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A photaactive protochlorophyllide-protein complex with absosbanee and flucrescence muxima at 648 und 653 am was detected in greening berley

leaves without any re-darkening. The variations of the amplitudes of the absorbunce and the fluorescence of the photaactive protechloraphyllide

with gieening time at two differcnt light intensities indicate a close relationship between the rate of chlorophyll synthesis and the umount of the

complex during he first hours, The chlorophyllide resulting from photoreduction during greening hus an absorbance maximum at 684 am, which

shifts towards u shorter wavelength within a few seconds, indicating rupid liberation of the pigment from the enzyms, We conclude that chlorephyll
accumulation proceeds through continuous regeneration and phototransformation of the photoactive complex.

Chlorophyll synthesis; Protochlorophyllide reductase; Greening

1. INTRODUCTION

In angiosperms chlorophyll (Chl) synthesis depends
on light. Although much effort has been undertaken in
order to elucidate the mechanism governing Ch! accu-
mulation in the light, the role of the enzyme, protochlo-
rophyllide (Pchlide) reductase, in this process is still
controversial [1-3]. This enzyme is a major membrane
protein of the etioplasts of etiolated plants where it
catalyzes the photoreduction of Pchlide into chloro-
phyilide (Chlide). Upon continuous illumination of eti-
olated plants the amount and the activity of this en-
zyme, however, decrease to a low level within a short
time (1-2 h) although the rate of Chl accumulation
increases at the same time [1,2,4]. For this reason it was
sometimes concluded that the function of Pchlide reduc-
tase in Chl synthesis is restricted to a short time after
a sufficiently long period of darkness ard that Chl syn-
thesis in greening or green leaves might involve another,
hypothetic enzymatic system [1,2].

In ctioplasts, Pchlide reductase forms a stable com-
plex with its substrate, Pchlide. and the cofactor,
NADPH [5]. Upon illumination, Pchlide is rapidly re-
duced into Chlide in the complex which then dissociates
within several minutes. The Pchlide-enzyme-NADPH
complex of etiolated leaves, or ‘photoactive Pchlide’,
has in vivo main absorbance and fluorescence bands at
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650 and 657 nm, respectively [6,7]. These bands disap-
pear after a short light flash and are replaced by Chlide
bands. It is therefore in principal easy to detect photoac-
tive Pchlide through in vivo spectroscopic measure-
ments.

If Pehlide reductase remains the main light-requiring
enzyme involved in Chl accumulation during greening,
one expects the photoactive Pchlide-protein complex to
be continuously regenerated and phototransformed in
the light. If this is so, a small amount of the complex
should be present at any time in the light, espesially
when light intensity is low. In this paper we show by in
vivo spectroscopic measurements that this is indeed the
case. Qur results also indicate that Chlide dissociation
from the enzyme is much more rapid in illuminated
leaves than in etiolated ones, which can explain that
rapid Chl accumulation is sustained even at relatively
low enzyme levels.

2. MATERIALS AND METHODS

Barley seedlings (Hordewn vulgare ev. Avilion) were grown in dark-
ness for 6 days on vermiculite and tap water at 23°C. Greening was
performed with intact plants under cool white flusressent tubes at two
difTerent intensitics of 2 and 20 W.m™? (flow and medium intensitics)
at 25°C.

Fluorescence and fluorescence excitation spectra were recorded at
77 K using a Perkin-Elmer L850 fluorimeter. Fast recordings of ab-
sorbance spectra were performed at room temperature with an optical
multichanne} analyzer (OMA Il, Princeton Instruments). In this case
greening was carried out in the experimental set-up with the measuring
light (Sylvania 21 V¥ proicctor lamp, type DKM at the same time
actinie and analylic, at an intensity which could be fixed by changing
the voltage applied to the lamp. The flash used to saturate Pehlide
photoreduction was provided by a Strobe Multiblitz flash lamp (dura-
tion of flash, 2 ms). Flash-induced absorbance variations at fixed
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3. RESULTS

The 77 K fluorescence spectrum of a 6-day-old barley
leal' exposed to low intensity illumination for § h shows
the 3 emission bands ~f Chl at 685, 696 and 740 nm
normally found in green leaves (Fig. 1, insert). This
shows that the photosynthetic apparatus is already well
developed at this stage under our conditions. No dis-
tinct emission can be seen in the region from 600 to 670
nm at the usual amplification. However, upon amplify-
ing this region of the spectrum 2 emission bands at 635
and 653 nm appear, of which the latter is more intense
(Fig. 1A, spectrum 1). When a short light flash was
given immediately before freezing the leaf in the light,
the 653 nm band almost disappeared but the 635 nm
band was unchanged (Fig. LA, spectrum 2). The 653 nmn
band was restored to its initial intensity if the leaf was
kept under the same continuous light for 5 min after the
flash and was then frozen (Fig. A, spectrum 3). Re-
darkening of the leaf for only 5 min after the 5 h green-
ing period led to a large increase of the intensities of
both 63§ and 653 nm bands (Fig. 1A, spectrum 4).
Similar results were obtained with leaves pre-illumi-
nated with light of medium intensity, but in that case the
amplitudes of the 635 and 653 nm bands were much
lower and became difficult to detect in leaves frozen in
the light (Fig. 1B).

In etiolated leaves, 2 fluorescence bands at 633 and
657 nm are always found [7]. The 657 nm band arises
from the stable, ternary complex between Pehlide, the
enzyme and the cofactor. NADPH (photoactive
Pchlide). The 633 nm band arises from both protochlo-
rophyll (Pchl) and Pchlide under inactive forms. The
two bunds at 635 and 653 nm that we found in illumi-
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Fig. 1. 77 K Nuoreseence spectra of intast leaves in the Pehlide region

after 5 h of greening ut 2 (A) or 20 (B) W-m™?, Excitution wavelength

440 nm. The leaves were frozen in the light (1), immediately after a

flash (2), § min in the light after a flash (3) ar after a 5 min dark period

(4). Insert: fluorescence specirum in the Chl region after § h of green-
ing at 2 W2,
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nated igaves muy arise from two equivalent Pchi(ide)
compleads titad woliu be continuously synthesized and
transiormed by light during greening. It is known, how-
ever, that Chl b emits fluorescence also around 655 nm
in vivo [9]. In order to discriminate between Pchlide and
Chl 4 emissions we recorded the excitation spectra of
the 653 nm fluorescence.

The excitation spectrum of the 653 nm fluorescence
in leaves frozen in the light after a S h petiod of greening
under low light intensity shows 2 maxima at 452 and
470 nm (Fig. 2, spectrum a). The 470 nm band is due
to Chl b whereas the 452 nm band should be ascribed
to photoactive Pchlide [9]. When the leaves were dark-
ened for 5§ min prior to freezing, the 452 nm band
emerged as the main one and a shoulder around 470 nm
was also visible (Fig. 2, spectrum b). The large increase
of the 452 nm band produced by the S min darkening
confirms this band as the main excitation bund of pho-
toactive Pchlide in greening leaves. For comparison the
excitation spectrum of the 657 nm fluorescence of pho-
toactive Pchlide in ctiolated leaves is shown (Fig. 2,
spectrum d). It is characterized by a main band at 447
nm and a shoulder around 460 nin and is therefore
slightly blue-shifted in comparison to grecning leaves.

The intensity of the fluorescence of photoactive
Pchlide was measured as a function of greening time.
These measurements were done by calculating the dif-
ference between the spectrum of a leaf frozen in the light
and the spectrum of a leaf frozen immediately after a
saturating flash. Examples of difference spectra ob-
tained after 3 h of greening under medium and low light
intensity are shown in Fig. 3A. They exhibit a main
band of photoactive Pchlide at 653 nm which varied in
intensity during greening. Fig. 3B shows that at both
intensities used, F653 increases for about 3 h and then
decreases to a low level, On the other hand the calcu-
lated ratio of long-wavelength fluorescence (725-740
nm) from PSI to short-wavelength fluorescence (685-
696 m) from PSII shows an increase during the entire
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Fig. 2. 77 K excitation spectra of the 653 nm fluorescence in leaves

frozen after S hours of greening at 2 W-m~? (a) or after a further § min

dark period (b), and 77 K excitation spectrum of the 657 nm fluores-

cence of an ctiolated leaf (¢). The amplilude of spectrum ¢ has been
adjusted 10 the one of spestrum b.
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Fig. 3. (A) 77 K fluorescence spectra of the photoactive Pehlide under 452 nm excitation after 3 h 15 min of greening at 2 (1) or 20 (2) W-m"?,
obtained by caleulating the difference speeira between a leal frozen in the light and a leaf frozen after a flash (no normalization was used). (B)
Time-course of the chunges of 4F653 und of the F740/F690 rulio during greening ut both light intensities.

period of gresning studied, which indicatas normal de-
velopment of the photosynthetic apparatus under both
light intensities. After 7 h of greening, photoactive Pch-
lide could still be detected at low but not at medium
light intensity. A general 10-fold decrease of 4F653 was
observed at medium light intensity (20 W-m™*) as com-
pared to low light intensity (2 W-m™) throughout the
greening period investigated.

The regeneration of photoactive Pchlide in the light
was monitored quantitatively using room temperature
absorbance measurements in vivo. Measurement of the

in vivo Chl absorbance during the first 5 h of greening
showed that the time—-course of Chl accumulation was
identical at both light intensities used (Fig. 4A). Quanti-
fication of the amount of photoactive Pchlide in the
light was done by measuring sample absorbance before
and after a flash given at various greening times and by
calculating difference spectra (unflashed minus flashed)
for each titne. In order to minimize the regeneration of
Pchlide during recording after flash, fast scanning (5 s
per spectrum) was performed. Panel B of Fig. 4 com-
parcs difference spectra recorded In etiolated leaves (1)
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Fig. 4. {A) Time-course of the increase of the in vivo Chl absorbance (measured around 678 nin} at room Lemperature during greening. (B) Room

temperature zbsorbance difference spectra (unflashed~flashed) obtained with etiolated leaves (1) or with the same leaves under greening light of

2Wm"? after 3 b (2) or after a further S min dark period (3). Spectrum | has been normalized with speetrum 3. (C) Time-course of the increase
of 4AG48 with greening at 2 Wan™2,
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and in the same leaves after S h of greening under low
light intensity (2) or after a further 5 min re-darkening
(3). They all show a positive part, around 648 nm corre-
sponding to photoactive Pchlide, and a negative part,
around 648 nm, corresponding to its photoreduction
product, Chlide. The data show that the actually exist-
ing photoactive complex after S h of greening under low
light intensity represents 6% of its amount in etiolated
leaves. A § mia re-darkening of the leaves raised this
level to 15%. Under high light intensity the photoactive
complex could not be detected using this technique due
to background noise.

Changes of 4A648 as a function of greening time
under low light intensity are represented in Fig. 4C. The
absorbance of photoactive Pchlide was clearly detected
only after 2 h, and its amplitude then increased gradu-
ally in the course of greening.

In order to explain the rapid Chl accumulation at
relatively low levels of enzyme [1-4], we hypothesized
that the turn-over rate of the photoactive complex is
much faster in greening plants than in etiolated ones. To
verify this we followed the kinetics of the transforma-
tion of Chlide 684 to Chlide 672 (Shibata shift, [10]),
which reflects the liberation of Chlide from the enzyme
and its esterification to Chl @ {11,12}. Original traces of
flash-induced absorbance variations at 665 and 695 nm
during this shift are reproduced in Fig. 5 for leaves
illuminated for 5§ h at medium intensity. The measured
half-time of the process (8 s) proved to be several orders
of magnitude shorter than the corresponding half-time
observed in G6-day-old eticlated barley leaves after a
short flash (6 min, [12], and data not shown).

4, DISCUSSION

Up to now the photoactive Pchlide complex has been
detected in green or greening plants only after transfer-
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Fig. 5. Kinetics of the flash-induced absorbance variations at 665 and
695 nm afler 3 h of greening at 20 W-m™ followed by a 1 min dark
period.
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ring them to darkness [9,13-16]. The results presented
in this paper demonstrate that this complex exists in the
light. This finding strongly suggests that Chl accumula-
tion proceeds through continuous regeneration and
phototransformation of a Pchlide-enzyme-NADPH
complex with a red absorbance band at 648 nm, and is
in agreement with a previous study showing that the
action spectrum of Chl accumulation during greening
has a red maximum around 650 nm [17]. According to
our measurements, the complex has slightly different
emission and excitation maxima in greening leaves than
in etiolated ones (653 and 452 nm instead of 657 and 457
nm). Such a shift was also observed in re-darkened
green leaves [9], and its nature is not well understood.
The Chlide which results from Pchlide photoreduction
during greening has a red absorbance maximum at 684
nm, which is found also upon Pchlide photoreduction
in eticlated leaves [6,8,1Q].

The aimount of the complex depends on greening time
and on light intensity. Shortly (=15 min) after the onset
of illuminuation the complex could not be detected, but
after 1 h its fluorescence at 653 nm could be easily
measured. The intensity of this fluorescence increased
then up to about 3 h and then sharply declined. On the
other hand detection of the complex by measuring its
absorbance was possible only after 2 h. This apparent
discrepency can be explained by different sensitivities of
both methods. Unlike its fluorescence intensity, the ab-
sorbance of the complex exhibits a continuous increase
approaching a plateau around $ h of illumination. The
different behaviour of fluorescence intensity and ab-
sorbance during the period 3-5 h after the onset of
illumination is most probably related to an increase of
energy transfer efficiency from Pchlide to Chl, as it
exists in re-darkened green leaves [14]. An increase of
the amount of photoactive complex during the first
hours of greening is consistent with the acceleration of
Chl synthesis and with the increase of the amount of
Pchlide observed in this period [13].

The actual amount of the photoactive complex de-
pends on light intensity. This is clearly evidenced by our
fluorescence data (Fig. 3B) which show an inverse pro-
portionality with light intensity in an intensity range at
which Chl accumulation still occurs at the same rate
(Fig. 4A). This observation can be explained by the
linear dependence of the rate constant of Pchlide pho-
toreduction on light intensity [19], if one assumes that
Pchlide and NADPH availability is not limited. In other
words, the turn-over of the complex increases with light
intensity, which ensures efficient synthesis of Chl at low
steady-state levels of the photoactive complex. Such
rapid turn-over would not be possible if the release time
of Chlide was long, as observed for the classical Shibata
shift in etiolated ieaves [10,12). A shortening of this shift
would be a necessary condition for the observed rate of
Chi synthesis. Qur kinetics measurements indeed re-
vealed a considerable acceleration of the process.
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In conclusion, the presented results clearly indicate
that Pchlide photoreduction in greening leaves is oper-
ated by the enzyme Pchlide reductase as it is in etiolated
leaves, but that the turn-over of the photoactive com-
plex is greatly accelerated.
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