alone for the 
same time. In a total volume of 2 ml [ io/~1 algae (packed ceils) were incubated then together with 
2.4 /,moles 6-deoxyglucose. The disappearance of 6-deoxyglucose from the medium waa followed. 
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Fig. I2. induction of D-glucose uptake by various I)-glucose analogues. The cells were induced as 
described in MATERIALS AND METHODS using various glucose analogues in a final concentration of 
7.8 mM or shaken in o.o32 M sodium phosphate buffer alone without a sugar, respectively. After 3 h 
the external sugar was removed by centrifugation and 2 #l algae (packed cells) were incubated in a 
total volume of 4 ml together with o.o 4/~nlole labelled D-glucose (specific activity o. 5 /,C//imole). 
At the times indicated aliquots of o.5 ml were filtered and counted directly in scintillation vials. 
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DISCUSSION 

The results of the co-induction experiments as well as the part ly competitive 
inhibition between the various sugars tested strongly suggest that  these substances 
are transported and accumulated by one and the same hexose transport  system. 
The fact that  6- and I-deoxyglucose are accumulated clearly shows that  the hexoses 
are not phosphorylated at either of these two positions during transport. The phos- 
phoenolpyruvate-phosphotransferase system, therefore, cannot be involved. Since 
2-deoxy- and 3-O-methylglucose are also transported via the same uptake system 
only the 4-position remains as a possibility for a chemical modification (phosphoryla- 
tion, oxidation) of the transported substrate. This latter possibility can be considered 
as rather unlikely for the moment.  Therefore, a transport  model has to be suggested 
similar to the one for the fl-galactoside transport  in E. coli 25 where not the substrate 
but some transport  protein is modified through an energy dissipating process. The 
observation, however, that  a decreased energy supply brought about either by 
inhibition with FCCP (Fig. 2) or by anaerobiosis 2 leads to a strong inhibition of the 
uptake velocity even before concentration equilibrium is reached in Chlorella cannot 
easily be reconciled with fl-galactoside uptake models 25 for E. coll. Since the Km 
of 3-O-methylglucose uptake in the presence of FCCP is not different from the Km 
of unpoisoned cells (unpublished results) it could be assumed that  energy is necessary 
for the actual transloeation process. MANNO AND SCHACHTER 26 have interpreted in a 
similar manner results obtained for the thiomethylfl-galactoside uptake of E. coli 
and KOTVK ANt) HSEER 27 results obtained for the L-xylose uptake of Rhodotorula 
gracilis. 
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