
The final light-dependent stage of chlorophyll
biosynthesis in plant leaves involves photoreduction of its
immediate precursor protochlorophyllide and a range of
light and dark reactions leading to the formation of the
system of functional chlorophyll forms of the two photo-
systems of photosynthesis. Phototransformation of pro-
tochlorophyllide into chlorophyllide includes the addi-
tion of two hydrogen atoms in positions C17 and C18 of
the tetrapyrrole protochlorophyllide molecule, the dou-
ble bond being replaced by a single bond (Fig. 1). The
high efficiency of this photoreaction in etiolated leaves is
due to the fact that it proceeds within the photoactive
complex emerging in etiolated leaves at the preceding
stage of chlorophyll precursor synthesis in the dark. The
active complex includes protochlorophyllide, the hydro-
gen donor NADPH, and the photoenzyme protochloro-
phyllide oxidoreductase (POR) (see review [1]). The
structure of the active ternary complex creates spatial
relations between protochlorophyllide and hydrogen
donors favorable for the photoreduction reaction. The
POR photoenzyme catalyzes the reaction. The photoen-

zyme as well as the protochlorophyllide of etioplasts are
in an aggregated, most likely a dimeric state.

There are several spectrally different forms of pro-
tochlorophyllide in both etiolated and green plant leaves
(see review [1]). Pchld633/628, Pchld643/637, and the
usually dominant Pchld655/650 are the main pro-
tochlorophyllide forms (the numbers show the position of
fluorescence and absorption maxima). Several minor
long-wave forms have also been found. Pchld655/650 is
the main active form of protochlorophyllide; it is due to
the transformation of this form that the bulk chlorophyll
is synthesized.

Low temperature spectroscopy and high temporal
resolution spectroscopy have shown that the photoreduc-
tion of protochlorophyllide is a rather complex process
involving several fast light and dark reactions.

SHORT-LIVED INTERMEDIATES
OF PROTOCHLOROPHYLLIDE

PHOTOTRANSFORMATION
INTO CHLOROPHYLLIDE in vivo

STABILIZED AT LOW TEMPERATURES

Non-fluorescent intermediate X690. Studies of pro-
tochlorophyllide photoreduction in vivo (in etiolated
leaves) at very low temperatures, when biochemical tem-
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perature-dependent stages are inhibited, reveal informa-
tion on the mechanism of this reaction. The fluorescence
quantum yield of the active protochlorophyllide form was
found to decrease after leaves are illumination at low tem-
perature (77-173 K) without the appearance of any new
fluorescence bands. Subsequent increase in temperature
in the dark causes the appearance of fluorescence bands
characteristic for chlorophyllide. It was suggested that
exciting light at low temperature causes the protochloro-
phyllide molecule to enter an intermediate state (non-
fluorescent intermediate) that is transformed into chloro-
phyllide due to the next dark reaction proceeding on rais-
ing the temperature [2-14]. Photoinduced fluorescence
quenching proceeds even at liquid helium temperature
[12], indicating the elementary photophysical nature of
the primary reaction.

The absorption band of the non-fluorescent inter-
mediate that is stabilized at low temperatures is at about
690 nm [15]. The similar position of the maximum
absorption of the primary intermediate was later regis-
tered also at room temperature [16, 17]. This intermedi-
ate is commonly called X690. In the dark increasing tem-
perature causes X690 to turn into chlorophyllide:

hν
Pchld655/650 → Х690 → Chld.

Existence of several short-lived non-fluorescent inter-

mediates. Studies of the primary stages of protochloro-
phyllide photoinduction at very low temperatures sug-

gested the existence of even earlier stages of the photo-
chemical reaction than the formation of the X690 inter-
mediate. This is evidenced by comparison of the spectral
pattern changes after illumination of etiolated leaves at
different temperatures [9-11, 18-21] (Fig. 2).

The initial reaction, photoinduced fluorescence
quenching of the active form of protochlorophyllide
Pchld655/650, observed at low temperatures, becomes
reversible when the temperature increases. The degree of
reversibility depends on the temperature conditions dur-
ing the illumination (75-80% after illumination at 4.2 K;
30-50% after illumination at 77 K; 5-6% after illumina-
tion at 153 K). The quantum yield of photoinduced
quenching of protochlorophyllide Pchld655/650 fluores-
cence on deep cooling of etiolated leaves is very low
(three orders of magnitude lower than the quantum yield
of its photoreduction at room temperature); its depend-
ence on temperature is rather weak in the range from 4.2
to 180 K. It is practically unaltered by increasing the tem-
perature of the illuminated sample from 4.2 to 77 K and
is slightly increased (50%) at 153 K (Fig. 2). The quantum
yield of the following reaction, formation of the primary
fluorescent chlorophyllide forms after the increase in
temperature of illuminated samples, is characterized by
higher dependence on the temperature at which the sam-
ple was illumination. This parameter (in contrast to the
quantum yield of fluorescence quenching) changes signif-
icantly with increase in temperature of the illuminated
leaves from 4.2 to 153 K. The quantum yield of the over-
all reaction (fluorescence quenching plus subsequent

Fig. 1. Structural formulas of protochlorophyll(ide) (a) and chlorophyll(ide) (b) molecules. R1 corresponds to CH2–CH3 for the monovinyl
pigment form and CH=CH2 for the divinyl form. R2 corresponds to C20H39 for protochlorophyll and chlorophyll and to hydrogen atom for
protochlorophyllide and chlorophyllide.

a                                                                          b
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chlorophyllide formation after temperature increase) in
leaves illuminated at 4.2 K, is three to four times lower
than in leaves illuminated at 77 K, and it is ten times
lower than when illuminated at 153 K.

These facts indicate greater complexity of the pri-
mary reaction: the existence of reverse reactions in the
pathway of the formation of the X690 intermediate, these
reactions being less dependent on temperature than the
direct process of transformation of the non-fluorescent
intermediate into chlorophyllide.

Fluorescence and absorption spectroscopy revealed
that the primary photoreaction of protochlorophyllide
transformation into a non-fluorescent intermediate is
photoreversible when affected by a powerful monochro-
matic laser beam with wavelength of 694 nm (corresponds
to the absorption of the X690 intermediate) [22, 23]. Rate
constants and quantum yields of the direct and reverse
photoreactions at photostationary equilibrium were cal-
culated. The calculations showed that the photore-
versibility of the reaction of X690 formation cannot be the
reason for the low quantum yield of the general process as
the quantum yield of the reverse process is substantially
(about 20 times) lower. Since X690 formation is not
reversible in the dark, the authors suggested the existence
of another intermediate preceding X690 formation,
which includes a fast reverse reaction; it is this reaction
that reduces the yield of the overall process. The putative
intermediate was designated as R (reversible):

hν1

Pchld655/650 → R → X690 → Chld.

↑__________________|
hν2

These data explain the decrease in the reaction
quantum yield at low temperature compared to the quan-
tum yield at room temperature, when the quantum yield
is close to 0.5 [24, 25]. Temperature increase causes the
rate constants of direct dark processes to increase more
rapidly than the rate constants of the reverse reactions,
which is accompanied by the increase in overall yield of
the process of chlorophyllide formation.

Analysis of spectral changes (Fig. 3) suggests that the
absorption spectrum of the primary intermediate R pre-
dominantly formed at 77 K is close (if not identical) to
the absorption spectrum of the active protochlorophyllide
form: the primary effect of light on etiolated leaves, man-
ifested by quenching of protochlorophyllide fluores-
cence, is observed under the conditions when X690 is
practically unnoticeable in absorption spectra (at 80%
fluorescence quenching the absorption spectrum remains
virtually unchanged) [18, 19]. The 10-12% decrease in
the protochlorophyllide absorption band and the appear-
ance of a long-wavelength absorption maximum at
690 nm belonging to the non-fluorescent X690 interme-
diate are observed in the absorption spectra of leaves illu-
minated at 153 K.

Fig. 2. Fluorescence quenching as the primary act of photoreduction of the active form of protochlorophyllide. Changes in low-temperature
(77 K) fluorescence spectra of etiolated bean leaves after illumination with light of 104 W/m2 at low temperatures (4.2, 77, 153 K): 1) unillu-
minated etiolated leaf; 2) the same leaf after illumination at low temperature (temperature indicated in the upper part of the figure); 3) the
same sample after warming to 233 K (10 min) in the dark; 4) the same sample after warming to 263 K (20 min) in the dark.
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Data of time-resolved spectroscopy obtained at
room temperature indicate the appearance of a short-
lived intermediate with absorption band close to the
absorption band of the active protochlorophyllide form,
in the chain of protochlorophyllide transformations [26,
27].

Low-temperature (77 K) optical (absorption and flu-
orescence) and ESR spectra of entire etiolated and illu-
minated leaves were studied to elucidate the mechanism
of the early stages of protochlorophyllide photoreduction
[18, 19, 21]. Both short-lived intermediates, R and X690,
were shown to be paramagnetic. Leaves illumination at
77 K (when non-fluorescent intermediate R is mainly
formed) was found to cause the emergence of a structure-
less singlet ESR signal with g-factor 2.0021 characteristic
of a free electron, width 1.1 mT. Increasing temperature
to 200 K caused a slight increase in the amplitude of the
ESR signal of etiolated leaves illuminated at 77 K (Fig. 4).
This increase in the signal amplitude probably corre-
sponds to the transformation of the primary product R
into intermediate X690. Decrease in the signal width was
observed along with amplitude increase. Further increase
in temperature above 200 K caused a sharp drop in the
ESR signal amplitude, which reached the initial dark
value at the temperature of about 250 K. Absorption and
fluorescence spectra showed the formation of the primary
forms of chlorophyllide along with the sharp decline of
the ESR signal amplitude of etiolated leaves illuminated
at 77 K on increasing the temperature.

Thus, the primary intermediate R resulting from the
photoreaction itself is close in its absorption spectrum to
the original protochlorophyllide form, but it differs from
it in having a very low fluorescence quantum yield.
Intermediate R is characterized by a singlet ESR signal
with the g-factor of a free electron. Increasing the tem-
perature at which the sample is illuminated causes an
increase in the rate constant of the direct reaction of the
transformation of intermediate R into X690. Non-fluo-
rescent intermediate X690 is also characterized by a sin-
glet ESR signal with g-factor 2.002 characteristic of a
free electron, but it has a narrower signal width of
0.95 mT.

Two forms of a non-fluorescent intermediate X690. It
was noted in several studies that the non-fluorescent
intermediate X690 is characterized by a broad absorption
band at 680-710 nm [5-8]. The position of the absorption
maximum was shown to depend significantly on the tem-
perature during the illumination. Illumination at 153-
158 K was accompanied by the appearance of a wide
absorption band at 705 nm, while illumination at 158-
163 K resulted in a band with maximum at 689 nm [8].

Differential and derivative spectroscopy revealed the
existence of two forms of X690 characterized by absorp-
tion maxima at 697 and 688 nm and different formation
rates (Fig. 5) [28]. The intermediates were named R697
and R688. The R697 intermediate could be detected after
a brief illumination of etiolated leaves at 77 K. The inten-
sity of the absorption band of the active protochlorophyl-

Fig. 3. Changes in low temperature (77 K) fluorescence (a) and
absorption (b) spectra of etiolated bean leaves illuminated with
intense white light (104 W/m2) at low temperatures: solid line,
unilluminated etiolated leaf; dotted line, after 4 min illumination
at 77 K; dashed line, after 4 min illumination at 153 K.
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lide form at 650 nm remained practically unchanged.
Subsequent increase in the temperature of the sample in
the dark to 233 K led to the complete reversibility of the
reaction of R697 formation. The R688 intermediate was
accumulated more slowly; this process was accompanied
by a decrease in the absorption band of the active pro-
tochlorophyllide form at 650 nm. Reduction of the band
at 650 nm indicates more profound changes in the pro-
tochlorophyllide molecule at this stage when compared to
the previous stage of intermediate R697 formation, when
absorption at 650 nm remains unchanged. Judging from
ESR spectra, both R697 and R688 intermediates are
paramagnetic. Increasing the temperature of a sample
characterized by two absorption bands in the difference
spectrum at 697 and 688 nm to 233 K caused both the
effective reverse reaction of the intermediates into pro-
tochlorophyllide and the forward reaction of formation of
the primary chlorophyllide forms with absorption maxi-
ma at 676 and 684 nm. Since the formation of the chloro-
phyllide primary forms (at higher temperature) required
joint accumulation of two non-fluorescent intermediates
R697 and R688, these intermediates were suggested to be
formed in parallel photoreactions, but at different rates;
increasing temperature causes interaction of their chro-
mophores leading to the formation of a chlorophyllide
molecule by a mechanism of free radical disproportiona-
tion. This assumption about the mechanism of chloro-
phyllide formation by free radical disproportionation was
suggested earlier in [8].

At the end of this section, we conclude that pro-
tochlorophyllide photoreduction in vivo includes at least
two elementary reactions that can be registered by spec-
troscopic methods at very low temperatures, when the
products of these reactions, non-fluorescent intermedi-
ates, are stabilized:

hν
Pchld655/650 → R-/650 → Х690 (R697 + R688) → Chld.

STUDY OF FAST STAGES
OF PROTOCHLOROPHYLLIDE

PHOTOREDUCTION in vivo

AT PHYSIOLOGICAL TEMPERATURES

Study of chlorophyll photobiosynthesis in etiolated
leaves by time-resolved spectroscopy is another way to
detect labile short-lived intermediates of protochloro-
phyllide photoreduction. Application of this method has
revealed the formation of short-lived intermediates also
at physiological temperatures. Studies of the kinetics of
the changes in pigment fluorescence intensity after brief
illumination of etiolated leaf homogenates [29], as well
as fast light-induced absorption spectral changes of
leaves and isolated pigment–protein complexes [16, 17]
at room temperature revealed a primary short-lived

(0.2 µs) intermediate with absorption maximum at 690-
695 nm.

Nanosecond and picosecond absorption spec-
troscopy [26] showed that the reaction of protochloro-
phyllide photoreduction in isolated pigment–protein
complexes at room temperature involves four intermedi-
ates with time constants of formation of 5 ps, 2 ns, 35-
250 ns, and 1-2 µs and the subsequent appearance of
chlorophyllide at 12 µs:

hν � 50 ps                        1–2 ns

Pchld (S0) → Pchld (S1*) → Pchld (S1) →
(=x0)

1–2 ns           35–250 ns         1–2 µs        12 µs

→ x1 → x2 → x3 → Chld.

The position of the absorption maximum of the pri-
mary product X0 is virtually identical to the position of the
absorption band of the initial protochlorophyllide. The
time constant of X0 formation corresponds to the relax-
ation of the protochlorophyllide molecule from the
Franck–Condon state (S1

∗) to the equilibrium state (S1),
hence X0 cannot be an intermediate in the chemical
sense. Using the flash-photolysis method, it was shown

Fig. 5. Two forms of non-fluorescent intermediate X690. Low-
temperature differential absorption spectra of etiolated barley
leaves: 1) spectrum of a sample illuminated for 5 s at 77 K minus
spectrum of the same sample prior to illumination; 2) spectrum
of a sample illuminated for 1 min at 77 K minus spectrum of the
same sample prior to illumination; 3) spectrum of a sample after
illumination for 1 min at 77 K and its subsequent incubation at
233 K in the dark for 15 min minus the spectrum of the sample
illuminated for 1 min at 77 K. Light intensity 102 W/m2 [28].
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that the absorption maximum of the X1 intermediate is
also close to the absorption maximum of the initial pro-
tochlorophyllide (�640 nm). Studies of the changes in
differential absorption spectra have shown that interme-
diates X2 and X3 are characterized by absorption maxima
at 688 and 684 nm, respectively. The authors of [26] sug-
gested that intermediate X3 corresponds to the non-fluo-
rescent intermediate X690 discovered in etiolated leaves
illuminated at low temperatures. However, according to
other researchers [30, 31], intermediate X690 rather cor-
responds to the X2 intermediate discovered by Iwai et al.,
as evidenced both by the absorption spectrum of this
intermediate (maximum at 688 nm) and by the time of its
formation (35-250 ns), which is comparable to the for-
mation time of the X690 intermediate recorded by other
researchers [16, 32]. Intermediate X1 [26] probably corre-
sponds to the intermediate R discovered in our work [22,
23], as evidenced by the similarity between its absorption
spectrum and the absorption spectrum of the initial pro-
tochlorophyllide. Intermediate X3 can be compared to
one of the primary chlorophyllide forms appearing after
temperature increase of etiolated leaves that were illumi-
nated at 77 K.

Comparison of the results of research of intermedi-
ate stages of protochlorophyllide photoreduction in vivo

at physiological and low temperatures showed that this
process involves several intermediate products, including
two or three short-lived intermediates that, according to
our studies, are characterized by significant quenching of
protochlorophyllide fluorescence.

PRIMARY FLUORESCENT
CHLOROPHYLLIDE FORMS in vivo

The non-fluorescent intermediate X690 formed by
light at low temperatures transforms into chlorophyllide
following a dark path after increasing the temperature of
the illuminated sample. When using white light for illu-
mination of etiolated leaves at 77 K, subsequent increase
in temperature caused almost simultaneous formation of
two primary chlorophyllide forms with fluorescence max-
ima at 684 and 695 nm and corresponding absorption
bands at 676 and 684 nm [9, 10, 33]. Then the
Chld685/684 form turns into a shorter-wavelength form
Chld684/676 during a dark reaction. The ratio of the
bands at 695 and 684 nm appearing after illumination at
low temperature depends on the spectral composition of
the light. Blue light (with maximum at 470 nm) used for
illumination resulted (after temperature increase) in the
formation of only one band at 695 nm, which gradually
shifts to 684 nm. Red light (>600 nm) used for illumina-
tion of leaves resulted (after temperature increase) in the
appearance of only one shorter-wavelength maximum at
684 nm. Formation of only one, shorter-wavelength pri-
mary chlorophyllide form was observed in etioplast

preparations. These data suggest the existence of two
types of active protochlorophyllide–protein complex
with nearly identical absorption and fluorescence bands
in the red spectral region in etiolated leaves. Both forms
are converted to chlorophyllide through the formation of
a non-fluorescent intermediate. One of the precursors
can be transformed directly into the shorter-wavelength
chlorophyllide form Chld684/676. The hypothetical
reaction scheme is as follows:

hν
Pchld655/650 → R → Х690 → Chld695/684

hν
↓

Pchld655/650 → R → Х690 → Chld684/676 →.

An additional active protochlorophyllide form
Pchld653/648, close in its spectral characteristics to the
main active form, was later discovered in vivo [34, 35].
Moreover, it is possible that the second pathway is based
on the transformation of a shorter-wavelength form of the
precursor Pchld643/637, whose fluorescence is quenched
as a result of highly effective energy migration to the main
active form.

The primary reactions of protochlorophyllide pho-
toreduction in plant leaves were studied by means of
time-resolved fluorescence spectroscopy [32]. The results
of these studies have shown that dark transformation of
non-fluorescent intermediates leads to the formation of
four primary chlorophyllide forms characterized by fluo-
rescence maxima at 684, 690, 695-697, and 706 nm.
Similar results were obtained when studying primary flu-
orescent chlorophyllide forms by differential spec-
troscopy and dividing difference fluorescence spectra into
Gaussian components [33]. It was found that the long-
wavelength primary chlorophyllide forms with fluores-
cence maxima at 696 and 706 nm are later transformed at
room temperature into shorter-wavelength forms with
fluorescence maxima, respectively, at 675 and 684 nm.
The form with fluorescence maximum at 684 nm is prob-
ably the chlorophyllide (Chld684/676) form, which
serves as the initial form in the biosynthetic pathway of
the pigments of the reaction center of photosystem II and
the light-harvesting complex (see review [36]).
Apparently, the formation of several primary labile
chlorophyllide forms indicates the early differentiation of
the pathways of the formation of functionally different
native pigment forms.

PROTOCHLOROPHYLL(IDE)
PHOTOREDUCTION IN MODEL SYSTEMS

Photoreactions in protochlorophyll solutions.

Studying the reaction of protochlorophyll photoreduc-
tion in simple systems has become another way to eluci-
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date the mechanism of the primary stages of chlorophyll
biosynthesis from the precursor and the role of biological
structures in this process. Studying protochlorophyll(ide)
phototransformation in vitro reveals the spectral changes
associated with the transformation of the actual chro-
mophore molecule.

Many researchers have tried to photoreduce pro-
tochlorophyll(ide) to chlorophyll(ide) in vitro. The earli-
est systematic studies in this direction were carried out in
the laboratory of Academician A. A. Krasnovsky using
different model systems (solutions, solid films, pigment
micellar solutions). As a result, rather high photoreaction
product yield could be achieved (up to 20%), the product
being identified as chlorophyll [37-39]. However, in these
experiments the reaction was complicated by side
processes, in particular, by photoreduction in the system
of conjugated bonds of the chromophore. The primary
reaction stages and its mechanism remained unclear. The
singlet ESR signal, which was thought to belong to the
pigment radical-anion, was discovered when studying
protochlorophyll photoreduction by strong reducing
agents in solutions at low temperatures (243-183 K) [40].
However, the character of the absorption spectrum
changes indicated that in this case the reduction occurred
in the system of conjugated bonds (with the formation of
a “red” intermediate product).

To obtain information about the mechanism of the
earliest stages of protochlorophyll(ide) photoreduction
reactions, previously studied in whole leaves, we together
with K. N. Timofeev and M. I. Bystrova studied this
process in model systems [18, 19, 41]. Experimental con-
ditions were as close as possible to those in the studies on
plant leaves, when primary stages of photoreduction of
the protochlorophyllide molecule could be observed
(high intensity short illumination at 77 K). It was shown
that primary photophysical stages of protochlorophyll
reduction in solutions and films could proceed also with-
out the use of reducing agents. Apparently, it is the solvent
(ethanol, ethyl ether, pyridine) that serves as the hydro-
gen donor in this case.

Photoreduction of monomeric protochlorophyll(ide).

The effect of quenching of fluorescence at 626 nm
belonging to the monomeric pigment form was discov-
ered when studying dilute solutions of protochlorophyll
and protochlorophyllide in ethyl ether (10–6 M) after illu-
mination of the samples at 77 K. This effect could be
practically completely reversed by subsequent tempera-
ture increase to 273 K. The absorption spectrum
remained unchanged [41]. A singlet signal with g-factor
of 2.0013 and singlet band-width of 1.2 mT could be reg-
istered in the ESR spectrum simultaneously with pro-
tochlorophyllide fluorescence quenching; increasing
temperature caused rapid disappearance of this signal and
reappearance of fluorescence [18, 19]. Addition of reduc-
ing agents accelerated the fluorescence quenching sever-
al-fold.

Thus, illumination at 77 K caused the formation of a
product close in the position of its red absorption band to
the initial pigment, but different from it in low fluores-
cence yield and the appearance of a singlet ESR signal in
low-concentration solutions of monomeric protochloro-
phyll. Increasing temperature caused disappearance of
the product, which turned back into the initial com-
pound. Comparison with the precursor photoreduction in
whole etiolated leaves indicates that apparently the very
first stage of chlorophyll precursor photoreduction is
reproduced in the model systems with monomeric pro-
tochlorophyll; this stage is manifested in vivo in the
quenching of fluorescence of the active protochlorophyl-
lide form and the formation of the paramagnetic interme-
diate R.

Photoreduction of aggregated protochlorophyll.

Absorption and fluorescence spectra of the three main
native forms of chlorophyll precursor are rather well sim-
ulated in concentrated (10–4 M) ethanolic solutions of
protochlorophyll: absorption bands at 625, 635, and 645-
647 nm and fluorescence bands at 627, 637, and 651-
652 nm are observed. According to [42, 43], the short-
wavelength maxima at 627 and 636 nm belong to singly
and doubly solvated pigment, respectively. Measurements
of the circular dichroism spectra of protochlorophyll in
model systems [44, 45] indicate that the longest-wave-
length spectral band at 651-652 nm results from the for-
mation of pigment dimer.

Illumination of the concentrated ethanolic solution
at 77 K leads to the quenching of all the fluorescence
bands [18, 19, 41]. This quenching proved to be
reversible on increasing the temperature for two shorter-
wavelength bands (similar to the experiments with the
pigment monomer), whereas fluorescence intensity for
the band at 651 nm could not be fully recovered. Light
caused the appearance of a singlet signal with g-factor of
2.0015 and width of 1.1 mT in the ESR spectrum (these
parameters match those of the signal caused by illumina-
tion of etiolated leaves). Along with fluorescence
quenching, a small maximum at about 685-690 nm is
observed in the low-temperature absorption spectrum;
this maximum is close in its position to the absorption
maximum of the non-fluorescent intermediate X690 dis-
covered in plant leaves. Hence, deeper protochlorophyll
transformation is apparently taking place in the systems
with aggregated protochlorophyll (when compared to the
monomeric pigment), comprising the formation of a
chlorophyll-like product, which may be identical to the
X690 intermediate. The aggregated long-wavelength
form of the pigment is obviously involved in this stage of
the process.

Thus, the similarities between the primary stages of
protochlorophyll(ide) photoreduction in vivo and its most
simple photoreactions in model systems suggest that pri-
mary photoreactions observed in whole leaves are really
connected to the changes in the actual pigment molecule.
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PROTOCHLOROPHYLLIDE PHOTOREDUCTION
IN RESTORED TERNARY COMPLEXES

In recent years, a growing number of researchers
have been using artificial ternary complexes to study the
mechanism of the protochlorophyllide photoreduction
reaction; these complexes include protochlorophyllide,
NADPH, and the photoenzyme protochlorophyllide oxi-
doreductase. Pchld644/642 [14, 27, 46, 47] is the main
active protochlorophyllide form in such systems; its spec-
tral properties are close to those of the active pro-
tochlorophyllide form Pchld643/639 from whole etiolat-
ed leaves and to the main form that can be found in iso-
lated pigment–protein complexes.

Similarly to a whole etiolated leave, the formation of
an unstable non-fluorescent intermediate was registered
on protochlorophyllide photoreduction in artificial ter-
nary complexes at low temperatures; this intermediate
proved to be the primary product that appears after illu-
mination of samples at low temperatures [14, 47, 48],
with the absorption band at about 696 nm [14].
Fluorescence quenching was accompanied by the appear-
ance of a singlet signal with g-factor of a free electron in
the ESR spectrum [46, 48]. Increasing temperature
caused the non-fluorescent intermediate to change spon-
taneously into chlorophyllide, which was identified both
by spectral characteristics [48] and by liquid chromatog-
raphy [46]. The primary fluorescent intermediate was
transformed into a shorter-wavelength chlorophyllide
form in a dark reaction:

hν

Pchld644/642 → X696 → Chld684/681 →

→ Chld674/671.

Formation of a non-fluorescent intermediate X696
can proceed at temperatures below 200 K, a critical tem-
perature below which there are no dynamic enzyme
changes. Hence, enzyme movement or reorganization is
not involved in this stage of the catalytic mechanism. The
temperature limit of X696 formation is 120 K. These data
correlate with the results of studies on the temperature
dependence of X690 formation in whole etiolated leaves;
it was already mentioned that in these leaves frozen to
77 K there could be observed only protochlorophyllide
fluorescence quenching accompanied by the formation of
the first intermediate R with spectral properties virtually
identical to those of protochlorophyllide.

Impulse techniques revealed the primary processes
in reconstructed active complexes and at room tempera-
ture [27]. A slight increase in the initial protochlorophyl-
lide absorption (maximum at 642 nm) with its shift to
636 nm could be observed in the time interval between 3
and 400 ps after illumination of the sample with a 50 fs
laser flash (475 nm). At the same time, there also

appeared a weak maximum at about 677 nm. A short-
lived intermediate with absorption bands at 636 and
677 nm was transformed into chlorophyllide:

hν
Pchld → Pchld* → Int (636, 677 nm) →

→ Chld (674 nm).

As mentioned above, the primary non-fluorescent
intermediate formed by the action of light in living sys-
tems is similar to the initial protochlorophyllide in terms
of the location of the main absorption maximum and its
intensity. This could be observed both at low tempera-
ture – intermediate R formed at 77 K in whole leaves [19,
23] – and at room temperature in isolated pigment–pro-
tein complexes – formation of intermediate X1 [26]. It
should be noted that a very slight short-wavelength shift
of absorption maximum of the active protochlorophyllide
form (650 nm) can also be found in absorption spectra of
whole etiolated leaves briefly illuminated at 77 K [19]
(this shift at first remained unnoticed). Probably, the Int
(636, 677 nm) intermediate found by Heyes et al. [27] at
room temperature in the picosecond time range corre-
sponds to the simultaneous observation of two primary
intermediates found in vivo: intermediate R (X1) and the
next intermediate X690 (X2); the formation time of the
latter at room temperature (35-250 ns) corresponds to the
rate of primary intermediate formation in reconstructed
complexes.

Spectral differences between the short-lived inter-
mediate with absorption maximum at 675-677 nm dis-
covered at room temperature and the X696 intermediate
observed at low temperatures can be probably explained
by different states of the protein part of the complex at
low and high temperatures. The non-fluorescent inter-
mediate X696 is formed on the deep freezing of the com-
plex to a temperature below the critical value of 200 K,
when dynamic changes in the enzyme start. At room tem-
perature the pigment photoreduction proceeds along with
protein conformational changes.

Thus, protochlorophyllide photoreduction in recon-
structed ternary complexes proceeds in at least in two
stages: light-induced formation of the short-lived non-
fluorescent intermediate characterized by a weak ESR
signal with g-factor of a free electron, and its subsequent
dark transformation into chlorophyll. The observed
processes are similar to those in whole etiolated leaves.

POSSIBLE MECHANISMS
OF PHOTOREDUCTION

OF THE PROTOCHLOROPHYLLIDE MOLECULE

In our early studies [9, 10] we suggested that the pri-
mary reactions of protochlorophyllide photoreduction in
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vivo characterized by the formation of paramagnetic
intermediates correspond to the sequential transfer of two
electrons and two protons to the semi-isolated double
bond C17=C18 of the protochlorophyllide molecule, the
process leading to the formation of an intermediate semi-
reduced form similar to the mechanism of the stepwise
reduction of the double bond described for the photore-
action of porphyrin reduction in solutions [49]. However,
after it became clear that it was NADPH that served as an
electron donor [50, 51], it was suggested that the sequen-
tial transfer of two electrons was rather unlikely due to the
high energy of nicotinamide radicals [52]. Since the
structure of the photoenzyme POR is similar to that of
short-chain alcohol dehydrogenases, transfer of the
hydride-ion from NADPH by a mechanism analogous to
the mechanism of substrate reduction by alcohol dehy-
drogenases seemed to be a more likely option for the
reaction of protochlorophyllide photoreduction. The
reaction of protochlorophyllide photoreduction in the
reaction mixture including protochlorophyllide,
NADPH, and etioplast membranes was studied by NMR
spectroscopy using NADPH isomers with radiolabeled
hydrogen (3H). These studies showed that the hydride-ion
from the 4S position in the nicotinamide nucleus of the
NADPH molecule is transferred to position C17 of the
protochlorophyllide molecule; the pigment molecule
undergoes trans-reduction [53, 54]. The conservative
amino acid residue Tyr193 of POR located near the bond
C17=C18 is probably the source of the second proton
[55-57]. According to the structural model of the POR
enzyme [58], the D ring of the protochlorophyllide mol-
ecule is fixed against NADPH and the tyrosine residue to
ensure the hydride-ion and proton transfer. POR was
shown to lose its activity when the conservative amino
acid residues Tyr193 and Lys197 were changed to Cys and
Arg, respectively [55]. This constitutes a difference
between POR and dehydrogenases, as such replacement
is possible in the latter case. It was suggested that Tyr193
could be the donor of the second protein (Fig. 6). The
proximity of Lys197 is necessary to reduce the pKa of
Tyr193, which facilitates deprotonation of its phenol
group [55]. Conservative residues Lys197 and Cys226 play
an important role in the formation of the optimal struc-
ture of the ternary complex, providing the necessary steric
conditions for the reaction of protochlorophyllide pho-
toreduction [55-57, 59]. The proton from the tyrosine
phenol group is transferred to the C18 atom of the pro-
tochlorophyllide molecule. In the case of the reconstruct-
ed ternary complexes with mutant POR where Tyr193 was
replaced by Phe, the protochlorophyllide reduction
stopped at the stage of the intermediate photoproduct and
the second (light-independent) reaction stage was inacti-
vated [56]. These data indicate that the hydride-ion is
transferred first, before the proton transfer. The existence
of several short-lived intermediates also supports the sug-
gestion of non-simultaneous transfer of hydride-ion and

proton during the photoreduction of the protochloro-
phyllide molecule.

Paramagnetism of the molecules of electron donor
or acceptor, which is manifested in the appearance of the
light-induced ESR signal, is one of the most convincing
evidences of the formation of charge transfer complexes
(CTC) in a donor–acceptor system [60]. The formation
of the charge transfer complex is accompanied by the
appearance of a new absorption band when the redox
potentials of the reaction partners are sufficient for the
complete electron transfer from one molecule of the
complex to the other [60]. However, if the difference in
redox potentials of the molecule partners in the main
state is rather small and insufficient for the complete elec-
tron transfer from the donor molecule to the acceptor
molecule, a complex with partial charge transfer is
formed. This is accompanied by fluorescence quenching,
but the absorption spectrum remains unchanged without
the appearance of new bands [60]. The assumption that
protochlorophyllide photoreduction in vivo involves the
stage of formation of a charge transfer complex has been
expressed in a number of studies [8, 15, 20, 21, 30, 31,
61]. Based on the spectral characteristics of two non-flu-
orescent intermediates in vivo (R and X690 according to
[11, 18, 19, 21]; X1 and X2 according to [26]), we can
assume that their photoinduced formation corresponds to
the formation of the complexes with partial [Dδ+ Aδ–] and
complete [D+ A–] charge transfer [20, 21, 31]:

hν +H+

DA → Dδ+ Aδ– → D+ A– → D+ AH2.
(NADPH-Pchld)         ( R )               (X690)             (NADP+-Chld)

Fig. 6. Hypothetical model of the mechanism of protochlorophyl-
lide photoreduction by protochlorophyllide oxidoreductase in the
active center of the ternary complex Pchld–POR–NADPH [55].
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Raskin and Schwartz analyzing work [26] suggested
that the rather long lifetime of the intermediate X1 (35-
250 ns) indicates the existence of two intermediates at this
stage: singlet exciplex and triplet exciplex of protochloro-
phyllide and hydrogen donor. The results of the studies of
low-temperature phosphorescence spectra of whole etio-
lated leaves illuminated at 77 K also favor the formation
of not only singlet, but also triplet exciplexes of pro-
tochlorophyllide and hydrogen donor, since under these
conditions phosphorescence quenching of the active pro-
tochlorophyllide form was observed simultaneously with
its fluorescence quenching [62]; the quantum yield of
phosphorescence prior to illumination was very high
(about 50%) [43, 62]. However, we think that additional
experiments are required to answer the question of the
involvement of the protochlorophyllide molecule triplet
state in its photoreduction.

Heyes et al. conducted a comparative study of the
reaction of protochlorophyllide molecule reduction in
ternary complexes at 180 K using absorption, ESR,
ENDOR, and Stark spectroscopies to elucidate the
mechanism of this reaction [47]. ESR spectra indicating
the existence of two types of paramagnetic products were
registered for illuminated samples. However, quantitative
evaluations of the ESR spectra indicated that only about
5% of the pigment was transformed into free radicals dur-
ing almost complete transformation of protochlorophyl-
lide active form (estimated by the changes in absorption
spectra). A wide Stark effect characteristic of the charge
transfer corresponded to the formation of a non-fluores-
cent intermediate with an absorption band at 696 nm.
Stark spectroscopy data indicated the existence of two
components in the non-fluorescent intermediate. So it
was suggested that a charge transfer complex is formed at
the initial stage of the protochlorophyllide photoreduc-
tion reaction. Temperature dependences of intermediate
formation and NADPH oxidation proved to be identical.
Therefore, it was suggested that the formation of the non-
fluorescent intermediate involves the hydride-ion transfer
to create a charge transfer complex. It was suggested that
photon absorption by a protochlorophyllide molecule
leads to a temporary separation of charges in the double
bond C17=C18, promoting ultra-rapid transfer of the
hydride-ion from NADPH to the C17 atom of pro-
tochlorophyllide [47, 63]. The resulting charge transfer
complex facilitates proton transfer to the C18 atom in the
subsequent dark reaction.

The importance of flexibility and dynamics of the
POR enzyme for its catalytic function was illustrated in
the studies on protochlorophyllide photoreduction in
reconstructed ternary complexes using femtosecond
absorption spectroscopy in the visible and infrared
regions [64]. The results of the measurements showed
that the first photon absorption activates the enzyme; as a
result a high quantum yield of the Int 675 intermediate is
observed after the second photon absorption in the

picosecond time range. The authors suggested that minor
structural changes may be involved in the primary light-
dependent stage. These changes are supposed to optimize
the alignment of the position of the NADPH nicotin-
amide ring and the tyrosine residue relative to the pro-
tochlorophyllide D ring.

Comparison of the results of studies of the molecular
mechanism of protochlorophyllide photoreduction in

vivo and in various model systems suggests that the pri-
mary stages characterized by fluorescence quenching and
paramagnetic product formation are identical for the
whole etiolated leaves and for all the model systems,
including the simplest ones – the low concentration solu-
tions. However, a number of facts suggest that the mech-
anism of protochlorophyllide photoreduction in vivo is
somewhat different from the reaction mechanism in the
model systems. First, the active complex in leaves proba-
bly has a more complex structure than the ternary com-
plex reconstructed in vitro out of the three main compo-
nents: Pchld, NADPH, and POR. This is evidenced, in
particular, by differences in spectral characteristics
between the artificial and natural complexes. There are
several spectrally different protochlorophyllide active
forms in etiolated leaves; the main forms are
Pchld643/639, Pchld655/650, and Pchld653/648, which
are accumulated and transformed in very young leaves;
there are also several minor long-wave forms participating
in the processes of protochlorophyllide photoreduction
(see review [1]). One or two protochlorophyllide forms
are usually found in reconstructed active ternary com-
plexes: Pchld633/630 (active only at room temperature)
and Pchld644/641 (photoactive also at low tempera-
tures). The mechanism of protochlorophyllide photore-
duction in vivo is apparently more complex, as evidenced
by the results of research on this process in whole etiolat-
ed leaves at low temperature [19, 23], as well as the results
obtained by high time resolution spectroscopy at physio-
logical temperatures [26], which showed the presence of
multiple stages in the reaction of protochlorophyllide
photoreduction, including two or three short-lived inter-
mediates. Only one short-lived intermediate is found
when studying the reaction of protochlorophyllide photo-
transformation in artificial ternary complexes.

There is evidence of the presence of flavins in the
active pigment–protein complex of etiolated leaves and
their possible involvement in the primary reactions of
protochlorophyllide photoreduction [65-67]. The results
of our research support this possibility: fluorescence at
520 nm characteristic of flavins decreases after the leaves
are illuminated with white or red (>600 nm) light at 77 K,
the process being reversible after the temperature is
increased [67].

Redox reactions between nicotinamides and flavins
proceed via hydride-ion transfer [52]; the single-electron
mechanism of redox reactions is characteristic of many
flavoenzymes.
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In plant leaves flavins can serve as an intermediate in
the reaction, receiving the hydride-ion from NADPH
and giving the electron to the pigment molecule. In this
case, the reaction can follow the mechanism of multi-
stage transfer of two electrons and two protons to form a
semi-reduced pigment molecule with one attached elec-
tron (intermediate semi-reduced form) at the first stage,
similar to the reactions of porphyrin photoreduction in
solution [49]. It is possible that two variants of the mech-
anism of hydrogen transfer from NADPH to pro-
tochlorophyllide can exist in whole etiolated leaves:
hydride-ion transfer directly from NADPH to the C17
position in the protochlorophyllide molecule followed by
proton connection and/or flavin-mediated electron
transfer from NADPH to the pigment. It is also possible
that the mechanisms of the primary reactions of spectral-
ly different active protochlorophyllide forms vary.

The results of studies of protochlorophyllide pho-
toreduction in whole living cells and in the closest model
systems – artificial ternary complexes comprising pro-
tochlorophyllide, NADPH, and POR, provided deeper
understanding of the mechanism of this reaction. Both in
the whole etiolated leaves and in reconstructed complex-
es, photoreduction of the chlorophyll precursor proceeds
via the formation of short-lived intermediates of free-rad-
ical nature; NADPH is the hydride-ion donor and a tyro-
sine residue of the POR enzyme is the donor of the sec-
ond proton. The charge transfer complex is the primary
product of the reaction of protochlorophyllide photore-
duction. The stage of primary intermediate formation
could be modeled also in simple systems, e.g. pro-
tochlorophyll(ide) solutions. However, as mentioned
above, the photoprocess is more complex in living sys-
tems than in artificially created ternary active complexes.
Furthermore, in leaves there are several parallel reactions
of spectrally different forms of chlorophyll precursor that
play an important role in the creation of the system of the
pigment forms of the photosynthetic apparatus. We
believe that further studies using whole functional cells
and tissues are essential. This approach is particularly
important for further understanding of the still under-
studied regulation of the final stage of chlorophyll biosyn-
thesis.
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