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SUMMARY 

A conven ien t  p h o t o s y n t h e t i c  method f o r  p r o d u c t i o n  o f  " C -  

l a b e l l e d  g lucose has been designed us ing  the  green a l g a  Scenedesmus 

o b t u s i u s c u l u s  Chod. The organism conver t s  H 1 ' C O -  t o  g lucose i n  5 0 - 7 0 %  

y i e l d .  The t o t a l  t ime needed f o r  the  syn thes i s  and i s o l a t i o n  o f  t he  

g lucose  i s  25-30 minu tes .  

3 
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INTRODUCTION 

Glucose l a b e l l e d  w i t h  carbon-14 has been produced by pho tosyn thes i s  

f o r  many years .  The p o s i t r o n - e m i t t i n g  i so tope  carbon-11 has a l s o  been 

used f o r  l a b e l l i n g  g lucose by L i f t o n  and Welch' .  A m o d i f i e d  procedure  

was l a t e r  p u b l i s h e d  by Gou ld ing  and Palmer . Both these methods used 2 
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leaves from Swiss chard  o r  Broad bean which  were i l l u m i n a t e d  i n  an 
.. 
I 1  athmosphere c o n t a i n i n g  

and p u r i f i e d .  The pho tosyn thes i s  u s i n g  " C O  

s t u d i e d  by Fares e t  a l .  

C02, whereupon the  sugars formed were e x t r a c t e d  

has r e c e n t l y  been e x t e n s i v e l y  2 
3 

Carbon-I1 l a b e l l e d  g lucose was o f  i n t e r e s t  t o  us f o r  d e t e r m i n a t i o n  o f  

l o c a l  g lucose metabol ism i n  the  b r a i n  u s i n g  the  p o s i t r o n  camera4 wh ich  

r e c e n t l y  has been i n s t a l l e d  a t  t he  K a r o l i n s k a  H o s p i t a l  i n  Stockholm. For 

the pho tosyn thes i s  o f  "C-glucose we dec ided t o  use green a lgae  i n s t e a d  

o f  h i g h e r  p l a n t s  s i n c e  t h e  a lgae have seve ra l  advantages. T h i s  has 

a l l owed  us t o  des ign  a conven ien t  and r a p i d  method f o r  p r o d u c t i o n  o f  

"C- labe l  l ed  g lucose.  

MATERIALS, METHODS AN0 RESULTS 

Rad ionuc l i de  p r o d u c t i o n  

' ' C O z  was produced a t  the  Tandem A c c e l e r a t o r  Labora to ry ,  Uppsala, 

us ing  t h e  gas t a r g e t  system developed by the  r a d i o n u c l i d e  p r o d u c t i o n  

group o f  t he  Gustaf Werner I n s t i t u t e  ]'4N(p,a)'1C r e a c t i o n ;  10 - 12 MeV 

p r o t o n g .  A s t ream o f  n i t r o g e n  was passed th rough t h e  gas t a r g e t  a t  a 

r a t e  o f  approx imate ly  1 ml/sec .  The gas was then bubb led  th rough 10 m l  

o f  aqueous KOH O . 1 M  wh ich  e f f i c i e n t l y  t rapped t h e  r a d i o a c t i v e  C02. 

C u l t i v a t i o n  o f  t h e  a lgae  

Synchronized c u l t u r e s  o f  t h e  u n i - c e l l u l a r  green a l g a  Scenedesmus 

ob tus iuscu lus  Chod. were grown as desc r ibed  by K y l i n  e t  a l . 5 .  The 

c u l t u r e s  were kep t  a t  30°C and ma in ta ined  a t  a growth  c y c l e  o f  15 h 

of l i g h t  and 9 h o f  darkness. A i r  c o n t a i n i n g  2,5% C02 was c o n t i n o u s l y  

bubbled th rough t h e  c u l t u r e s  a t  a f l o w  r a t e  o f  10 I / h  and f l a s h .  Rapid 

growth takes p l a c e  d u r i n g  the  l i g h t  p e r i o d  and c e l l  d i v i s i o n  occu rs  

d u r i n g  the  da rk  p e r i o d .  
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The c e l l s  were ha rves ted  a f t e r  10  h o f  i l l u m i n a t i o n  wh ich  was 

be fo re  the  onset  of  s t a r c h  f o r m a t i o n  i n  t h e  synchron ized c u l t u r e  
6 

mmed i a t e  1 y 

I t  

can t h e r e f o r e  be assumed t h a t  a r a p i d  g lucose fo rma t ion  then took  p l a c e  

i n  t h e  organisms. 

Photosynthes is  

The c e l l s  were c e n t r i f u g e d ,  washed w i t h  d i s t i l l e d  wa te r  and resuspended 

i n  a b u f f e r  o f  morpholinoethanesulphonic a c i d  (20 mM), CaCI2(0,1 mM) and 

MgCI2(1 mM) a d j u s t e d  t o  pH 5,5 u s i n g  KOH 1 M t o  g i v e  a c e l l  d e n s i t y  of 

app rox ima te l y  l o 8  c e l  I s / m l .  The c e l l  suspension (app rox ima te l y  35 rnl was 

F igu re  1 .  Temperature c o n t r o l l e d  r e a c t i o n  vesse l  f o r  pho tosyn thes i s  
1 .  Glass r e a c t i o n  vesse l .  2. L u c i t e  s h i e l d  f o r  temperature c o n t r o l .  
3 .  I n t r o d u c t i o n  o f  H”C03- s o l u t i o n .  4 .  Soda l ime .  
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t r a n s f e r r e d  t o  the  tempera ture  c o n t r o l l e d  r e a c t i o n  vesse l  ( F i g .  1 )  where 

i t  was i l l u m i n a t e d  f o r  about 45 min .  w h i l e  a s t ream of N was passed 

th rough the  suspension. Dur ing  t h i s  p e r i o d  i n t r a c e l l u l a r  poo ls  o f  

r e d u c i b l e  substances were consumed so t h a t  min ima l  s u b s t r a t e  c o m p e t i t i o n  

occu r red  when t h e  l a b e l l e d  HCO- - s o l u t i o n  was added. The tempera ture  was 

kep t  a t  30°C and l i g h t  was g i v e n  f rom a 250 W Osram HWL-lamp a t  25 cm 

d i s tance ,  g i v i n g  15 000  t o  20  000  l u x  a t  t h e  s u r f a c e  of t h e  r e a c t i o n  

vesse l .  

2 

3 
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F i g u r e  2. Time-course o f  pho tosyn thes i s  i n  Scenedesmus. The f i g u r e  
shows the  p o l a r o g r a p h i c  r e c o r d i n g  of 0 2  e v o l u t i o n  ( - 1 and t h e  
c a l c u l a t e d  HC0,- consumption (0 -  0 ) .  The a lgae  were sampled a f t e r  
45 min  p r e i l l u m i n a t i o n  i n  t h e  r e a c t i o n  vesse l  and immediately t r a n s f e r r e d  
t o  t h e  oxygen e l e c t r o d e  chamber. Cond i t i ons  o t h e r w i s e  as s t a t e d  i n  
t h e  t e x t .  



457 

The p h o t o s y n t h e t i c  r e a c t i o n s  were s t a r t e d  by add ing  the  a l k a l i n e  

1 1  - s o l u t i o n  o f  H C03 and u n l a b e l l e d  KHCO t o  a f i n a l  c o n c e n t r a t i o n  o f  0 .2  
3 

mM. The suspension was then i l l u m i n a t e d  f o r  another  3 min.  Exper iment 

w i t h  H’k0,- showed t h a t  t h i s  s h o r t  t ime  o f  pho tosyn thes i s  gave a 

maximum y i e l d  o f  r a d i o a c t i v e  g lucose.  Th is  o b s e r v a t i o n  was con f i rmed  

an exper iment  where t h e  p h o t o s y n t h e t i c  e v o l u t i o n  of O 2  was mon i to red  

n 

( F i g .  2 ) .  The measurement was performed i n  a 3 m l  t empera tu re -con t ro l l ed  

c u v e t t e  equipped w i t h  a C la rke - t ype  oxygen e l e c t r o d e .  The O 2  e v o l u t i o n  

ceased a f t e r  about  2 . 5  min when a lmost  a l l  HC03 

s t o c h i o m e t r i c  r e l a t i o n  between O 2  e v o l u t i o n  and HCOj 

1 : l ) .  The a lgae  showed a h i g h  r a t e  o f  pho tosyn thes i s ,  about 300 ,umoles 

C02 x (mg c h l o r o p h y l l  x h ) - l .  Thus, w i t h  t h i s  techn ique a v e r y  r a p i d  and 

a lmost  complete i n c o r p o r a t i o n  o f  HC03 

I s o l a t i o n  o f  g lucose 

- 
added was consumed ( t h e  

consumption i s  

i n t o  carbohydra tes  was ach ieved.  

A f t e r  t he  i l l u m i n a t i o n  p e r i o d ,  t he  c e l l s  were c e n t r i f u g e d  and t h e  

supernatan t  d iscarded.  H y d r o c h l o r i c  a c i d  1.5 M (4 ml) was added and the  

suspension was b o i l e d  f o r  4 min.  i n  the  c e n t r i f u g e  tube,  equipped w i t h  a 

soda l i m e  t r a p  t o  c o l l e c t  any r a d i o a c t i v i t y  t h a t  m igh t  be re leased  i n  

t h i s  s tep .  A f t e r  c o o l i n g ,  c h l o r o f o r m  (10  m l )  was added and the  tube was 

s toppered and shaken v i g o r o u s l y  f o r  one m inu te  u s i n g  a mechanical  

shaker.  The m i x t u r e  was then passed th rough a g l a s s  s i n t e r  f i l t e r  (G 3 )  

i n t o  a separa to ry  funne l  and the  f i l t e r  was washed w i t h  w a t e r .  Traces o f  

c h l o r o f o r m  were removed by b o i l i n g  the  wa te r  e x t r a c t  f o r  1 m in .  w h i l e  a 

stream o f  N was passed th rough.  The a c i d i c  s o l u t i o n  was then poured 

i n t o  a 20 m l  s y r i n g e  equipped w i t h  a M i l l i p o r e  f i l t e r  (0 ,22  ,urn) and 

2 

c o n t a i n i n g  a b a s i c  i o n  exchange r e s i n  (Amber1 

the  s o l u t i o n .  The s o l u t i o n  (5-7 ml )  was then 

i n j e c t i o n  v i a l  and the  i o n  exchange r e s i n  was 

o f  wa te r  wh ich  a l s o  was f i l t e r e d  i n t o  the  v i a  

t e  IRA-47) t o  n e u t r a l i z e  

i l t e r e d  i n t o  a s t e r i l e  

f i n a l l v  washed w i t h  2 ml 
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Radiochemical  a n a l y s i s  

Due t o  t h e  s h o r t  ha 

o f  t h e  p roduc t  p resen t  

f - l i f e  o f  " C  (20,3 rn in . )  rad iochern ica l  a n a l y s i s  

a problem. The a n a l y s i s  was t h e r e f o r e  c a r r i e d  

ou t  us ing  I 4 C  i ns tead  o f  "C- labe l  l ed  m a t e r i a l .  Otherw ise ,  t he  exper iments  

were i d e n t i c a l  

Table 1 Th in  l a y e r  chromatography on s i l i c a  ge l  o r  c e l l u l o s e a  

R -va lues  F 

Sugars System l a  System 2a System 3a 

Glucose-6-phosphate 0 .11  0 . 7  0 

R a f f  inose b b 0 . 1  

Saccha rose  b b 0.28 

Lactose 0.12 0.43 0 . 1 3  

Galactose 0.29 0.54 0.30 

G I  ucose 0.30 0.56 0 . 3 9  

Sorbose 0.32 0.63 0 . 4 9  

Man nose 0.34 0.59 0.45 

Fruc tose  0 .36  0.61 0 .42  

Xylose 0 . 4 4  0.68 0.64 

Rharnnose 0 .58  0 .77  0 .75  

Glyceraldehyde 0 .60c 0.83 

a)  Chromatography systems and spray  reagents  acco rd ing  t o  S tah l  7 . 
System 1: C e l l u l o s e  p l a t e  developed i n  f o r m i c  ac id :e thy lme thy l ke tone :  
t -bu tan r1 :wa te r  25:30:30:15. Sprayed w i t h  a n i l i n e  p h t h a l a t e .  
System 2 :  C e l l u l o s e  p l a t e  developed i n  ethy1acetate:pyridine:water 
2 : l : l .  Sprayed w i t h  a n i l i n e  
System 3: S i l i c a  ge l  G b u f f e r e d  w i t h  sodium a c e t a t e  0.02 M developed 
i n  acetone:water 9 : I .  Sprayed w i t h  ani1ine:diphenylamine:phosphoric 
a c i d .  

b)  Not v i s i b l e  when the  p l a t e s  were sprayed w i t h  a n i l i n e  
c )  T a i l i n g  



4 59 

The a n a l y s i s  was per fo rmed us ing  t h i n  l a y e r  chromatography as shown 

i n  Tab le  1 .  The r a d i o a c t i v e  g lucose s o l u t i o n  was chromatographed w i t h  

g lucose as c a r r i e r  as descr ibed8.  Scanning o f  t he  t h i n  l a y e r  p l a t e  u s i n g  

a LB 2 7 2 3  B e r t h o l d  D innsch ich t -scanner  showed o n l y  one peak cor respond ing  

t o  the  g lucose s p o t .  Glucose and f r u c t o s e  were ana lyzed s e p a r a t e l y  

y i e l d i n g  75 

s o l u t i o n .  

9 , lO  

ug/ml o f  g lucose and 3 3  ,ug/ml o f  f r u c t o s e  i n  the  s t e r i l e  / 

DISCUSSION 

The use o f  a lgae  ins tead  o f  h i g h e r  p l a n t s  f o r  "C-glucose p r o d u c t i o n  

has seve ra l  advantages: 

The a lgae  can e a s i l y  and r a p i d l y  be c u l t i v a t e d  i n  the  l a b o r a t o r y  i n  

l a r g e  q u a n t i t i e s .  

The c e l l s  can be synchron ized and thus  have ve ry  r e p r o d u c i b l e  

p r o p e r t i e s  f rom one exper iment t o  ano the r .  

The organism i s  a q u a t i c  and the  l a b e l l e d  carbon d i o x i d e  can be 

s u p p l i e d  as a b i ca rbona te  s o l u t i o n .  Th is  i s  o f  importance ' if the  

rad iochemis t r y  cannot be performed ad jacen t  t o  the  "CO -p roduc ing  

c y c l o t r o n .  

I n c o r p o r a t i o n  o f  r a d i o a c t i v e  m a t e r i a l  i s  r a p i d  and the  rad iochemica l  

y i e l d s  a r e  h i g h .  

2 

The c u l t i v a t i o n  o f  t he  a lgae  and the  photosynthes is  were performed a t  

c o n d i t i o n s  t h a t  have been o p t i m i z e d  i n  o t h e r  experiments'. The subsequent 

i s o l a t i o n  o f  the  g lucose i s  analogous t o  the  methods p r e v i o u s l y  u s e d ' " ,  

w i t h  some m o d i f i c a t i o n .  A f t e r  the  i l l u m i n a t i o n  and c e n t r i f u g a t i o n  o f  t he  

a lgae  50-80% o f  the  added r a d i o a c t i v i t y  was found i n  the  c e l l s .  The 

c e l l s  were then d i r e c t l y  b o i l e d  w i t h  aqueous HCI thus  o m i t t i n g  the  

e thano l  e x t r a c t i o n  t h a t  has p r e v i o u s l y  been used. Th is  was found t o  g i v e  

a b e t t e r  y i e l d  o f  t he  f i n a l  p roduc t  and i t  a l s o  shor tens  t h e  work-up 
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procedure.  As shown by the  a n a l y s i s  o f  t he  p roduc t ,  the  

sugar phosphates t h a t  migh t  have been p resen t  i n  the  ce 

hydro lyzed by t h i s  t rea tmen t .  

saccharose and 

Is were a l s o  

The a c i d  t rea tment  d i s s o l v e d  a l l  the  r a d i o a c t i v i t y  p resen t  i n  t h e  

a lgae  and less than 1 %  cou ld  be de tec ted  i n  the  c e l l  d e b r i s  a f t e r  a c i d  

t rea tment  and c h l o r o f o r m  e x t r a c t i o n .  Ch loro form was found to  be advantageous 

over seve ra l  o t h e r  so l ven ts  t e s t e d  f o r  t he  e x t r a c t i o n .  I t  removed a l l  

co lou red  m a t e r i a l  f rom the  a c i d  s o l u t i o n  accompanied by o n l y  1-2% o f  the  

r a d i o a c t i v i t y .  

A f t e r  removal o f  t h e  ch lo ro fo rm,  t h e  a c i d i c  aqueous s o l u t i o n  was 

n e u t r a l i z e d  us ing  a b a s i c  i on  exchange r e s i n  i n s t e a d  o f  add ing  base i n  

o r d e r  t o  keep t h e  s a l t  con ten t  o f  the  s o l u t i o n  low.  

I n  t h e  a n a l y s i s  o f  t he  sample, t he  r a d i o a c t i v e  m a t e r i a l  was co- 

chromatographed w i t h  g lucose as a c a r r i e r  and compared w i t h  1 2  d i f  

sugars o r  sugar d e r i v a t i v e s .  

The chromatographic systems used do n o t  d i f f e r e n t i a t e  between g 

e r e n t  

ucose, 

f r u c t o s e  and mannose. For t h a t  reason t h e  f i n a l  s o l u t i o n  was ana lyzed 

for g lucose and f r ~ c t o s e ~ " ~  and these two sugars were found t o  be 

p resen t  i n  a r a t i o  o f  app rox ima te l y  2 : l .  Mannose has n o t  been r e p o r t e d  

t o  be p resen t  i n  any s u b s t a n t i a l  amount i n  the  a l g a  used. Consequent ly,  

t he  r a d i o a c t i v e  compounds o f  t h e  s o l u t i o n  a r e  most l i k e l y  o n l y  g lucose  

and f r u c t o s e .  

The complete p rocedure  f rom the  i n t r o d u c t i o n  o f  the  r a d i o a c t i v i t y  

i n t o  t h e  a lgae  suspension t o  t h e  f i n a l  s t e r i l e  i n j e c t i o n  s o l u t i o n  was 

c a r r i e d  o u t  i n  25-30 min.  The p r a c t i c a l  y i e l d  o f  r a d i o a c t i v e  sugar was 

50-70% based on the  amount o f  H "C03- i n t roduced .  
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