Biophysical
Chemistry

Biophysical Chemistry 1072004 25-32

www.elsevier.com/locate/bpc

Photobleaching of photosynthetic pigments in spinach thylakoid
membranes. Effect of temperature, oxygen and DCMU

M.Y. Velitchkova*, R. Picorel

Estacion Experimental de Aula Dei, CSIC, Apdo. 202, 50059 Zaragoza, Spain

Received 23 May 2003; received in revised form 21 July 2003; accepted 23 July 2003

Abstract

The time dependence of photobleaching of photosynthetic pigments under high light illumination of isolated
spinach thylakoid membranes at 22 anfiGiwas investigated. At 22C, the bleaching at 678, 472 and 436 nm was
prominent but lowering the temperature up t6Ctduring illumination prevented the pigments from bleaching almost
completely. The accelerating effect on pigment photobleaching by the presenceé3pt 8ichlorophenyt1,1-
dimethyl-urea—(DCMU), a well-known inhibitor of the electron transport and known to prevent photosystem |
(PSI and photosystem I(PSII) against photoinhibitory damage, was also suppressed at low temperature @t 22
in the presence and absence of DCMU, the decrease of the absorption at 678 and 472 nm was accompanied by a
shift to the shorter wavelengths. To check the involvement of reactive oxygen species in the process, pigment
photobleaching was followed in anaerobiosis. The effects of the three different environmental factors—Iight,
temperature and DCMU—on the dynamics of photobleaching are discussed in terms of different susceptibility of the
main pigment—protein complexes to photoinhibition.
© 2003 Elsevier B.V. All rights reserved.

Keywords: Environmental factors; Photobleaching; Pigments; Spectroscopy; Thylakoids

1. Introduction In recent years, it has been demonstrated that PSI
is also photoinhibited, particularly at low temper-
During prolonged exposure of leaves or choro- ature in chilling sensitive plant§2]. During the
plasts to high light intensity two processes were photoinhibition of isolated PSI complex the light-
observed—photoinhibition and photobleaching. harvesting complex(LHC) of PSI was more
Light-induced damage targets mainly to PSII, caus- affected than the core compl¢8]. These findings
ing inactivation of electron transport and subse- raise the question about the involvement and

guent oxidative damage of the reaction cerfidr importance of photobleaching of photosynthetic
- pigments in the process of photoinhibition.
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chlorophyll aggregates absorbing at longer wave-
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participation of Fe—S centers in thylakoid mem-

lengths bleach before the holochromes absorbing branes[18].

at shorter wavelengthg,5]. Miller and Carpentier
[6] demonstrated that the pigments of PSI sub-

The present work showed that the bleaching of
the pigments could be considerably suppressed by

membrane fractions bleached faster than those oflowering the temperature up to 4C during the

PSIl complex, the latter being more sensitive
towards photoinhibition.

The photobleaching of photosynthetic pigments
is accelerated in the presence of inhibitors of
photosynthesis, including the herbicides affecting
the acceptor side of PSIl. The degradation of
pigments is considered to result from photooxida-
tion induced by its inability to dissipate absorbed
excitation energy when the electron transport is
blocked. During illumination in vitro, Ridley
(1977 observed rapid destruction of chlorophylls
from light harvesting complex II(LHCII) [7].
However, in the presence of DCMU the chloro-
phyll a associated with the complex of PSI is also
destroyed approximately to the same extent. Later,
Horton and Ridley proposed that the DCMU-
induced enhancement of the pigment destruction
would only be produced when the herbicide dose
was sufficiently high to inhibit not only the inter-
system electron transport but also to block the
natural cyclic flow associated with PSI as well
[8]. A similar effect on photobleaching was also
observed when the inhibition of PSII electron
transport was achieved by different manners—
exposure to high and low pH, pretreatments with
phospholipase A and linolenic acid, short time
heat stresq9,10. It is supposed that the most

photoinhibitory treatment. The involvement of
oxygen reactive species on pigment photobleach-
ing was proved experimentally in anaerobiosis.
The temperature and the oxygen dependence of
the stimulating effect of DCMU on pigment
destruction were also studied. The data obtained
demonstrated the different susceptibility of differ-
ent pigment pools to photobleaching.

2. Experimental
2.1. Thylakoid membrane isolation

The thylakoid membranes were isolated from
market spinach as described [49]. The final
pellet was resuspended in 20 mM TricingH
7.6), 0.33 M sucrose, 10 mM NacCl, and 5 mM
MgCl,. Chl concentration was determined by the
method of Lichtenthalef20].

2.2. High light treatment

The illumination of isolated membranes was
carried out in temperature-controlled vessel under
continuous stirring. For both sets of measurements
the temperature was 22 and@. The Chl concen-
tration during illumination was 15QG.g Chl/ml
and 20pM DCMU was present where indicated.

affected pigments are those associated with PSlhe hylakoid suspension was illuminated with a

[10]. The chlorophyll photobleaching was

project lamp giving intensity on the vessel surface

enhanced also in the early stages of greening of ot 1800 ,E m~2 s~*. Anaerobiosis during photo-

cucumber cotyledongL1].
The involvement of active oxygen radicals in

inhibition was achieved by bubbling of the medi-
um for 30 min before resuspending the thylakoid

photobleaching of chloroplast pigments has been membranes and maintaining,N flow during illu-
demonstrated by the protective role of some oxy- mination. Control samples were kept in the dark
gen species scavengers, like superoxide dismutaseinder identical conditions to the illuminated sam-
[12], flavonols [13], carotenoids[14], «-toco- ples in order to monitor dark inactivation
pherol [15] and some reductant§l6]. It was processes.

supposed that the damages of chlorophylls were

primarily caused by singlet oxygen. The produc- 2.3. Absorption spectra measurements and analysis
tion of singlet oxygen occurs via interaction
between the ground state electrons of triplet oxy-
gen with the triplet state of chlorophylL7] or by

Absorption spectra of control and treated thyla-
koid membranes were performed with a Beckman
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of oxygen are presented. With the increase of the

15 (a) time of illumination, the absorption decreased
60min 0 min equally (by approx. 30—36%in the blue and in

12 - A 120 min the red region. However, the absorption at 650 nm

09 | 240 min 180 min was less affected. A concomitant blue shift of the

bands at 678 and 472 nm was also observed.
lllumination of thylakoid membranes for the same
time period but at 4C did not lead to a significant
decrease of absorption and no changes of the peak
wavelengths were observé#ig. 1b).

In the presence of DCMU the bleaching of
photosynthetic pigments proceeded more intensi-
vely. Fig. 2a shows the absorption spectra of
thylakoid membranes treated with high light inten-
sity in the presence of 20.M DCMU at 22 °C.

The intensities of the absorption bands decrease
considerably. Lowering the temperature up toC4
during light treatment reduced the bleaching even
in the presence of DCMUWFig. 2b).

- 300 min

Absorbance (a.u.)

0.0 ! , ! ; ] . h

400 500 600 700
Wavelength (nm) 14
(@)
. . . . 1.2 0 min
Fig. 1. Absorption spectra of isolated thylakoid membranes 60 min
illuminated for various periods of time with strong white light 1.0 120 min
(1800 E m=2 s71) at 22°C (&) and 4°C (b) in the absence 180 mi
of DCMU. Thylakoid membranes were resuspended in 20 mM 0.8 min

Tricine (pH 7.6), 0.33 M sucrose, 10 mM NaCl, and 5 mM 240 min

MgCl, at a Chl concentration of 1pg Chl/ml. Spectra were
recorded at room temperature.

300 min

o
~
T T T T T

DU-640 spectrophotometer at room temperature in
1 cm pathlength cuvettes. The chlorophyll concen-
tration during measurements was g Chl/ml.

The spectra were analyzed using an Origin 5.0

(Microcal Software Inc, USA 12 I 300 min
10 F

16 |- (b)
1.4 | 120 min

Absorbance (a.u.)

240 min

3. Results 08
06 |
3.1. Changes of absorption spectra during illumi- 041
nation in aerobiosis 0.2
0.0 t *
300 400 500 600 700

The dependence of absorption spectra changes
of thylakoid membranes with the time of high
|Igf&t mtenSItyd”IuTr:ntitlon Wl?ts .follgW(;)gDaE;C Fig. 2. Absorption spectra of isolated thylakoid membranes
and compared wi 0se oblained a 9. illuminated for various periods of time with strong white light

1) In Flg 1a the abSOfptlon Spectra Of thylakOId (1800ME rﬂ’2 Sfl) at 22°C (a) and 4°C (b) in the presence
membranes, illuminated at ZZ in the presence  of 20 .M DCMU. Experimental conditions were as in Fig. 1.
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Fig. 3. First derivatives of the absorption spectra of control and illuminatel fothylakoid membranes in the presence ofu20
DCMU at 22°C (a and b and at 4°C (c and 9. Red spectral regiofia and ¢; blue spectral regioth and d.

The positions of the main peaks were verified °C in the presence of DCMU a blue shift of the
by analysis of the first derivatives of the absorption red maximum was also observed. In the presence
spectra. In Fig. 3 the first derivatives of the of DCMU the change of amplitude of maximum
absorption spectra in the red, ¢ and blue(b, at 472 nm was approximately the same at both
d) regions of control and illuminated with high studied temperature$ig. 3b,0.
light intensity for 5 h thylakoid membranes are The values for the decrease of absorption and
presented. The spectra were recorded in the pres-blue shifts of the main maxima for control thyla-
ence of 20nM DCMU at 22°C (a, b) and at 4 koid membranes and illuminated for 5 h at indi-
°C (c, d). In the red region, the blue shift of the cated conditions are summarized in Table 1. No
maximum at 678 nm was approximately 4 nm. In blue shift is observed at 436 nm at any condition
the blue region, no shift of the peak at 436 nm investigated. The shift of the maxima at 472 and
was observed, but the peak at approximately 472 678 nm are more pronounced in the presence of
nm became shifted to shorter wavelengths. At 4 DCMU and do not depend on temperature when
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Table 1

Values for the intensity decrease of the main absorption max-
ima (Z; in % from non-illuminated sampl¢sand values for
blue shiftA\ (in nm) for thylakoid membranes illuminated for

5 h in aerobiosis in the absence and in the presence pf\20
DCMU at 22 and £C

—DCMU + DCMU

22°C 4°C 22°C 4°C
ILiss (%) 30 9 51 39
AN 436 (NM) 0 0 0 0
174%) 31 9 37 39
AN 47(NM) 2 0 4 4
To7(%) 36 6 61 38
ANg7g(NM) 2 0 4 4

20 .M DCMU are present in the reaction medium
during illumination. In the absence of DCMU, the
shift is observed only at 22C. The intensity of
the shoulder at 650 nm, attributed to absorption of
Chl b is much less affected, especially in the
absence of DCMU—no shift and no significant
change of intensity was observed &Gl and only

a small change of amplitude at 2€ was detected
(data not showh In the presence of DCMU, the
absorption at 650 nm seems to be reduced. How-
ever, the absorption at 650 nm is dominated by
the main red band peaking at 678 nm. Therefore,
the decrease at 650 nm is most probably due to
the decrease of the main band but not to a specific
change at 650 nm. This suggestion is supported
by the observation that after 5 h high light treat-
ment the ratio of the intensities at 678 and 650
nm (1678/1650) decreased to the same extent as
the intensity at 678 nm. Lowering the temperature
up to 4°C reduces the bleaching at 678 and 436
nm. In the presence of DCMU the absorption at

472 nm decreases to the same extent independently

of the temperature.

Taking in mind the contribution of Chb and
carotenoids in the absorption at 472 nm, we
analyzed the second derivatives of the absorption
spectra in this region for untreated thylakoid mem-
branes and illuminated for 5 h in the absence and
in the presence of DCMU at room temperature
(Fig. 4). It is evident that the long wavelength
carotenoid bandindicated with a arrowis com-
pletely diminished and as result, the resulting
maximum is reduced and blue shifted.

3.2.

29

Time
intensities

dependence of band absorption

The data on the time dependence of absorption
maxima in different spectral regions at both tem-
peratures are summarized in Fig. 5. At 22, the
photobleaching of bands at 436, 472 and 678 nm
proceeds by a similar manner. At this temperature
and in the presence of DCMU two phases of
absorption bleaching at 436 and 472 nm could be
distinguished—a faster one within the first 3 h and
a slower one between 3 and 5 h. The shape of the
intensity time dependence of the absorption max-
ima for all bands tested at 2Z without DCMU
are very similar to those observed af@ in the
presence of the inhibitor.
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Fig. 4. Second derivative of absorption spectra of control and
illuminated fa 5 h thylakoid membranes at room temperature
in the absencéa) and in the presencé) of 20 uM DCMU.

The arrows indicate the absorption attributed to carotenoids.
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lakoid membranes under different sets of environ-
mental conditions- room and low temperatures,
presence and absence of oxygen, and presence and

o O ST absence of DCMU.

os N Under anaerobiosis no bleaching or blue shift
ool e of the main bands were observed, independently
@ of the applied temperature. The lack of pigment

bleaching in anaerobiosis was also shown for PSII
core complex[21]. It was also shown that under
anaerobiosis the increased susceptibility to pig-
ments destruction of heat stressed membranes was
not observed[10]. In this work, we show that
under anaerobiosis no significant pigment bleach-
ing is detected even in the presence of DCMU.
Thus, the enhance effect of DCMU on the destruc-

Absorbance

144 o 1 2 3 4 5

124 tion of photosynthetic pigments under high light
10 e illumination was manifested only in the presence
08 ] B of oxygen.
06 I In aerobiosis the extent of pigment bleaching
04]© depends on the temperature and the presence of
7 7 I p I T DCMU. However, the different absorbance bands
Time of illumination (h) do not exhibit the same illumination time depend-

ence. The most intriguing finding is that the
Fig. 5. Time dependence of the intensities of absorption max- photobleaching of pigments can be suppressed
ima at 436 nrr(a),0678 nm(b) and 472 nn{c) under different almost completely at £C—approximately only
conditions. At 22°C—squares; 22C+20 uM DCMU—cir- 2-9% of absorption band reduction takes place at
cles; 4°C+20 .M DCMU—triangles. . . L

678 and 436 nm during illumination at low tem-
perature. No blue shifts of the bands at 472 and
678 nm are observed when the illumination is

In order to check to what extent the oxygen carried out at 4°C. The protective effect of low
radicals are responsible for pigment photobleach- temperature is reduced in the presence of
ing, the same set of experiments is carried out DCMU—when the linear and cyclic electron flows
under anaerobiosisn these conditions no signifi-  are inhibited. The nature of that low temperature
cant changes of the thylakoid absorption spectra protection against pigment destruction even in the
are observed under illumination. At 2ZC the presence of oxygen is not clear. Several hypotheses
decrease of intensity of absorption maxima at 436 can be consider(i) the production of oxygen
and 678 nm is appoximately 2—5% and a slight radicals is suppressed at low temperatiis; the
enhance is observed in the presence of 2@ conformational state of the pigment—protein com-
DCMU, but the change is not significant. No other plexes at this temperature provides better pigment
spectral changes are observed. The light-inducedprotection;(iii ) low temperature facilitates a better
decrease of absorption at°€ is as at 22C and dissipation of excess light energyiv) oxygen
is not affected by the presence of DCMU. No blue species mobility is reduced considerably at this
shift is observed at any wavelengifdata not  temperature. Between all these hypotheses, the
shown). latter seems to be the more plausible one. At
temperatures as low as € the mobility of the
chemical reactants would be drastically reduced.
Different kinetics of pigment photobleaching This slower mobility could affect in two waysi)

were observed during illumination of isolated thy- the oxygen would have more difficulties to reach

3.3. Photobleaching under anaerobiosis

4. Discussion
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and interact with the electron transport chains presence of DCMU. On the other hand, in the
reducing, therefore, the efficiency of light-induced presence of DCMU the protective effect of low
oxygen radical formation, andii) the oxygen temperature on the bleaching is manifested only
radicals formed would move slower at low tem- for bands at 678 and 436 nm, while it is not
perature than at 22C reducing the probability to  observed for the band at 472 nm associated with
reach their sensitive targets. This effect would carotenoids destruction. Therefore, it could be
even be more pronounced when the targgts. assumed that different mechanisms of Chl and
the pigment—protein complexeare embedded in  carotenoids destruction take place in isolated thy-
the thylakoid membranes, as the permeability of lakoid membranes, especially when the electron
biological membranes for oxygen would be very transport is inhibited. Both mechanisms are oxygen
much reduced at low temperatures due to the mediated but they exhibit different temperature
strong temperature dependence of membranesensitivity depending on the presence of electron
fluidity. transport inhibitors.
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