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SUMMARY 

I. Particles enriched in System I and 2, respectively, were prepared by dlgitomn 
fragmentation of chloroplasts from normal maize and from mutants which accumulate 
lycopene or ~-carotene instead of the normal carotenoids and which have a reduced 
chlorophyll content. Although both mutants had a relatively high carotenoid content 
in relation to chlorophyll, the System-I particles showed about the same carotenmd 
to chlorophyll ratio as particles from normal maize Particles from the lycopene 
mutant showed approximately a normal ratio of light harvesting to reaction center 
chlorophyll (P7oo). In the ~-carotene mutants the amount ot light harvesting chloro- 
phyll was somewhat reduced, both in relation to the number of System-I reaction 
centers and to the amount of protein. 

2. Action spectra for P7oo oxidation indicate a 3o-5o % efficiency of energy 
transfer from carotenoids to chlorophyll in System-I particles of normal maize, m- 
creasing with increasing chloroplast development during greening. With the lycopene 
mutant  the transfer efficiency was 3o-5o %. In the ~-carotene mutant  the transfer 
efficiency from ~-carotene was estimated to be somewhat higher The quantum effi- 
ciencies for P7oo oxidation for light absorbed by chlorophyll a by System-~ particles 
from mutant  maize were about twice as low as for normal maize 

3. With normal maize, after prior etiolation, the formation of functmnal 
System-i reaction centers lags behind the synthesis of chlorophyll in the early phases 
of greening. Approximately at the time of beginning of granum formation, when about 
2o % of the chlorophyll had been synthesized, the ratio of chlorophyll to P7oo and 
the distribution of chlorophyll between the two pigment systems was found to reach 
a constant value, suggesting a close relation between the regulatory mechanisms for 
these phenomena and the development of the photosynthetic membrane system. 

INTRODUCTION 

The role of carotenoids in photosynthesis is only partly understood. Numerous 
studies (see ref. I) suggest that,  at least in algae and higher plants, carotenoids are 

Abbrev ia t ion :  P7oo,  reac t ion  cen te r  p i g m e n t  absorb ing  a t  abou t  700 n m  
* Pos ta l  address .  Sche lpenkade  I4A, Leiden,  The  Ne the r l ands  
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essential for the development of the normal photosynthetic structure and function. 
Absence of carotenoids or a strongly reduced carotenoid content have been found to 
be associated with an abnormal development of chloroplast structure, increased photo- 
sensitivity, and impaired photosynthesis. Action spectra of chlorophyll fluorescence 
and of photosynthesis have shown that energy transfer from carotenoids to chlorophyll 
occurs with an average efficiency of 30-50 % (ref. 2). More recently It has been found 
that this relatively low number can be explained by the fact that only fl-carotene 
transfers energy with high efficiency, and that  xanthophylls are inactive 3, 4. In dark 
grown leaves of higher plants the main carotenoid is lutein 5, while an extensive accu- 
mulation of fl-earotene only occurs during greening. Experiments on detergent frac- 
tionation indicate that  most of the fl-carotene is associated with Photosvstem I 
(refs. 6 and 7). 

This paper reports the results of a study on pigment content, photochemistry 
and energy transfer with particles obtained by digitonm fractionatlon of chloroplasts 
from normal and etiolated maize and from carotenold-deficient mutants, which accu- 
mulate lycopene and ~-carotene instead of the normal carotenolds Amongst other 
things, the experiments indicate that,  although the chlorophyll content of the mutants 
was strongly reduced, the presence of fl-carotene is not essential for the normal func- 
tioning of the primary photochemical reaction of System I. System-i particles pre- 
pared from the mutants were largely similar in properties to those from normal maize. 
Action spectra for photo-oxydation of P7oo, the reaction center pigment absorbing 
at about 700 nm, showed energy transfer from carotenoids to chlorophyll a (with 
less than IOO % efficiency) in System-i particles from normal and mutant plants. The 
efficiency was found to increase gradually during greening. 

MATERIALS AND METHODS 

Materzal 
Chloroplasts were prepared from 7-9-day-old leaves of normal, lycopene and 

~-carotene seedlings of maize. The seed material was a segregation population of inbred 
heterozygotes for lycopene and ~-carotene genes s. In some experiments with etiolated 
plants (when indicated), the commelcial variety Caldera 561 was used. Leaves in 
various stages of greening after prior etiolatlon were produced by growing the seedlings 
in complete darkness during 6-8 days followed by an illumination of 25 lux (Phillips, 
Holland, No. 33 daylight fluorescent tubes) for various periods of time. For a com- 
parison of chloroplasts from normal and from mutant  plants the seedlings were grown 
continuously at 25 lux. 

Preparation of chloroplasts partwles 
Chloroplasts were isolated by grinding the leaves in the medium given b y  

AVRONO: 0. 4 M sucrose, 0.05 M Tris, o.oi M NaCI, 0.02 M sodium ascorbate supple- 
mented by 0.005 M of cysteine-HC1, in order to avoid the effects of tannins in the 
homogenate 1°. The pH was 7.8. The chloroplasts were collected by centrifugation at  
3000 × g for 20 mln and resuspended and washed thoroughly in the medium of 
ANDERSON AND BOARDMANll: 0.05 M phosphate buffer (pH 7.2) containing o 3 M 
sucrose and o.oi M KC1. Fragmentation of chloroplasts was carlied out by a 3o-min 
treatment with 0.5 % digitonin (Roger R. Brunschwig, Amsterdam) at o °. Non- 
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fragmented chloroplasts were removed by centrifugatlon at 3ooo × g for 2o rain. In 
the case of mature chloroplasts this sediment contained 25-3o % of the total chloro- 
phyll. With etiolated leaves the percentage of the chlorophyll recovered in non- 
fragmented chloroplasts varied between io to 30 %, increasing with progressing de- 
velopment Aliquots of the supernatant were taken as samples representing the bulk 
of fragmented chloroplasts. The remainder was subjected to serial eentrlfugations to 
obtain fractions sedimenting at different speeds. Sediments were resuspended in 
0.o5 M phosphate buffer (pH 7.2) containing o.oi M KC1. Absorption spectra were 
recorded with a Cary Model I4R spectrophotometer equipped with a scattered trans- 
mission accessory 

Pigment determ~natwn 
Pigments were extracted with acetone and transferred to ethyl ether. Chloro- 

phyll a and b contents were calculated from the absorbances measured at 652 and 
644 nm, respectively TM. Carotenoid content of normal chloroplasts was calculated on 
basis of the extraction coefficient (emM) of fl-carotene of 124 mM -~'cm -1 at 480 nm. 
Lycopene content was estimated at 485 nm (em~ = 187) The amount of ~-carotene 
was measured at 400 nm (emM ~ I24), correcting for the absorbance of chlorophyll a 
at  this wavelength. 

P7oo measurements 
Spectra of hght-mduced absorbance changes were determined with a difference 

spectrophotometer described earlier TM. The amounts of P7oo in the various prepa- 
rations were calculated from the decrease of absorbance around 700 nm upon Illumi- 
nation with blue light (41o-49 ° n m )  of saturating intensity. An extinction coefficient 
(emM) for P7oo of 73 mM-l"cm 1 at the maximum of about 700 nm was applied, 
the same as that of chlorophyll a at 662 nm in 80 °o acetone. 

Action spectra of P7oo oxidation were measured by comparing at each wave- 
length the amount of P7oo oxidized at a certain light intensity with a response versus 
intensity curve made at 430 nm. The actinic light was provided by an Osram 9oo-W 
Xenon lamp In combination with a Bausch and Lomb 5oo-mm monochromator. Stray 
light was reduced by means of Schott BGI2 or BG38 filters. Light intensities were 
measured with a vacuum photocell, calibrated by means of a thermoplle. Quantum 
efficiencies for P7oo oxidation were calculated from the initial rates of absorbance 
decrease at about 700 nm upon illumination 

2,3,5,6-Tetramethyl-p-phenylenedlamme was a kind gift from Dr A. Trebs[, 
Gottlngen All measurements were done at room temperature (approx 22°). 

Protein determ,nation 
Aliquot samples of suspensions containing chloroplasts or chloroplast fragments 

were precipitated with trichloroacetlc acid to a final concentration of 5 %. After the 
precipitate had been allowed to settle for 30 mln at o-5 °, it was collected by cen- 
trifugatlon at 5000 × g for io rain The precipitate was washed three times with water. 
After a wet combustion its nitrogen content was determined by the Nessler method 14. 
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RESULTS AND DISCUSSION 

Comparison of particles obtained from normal and mutant maize 
Table I shows the distribution of chlorophyll a and chlorophyll b, carotenoids, 

P7oo and protein in fractions obtained from normal and mutant  chloroplasts by  
dlgitonin fragmentation. 

For normal and lycopene maize both the chlorophyll a and chlorophyll b and 
the chlorophyll a + b/P7oo ratio (columns 2 and 4) indicate a partial separation of 
Systems I and 2 by dagitonin t reatment  with a separation efficiency similar to tha t  
obtained with spinach chloroplasts n,15. With the ~-carotene mutant  the chlorophyll 
a + b/P7oo ratio similarly indicates a separation However, here the chlorophyll a~ 
chlorophyll b ratio was high in the non-fractaonated chloroplasts and not much 
diffeient in the various fractions, which suggests that  System 2 m this mutant  either 
contains little chlorophyll b or is little developed. 

For normal maize, the dls tnbutmn of chlorophyll in the v inous  fractions was 
somewhat different from that  reported for spinach chloroplasts I1 where more than 
half of the amount of chlorophyll originally present was found m heavy partMes and 
only lO-15 % was recovered In the 144ooo × g fraction. This is probably due to 
differences between species and also to the low intensity of illumination which is 
optimal  for the chlorophyll formation of the mutants  but low for the normal leaves. 
In lycopene and ~-carotene chloroplasts there was an increased percentage of chloro- 
phyll in the supernatant.  Only a small fraction of chlorophyll was found in the laige 
fragments. This might suggest a deficiency of System-2 formation, but may  also reflect 
a reduced stability to withstand detergent solubihzanon The shape of the low- 
t empera tme  emission spectra suggests the presence of System-2 pigment in both 
mutants  TM. 

Both mutants,  but especially the ~-carotene mutant ,  showed a relatively high 
carotenoid content in non-fractionated chloroplasts and in the large particle fraction. 
However, the chlorophyll/carotenoid ratio in the small particles was roughly the same 
for mutant  and normal chloroplasts Prehminary analyses suggest that  a few percent 
of the total  carotenoid content of lycopene chloroplasts consists of fl-carotene, which 
seems to be mainly assocmted with the 144ooo × g sedmlent. No carotenoids other 
than ~-carotene were detected in non-fractionated chloroplasts and small fragments 
prepared from the ~-carotene mutant .  

P7oo contents related to the amount of chlorophyll were slmilar for normal 
and lycopene chloroplasts, while chloroplasts from the ~-carotene mutant  contained 
considerably more PToo. In the small fragments from ~-carotene chloroplasts the 
relative amount of P7oo was also higher than in the corresponding normal particles, 
whereas the light fractmn of lycopene chloroplasts contained somewhat less P7oo. 
Small particles of normal and lycopene chloroplasts had about the same protein/' 
chlorophyll ratio. For the ~-carotene mutant  this value was roughly three times higher. 
Protein/chlorophyll ratios were high in the 144ooo × g supernatants, which contained 
the soluble and solubilized proteins and presumably also the chloroplastic ribosomes 

Light-induced difference spectra for the small particle fraction from normal and 
mutan t  maize are given in Fig. I. All spectra showed the characteristic shape for the 
bleaching of P7oo. One of the main differences was m the location of the far-red band 
which was at 7o0 nm for the normal material, but at somewhat shorter wavelength 
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for both mutants, apparently reflecting differences in structural development of the 
chloroplast. With the lycopene mutant, the main red band was clearly broadened, 
compared to the other spectra, possibly by the occurrence of slightly different types 
of reaction centers with overlapping bands of P7oo. 

! ~  -- +,0 ,00 +,0 ,00 
. .  0 . . . . . .  . . . . .  

( t e l )  
' , .,, 
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W a v e l e n g t h  ( n m )  

Fig I Difference spec t ra  ob ta ined  b y  f l lu rmnat ion  of a suspens ion  of 144000 × g part icles  of 
n o r m a l  ( O - - O ) ,  lycopene  (,&,---A), and  of ~-carotene m u t a n t  mmze  (O ....... O)  in t he  presence 
of 6. lO -4 M 2 ,3 ,5 ,6 - t e t r ame t hy l -p -pheny l enedmrmne  and  i 8. io  -~ M ascorba te  I l l umina t ion  by  
red or blue h g h t  of s a t u r a t i n g  i n t e n m t y  The  spec t ra  h a v e  been normal ized  in t he  he igh t  of t he  
red b a n d  in order  to faci l i tate compar i son  

Action spectra and quantum y,eld of P7oo oxidation 
Action spectra for P7oo oxidation of 144000 × g particles of normal, lycopene 

and ~-carotene chloroplasts are presented in Figs. 2- 4. For all three preparations the 
action spectra indicate transfer of energy from carotenoids to chlorophyll a in effecting 
P7oo oxidation. With particles prepared from normal and lycopene maize the effi- 
ciency of energy transfer can be estimated to be 30-50 % by comparison of the action 
and absorption spectra of these particles. 
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Fig  2. Act ion  s p e c t r u m  for PToo ox ida t ion  ( O - - -  O) and  absorp t ion  (i - -  T) s p e c t r u m  ( ) of 
a suspens ion  of 1440oo × g par t ic les  f rom no rma l  maize  in t he  presence of 2 ,3 ,5 ,6 - te t ramethy l -  
p - p h e n y l e n e d l a m i n e  a n d  aseorba te  

F ig  3. Act ion  s p e c t r u m  for P7oo ox ida t ion  ( O - - - O )  and  absorp t ion  s p e c t r u m  ( 
144000 × g par t ic les  f rom lycopene  m u t a n t  maize.  

) of 

Fig. 4. Act ion  s p e c t r u m  for P7oo ox ida t ion  ( O - - - O )  and  absorp t ion  s p e c t r u m  ( 
144o00 × g par t ic les  f rom E-carotene m u t a n t  maize.  

) of 
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The action spectrum for the ~-carotene particles, which clearly shows the charac- 
teristic bands of ~-carotene at 375 and 415 nm, indicates efficient energy transfer 
from ~-carotene to chlorophyll a. Apparently the ~-carotene is located In close prox- 
imity to the chlorophyll, probably within the photosynthetic membrane. A quanti- 
tat ive estimate of the transfer efficiency (perhaps 60-80 %) is difficult because of the 
overlapping absorption of chlorophyll a and ~-carotene in this region. The location 
of the absorption spectrum of ~-carotene would favor energy transfer to the soret 
band of chlorophyll a which might enhance the probablhty of transfer as compared 
to that  from carotenolds absorbing at longer wavelength. 

Quantum efficiencies for P7oo oxidation in the 14400o × g sediment fraction 
from chloroplasts of normal and mutant  maize were measured in actinic light of 
430 nm The light intensity varied between 5" lO-ll and 20. lO -11 Einstein. cm -2. sec -I  , 
the quantum efficiencies obtained were independent of the intensity in this region. 
With small particles from normal material  a quantum efficiency of 0.5 molecule/by 
was measured Similar numbers (o 3-0.7) have been reported for the corresponding 
particles from spinach 17 and for intact blue-green and red algae TM, io. Quantum effi- 
clencles for P7oo oxidation by small particles prepared from the mutants  were about 
half as high: 0.2o and o 26 for lycopene and ~-carotene particles, respectively These 
lowei quantum efficiencies, apparently due to a loss of energy in chlorophyll not 
associated with the reaction center of System I, are possibly caused by a lower resis- 
tance of the structure to digltonln treatment.  With the ~-carotene mutant  an alter- 
native explanation, In line with the low chlorophyll/P7oo and chlorophyll/protein 
ratio, would be loss of energy due to loose packing of the chlorophyll and a corre- 
sponding higher average distance between chlorophyll molecules. 

P7oo and energy transfer ~n chloroplasts from greenzng leaves 
Digitonm fractlonatlon was also applied to chloroplasts prepared from leaves 

of normal maize at various stages of greening after prior etiolation. In some respects 
the characteristics of chloroplasts from greening leaves were found to be similar to 
those prepared from the carotenoid mutants.  In the early phases of greening most 
of the chloroplast was recovered in the 144000 × g sediments and supernatant,  and 
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Fig. 5. Difference spectra (normalized) of 144000 x g particles from greening leaves of maize 
(variety Caldera 56I), after 6 h ( O - - O )  and 48 h (L X---&) of i l lumination after prior etxolatlon 
Fur the r  experimental  conditions were the same as for Fig i 

Fig 6 Relative amounts  of chlorophyll a -t- b/P7oo in fragmented,  non-fract lonated chloroplasts 
( 0 - - 0 )  and in particles sedlmentmg at 1440o0 × g ( O - - O )  from leaves at  different stages of 
greening The measurements  were done after 3, 6, 9, 12, 24 and 48 h of i l lumination after prior  
etlolatlon The abscissa gives the chlorophyll a + b content  per g of fresh weight leaf material 
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the light-induced absorption difference spectrum showed a similar shift of the red 
maximum of P7oo (Fig. 5) as was observed with the mutants. The quantum efficiency 
for P7oo oxidation by 144000 × g particles in light of 430 nm was low initially and 
increased from o.15 molecule/hv after 9 h to 0.25 after 48 h of illumination 

Fig 6 shows the relative amounts of P7oo in non-tractionated chloroplast prepa- 
rations and in particles sedimenting at 144000 × g At the beginning of the greening 
process the formation of P7oo lagged behind the synthesis of chlorophyll, and the 
1440oo × g sediment was not enriched in P7oo. After about lO-12 h of light, when 
about 20 % of the chlorophyll present in hght-grown leaves had been synthesized, 
the chlorophyll/P7oo ratio stopped decreasing and stayed at remarkably constant 
level during the further phases of greening, both in the unfractIonated chloroplasts 
and in the small particle fraction. This stage approximately coincides with the onset 
of granum formation ~°, which suggests that  the mechanisms that regulate the for- 
mation of reaction centers in a fixed proportion to the synthesis of light harvesting 
chlorophyll, and the distribution of pigments between the two pigment systems are 
structurally coupled to the development of the normal photosynthetic membrane 
system. 

The efficiency spectra for P7oo oxidation in small particles (Fig 7) showed an 
increasing efficiency of carotenoid participation dmmg greening. Similar effects have 
been observed for the action spectra of chlorophyll fluorescence of etiolated bean 
leaves 3, 31 
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Fig  7. Rela t ive  efficiency per  absorbed  q u a n t u m  as a func t ion  of wave leng th  for P7oo ox ida t ion  
by  144ooo × g par t ic les  f rom green ing  maize  leaves ;  O - - O ,  af ter  9 h of I l luminat ion ,  ZX---&, 
a f te r  48 h of i l lumina t ion  
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