
The synthesis of chlorophyll (Chl) a in the absence

of light is inhibited at the stage of the formation and accu-

mulation of the direct precursor of Chl, protochlorophyl-

lide (PChld), in the etiolated leaves. This pigment differs

from Chl by the absence of a phytol substituent and pres-

ence of a double (not single) bond in pyrrole ring D of the

macrocycle. The termination of the process goes as a fast

photoreaction. This terminal stage can be observed on

exposure to light by the changes in the absorption and flu-

orescence emission spectra of the etiolated leaves and the

appearance of the reaction product, chlorophyllide

(Chld) a in the extract of the pigments.

Thus, from the chemical viewpoint, the terminal

stage of Chl biosynthesis is based on the photochemical

reaction of the selective hydration of the double bond in

the tetra-pyrrole macrocycle and appearance of the chlo-

rine structure, principally different from the precursor in

spectral and chemical properties, which allowed it to play

the role of the main photosynthetic pigment. Later, at this

terminal stage phytol addition takes place, i.e. chloro-

phyllide is transformed into chlorophyll.

At the beginning of the studies, the phototransfor-

mations of the precursor were regarded as a simple pho-

tochemical reaction similar to the photoreactions going

in the pigment solution. However, already in the first

experiments, under illumination of the etiolated leaves

some spectral bands quickly changing each other were

observed. With the development of spectroscopic tech-

niques, and, in particular, low-temperature fluorescence

spectroscopy, due to the efforts of several laboratories it

was possible to clarify the complicated picture of inter-

transformation of pigment–protein complexes of the pre-

cursor and chlorophyllide and obtain important informa-

tion concerning the branching chain of the dark and pho-

tochemical reactions responsible for the observed spectral

effects (Fig. 1).

In the recent decades, the progress of the studies of

the terminal stage of Chl biosynthesis is connected with

discovery of protochlorophyllide-oxidoreductase (POR),

a “photoenzyme” catalyzing the photoreaction of PChld

transformation to Chld. As for the act of photochemical

hydration, it takes place in a special complex including

the precursor, photoenzyme, and donor of hydro-

gen, NADPH.

Modeling of the natural process in artificial ternary

complexes provided new information about the mecha-

nism of the photoreaction and started a deeper study of

the physical nature of the primary photoprocesses and the

structure of the complex. At the same time, comparison

of the processes observed in the model systems and in

whole cells brought us to the conclusion that the natural

process is much more complicated, not only in the num-
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ber of intermediate pigment forms involved in it, but also

in variability of the resulting products.

In the course of the investigations, it became clear

that the terminal stages of chlorophyll biosynthesis

should not be regarded only as the termination of the

chemical synthesis of the pigment, but also as the start of

the pathway of the transformation of pigment–protein

complexes of the precursor into the pigment–protein

complexes forming the structural basis of the photosyn-

thesis apparatus. It became possible to observe the

moment of incorporation of chlorophyll forms formed

from the precursor into the two photochemical systems of

photosynthesis. Thus, the study of the terminal stage of

chlorophyll biosynthesis acquires more general character

as a study of the biogenesis of photoactive pigment struc-

tures of photosynthesis.

An “ontogenetic” approach to the studies of the pig-

ment apparatus of photosynthesis seems rather promising

for understanding of the evolution of photosynthesis, the

ways that Nature has come to the discovery of the unique,

extremely efficient, and ecologically pure method of

accumulation and conversion of solar energy. Perhaps the

results of such studies will be useful in the future also for

the solution of the problem of auto-renewal of the ele-

ments of artificial systems of solar energy accumulation.

This survey is mainly devoted to description and gen-

eralization of results concerning the scheme of the path-

ways of the main components in the active complex con-

sisting of the chromophore of pigment–protein complex-

es, POR, and hydrogen donor at the terminal photo-

dependent stage of chlorophyll biosynthesis in plant

leaves.

GENERAL SCHEME OF THE SEQUENCE

OF CHLOROPHYLL PHOTOBIOSYNTHESIS

REACTIONS in vivo

Due to the work of many scientists, the general

sequence and mechanisms of the reactions involved in the

final light-dependent stage of Chl formation from its pre-

cursor, PChld, has gradually been becoming clear (see

reviews [1, 2]). The results of these studies can be sum-

marized in a scheme (Fig. 1) that seems now the best-

grounded and most complete. The scheme presents a

branching chain of transformations of pigment–protein

complexes leading to the formation of several native

chlorophyll forms: the main pigment mass of the light-

harvesting antenna and of minor but functionally signifi-

cant pigment forms included in the two photochemical

systems of photosynthesis.

The linear reaction chain (reactions 1-5 in the

scheme) includes two consecutive photochemical reac-

tions (1 and 2 in the scheme) [3-11] and further dark

processes [3-13]. Judging by changes of the character of

the circular dichroism spectra for homogenates from eti-

olated leaves exposed to illumination, it can be supposed

that in the first photoreaction (1) one of the molecules of

protochlorophyllide dimer is involved, due to which a

complex is formed of two weakly bound molecules: pro-

tochlorophyllide and chlorophyllide. In the second pho-

toreaction, phototransformation of the second pro-

tochlorophyllide molecule occurs [7, 8].

The temperature-dependent long-wavelength spec-

tral shift Chld690/680 → Chld695/685 (reaction 3 in the

scheme) occurs without the participation of light [3, 4,

12]. It depends on the reconstruction of the reduced form

of hydrogen donor NADPH in the pigment–protein

complex (the reduction of NADP+ formed in the course

of the primary reaction) [11, 14-17]. As follows from the

studies of energy migration, it was suggested that the

bathochromic shift of the spectral bands in this reaction

might be connected with a decrease in intermolecular

distances in the aggregated active complex [18]. The con-

sidered stage of the process probably depends on two fac-

tors: alteration of the structure of the aggregated complex

and reconstruction of NADPH under condition that the

structure of POR complex and chromophore–chro-

mophore interaction depend on the state of NADPH

(oxidized or reduced).

Reaction 4 in Fig. 1 is manifested as a short-wave-

length shift of the spectral bands of the pigment

Chld695/685 → Chl683/670 connected with the name of

the Japanese researcher K. Shibata—the “Shibata shift”

Fig. 1. General scheme of pigment chromophore transformations

at the light stage of chlorophyll biosynthesis in plant leaves [3-25,

41-48, 56-58]. PChld, protochlorophyllide; Chld, chlorophyllide;

Chl, chlorophyll. The figures indicate the positions of the fluores-

cence maxima (first index) and absorption maxima (second

index) of the pigment forms. See text for the interpretations of

reactions 1-8. Dashed arrows show the pathway of formation of

the pigment Chl-/680 (pigment P-680) from the long-wavelength

form of protochlorophyllide. The dotted arrows show the pathway

of transformation of the short-wavelength protochlorophyllide in

embryo leaves. X690 is a non-fluorescent intermediate [80-89].
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[19, 20]. However, the first to observe this spectral effect

under illumination of etiolated leaves were Russian scien-

tists Monteverde and Ljubimenko [21]. The Shibata shift

is observed both in whole etiolated leaves and in their

homogenates and in the preparations of pigment–protein

complexes [22-25]. At this stage in plant leaves etherifica-

tion of a chlorophyllide molecule occurs with formation

of chlorophyll [22, 23, 26-28].

A group of experimental facts indicates that the

short-wavelength Shibata shift is connected with disag-

gregation of the pigment. The evidence for this is an

increase in Chl fluorescence yield [29-31], disappearance

of the double signal of circular dichroism [8, 32, 33], and

disturbance of energy migration from protochlorophyl-

lide to chlorophyll [30, 31, 34]. In estimating the initial

distance between the protochlorophyllide molecules in

the active complex of the order of 25 Å, Thorn advanced

the proposition that the disturbance of energy migration

might be indicative of chlorophyll and non-converted

protochlorophyll moving apart from each other by

approximately 10 Å at this stage [31]. Results of studies

using fractionation of prolamellar bodies (PLB) with the

method of isoelectric focusing led to the conclusion that

the Shibata shift causes not the destruction of the com-

plex but its disaggregation with transformation of large

POR aggregates in smaller ones [35]. The disaggregation

of POR might, as well, lead to disaggregation of the pig-

ment. Perhaps it is loosening of the complex that pro-

motes the etherification—the addition of the hydrophobic

alcohol, phytol, to the pigment molecule.

The terminal link of the linear reaction chain (reac-

tion 5 in Fig. 1) is exhibited by the long-wavelength spec-

tral shift Chl683/670 → Chl687/676; Chl692/683. This

stage is not connected with the action of light; it begins

with a decrease in the quantum yield of the chlorophyll

fluorescence from Chl683/670, which was formed as a

result of the Shibata shift. This terminal stage corresponds

to the final integration of chlorophyll into different pig-

ment–protein complexes of thylakoid membrane and to

the formation of the chlorophyll spectral forms typical of

a mature green leaf [36].

The linear reaction chain apparently leads to the

synthesis of chlorophyll a of light-harvesting antenna (the

main mass of the pigment); this is indicated by the for-

mation of energy connection (electron excitation energy

transfer) of chlorophyll a with carotenoids and chloro-

phyll b [37, 38].

Chlorophyll Biosynthesis Chain Branching.

Biosynthesis of Pheophytin a—a Component

of the Reaction Center (RC) of Photosystem II (PS II)

The intermediate Chld684/676 formed as a result of

the first photoreaction (reaction 1, Fig. 1) serves as the

point of branching. In the dark a side reaction is

observed—the transformation of this intermediate into a

short-wavelength chlorophyll form Chl675/670 (reaction

6 in the scheme of Fig. 1) [5, 6, 8, 11]. This reaction goes

at a noticeable rate only at temperatures above 273 K. It

can also be observed under conditions of illumination of

etiolated leaves by low-intensity light at temperatures

above 0°C. The energy migration from the form

Chl675/670 to Chld684/676 is evidence of it being in

close proximity to the center of biosynthesis of the main

mass of the pigment [18]. Analysis of pigment extracts by

thin layer chromatography has shown that the product of

the side dark reactions is not chlorophyllide but chloro-

phyll [5, 6]. Consequently, the etherification of the Chld

molecule occurs not only during the Shibata shift (as

believed earlier) but also at the stage of the discussed dark

reaction of the formation Chl675/670 from the product of

the first photoreaction, the rate of the shift being by an

order of magnitude higher. The existence in the Chl

biosynthesis process of two ways of chlorophyllide etheri-

fication, fast and slow, was also shown elsewhere [39, 40].

Judging by the fact that this reaction is manifested by

the short-wavelength shift and also by the resistance of

the product Chl675/670 to the disaggregating actions and

higher (as compared to that of Chld690/680) extractive

ability of this product [5, 6], the side reaction is appar-

ently accompanied by pigment disaggregation. That is

confirmed by studies of circular dichroism spectra of the

homogenates obtained from illuminated etiolated leaves

at this stage of the process [7]. It can be assumed that the

same as at Shibata shift stage disaggregation promotes the

enzymatic process of etherification the pigment mole-

cule. Besides, it appears that the terminal form of chloro-

phyll formed as a result of the side reaction earlier desig-

nated as Chl675/670, in reality represents two forms of

chlorophyll, Chl671/668 and Chl675/668 [41, 42].

Using low-temperature fluorescence spectroscopy

[41-43], it has been shown that as a result of the “side reac-

tion” alongside with Chl a, pheophytin a (Pheo679/675) is

synthesized (reaction 6), which is shown by typical fluo-

rescence excitation and fluorescence emission spectra of

the illuminated etiolated leaves and of pigment extracts.

The reaction of pheophytin formation has biosyn-

thetic rather than destructive character: it proceeds only

in leaves when the pigment–protein complexes are intact

and is not revealed even in the homogenates from the eti-

olated leaves. Additional studies showed a greater compli-

cation with the “side reaction” of the process [44].

Pheophytin appeared to be able to undergo conversion to

chlorophyll Chl671/668 in the course of the dark reac-

tion, and this reaction is photoconvertible.

The complex of pheophytin and chlorophyll of etio-

lated leaves is identical in a number of properties to the

pheophytin-containing RC of PS II [41-44]. However, a

high quantum yield of Pheo fluorescence of greening

leaves indicates the different states of Pheo molecules in

these structures from those in RC.
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Biosynthesis of Long-Wavelength Chlorophyll,

a Possible Component of PS II RC

(reaction sequence 7 in Fig. 1)

The formation of the long-wavelength chlorophyll

form, in spectral characteristics close to the chlorophyll

a component of the PS II RC, was first observed under

illumination of etiolated leaves under conditions of heat

shock [45, 46]. In those studies, a new dark reaction of

the product of photoreduction of protochlorophyllide

Chlde684/676 was localized at the point of reaction

chain branching. The reaction is manifested by the

bathochromic shift of the spectral bands and accompa-

nied by the etherification of the pigment to chlorophyll:

Chld684/676 → Chl688/680. After the completion of

the reaction, fast (20-30 sec) and full quenching of the

fluorescence of its product occurred: Chl688/680 →

Chl-/680. The authors supposed that the final product of

this chain of dark reactions, non-fluorescent chlorophyll

Chl-/680, is the pigment of the PS II RC, P-680 [45,

46].

Studies of Chl biosynthesis in juvenile (3-4-day-

old) etiolated leaves provided additional data on the

mechanism of biosynthesis of P-680 under natural con-

ditions [47, 48]. It was shown that in these juvenile

leaves, like in 7-10-day-old leaves grown under condi-

tions of heat shock, the intermediate Chld684/676 at

room temperature participates in two dark reactions:

Chld684/676 → Chl675/670 (“side reaction”) and

Chld684/676 → Chl688/680 → Chl-/680. The peculi-

arity of the process in the juvenile plants was accumula-

tion of Chld684/676 during the first 3-5 sec of illumina-

tion with white light without marked changes in the

absorption and fluorescence bands of PChld655/650,

although photoconversion of protochlorophyllide (judg-

ing by the extracts) took place. Experiments using

monochromatic light in the long-wavelength region

(680 nm), or with white light illumination at different

temperatures, showed that the effect is accounted for by

the photoconversion of an earlier unknown weakly fluo-

rescent long-wavelength form of PChld686/676 into

PChld653/648 (reaction 8) which, as a result of the next

light reaction, is transformed into Chld684/676. Thus,

at the early stages of plant development, alongside with

the main branching chain of reactions, a parallel

branching process was found leading to the synthesis of

the non-fluorescent Chl-/680 (perhaps the pigment of

PS II RC) from the long-wavelength PChld686/676 via

the stage of the formation of the active form of

PChld653/648.

Thus, the native form of Chld684/676, the product

of the first photochemical reaction, formed from

PChld655/650, presents a point of triple branching of the

biosynthesis chain of the minor forms of chlorophyll and

pheophytin connected with PS II RC and the main mass

of chlorophyll of the antenna.

Biosynthesis of Chlorophyll of PS I RC

Studies of Chl formation in the cells of the het-

erotrophic mutant Chlorella vulgaris B-15 with full genet-

ic block of the dark chlorophyll synthesis [49, 50]

revealed photoactivity of another long-wavelength minor

form of protochlorophyll, PChl682/672 (etherified

form). A considerable amount of this form is accumulat-

ed in the cells of the mutant during dark cultivation.

Under illumination of the mutant cells in the temperature

range from –70°C to 26°C, alongside with earlier

described [51, 52] photoreactions (PChld655/650 →

Chld695/684 and PChld640/635 → Chld680/670), the

photoconversion of the long-wavelength form

PChl682/672 into the stable (terminal) form Chl715/696

was revealed [49, 50]. It has been proposed that

Chl715/696 is the pigment of the core of PS I. In favor of

this hypothesis is the position of its long-wavelength band

(696 nm), close to the position of the absorption band

P700 (697 nm of chlorophyll of PS I RC in

Chlamydomonas [53]). Photoactivity of PS I (photostim-

ulated release of H2) starts to be manifested simultane-

ously with Chl715/696 formation in the light [54].

The efficiency of electron excitation energy transfer

from carotenoids to PChl682/672 and Chl715/696 in the

course of the photoreaction did not change significantly

[49, 50], which is possible with the preserved constant

intermolecular distances and mutual orientation of chro-

mophores of carotenoids and porphyrins. Based on this,

the authors hypothesized that in the isolated mutant cells

the structure of the core of PS I already existed, contain-

ing PChl682/672 instead of chlorophyll, and intercom-

plex photoreduction of protochlorophyll to chlorophyll

completes the formation of the core. As POR is known to

be specific to the substrate and not to reduce the etheri-

fied protochlorophyll [55], it can be assumed that in this

case protochlorophyll photoreduction involves some ear-

lier unknown type of protochlorophyllide-oxidoreduc-

tase.

Photobiosynthesis of Chlorophyll in Embryo Plant Leaves

In chlorophyll biosynthesis in embryo leaves of

dicotyledonous plants, the pathways of Chl biosynthesis

differ from the reaction sequences described above for the

juvenile and mature etiolated plants. In the dark, in the

embryo leaves predominantly the short-wavelength form

of the precursor is accumulated characterized by a band

of low-temperature fluorescence at 632-635 nm.

Simultaneously, there exists a longer-wavelength form

with a low-temperature fluorescence band at 653-

655 nm. In the fluorescence spectra measured at room

temperature, the main maximum is situated at 636-

637 nm [56-58]. The short-wavelength form of the

embryo leaves appeared to be photoactive. Its photocon-
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version into the short-wavelength form Chl675/670

occurs under the action of light. In accord with the data

of [56-58], the conversion proceeds via the formation of

the intermediate Chld684/676, i.e. by the pathway of the

“side” reaction (dotted arrows in Fig. 1). In the embryo

leaves the “side” reaction goes at a high rate: during 5 sec

[56]. It is known that in proplastids of very young (2-3-

day-old) leaves the prolamellar bodies (PLB) are still

absent, only small stromal membranes are formed [57,

59-61]. The high rate of the short-wavelength shift

Chld684/676 → Chl675/670 observed in the embryo

leaves at room temperature [56] is indicative of fast pig-

ment release from the active site of POR.

CYCLIC SCHEME OF TRANSFORMATIONS

OF COMPONENTS OF THE ACTIVE

PROTOCHLOROPHYLLIDE–ENZYMIC

COMPLEX IN THE PROCESS

OF CHLOROPHYLL BIOSYNTHESIS

At present much attention is given to studies of the

behavior of the protein component of the active complex

and hydrogen donor NADPH in protochlorophyllide

photoreduction.

Already in the early studies of pigment–protein

complex of protochlorophyllide, a “shuttle” (repeated)

mechanism of the photoenzyme function in the chloro-

phyll biosynthesis was proposed. In a recent paper [57], a

general scheme of Chl formation was proposed including

two pathways of Chl biosynthesis and of regeneration of

the photoactive complex protochlorophyllide – two

cycles of repeated use of POR (Fig. 2). 

A scheme by Schoefs and Franck, in contrast to the

scheme given in Fig. 1, includes only one light-dependent

reaction—the formation of chlorophyllide with absorp-

tion maximum at 678 nm, fluorescence maximum at

688 nm, which is transformed into a longer-wavelength

form via a dark reaction. As at room temperature and at

high light intensity it is difficult to observe separately two

sequential photoreactions [3-6], the spectral characteris-

tics of the primary chlorophyllide form recorded by

Schoefs and Franck (absorption maximum at 678 nm,

fluorescence maximum at 688 nm) in the leaves illumi-

nated by an intense flash of light apparently correspond to

the simultaneous accumulation of the products of both

the first and the second reactions. From comparative

analysis of the spectral characteristics of the intermedi-

ates, it can be concluded that Cycle I in the scheme by

Schoefs and Franck reflects the same process as the side

reaction (reaction 6 in the scheme in Fig. 1 in our paper).

Cycle II corresponds to the direct sequence of reactions

(reactions 1-4, Fig. 1).

Generalizing the results obtained by different inves-

tigators, Schoefs and Franck came to the conclusion that

Cycle I is manifested in the case when the concentration

of non-photoactive chlorophyllide is rather high relative

to that of the formed chlorophyllide. According to

Schoefs and Franck, in this case chlorophyllide rapidly

leaves the enzyme, being replaced by protochlorophyllide

in the aggregate of the POR complex. This pathway is

observed in the membranes of etioplasts, in the embryo

leaves, in the isolated PLB, under the low light intensity.

Cycle II corresponds to the complete photoconversion of

the protochlorophyllide pool (the ratio of non-photoac-

tive protochlorophyllide to the formed chlorophyllide is

rather low). The authors suppose that, in this case,

chlorophyllide remains bound to the enzyme for a longer

time, and during this time disruption of the enzyme

aggregate occurs (at the stage of the short-wavelength

“Shibata shift”).

BIOSYNTHESIS OF CHLOROPHYLL

IN GREEN PLANT LEAVES

All the above-described results of the studies of

biosynthesis of chlorophyll native forms were obtained in

the investigations of the process in greening etiolated

leaves. Naturally, a question arose about the sameness or

difference of the pathways and mechanisms of chloro-

phyll photobiosynthesis in the greening leaves and on Chl

accumulation and renewal of its pool in mature green

plant leaves, when the main pigment mass is synthesized.

A high rate of Chl biosynthesis must simultaneously pro-

vide not only accumulation of the pigment in growing

leaves but also compensate for its loss in destruction

Fig. 2. Pathways of chlorophyll biosynthesis and regeneration of

the photoactive complex of protochlorophyllide [17]. The figures

indicate the positions of the maxima of fluorescence spectra (first

figure) and absorption spectra (second figure) of pigment forms;

I-/695 is a non-fluorescent intermediate.
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processes, in particular, in photodestruction which is

especially intensive in bright light. That is why the prob-

lem of chlorophyll biosynthesis mechanisms directly in

normal green leaves has long attracted attention of

researchers. However, here great difficulties appear,

because the accumulation and transformation of the

minute amounts of the chlorophyll precursor we have to

study against the background of strongly absorbing and

fluorescing chlorophyll already accumulated in the green

leaves (Chl concentration is several orders of magnitude

higher than stationary concentration of the precursor).

Studies of Mechanisms of Chlorophyll Photobiosynthesis

in Green Leaves after Placing Plants in Darkness

Using low-temperature (77 K) fluorescence spec-

trometry that decreases the overlapping of the spectral

bands belonging to chlorophyll and protochlorophyllide,

we acquired the possibility to overcome these difficulties.

The first study of the spectral forms of protochloro-

phyll(ide) in green leaves and their photochemical activi-

ty was the paper by Litvin and coworkers [62]. The

changes in the low-temperature spectra of green leaves of

beans and of the pigment extracts after placing them in

darkness and subsequent illumination were studied. They

found out that when placed in the dark, green bean leaves

accumulated chlorophyll precursor spectroscopically

identical to the main form of protochlorophyllide in etio-

lated leaves (fluorescence maximum at 655 nm). This

band disappeared rapidly on subsequent illumination of

the leaves. The quantitative measurements of concentra-

tion of the precursor accumulated in the dark, by the

spectra of the extracts (using an inner standard) and the

comparison to the data of the rate of chlorophyll renewal

obtained with the isotope method [63] showed that the

process of Chl renewal in the green leaves occurred

through the same main form of the precursor as in the in

etiolated leaves. Accumulation of the photochemically

active protochlorophyllide with a fluorescence maximum

at 655 nm in the darkened green leaves was later con-

firmed in a number of studies [64-67].

The studies of Chl biosynthesis in green leaves in our

laboratory were continued only in 2002. To elucidate the

participation of different protochlorophyllide forms in

chlorophyll a biosynthesis in green leaves, we studied low-

temperature fluorescence spectra and fluorescence excita-

tion spectra of green leaves and of their extracts obtained

from several plant species, with darkening and subsequent

illumination [68]. It was found that in 16 h of darkening

three forms of protochlorophyllide were accumulated with

the same spectral parameters as the forms in the etiolated

leaves (fluorescence maxima at 633, 642, and 655 nm).

The main photoactive form was PChld655/650. The pig-

ment with the band at 642 nm disappeared very slowly. In

green leaves, like in juvenile etiolated seedlings, the

biosynthesis of Chl a involved the precursor form

PChld653/648, which in turn is a product of photochem-

ical reaction of the minor long-wavelength form of pro-

tochlorophyllide with an absorption maximum at about

680 nm. Consequently, in green leaves, like in etiolated

leaves, two pathways of biosynthesis are present:

PChld655/650 Chld;

PChld686/676 PChld653/648 Chld.

Thus, photobiosynthesis of chlorophyll in mature

green plant leaves after darkening involves the same active

forms of protochlorophyllide as in etiolated leaves, and

the pathways of the conversion are analogous to those

observed in greening etiolated leaves. Using of spectral

methods, it was shown that the centers of biosynthesis of

protochlorophyllide and chlorophyll in green plant leaves

are predominantly localized in the cells of the upper col-

umn mesophyll, on the upper surface of the leaf lamella,

and is practically absent in the cells of the lower, less illu-

minated surface of the leaf [69]. 

Studies of Mechanisms of Chlorophyll Photobiosynthesis

in Green Leaves Grown in Natural Photoperiodic

Conditions

For understanding the whole picture of chlorophyll

biosynthesis in plant leaves, it was important to study the

process in mature green leaves grown under natural pho-

toperiodic conditions. It appeared that under periodic

illumination the apparatuses of Chl biosynthesis are dif-

ferent in young (up to seven days) leaves from mature

ones. During the dark period in the young leaves PLB are

formed, while they are not in more mature leaves [57].

Schoefs and coworkers [67] studied Chl biosynthesis

in the mature (20 days) secondary bean leaves grown

under normal periodic illumination (light, 16 h; darkness,

8 h). For initiation of photoconversion of the chlo-rophyll

precursor, the leaves were illuminated by powerful flashes

of light at different time of day and night. Difference fluo-

rescence spectra were measured and analyzed: light (flash)

minus darkness (before the flash). It was shown that dur-

ing the light period (illumination of the leaves was per-

formed in the middle of the 16 h light period) under the

action of the flash protochlorophyllide with fluorescence

maximum at 653 nm underwent transformation. Identical

results were obtained for barley and maize. The photoac-

tive form of protochlorophyllide was also found in the

greening barley leaves after 2-3 h of illumination when

PLB were destroyed and thylakoids developed [70]. The

authors supposed that the active form PChld653/648 in

green leaves is connected with thylakoids.

In studies of Chl biosynthesis in young green bean

leaves (more than 1 day) under conditions of periodic illu-

hυ

hυ hυ
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mination (light, 16 h; darkness, 8 h), in the fluorescence

spectra two protochlorophyllide bands were observed: at

632-636 and 653-654 nm, along with Chl maxima at 685,

695, and 735 nm [57]. At the end of the first light period,

the shorter-wavelength band prevailed. Using an original

technique of studies of the kinetic changes of the

absorbance of the leaves in the far red region (at 700 nm)

the authors found that in young bean leaves the transfor-

mations of the active protochlorophyllide form (fluores-

cence at 654 nm) under the action of an intense flash of

light proceeded through the same intermediate stages as in

the greening etiolated leaves. In 6-day-old leaves grown

under periodic illumination, as a result of illumination

with a powerful flash of light, the primary form of chloro-

phyllide is formed from the active protochlorophyllide

(according to the authors, Chld688/678) which can fur-

ther transform either into a short-wavelength product

Chl675/670 or into a longer-wavelength form Chld694/

682 (that mainly corresponds to the scheme proposed by

us in Fig. 1). During the first light period (1-day-old

leaves), the short-wavelength form is formed predomi-

nantly (like in embryo leaves). With the increase in the

number of light–dark cycles after the illumination with

the flash, the process goes by the second pathway: the

long-wavelength form is formed (fluorescence maximum

at 694 nm) which, like in the greening etiolated leaves,

undergoes the transformation characterized by a short-

wavelength spectral shift (Shibata shift). Under illumina-

tion of leaves with a flash during the light period, this shift

is completed during 1 min, i.e. by an order of magnitude

faster than in the greening leaves. At the same high rate

etherification of chlorophyllide and regeneration of the

active form of protochlorophyllide proceed. Under illumi-

nation of the leaves during the dark period (when PLB are

formed), the rate of the short-wavelength shift decreases.

Thus, it can be concluded that in green plant leaves

grown under the normal photoperiodic conditions the

light-dependent synthesis of chlorophyll involves the

active long-wavelength form of PChld654/648, close in

spectral characteristics to its main active form in greening

etiolated leaves. Like in the greening leaves, in the green

leaves there are no fewer than two pathways of chlorophyll

biosynthesis as dependent on the state of the biosynthetic

apparatus and its structure (the formation of PLB and

thylakoids) that in turn are dependent on the age of the

leaves and are different during the light and dark periods.

SEQUENCE OF REACTIONS

IN PHOTOREDUCTION

OF PROTOCHLOROPHYLLIDE

IN ARTIFICIAL TRIPLE COMPLEXES

NADPH–PROTOCHLOROPHYLLIDE–POR

Recently, an increasing number of researchers use

for studies of the mechanism of photoreduction reaction

artificial triple complexes including protochlorophyllide,

NADPH, and the POR photoenzyme, serving as a model

of photoactive complexes in the living systems. However,

the spectral properties of the reconstructed triple com-

plexes markedly differ from their properties in etiolated

leaves. In the artificial systems, the fluorescence and

absorption maxima of protochlorophyllide are shifted

towards shorter wavelengths as compared to the main

active form PChld655/650 of whole etiolated leaves.

In a number of papers, active triple complexes with

an absorption band near 630 nm were studied [71-74].

Under the action of light the short-wavelength pro-

tochlorophyllide transformed into chlorophyllide with an

absorption band near 670 nm, shifted towards shorter

wavelengths with respect to the corresponding band of the

etiolated leaves of plants. Some authors supposed that in

vitro POR catalyzed the reaction in a monomeric com-

plex [72, 74]. However, it was shown using chromatogra-

phy that the molecular mass of the purified POR in solu-

tion corresponds to the dimer of the enzyme [73].

In the studies of photochemical activity of the recon-

structed triple complexes characterized by fluorescence

band at 633 nm, using “light minus dark” difference

spectra, in addition to the photoconversion of short-

wavelength protochlorophyllide, a slight conversion of

longer-wavelength form with a fluorescence maximum at

645 nm was found [75]. In spectral characteristics and the

ability for photoreduction at low temperature, this form

of protochlorophyllide appeared to be similar to one of

the active forms of protochlorophyllide in vivo—

PChld645/639.

In our cooperative study with Griffiths and Timofeev

[76] using a high concentration of protochlorophyllide,

artificial triple complexes were obtained (PChld–POR–

NADPH) characterized by a longer-wavelength absorp-

tion band (at 648 nm). In the fluorescence spectrum,

maxima at 651 and 708 nm were observed. The position of

the first is close to that of the maximum of one of the

active forms of protochlorophyllide in vivo (653 nm). The

fluorescence band at 708 nm apparently consists of two

components—a vibratory satellite corresponding to the

fluorescence band at 651 nm and a fluorescence maxi-

mum belonging to large protochlorophyllide aggregates

(their number is not great, which is indicated by the

absence of the appropriate band in the absorption spec-

trum). The high intensity of the long-wavelength band

can be explained by effective energy migration from

PChld651/648 to the aggregated form. As a result of illu-

mination with intense white light at 77 K, the quenching

of both fluorescence bands was observed (without appear-

ance of new bands). This can be accounted for by the for-

mation of non-fluorescent intermediate accompanied by

the appearance of an EPR singlet signal with g-factor of a

free electron in the spectrum. The efficient quenching of

the band at 708 nm is apparently explained by a decrease

in the energy migration after photoconversion of
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PChld651/648 into the non-fluorescent intermediate.

With an increase in the temperature the non-fluorescent

intermediate turned into chlorophyllide with fluores-

cence maximum at 695 nm, which corresponds to the

position of the maximum of the primary fluorescent

intermediate formed in vivo. The formation of chloro-

phyllide was identified by the spectra of methanol extracts

obtained from illuminated samples.

In the works of Heyes and coworkers [77-79], artifi-

cial triple complexes were obtained with two active pro-

tochlorophyllide forms characterized by absorption bands

of approximately equal intensity at 630 and 642 nm and

corresponding fluorescence bands at 631 and 644 nm.

The longer-wavelength form PChld644/642 was active at

very low temperatures: at 180 K it was observed to photo-

convert (under the action of a flash of light) into a pri-

mary non-fluorescent intermediate with an absorption

band near 696 nm [78, 79]. On increasing the tempera-

ture (to about 200 K), the non-fluorescent intermediate

turned into an intermediary product with an absorption

band at 681 nm and a fluorescence band at 684 nm. It

should be noted that both the position of the maximum of

the non-fluorescent intermediate and the temperature

dependence of its further dark transformation coincide

with those detected in vivo [80-89]. The temperature

200 K is a critical temperature at which dynamic changes

in the enzyme begin, called “glass transition”. This

change in the enzyme is apparently connected with the

dark transformation of the non-fluorescent intermediate

into the primary product. With further increase in tem-

perature above 200 K, in the triple complex, the second

dark reaction took place, characterized by short-wave-

length shift of the absorption and fluorescence bands to

671 and 674 nm, respectively. By the spectral characteris-

tics of the intermediates and the final product, the chain

of protochlorophyllide transformation reactions in the

triple complex is analogous to the sequence of Chl

biosynthesis reactions in vivo, proceeding at low light

intensities and leading to the formation of the short-

wavelength form of chlorophyll (“side branch”: reactions

1 and 6 in scheme on Fig. 1).

During low-temperature spectroscopic studies of

triple complexes including the thermophilic protochloro-

phyllide-oxidoreductase [90], several dark reactions were

detected on the pathway of PChld644/642 transformation

into chlorophyllide. Increasing the temperature of the

sample after the primary photoreaction of protochloro-

phyllide at 185 K revealed four dark stages (see scheme in

Fig. 3). Comparison of the spectral characteristics of the

intermediates to those of the complexes of

Chld–POR–NADPH (or NADP+) allowed the authors

to interpret the formation of the intermediates. A hypo-

thetical scheme was proposed including proper photore-

duction of protochlorophyllide and four dark stages con-

nected with NADPH oxidation, NADP+ release from the

complex, the subsequent incorporation of NADPH into

the complex, and finally, with the release of free chloro-

phyllide and incorporation of a new protochlorophyllide

(see scheme in Fig. 3).

For studies of the kinetics of the intermediate reac-

tions of the cycle, laser pulses (6 nsec, 450 nm) were used

to initiate the photoreduction of protochlorophyllide

[91]. The release of NADPH from the complex appeared

to be a two-phase process; for this process, the rate con-

stants of dark reactions were calculated. Heyes and

coworkers showed the formation of the triple complex of

NADPH, protochlorophyllide, and POR included six

stages of conformational changes of the enzyme molecule

[92].

CONCLUSION

Here it seems reasonable to describe briefly the pos-

sible near and distant perspectives of those aspects of the

mechanism of the terminal stage of biosynthesis and its

role in the photosynthesis apparatus formation that were

dealt with in the review.

First of all this is elucidation of the mechanisms of

individual dark and photochemical reactions and decod-

ing of real structures of the pigment–protein complexes

involved in these reactions with known spectral charac-

teristics. The complexity of the problem, as we have

already mentioned, is due to the lability of the pig-

Fig. 3. Scheme of the catalytic cycle of protochlorophyllide-oxi-

doreductase [90]. The figures indicate the positions of the maxima

in the absorption spectra (A) and fluorescence spectra (F) of pig-

ment–protein complexes.
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ment–protein structures. However, one can hope that

new preparative methods and other approaches will

develop, in particular, physical methods whose opportu-

nities have been demonstrated in the latest studies of

model triple systems.

In the scheme (Fig. 1), only final results of different

pathways of biosynthesis of chlorophyll and pheophytin

are indicated; they point to the significance of the exis-

tence of such a complicated, branching reaction chain.

One can hope that in the near future “the missing link”

will be found between the system of biosynthesis of pig-

ment–protein complexes and the system of self-building

of the functioning of the photosynthetic apparatus.

A great challenge is also the question of the process

of formation of the pigment structures preceding the ter-

minal photo-dependent stage of chlorophyll biosynthesis,

i.e. of pigment–protein complexes of protochlorophyl-

lide. Here an important role can be played by increasing

the sensitivity of fluorescence methods allowing the study

of their formation and functioning in living cell at all

stages of plant development, beginning with a seed, under

physiological conditions.

Undoubtedly, the problem of photobiosynthesis of

chlorophyllous pigments in completely developed leaves

requires further study. A small number of the existing

papers concerning these problems is only the beginning of

the studies of the process, providing a global role of pho-

tosynthesis in the biosphere and in agriculture.

Finally, the direction of studies only slightly touched

on in the review is regulation of pigment synthesis and

biogenesis of photosynthetic structures by its coupling

with other cellular processes. Besides, in the fundamental

and applied aspects it is useful to employ already accu-

mulated information on the rate and the pathways of dif-

ferent branches of the biosynthetic process as dependent

on exterior conditions (temperature, illumination, the

stage of plant development, etc.) in order to control the

terminal stage of chlorophyll biosynthesis and building of

the photosynthetic apparatus. 
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