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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 (§) 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 (/1).
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) ('(5) and ((5’) atoms appe-
ars almost eight times in the p-carotene of Phycomyces B. and to a smaller
extent the (/(3) and ('(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 (74). 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 (15).

In the present study the incorporation of leucine into the leaf pigments
was investigated in the course of chloroplast differentiation.

* Lecture helt on the International Conference of the Photosynthesis. Paris 23th - 28
August, 1962,
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Materials and methods

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 u). 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 Levy (16). 0,5 uC 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 Sapozhnikov (17). The pigments were then eluted
from the paper by ether and their C-content 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 FH 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 1.

The distribution of radioactivity in barley leaves floated on L-leucine'* C(U) solutions
(uM leucine/g fresh weight)

! Fractions
Treatment Alcoholic !
extract % Protein % | Pigment % Total
| |
Dark .......coiviiiiin.. 1,13 91 0,13 8,4 0,007 0,6 1,237
Tuminated: <. ceos e 1,82 S3 0,26 15:5 0,024 1,5 1,604
Illuminated
N 1,18 0,91 2,00 1,88 2,86 2,50 1,30
Dark

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 (79). 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 aleoholic 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 I1.

Incorporation into the various fractions of barley leaves of L-leucine!* C(U) diluted with
L- and D,L-leucine respectively -

1C conte nt in various fractions of leaves floated on L-leucine-C(U) diluted with D,L-leucine

M(C content in various fractions of leaves floated on L-leucine-1*C(U) diluted with L-leucins

. I
TRty Acl;?:l:clé(' I Protein i Pigment gl‘:xctlig?x
DA sssssssessvssos 1,62 1,89 1,83
IMuminated ... eoeoi 1,60 1,86 1,94 | 1,97

It may be seen from Table II. that the ratio of radioactivity recovered
from the alcoholic extract is lower than that 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—1,88x=1-x x=0,69

It might be concluded, therefore, that the amount of leucine taken up
by passive processes is the range of 30—409,.

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

Incorporation of ''C into the pigments of barley leaves floated on L-leucine-'* C (U) solution
(10* cpm/g fresh weight)

l Dark | Hluminated |
Time | |_ i e — ~]'i|’"""|
3 Protochlcro- ar./ ) nduce:
fionrs Carotenoids | r(;);l);'l;i:lln | Ilrl:((‘l('hlul'. ; Carotenoids | Chlorophylls  car./chlor. 1 car./chlor.
v " ‘ ‘
1 1,59 0,34 | 4,7 - ‘ - = ‘ =
2 365 | 045 | 8.1 0.82 5,6 | (2,7)
3 4,96 | 044 | 110 I 1,80 5.1 3,2
5 6,64 0,47 | 148 308 4,6 2,5
7 8,04 0,47 | 178 | 6,38 | 3.4 | 2,3

It might be concluded from the results presented in Table I11. 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 (" 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 C incorporated into the carotenoids
with the overall carotene content (given arbitrary as fg-carotene) indicates
that the results (in view of the short incubation periods) are in a good accor-
dance with the data obtained with Phycomyces (19). 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, 6% in illu-
minated leaves and 109, 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 #-amino levulinic acid and thereby
for porphyrine synthesis (27). This idea is supported by the observation that
the radiochromatography of alcoholic extracts from leaves kept in darkness
indicate the presence of glycine in addition to that of leucine. Under identical
conditions glycine 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). The
leucine content accounts for 7 per cent of the protein nitrogen (23). This cor-
responds to 11 uM leucine/g fresh weight. On the basis of the activity found
in the proteins their labelling extent is about 1—29%, 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 Eriksson (15) 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:

3 4
saturated isoprenoids—|—|——normal carotenoids

Cy
1 2
—|— leucine —|— + —6

~cholorophylls

|
Cy—|——protochlorophyllid
5

From the favourable effect of leucine on the pigment content of the bar-
ley mutant xantha-23 (75) 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”. By contrast, the results obtained by Fujii and
O no (14) indicate that the leucine content in albino wheat mutants might
be increased. This finding suggests a block in the transformation of leucine
»,2”. Anderson (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 Faludi (4) the genctical 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 Wettstein (24) after the formation of protoporphyrine
IX ,,5” Finally, the results by Smith (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- “C(U) into the leaf pigments of etio-
lated barley leaves was investigated during the formation of the chloroplasts.

It 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. Ehrenberg.
Thanks are due to professor D. von Wettstein for his helpful criticism.

PE3IOME

Mbl M3Vyasll BHEAPEHHE B PaBHOMEPHO OTMeueHHOro L-neifpna **C B nurMeHTsl siumeH-
HBbIX JIHCTHEB, B 3THOJIMPOBAHHOM COCTOSIHMH M B TeuyeHHe AHQQepeHuHauy X0 poniacros.

Hammi 0b1J10 YCTAHOBJICHO, 4TO L-jeiinnH BHeApaeTcst B KapOTHHOM/Ib! JIMCTLEB, HAXO0/s-
IWHXCST KaK M B TEMHOTE, TaK M OCBCUICHHDBIX.
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[To mepe BHEAPEHHS] MOYKHO CAEIAaTh BBIBOJ, YTO JICHUMH SBASIETCA OHMM M3 3ddeKTHB-

HBIX PAaHHHUX MPEKYPCOPOB KAPOTHHOWI0B, M TaK MOXKET SIBJSATHCS OrpaHHUMTEJIbHBIM ¢aK-
TOPOM ITMIMECHTOBOTO CHHTE3a B U3BECTHBIX MYTAHTAX XJI0ponjacTa ¢ aHOMaJIbHbIM JIeIIMHOBBIM

MeTal0JIM3MOM,
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