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A previously published working model for the regulation of chlorophyll formation has been 
tested studying early steps of chlorophyll and porphyrin biosynthesis in developing cotyledons of 
Helianthus annuus. The activities of <5-aminolevulinate synthetase (ALAS), <5-aminolevulinate 
dehydratase (ALAD), and the porphobilinogenase complex (PBGase) at any given time have been 
found to be strongly associated with endogenous developmental processes. Highest activities in dark­
ness have been observed at times when maximum chlorophyll formation would have occurred had 
the plants been exposed to light. Only in the case of ALAS was the maximum activity in light 
much greater than that observed in the dark.

Density labeling experiments and other data suggest that enzyme synthesis is mediated both by 
development and by illumination. Moreover, ALAS activity appears to be subject to inhibition, 
presumably by products of the porphyrin biosynthesis, as indicated by halflife experiments. Rapid 
enzyme degradation in the absence of light seems to be less probable. Slight ALAS activity in 
darkness is present as long as the plastids are not fully developed.

In contrast to findings with cell cultures of tobacco, in Helianthus cotyledons ALAS certainly 
plays the main role in the regulation of chlorophyll biosynthesis. Nevertheless, increasing activities 
of the succeeding enzymes, located in the plastids, ensure that increased concentrations of 
6-aminolevulinate (ALA) are drawn into the chlorophyll biosynthetic pathway. The experiments 
corroborate the suggestion that chlorophyll biosynthesis is controlled by different but interdependent 
mechanisms. The dominant regulatory mechanism is dependent on the stage of development.

Introduction

Recently a tenlative working model for the regula­
tion of chlorophyll biosynthesis has been pub­
lished 1’ 2. It is based on new results and integrates 
other known observations concerning the influence 
of light and inhibitors of nucleic acid and protein 
biosynthesis on chlorophyll form ation. The following 
new inform ations have been m ade available: In  con­
trast to general postulations, the first enzyme of 
porphyrin  and chlorophyll biosynthesis, <5-amino- 
levulinate synthetase (A LA S), which is thought to 
be the m ost essential enzyme in the regulation of 
chlorophyll biosynthesis, is active without illum ina­
tion in certain  organs of higher plants 3. This is also 
true of cell cultures of tobacco containing leuco- 
plasts and am ylop lasts4. In  leaves possessing etio- 
plasts, however, ALAS activity can only be dem on­
strated  during illum ination of the leaves 3’ 5’ 6: only 
a few hours of illum ination are needed. In tobacco 
cells, however, increasing ALAS activities have been 
shown only after illum ination for some days 4.

Requests for reprints should be sent to Prof. Dr. H. A.
W. Schneider, Botanisches Institut der Universität Köln,
Gyrhostr. 15, D-5000 Köln 41.

The activities of later enzymes of chlorophyll b io­
synthesis, (5-aminolevulinate dehydratase and the 
porphobilinogenase complex (ALAD and PBG ase), 
have also been found to be lightjdependent in tobac­
co ce lls7’ 8 but are little affected or unaffected by 
light in corn leaves 3. These conflicting observations 
led to the assum ption that activities of chlorophyll- 
synthesizing enzymes in h igher plants are affected 
not only by illum ination but also by developmental 
processes in the cell and the plastids (for detailed 
discussion see 2 ) . This view is supported by the fact 
that enzymes of chlorophyll biosynthesis are located 
in the plastids but synthesized in the cytoplasm 2,9’10. 
Chlorophyll biosynthesis should therefore be depen­
dent on both cell and plastid development. Con­
sequently light-m ediated enzyme inductions may be 
regarded as m odifications of a developmental p ro ­
cess regulated by endogenous factors v ia  transcrip ­
tion and translation as dem onstrated by experim ents 
including inhibitors of nucleic acid and protein 
synthesis (for literature see 2 ).

This model for the regulation of chlorophyll b io­
synthesis and the hypotheses involved in it are tested 
in the experim ents of the present paper. The paper 
is concerned with enzyme induction during a deve-
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lopm ental process which can be assumed to include 
transform ations from  early plastid development to 
etioplasts and chloroplasts. F u rthe r experiments 
with density labelling of enzymes are hoped to give 
new inform ation about the nature of light-induced 
enzyme activity. Particu larly  we asked the following 
questions: F irstly , are increasing enzyme activities 
caused by enzyme activation or enzyme synthesis? 
Secondly, are decreasing enzyme activities caused 
by enzyme degradation  or inhibition?

E x p e r im e n ta l

Values presented are the means of four to eight 
independent experim ents.

G erm ination

The experim ent were perform ed w ith cotyledons 
of H elianthus annuus. Achenes were soaked for 20 
hours then placed on m oist leaf-m ould and lightly 
covered with sand. To get a constant climate, the 
dishes with the achenes were covered by clear or 
dark  plastic boxes, respectively. The tem perature 
was adjusted  to 25 °C, light intensity to 3500 lx.

D eterm ination  of A L A S  a c tiv ity

Cotyledons were cut from  the seedlings in the 
dark  or in the light, according to the experim ental 
program , and transferred  to petri-dishes (10 om in 
diam eter) lined w ith filter paper and filled with 
20  ml of levulinic acid 2 x l 0 _ 2 m ol/l) solution ad­
justed  to pH 5.2 with NaOH. A fter equilibrating  for 
15 min, the experim ent was started (under 3500 lx) 
and  was finished by transferring  the cotyledons 
(x gram s) to a test tube containing 0.2 M sodium 
acetate buffer pH 4.6 (3 to 5 x ml) and acetyl- 
acetone (0.1 m l/m l). The m ixture was heated to 
98 °C for 10 m in (see ref. 1 1 ), cooled and centri­
fuged. The supernatant was finally mixed with Ehr- 
lich’s reagent (1 :1) and the extinction of the 
coloured ALA pyrrole read at 555 nm after 
10 m in n .

D eterm in ation  of A L A D  and PBG ase a c tiv ity

Cotyledons were ground in  a cooled m ortar with 
sand and a solution containing 2.5 ml of tris (1 m ) 
and 0.2 ml of m ercaptoethanol per 100 ml of distil­
led w ater: caution m ust be exercised because 
freezing destroys ALAD. The slurry was filtered 
under pressure and centrifuged. Since the enzyme 
activities are norm ally high and only small quanti­
ties ( 1 0 / /1) of filtrate are necessary fo r enzyme 
assays, purification by gelt centrifugation could 
sometimes be omitted.

The assay m ixture for ALAD (see ref. 8 ) con­
tained: 0.5 ml of Tris-HCl buffer (pH  8.2, 0.2 m ) ,
0.05 ml of MgCl2 (0 .1 m ), 0.05 ml of m ercapto­
ethanol (0 .1 m), 0.1 ml of ALA (2 m g /m l), H 20  
and enzyme to a final volume of 1 ml.

For PBGase (see ref. 8 ) the reaction m ixture 
contained: 0.5 ml of Tris-HCl buffer (pH  8 .2 ,
0.2 m ) ,  0 .1 m l of EDTA (0 .025  m , adjusted  to pH 
8 .2 ), 0.05 ml of PBG (1 m g/m l, solved by a small 
am ount of tr is ) ,  H 20  and enzyme to a final volume 
of 1 ml.

Incubation at 32 °C was term inated by addition 
of 0.1 ml of TCA (3 m ) and 0.1 ml of HgCl2 
(0 .1 m). A fter centrifugation the supernatants were 
diluted (1 :1 )  with E h rlid i’s reagent fo r PBG as­
says and 5 N HC1 for U rogen assays, respectively. 
PBG was estimated after reading the extinction at 
555 nm 10 m in after m ix in g 12. U rogen was esti­
mated 2 — 3 hours later after autoxidation  to u ro ­
porphyrin by reading at 406 nm 13. PBG values were 
corrected for losses due to conversion to urogen.

L abelling w ith  deuterium

The achenes were soaked for 20  hours in  D20  
and then placed in petri-dishes lined with filter paper 
moistened w ith D20 . The same procedure was per­
form ed with H 20  controls. The tem perature was ad ­
justed to 25 °C. The percentage of germ inating 
achenes in D 20  was less than in H 20 .

Deuterium  label of the enzymes was determ ined 
by CsCl density gradient centrifugation . Enzyme 
extracts were prepared as described under “deter­
m ination of ALAD and PBGase activity” .

Before the 72-hour centrifugation  at 105 g in a 
Spinco SW 39 rotor, the gradients consisted of two 
layers of CsCl (0 .5 g /2 .2 m l and 1 .6 5 g /2 .2 m l)  in 
buffer (0 .05 m  Tris-HCl, pH  8 .2 ; 0.05 m  m ercapto­
ethanol). The upper layer was mixed with aliquots 
of enzyme extract. To shorten  centrifugation time, 
it proved advantageous to mix the gradient before 
centrifugation and thus the two concentrations were 
used to com pose a linear g rad ien t which was centri­
fuged over night. Then the centrifuge tubes were 
punctured and  single drops collected in  test tubes. 
Every second drop was used to determ ine the refrac­
tive index which is linearely correlated to density by 
the form ula: £(25°) =  10.8601 /id(25°) — 13.4974 14.

Care m ust h e  taken not to overload the gradients: 
overloading causes an apparen t shift to h igher den­
sities despite extrapolation of the refractive index.

D eterm ination  of grow th  param eters

Protochlorophyllide, chlorophylls and carotenoids 
were extracted from  the cotyledons by 90 percent
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acteone. The spectra were recorded on a Spectronic 
606 spectrophotom eter and the extinction read at 
626 nm  (protochlorophyllide), 345 and 663 nm 
(chlorophylls) and 436 nm (carotenoids). F or 
protochlorophyllide an extinction coefficient of 39.9 
1/ g ‘cm was used 15 and fo r carotenoids a specific 
extinction coefficient E  Jem of 2000 was assumed 
(see ref. 1 6 ) . Chlorophyll determ ination was done 
by m eans of nom ogram  17.

Soluble pro tein  was determ ined by a modified 
Lowry 18 m ethod. Soluble protein  was precipitated 
in 0.3 M TCA, centrifuged and then the pellet solu­
bilized by 0.2 ml of 1% Na-dodecylsulfate. 1 ml of a 
reagent ( 4 g  of N a2C 0 3 in 50  ml of 0.1 N NaOH +  
5 mg of C uS 04- 5 H 20  and 10 mg of K-Na tartra te  
in 1 m l of 0.1 n  NaOH) was added. After 10 min 
the sample was mixed w ith 0.1 ml of Folin-Cio- 
calteus reagent adzusted to 1 N acid. 30 min there­
after the extinction was read at 578 nm and com­
pared with a standard  ( 1 0 0 / / g ~  ext. 0 .7 ).

Results

D evelopm en t and param eters of developm ent

Enzyme activities are commonly given per unit 
weight of protein. Using developing organs such as 
cotyledons, however, there are difficulties in in ter­
preting such values. D uring development neither the 
protein  level no r any other possible reference re­
m ains constant. Therefore it seems best to refer 
enzyme activities to the biological unit of one 
cotyledon and to characterize development and 
growth by several param eters, for example by fresh 
weight, the quantity  of protochlorophyllide and 
chlorophyll, and by soluble protein content.

Changes in  fresh weight and pigment content of 
the cotyledons have been followed for 7 to 8 days 
(Fig. 1 ). Zero time values were obtained with dry 
cotyledons w ithdrawn from  the achenes; first day 
values were obtained with soaked cotyledons. F irst 
light effects can be seen on about the 3rd day.

Cotyledons under illum ination expand more rap ­
idly than those in darkness due to morphogenetic 
and later to photosynthetic effects (Fig. l a ) .  After 
a growth period of 7 days fresh weights fo r light- 
grown cotyledons are twice the values of dark-grown 
cotyledons. Traces of protochlorophyllide have been 
detected at the 3rd  day of development in the dark, 
traces of carotenoids at the 2nd day (Fig. 1 b ) . The 
following days, up to the 5th day, are characterized 
by h igh accum ulation rates of these pigm ents; sub­
sequently accum ulation rates decrease. Chlorophyll

chlorophyll content, and soluble protein in cotyledons of 
Helianthus under the influence of development and light, 
o , Experiments with cotyledons grown under continous il­
lumination; X , experiments with cotyledons grown in dark­

ness.

accum ulation rates under illum ination follow a 
sim ilar tim e course. P ro te in  content of the cotyle­
dons has almost been unaffected by light treatm ent. 
Soluble protein content (Fig. 1 c) reaches a m axi­
mum at the 3 rd  day indicating a general activation 
of m etabolic processes. The peak may be less sharp 
with dark-grow n cotyledons. Total protein con­
tinuously decreases with the most rap id  decrease 
occurring in the first days of development (not 
show n).
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D evelopm en t and the a c tiv ity  of b-am inolevulinate  
syn thetase (A L A S )

ALAS has always been thought to play an im ­
portan t role in the regulation of chlorophyll b io ­
synthesis. Rapid changes in the activity of this 
enzyme have been ascribed not only to allosteric in ­
hibition caused by products synthesized in excess 
of requirem ents for chlorophyll and haem biosyn­
thesis, but also to a short half life of the enzyme and 
light-m ediated induction of enzyme synthesis 20~22. 
Changes in ALAS activity can also be affected by re­
pression by haem 23.

As far as experim ents with cotyledons of H eli­
anthus are concerned, inhibition by products seems 
to be the most probable control mechanism for rap id  
changes. Nevertheless the experim ents exhibit fea­
tures which may be ascribed to enzyme degradation 
and light-m ediated enzyme synthesis.

ALAS activity in cotyledons of H elianthus varies 
with the age of the seedlings (Fig. 2 ) . Protochloro-

' nmol ALA 1 Pig 2
cotyledon x hj a  9

Fig. 2. Accumulation of ALA in cotyledons of Helianthus 
during a 4 hours incubation in 2 x 10-2  M levulinic acid, 
pH 5.2. 0> Experiments with light grown cotyledons; X,
experiments with dark grown cotyledons; ------ , incubation
under illum ination ;---------, incubation in darkness; •••*,
cotyledons grown in darkness, illuminated after 5 days and 

incubated under illumination.

phyllide regeneration also depends on the age of 
leaves (1. c. 24, for literature see ref. 2 ) . ALAS acti­
vity reaches a maximum at the 4th to the 5th day 
in dark-grown cotyledons as well as in light-grown 
ones. The difference is that light grown cotyledons 
show higher activities.

Dark- and light-grown cotyledons incubated in 
levulinic acid in darkness show slight activities with 
a maximum about the 3rd day, but then the acti­
vities gradually disappear. Incubation under illum i­
nation, however, results in much higher activities 
with the maximum between the 4th and the 5th day. 
W hen the activity detectable during dark incubation 
fades, ALAS activity under illum ination reaches 
highest values. As shown in Fig. 2, preillum ination 
enhances subsequent ALA form ation. This is also 
true when 5 day old etiolated cotyledons are illum i­
nated for 24 hours. This effect can surely be ascribed 
to the action of phytochrome and should also be 
present if the cotyledons are illuminated for a shorter 
period before a dark interval (c f . 2 2 ). U nder p ro ­
longed illumination, however, always a decrease of 
activity is observed. Endogenous processes dom inate 
over light induction. The great differences between 
ALA accumulation rates in darkness and light ind i­
cate rapid  break down of enzyme activities without 
irradiation.

Cotyledons illuminated during incubation in 
levulinic acid and then transferred to darkness show 
rapid  decrease in ALAS activity, com parable to the 
decrease in corn leaves 3. Presupposed a linear in ­
crease of ALA accumulation during illum ination, 
ALA accumulation rate in darkness is reduced with 
a halflife of less than a quarter of an hour in etio­
lated cotyledons (Fig. 3 a ) . But there is only little 
congruence between the experimental values (means 
of 6 experiments) and the theoretical halflife curve 
and the variation is even higher with green cotyle­
dons (Fig. 3 b ) . The experimental values indicate 
that ALAS activity is blocked nearly immediately.

Other experiments (Fig. 3 c) show that decreasing 
accum ulation of ALA may in part be the result of 
enzyme degradation. Six day old H elianthus seed­
lings grown under illum ination have been transfer­
red to darkness and at the beginning of the dark 
period, and after different intervals of time, cotyle­
dons have been cut and incubated for 4 hours under 
illum ination. The amount of accumulated ALA de­
creases only slightly and m oderately significant de­
pendent on the duration of the dark period. As­
suming a halflife of a quarter of an hour for enzyme 
degradation in cotyledons after 4 hours of darkness, 
ALA accumulation should start at best with traces 
of the activity under continous illumination. Since 
induction and synthesis of enzymes cannot be a 
rapid process in higher plants accumulation of ALA
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Fig. 3. The influence of different light programs on the 
accumulation of ALA during incubation in levulinic acid. 
Codyledons aged 5 days. 3 a. Dark-grown, 3 b. light-grown 
cotyledons were incubated for 4 hours under illumination 
and thereupon transferred to darkness. 100% represent the 
quantity of ALA accumulated after 4 hours of illumination. 
A theoretical half life curve for 15 min is given in 3 a. 3 c. 
Light-grown cotyledons were transferred to darkness for 
different periods and thereupon incubated under illumina­
tion for 4 hours. Vertical lines represent the standard 

deviation.

after a dark  period  should be appreciable lower 
than occurring  w ithout a dark period. Accumulation 
should be lower than indicated by the experimental 
values. R epression may also be excluded hence it is 
also a slow process. Thus the inhibition  of ALA ac­
cum ulation in darkness seems m ore likely to be the 
result of an inh ib ition  by products synthesized from 
ALA than of enzyme degradation. W ithout illum ina­
tion ALAS m ay be present in a latent state. (Inh ib i­
tion may be delayed by the block given to ALAD.)

d-A m inolevu lina te  dehydra tase  (A L A D ) and por- 
ph obilinogen ase (P B G ase) during develpom en t and  
illum ination

The activities of ALAD and PBGase in etiolated 
cotyledons increase during  development and growth, 
attain ing  m axim um  activity between the 4th to the 
6 th day (Fig. 4) and  then the activities decrease.

Fig. 4. Activity of ALAD (4 a) and PBGA (4 b) under the 
influence of development and light. O i Experiments with 
light-grown cotyledons; X , experiments with dark-grown 
cotyledons. • • • •, cotyledons illuminated after a dark period. 
Numbers in brackets represent the percent reliability be­

tween values of light and dark grown cotyledons.

Sim ilar results are obtained w ith light-grow n cotyle­
dons. Activities of illum inated cotyledons, however, 
increase and decrease m ore rapidly  than in  dark- 
grow n tissue. A t the 4 th  to the 5th day, when m axi­
mum activity is attained activities of dark-grow n tis­
sue are surpassed by about 25% fo r ALAD and 50% 
fo r PBGase, respectively. The decrease in activity of 
light-grown cotyledons, after the m axim um  is a t­
tained is so rap id  that low er activities are found 
than is the case in dark-grow n cotyledons. The per­
cent reliability  for the differences in ALAD activi­
ties of light- and dark-grow n cotyledons have been 
com puted (see Fig. 4) 25. A lthough enzyme activities 
decrease under the influence of developm ent a light- 
m ediated increase can be initiated during this period 
in etiolated cotyledons. The increase is in the same
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order of m agnitude of illum inated cotyledons in the 
first days. In general the time course of ALAD and 
PBGase activities resem ble those of latent ALAS 
activity; the light-m ediated effect, however, is much 
smaller. Increasing activities are associated with 
periods of rap id  chlorophyll accum ulation and de­
creasing activities with low rates of accum ulation.

D en sity  labelling and de novo syn thesis of enzym es

W hen enzyme activities increase under the influ­
ence of development and illum ination the question 
is raised whether preform ed enzymes are activated 
or whether enzymes are synthesized de novo. This 
question may be answered by density labelling ex­
perim ents. Enzymes synthesized de novo  by plants 
growing in D 20  will incorporate unexchangeable 
deuterium  enclosed in the tertiary  structure: p re­
form ed enzymes cannot because of the inaccessibility 
of the preform ed tertiary  structure.

As ALAD is rather stable, most of the density 
labelling experim ents have been done with this 
enzyme. ALAS w ould have been m ore interesting 
since it plays a m ore m ajo r role in the regulation of 
chlorophyll biosynthesis, but the in v itro  lability of 
ALAS and the lack of knowledge about the nature of 
this enzyme (for references see 2 ) do not perm it 
such experiments.

The density of ALAD synthesized by plants grown 
in HoO has been found to be 1.324 (g/cm 3) cor­
responding to a refractive index of 1.348 in CsCl, 
but in plants grown in D20  the densities are about 
1.348 (g/cm 3) corresponding to a refractive index 
in 1.3670. A typical experim ent is represented in 
Fig. 5. Experim ents with succinyl CoA synthetase 
and PBGase have also shown density differences. 
Profiles of PBGase in CsCl strongly deviate from  a 
symm etrical d istribu tion : They have a shoulder on 
the side of h igher densities which may be the result 
of dissociation of the PBGase complex (profile c 
in Fig. 5 ) .

Assuming a protein  composed of am ino acids 
with an average m olecular weight of 140 and 10 
hydrogen atoms and presupposing no change in 
volume by deuterium  incorporation, the results sug­
gest that about 3 hydrogens per am ino acid have 
been substituted by unexchangeable deuterium . Since 
the plants have been grown in 99 .8  percent D20  for 
13 days, the other 7 hydrogen positions should be 
accessible to H 20  during experim ental procedures.

Fig. 5. Typical density gradient experiment, a. ALAD syn­
thesized from plants grown in H20 ;  b. ALAD synthesized 
from plants grown in D20 ;  c. PBGA synthesized in H20.

Fig. 6. Density labeling of ALAD in cotyledons grown in 
light (O) and darkness (X ). By the heavy line most of 
the values obtained with light-grown cotyledons are separated 
from most of the values obtained with dark-grown cotyledons. 
A tid  , refractive index of CsCl corresponding to the density 
of D20  enzyme — refractive index of CsCl corresponding to 

density of H20  enzyme.

As shown in Fig. 6 , density labelling begins about 
the 3rd  day after soaking the achenes although culti­
vation in D20  delays growth and development. 
Labelling increases during the following days. 
Though seedlings have been soaked and grow n with 
99.8  percent D20 , the amino acids used for enzyme 
synthesis during the first days have not yet been 
wholly labelled.

The results dem onstrate that increasing enzyme 
activities observed in earlier experim ents are p ro b a­
bly correlated with enzyme synthesis and that ALAD 
is certainly synthesized de novo. P reform ed enzyme 
stored in the cotyledons but activated during  ger­
m ination would exhibit the same density as the 
enzyme synthesized in H 20 . The small activities in 
early development seem to be  due to preform ed 
enzyme.

M ore interesting, however, is the finding that light 
accelerates the incorporation of label into the
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enzyme. T hat the experiments are significant was 
checked by the chi-square te s t26. This means that 
light enhances in fact developmental processes con­
nected with enzyme synthesis. Consequently a light- 
m ediated activation of the enzyme form ed during 
developm ent seems less probable. This finding is 
supported  by the following considerations: Light- 
m ediated increase in activity is small com pared with 
the increase during development and com pared with 
light stim ulation of ALA accum ulation; in corn 
leaves 3 ALAD activity has not been influenced by 
light and even negative effects of light on enzyme 
activity have been demonstrated. It may be con­
cluded that ALAD activity is regulated by effects on 
transcrip tion  and translation ra ther than on the 
enzyme protein itself. The same may be true for 
PBGase but not exclusively for ALAS.

C om m on features of the results

The 3 rd  to the 5th day of development seems to 
be the most im portant period in the life cycle of 
H elianthus cotyledons. Protochlorophyllide and 
chlorophyll but also carotenoids show maximum ac­
cum ulation rates during this period and maximum 
accum ulation rates are correlated with highest 
enzyme activities of the chlorophyll biosynthetic 
pathw ay. The synthesis of these enzymes is syn­
chronous. Sm aller accum ulation rates, possibly 
caused by lim ited incorporation capacities of m ature 
chloroplasts, coincide with decreasing enzyme acti­
vities. Enzyme induction by light has been shown 
possible at all stages of development, but prolonged 
illum ination  always reduces enzyme activity. The 
duration  of the period of increasing activities under 
illum ination is age-dependent. The 3rd  day is 
characterized by maximum soluble protein indicating 
a general m obilization of metabolic processes. Some 
enzymes involved in other metabolic pathways show 
highest activities at this p o in t27 as well as ALAS 
tested in darkness. The experiments, thus, indicate a 
pa rt of the schedule of enzyme activation in the 
course of development. Different biosynthetic path ­
ways are not set going synchronously.

Discussion

V isible changes during development are associated 
with changes in the level of enzymes. Consequently 
also changes in the enzyme activities of the chloro­
phyll biosynthetic chain have been m easurable

during germ ination and development. Light m ediated 
and developmental processes have been shown, both 
separately and together, to control chlorophyll fo r­
mation. Evidence for enzyme activation, synthesis 
and degradation has been found.

The influence of de novo syn thesis and activa tion  on 
activ ities of A L A D  and PBG ase

Although cotyledons of H elianthus  are storage 
organs they do not store enzymes or proenzymes for 
chlorophyll and protochloride biosynthesis which 
takes place very early after germ ination. Some 
enzymes of this pathway are synthesized de novo  
during development as dem onstrated by density 
labeling experim ents with ALAD. M aximum enzyme 
activity, however, does not coincide with maximum 
soluble protein  accum ulation correspondent with 
maximum activation of other metabolic pathways. 
M oreover the finding that light accelerates incorpo­
ration  of deuterium  label into ALAD supports the 
argum ent for a light-induced enzyme synthesis. The 
possibility tha t light activates the enzyme, newly 
synthesized in the course of development, loses cre­
dibility. Irrespective of this conclusion it seems 
unlikely that the structures of all the enzymes en­
hanced by light would all perm it changes resulting 
in additional activation. In the case of ALAD, de­
pending on conditions, light may increase activity, 
may be ineffective or even dim inish activity in ­
dicating that endogenous and light mediated p ro ­
cesses affecting enzyme synthesis are interwoven and 
in terdependent and that such processes effect enzyme 
synthesis ra ther than activation.

P roblem s concerning de novo syn thesis, degradation  
and activa tion  o f A L A S

Density labeling experim ents with ALAS cannot 
be done due to the wellknown im possibility to con- 
servate ALAS activity in hom ogenates (for literature 
see I.e . 2 ) . However, experim ents w ith protein  and 
nucleic acid inhibitors 9) 10, 17, 2ft’ 28, 29 show that p ro ­
tein synthesis is also involved in the light-m ediated 
increase of ALAS activity though there is no doubt 
that ALAS is also subjected to other control mecha­
nisms. P reillum inated  cotyledons have greater ab ili­
ty to synthesize ALA indicating higher quantities 
of latent enzyme after preillum ination. W hen the 
activities of ALAD and PBGase increase there is 
concurrently a greater ability to synthesize ALA.
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In  contrast to the activities of ALAD and PBGase, 
however, ALAS activity has also been shown to be 
subjected to rap id  changes caused by light. The 
mechanisms discussed are : inhibition  by products 
like heme, protochlorophyllide or other in te r­
m ediates of the chlorophyll and porphyrin  path ­
w a y 21-23 and a labile enzyme w ith a short halflife 
dependent on light-m ediated syn th esis20 (fo r de­
tailed discussion of the regulation problem  see
I.e . 2 ) .  Enzyme degradation during  dark periods 
almost certainly takes place in H elianthus cotyledons 
as has been shown by experim ents with light-grown 
cotyledons transferred  to darkness, but the decrease 
in latent ALAS activity is small. Assum ing the rale 
of enzyme degradation  matches the half life of ALAS 
activity there should always be a high difference in 
ALA accum ulation between cotyledons under con- 
tinous illum ination and cotyledons illum inated after 
a dark period. Such a difference, however, could not 
be dem onstrated in experiments. In  contrast to this 
finding, however, the rapid  decrease after prolonged 
illum ination and growth may be caused by enzyme 
degradation in the course of development. The re­
sults suggest that the ratio  of synthesis and degrada­
tion rates of ALAS are strongly dependent on endo­
genous processes. Release from  an inhibition  of 
ALAS by consum ption of inh ib ito ry  products during 
illum ination seems more plausible. Consequently the 
decreasing activity of ALAS in the dark  in H elian­
thus cotyledons after the 3 rd  day may be con­
nected with increasing accum ulation of protochloro­
phyllide. This, however, does not exclude the pos­
sibility that dark  activity also depends on endo­
genous control m echanisms; fo r example on turn  
over rates of ALAS isoenzymes located in cyto­
plasm and plastids. M aximum activity of ALAS in 
the dark coincides with m axim um  accum ulation of 
soluble protein.
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The concert of A L A S , A LA D  and PBG ase in the  
regulation  of ch lorophyll biosynthesis

Of the enzymes of chlorophyll biosynthesis ALAS 
certainly appears to play the most im portant role in 
regulating  the biosynthetic pathway. More m inor 
roles may be played by enzymes such as ALAD and 
PBGase and  finally by succinyl CoA synthetase as­
sayed in previous experiments 3’ 4. D uring the deve­
lopm ent of H elianthus cotyledons, ALAD and 
PBGase are also form ed at higher rates and thus 
increasing am ounts of ALA can be drawn into the 
chlorophyll pathway. U nder illum ination this effect 
is supported by further increasing activities. A l­
though the various enzyme activities fall once m axi­
mum chlorophyll or protochlorophyllide accum ula­
tion has occurred, etiolated cotyledons still preserve 
the ability to synthesize enzymes on subsequent il­
lum ination. However, as already dem onstrated with 
corn leaves 3, PBGase and ALAD seem to be form ed 
in abundance and their activities are m ainly con­
trolled by factors other than light. It is plausible to 
assume that increasing enzyme activities are co r­
related with the development of plastids, especially 
because the enzymes are located in these organelles. 
There are common features about the regulation of 
all the enzymes studied, but ALAS in cells w ith 
m atured plastids will only work under illum ination.

Dependent on species and stage of development, 
one or other of the discussed control mechanisms 
becomes dom inant.
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