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The role, of carotenoids in the maintenance of the photostability of the 
photosynthetic apparatus in a well established fact (1). Therefore, it is not sur
prising that a part of chlorophyll mutants with increased light sensiti
vity exhibits abnormal carotene metabolism: the concentration of carotenoids 
is surprisingly low in these mutants (2) and/or the double bonds in the caro
tenoid molecules contained by them are partly saturated (3, 4). The block 
of carotenoid biosynthesis may affect the functioning and life time of cloro- 
phyll molecules in a number of ways. The best known consequence of decrea
sed carotenoid content in green tissues in the irreversible photooxidation of 
chlorophylls (5, 6). In some mutants this might take place even at light in
tensities lower than the compensation point of photosynthesis/respiration (7) 
and result in a poor differentiation (8) or structural destruction of chloroplasts 
(9). Finally the plants perish.

Relatively little is known about the conditions of carotenoid biosynthesis 
taking place in the chloroplasts of higher plants. Studies on the biosynthesis 
of carotenoids were carried out mainly on Phycomyces Blakesleanus and fruits 
of Lycopersicum (10). Mevalonic acid which proved to be an immediate pre
cursor of isoprenoids in these studies hardly penetrates the chloroplasts (11). 
Therefore, we might come to the conclusion that mevalonic acid is synthesized 
under natural conditions within the chloroplasts from intermediates of the 
photosynthesis or some other metabolic process.

In the course of the differentiation of chloroplasts — preceding the start 
of photosynthesis — as a stable precursor of carotene biosynthesis leucine 
might come into consideration. According to earlier investigations (12, 13) 
the part of the leucine molecule containing the C(4) C(5) and C(o’) atoms appe
ars almost eight times in the /9-carotene of Phycomyces B. and to a smaller 
extent the 0(3) and 0(2) carbons are also incorporated into the isoprene units. 
The role of leucine in the pigment synthesis of higher plants is suggested by 
the abnormality of leucine content in chloroplast mutants (14). The impor
tance of leucine is also indicated by the observation that the altered sub- 
microscopic structure of chloroplasts in xantha-23 barley mutants can be mar
kedly ,normalized” by feeding leucine to the seedlings. This treatment raises 
the chlorophyll content almost to the normal level (13).

In the present study the incorporation of leucine into the leaf pigments 
was investigated in the course of chloroplast differentiation.
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The experiments were carried out with the barley variety ’’Bonus’'. 
The seeds were germinated on filter paper in the dark at room temperature. 
The first leaves of 6,5-day old seedlings were cut into 5 mm long pieces and 
floated on a L-leucine-14C'(U) solution containing 1 per cent sucrose. The 
manipulations were done in week green light (absorption maximum 520 — 580 
m fi). The concentration of leucine solution was 2,5 mM with a specific activity 
of 1 mC/mM. The chemical was supplied by the Radiochemical Centre, Amer- 
sham. The purity of the compound was tested by the chromatographic method 
of L e v y (16). 0,5 /xC gave a single spot on Kodak no-screen roentgen film 
upon expouse for 2 weeks. The leaf samples were kept in darkness for 1 hour, 
then one part was illuminated (2000 lux, tungsten filament lamp) and the 
other was kept further in darkness.

0,1 —0,2 g samples were taken at given intervals, washed, dried with filter 
paper and measured. The pigments were extracted by a mixture of acetone 
and peroxide-free ether and chromatographed twice on Whatman 1 filter 
paper according to S a p o z h n i k o y  (17). The pigments were then eluted 
from the paper by ether and their 14C-eontent was measured after plating. 
The residue was repeatedly extracted with 70 per cent alcohol, the extracts 
were pooled and used for the determination of free leucine content in the leaf 
pieces (18). The leucine content incorporated into proteins was determined in 
the residue by plating with formic acid. Selfabsorption was measured by the 
use of casein models. The maximal time of exposure was 7 hours as longer 
incubation resulted in necrosis of the edges of leaf pieces.

Radioactivity was measured by a FI1 407 proportional counter of 50 per 
cent efficiency. The statistical error of the measurement was 1 — 10 per cent.

Representative examples from 6 repeated experiments are shown in the 
tables. The maximal difference between the various experiments was about 
25 per cent.

Results and discussion
The distribution in various fractions of leucine absorbed by the leaves in 

a 7-hour experiment is shown in Table I.
Table I .

T h e  d i s t r i b u t i o n  o f  r a d i o a c t i v i t y  i n  b a r l e y  l e a v e s  f l o a t e d  o n  L - I e u c i n e 14 C (U )  s o l u t i o n s
( / ;M  l e u c i n e / g  f r e s h  w e i g h t )

M ateria ls  an d  m ethods

Fractions

Treatment Alcoholic
extract % Protein % Pigment % Total

D a r k ............................................ 1,13 91 0,13 K,4 0,007 0,0 1,237
I l lu m in a te d ............................... 1,32 S3 0,26 15,5 0,024 1,5 1,604

Illum inated
l . l s 0,91 2,00 1,88 2,86 2,50 1,30

D ark

It may be seen form the data that leucine is absorbed by both illuminated 
leaves and those kept in darkness. The amount of leucine taken up is conside
rable as compared to the endogenous level. The floating of leaves resulted in a
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doubled tissue level of leucine (19). The distribution of radioactivity deriving 
from leucine is different in dark and illuminated leaves. The illumination slight
ly stimulates the incorporation of radioactivity into the compounds contained 
by the alcoholic fraction. The stimulation is stronger with the protein fraction 
and even more marked in the leaf pigments.

The difference between the activity of alcoholic extracts is small. This 
suggests that a part of the leucine recovered in this fraction is taken up by the 
tissues aspecifically in the biological sense, i.e. by diffusion. To have a deeper 
insight into this problem one half of the labelled leucine was diluted with 
known amounts of inactive L —leucine and the other with the same amounts 
of D,L-leucine. In this second solution the specific activity of L-leucine was 
thus the double of the first one.

The distribution of radioactivity in the various fractions after floating 
on these diluted solutions in shown in Table II.

Table I I .
I n c o r p o r a t i o n  i n t o  t h e  v a r i o u s  f r a c t i o n s  o l  b a r l e y  l e a v e s  o f  L - l e u c i n e “  C (U )  d i l u t e d  w i t h

L- a n d  n,L - l e u c i n e  r e s p e c t i v e l y

“ C c o n te n t in various fractions of leaves floated  on L-leucine-“ C(U) d ilu ted  w ith D ,L-leucine 
“ C conten t in various fractions of leaves floated  on L-leucin8-“ C(U) d ilu ted  w ith L-leucine

Treatment Alcoholic
extract Protein Pigment Leucine

solution

D ark ............................... 1,62 1,89 1,83
I l lu m in a te d .................... 1,60 1,86 1,94 1,97

I t may be seen from Table II. that the ratio of radioactivity recovered 
from the alcoholic extract is lower than tha t of the other fractions. This indi
cates that the isomer discrimination is indeed not perfect. The ratio of leu
cine incorporated into the proteins and pigments is near to the ratio of speci
fic activity of the solutions applied (calculated on the basis of L-leucine con
tent). The small difference might probably be explained by the inhibition of 
the uptake of L-form by the D-configuration (20).

From these data the amount of aspecifically absorbed leucine can be rough
ly calculated. The average of the ratios found in the proteins and pigments 
(1 ,88) may be regarded as the possible maximum figure in the presence of 
the D-form. ,,x” part of the alcohol soluble fraction penetrated the cells by 
isomere discrimination, i.e. by selective absorption. Therefore the ratio of 
the specific activity of leucine is 1,88 in this fraction. 1 -x part penetrated the 
leaves without isomere discrimination. Thus the ratio of specific activity 
of leucine is 1. From the observed average ratio (1,61) the ratio of leucine taken 
up by an active process can be calculated on the basis of the following equa
tion :

1,61 — l,88x — l-x  x=0,69

It might be concluded, therefore, that the amount of leucine taken up 
by passive processes is the range of 30 — 40%.

The incorporation into various pigments of 14C supplied to the leaves as 
L-leucine-14C(U) is shown in Table III.
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Table ITT.

I n c o r p o r a t i o n  o f  " C  i n t o  t h e  p i g m e n t s  o f  b a r l e y  l e a v e s  f l o a t e d  o n  L - l e u c i n e - u . C (U )  s o l u t i o n
( 1 0 :l c p m / g  f r e s h  w e i g h t )

Time
hours

i)ark Illum inated
Light

induced
ear./ch lor.Carotenoids

Protochlcro- 
phy Hid

c a r ./
protoclilor. Carotenoids Chlorophylls car./ch lo r.

i 1.59 0,34 4.7
2 3,(55 0.45 s . l 4,52 0,82 5,« (2.7)
3 4.9(5 0,44 1 1.0 9,22 1.S0 5,1 3,2
5 (5,(54 0,47 14,S 14.20 3,08 4.(5 2,i»
7 8,04 0,47 17.1 21.72 (5,38 3,4 2,3

It might bo concluded from the results presented in Table III. that leucine 
is incorporated into the carotenoids of both etiolated and illuminated leaves. 
The activity in the protochlorophyll + protochlorophyllid spots of leaves kept 
in darkness is small. By contrast, marked incorporation into the chlorophylls 
takes place upon illumination. The ratio of incorporation of 14C in illuminated 
and dark leaves indicates that by the start of intensive chlorophyll synthesis 
(end of the experiment) about 2/3 of the leucine molecule is incorporated into 
the carotenoids and 1/3 into the chlorophyll. According to preliminary inves
tigations a considerable part of the latter is located in the phytol moiety, 
although some activity can be also recovered from the porphyrine ring.

A comparison of the amount of 14C incorporated into the carotenoids 
with the overall carotene content (given arbitrary as /3-carotene) indicates 
that the results (in view of the short incubation periods) are in a good accor
dance with the data obtained with Phycomyces (10). Calculated on the basis 
of the specific activity of leucine taken up in a specific manner, after 7 hours 
treatment the following percentual values of the theoretically possible maxi
mal incorporaton were obtained: 4% in leaves kept in darkness, 0% in illu
minated leaves and 10% in the carotenoids synthesized upon illumination. 
As to the labelling of the porphyrine ring it might be assumed that the glycine 
residue of the leucine molecule, which does not take part in the synthesis of 
isoprenoids, is used for the biosynthesis of 0-amino levulinic acid and thereby 
for porphyrine synthesis (21). This idea is supported by the observation that 
the radiochromatography of alcoholic extracts from leaves kept in darkness 
indicate the presence of glvcine in addition to that of leucine. Under identical 
conditions glvcine could not be detected on the radiogramms of illuminated 
leaves.

By comparing the labelling extent of leucine in proteins and pigments 
we might conclude that the figures are of the same order of magnitude. The 
protein content of young barley leaves was found to be 16 per cent (22). I he 
leucine content accounts for 7 per cent of the protein nitrogen (23). This cor
responds to 11 pM leucine/g fresh weight. On the basis of the activity found 
in the proteins their labelling e x t e n t  is about 1 -  2% after feeding with leucine 
for 7 hours.

The favourable effect of leucine on the differentiation of chloroplasts in 
the barley mutant xantha-23 is explained by K r i k s so  n (13) by a stimu
lated protein synthesis. As may be seen from the results presented in this 
paper that in addition to the above effect the role of leucine as a powerful
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precursor in carotenoid biosynthesis must also be taken into account. Thereby 
the photostability of chloroplasts is also affected.

On the basis of the above results and the data published so far the follo
wing working hypothesis can be advanced concerning the genetical block in 
the pathway of pigment synthesis in chloroplast mutants of higher plants 
with abnormal leucine and/or carotenoid content:

From the favourable effect of leucine on the pigment content of the bar
ley mutant xantha-23 (15) it might be concluded that in this particular case 
the leucine synthesis is not sufficient by the time and/or at the place of chloro
plast development .,1 ’. Bv contrast, the results obtained by F u j i i a n d  
О n о (14) indicate that the leucine content in albino wheat mutants might 
be increased. This finding suggests a block in the transformation of leucine 
,,2”. A n d e r s o n  (3) reported that in rapidly bleaching corn mutants the 
biosynthesis of carotenoids is blocked after the formation of phytoen and phy- 
tofluen ,,3”. In the corn strain used by F a l u d i  (4) the genetical block is 
certainly located at a later stage of carotene biosynthesis, i.e. after £-caro
tene ,,4”. The residue of leucine not utilized in carotene synthesis is channeled 
into the pathway of porphyrine biosynthesis which is blocked in some mutants, 
according to W e t t s t e i n  (24) after the formation of protoporphyrine 
IX „5” Finally, the results by S m i t h  (25) indicate that in some mutants 
the esterification of chlorophyll is not complete „6”.

The sketch is of course, still a fairly rough one and further studies are neces
sary for its improvement.

Summary

The incorporation of L-leucine- 14C(U) into the leaf pigments of etio
lated barley leaves was investigated during the formation of the chloroplasts.

I t has been found that L-leucine is incorporated into the carotenoids 
of both dark and illuminated leaves. Some incorporation into the chlorophyll 
molecule was also observed.

Leucine was found to be a potent precursor of carotenoids in higher plants 
during the formation of chloroplasts.

The biochemical nature of the genetic block of chloroplast mutants with 
abnormal leucine and carotenoid content is discussed.

Part of the work was carried out at the Institute of Organic Chemistry 
and Biochemistry, University Stockholm under professor L. E h r e n b e r g .  
Thanks are due to professor D. v о n W e t t s t e i n  for his helpful criticism.

РЕЗЮМЕ

Мы изучали внедрение в равномерно отмеченного L-лейцина ЫС в пигменты ячмен
ных листьев, в этиолированном состоянии и в течение дифференциации хлоропластов.

Нами было установлено, что L-лейцин внедрается в каротиноиды листьев, находя
щихся как и в темноте, так и освещенных.
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Но мере внедрения можно сделать вывод, что лейцин является одним из эффектив
ных ранних прекурсоров каротиноидов, и так может являться ограничительным фак
тором пигментового синтеза в известных мутантах хлоропласта с аномальным лейциновым 
метаболизмом.

L IT E R A T U R E

1. M a c k i n n e y ,  G. 1900: C arotenoids and  v itam in  A. In : M etabolic Pathw ays. (D. M. 
G reenberg ed.) Academic Press, New York. 48 1 —518.

2. T  u 1 p u  1 e, S h. H . 1954: A s tu d y  of pleiotropic genes in m aize. Amer. J .  B ot 41. 294 -  301.
3. An d e r  s о n , I . C., R o b e r t s o n ,  D. S. 1960: Role of carotenoids in protecting  chlo

rophyll from photodestruction . P la n t Physiol. 35. 531 — 536.
4. F  a  1 u  d  i, B ., F . D á n i e l  Á. ,  G y ú r j  á  n , I. 1960: G enetical differences in th e  photo- 

synthetical u tilization  of light. I. L ability  of assim ilatory pigm ents a t  different light in ten 
sities. A cta Biol. Acad. Sei. H ung. 11. 285 — 293.

5. K a n d i e r ,  О., S c h  ő t  z, F . 1956: U ntersuchungen über die photooxidative F arb 
stoffzerstörung und Stoffwechselhem m ung bei C hlorellam utanten un d  panaschierten Oeno- 
theren . Z. N aturforschg. 1 1 b. 7 0 8 -7 1 8 .

6. F  a  1 u  d  i, B ., F . D á n i e l ,  Á. ,  K e l e m e n ,  G. 1960: Increased photosensitiv ity  of 
leaf pigm ents and  its  relation. Physiol. P lan ta rum  13. 227 — 236.

7. F  a 1 u d  i, B ., F. D á n i e l ,  Á. ,  G y u r j á n ,  I-, S z á r a z ,  I . 1962: K inetic exam ina
tion  of th e  photodestruction  of pigm ents in norm al and albino maize leaves. Ann. Univ. Sei. 
B udapestiensis Sect. biol. 5. 69 — 85.

8. W e 1 1  8 t  e i n , D. v. 1957: Genetics and  th e  subm icroscopic cytology of plastids. Here- 
d itas 43. 3 0 3 -3 1 7 .

9. R ö b b e l e n ,  G. 1957: U ntersuchungen an strahlen induzierten  B la ttfa rbm u tan ten  von 
A rabidopsis tha lian a  (L) H eynh. Z. Vererbungslehre. 88. 189 — 252.

10. M a c k i n n e y ,  G.,  C h i c h e s t e r ,  C. O. 1960: In  „C om parative Biochem istry of 
Photoreactive System s” (Allen, M. B. ed) p. 205. Academic Press, New York.

11. B r a i t h  w a i t e ,  G.  D. ,  G o o d w i n ,  T. W. 1960: Studies in  carotenogenesis 25. The 
incorporation of (1 — 14C) aceta te , (2 — I4C) aceta te  and  l4C 02 in to  lycopene by tom ato  slices. 
Biochem. J .  76. 1 - 5 .

12. Y o k o y a m a ,  H. ,  C h i c h e s t e r ,  C. O. ,  N a k a  у a m  a,  T. ,  L  u k t  an,  A. ,  
M c K i n n e y ,  G. 1957: Carotene, 3 -  ,4C and  4 -  14C leucine. J .  Am. Chem. Soc. 79. 
2029 -  2030.

13. W u h  r m  a  n, J .  J . ,  Y o k o y a m a ,  H. ,  C h i c h e s t e r ,  C. O. 1958: The degrada
tion  of leucine derived carotenes. J .  Am. Chem. Soc. 79. 4569 -  4570.

14. F u j i i ,  T ., О n o, Y. 1960: Amino acid con ten t of E inkorn  w heat chlorophyll m utan ts. 
Proc. Jap an . Acad. Sei. 36. 6 0 9 -6 1 7 .

15. E r i k s s o n ,  G.,  K a h n ,  A. ,  W a l l e s ,  В., W  e 11  s t  e i n , D. v. 1961: Zur m akro
m olekularen Physiologie der Chloroplasten I I I .  Ber. deutsch. B ot. Ges. 74. 221 -  232.

16. L e v y ,  A.  L. ,  C h u n g ,  D. 1953: Two dim ensional chrom atography of amino acids on 
buffered papers. Anal. Chem. 25. 396 -  399.

17. S z a p o z s n y i k o v ,  D.  I. ,  B r o n s t e i n ,  I . A., К  r a  s z n  о v  s z k a j a , T. A, 
1955: Prim enenie m etoda bum azsnoj k rom atografü  d ija  analiza pigm entov plasztid  zeljo- 
novo liszta. B iohim ija 20. 286 — 292.

18. F  i 8 c h  e r , G. F ., D ö r f e l ,  H . 1953: Das G ift der Honigbiene I I .  Biochem. Z. 324. 
465 -  475.

19. E h r o n b e r g ,  L. ,  F.  D á n i e l ,  Á. 1962: On th e  role of leucine in th e  carotenoid synthe
sis of th e  ebloroplasts of higher p lants. A cta Chem. Scand. 16. 1 5 2 3 - 1526.

20. G i b s o n ,  Q. H. ,  W i s e m a n ,  G. 1951: Selective absorption o f stereo-isomers of amino- 
acids from loops of th e  sm all in testine  of th e  ra t. Biochem. J .  48. 426 -  429.

21. R o u x ,  E. ,  G a l m i c h e ,  J . ,  D u r a n t o n ,  J .  1960: Quelques exemples de l’utilisa- 
tion  des isotopes dans Pétude de la photosyntése. Science e t  Technique No 46. 1 — 17.

22. W e b s t e r ,  G. C. 1959: „N itrogen M etabolism in P lan ts” Row Peterson and  Comp. 
E vanston , 111.

23. S t e w a r d ,  F. C., T  h о m  p s о n , J .  F. 1954: In  „T he P ro teins” I I .  A. p . 513. Academic 
Press, New York.

24. W e 11 s t  e i n, D. v. 1959: The form ation of p lastid  structures. In  „T he photosyntetio  
ap p a rtu s”. B rookhaeven Symp. in Biology 1 1 . 138 — 154.

25. S m i t h ,  J .  H.  C., D u r h a m ,  L.  J. ,  W u r s t e r ,  C. F . 1959: Form ation  and  bleaching 
of chlorophyll in albino corn seedlings. P lan t Physiol. 34. 340 -  345.

88


