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The degradation of isolated D l /D2/cytochrome b-559 preparations from spinach induced by monochromatic blue-green light 
(4765 nm) under aerobic conditions was investigat2d by measurements of the steady state fluorescence emission spectra. The 
overall fluorescence spectrum can be described by the superposition of four Gaussian bands. The dominating band peaking at 
682.0 + 0.4 ra,~ in control samples at room temperature was found to be most susceptible to deleterious illumination of the 
sample. Thercfore~ this band, referred to as F682, was used as an indicator of sample integrity. It was found that (a) F682 
gradually shifts to the blue and broadens with progressing degradation; (b) position and full width at half-maximum (fwhm) of 
F682 exhibit a linear correlation, which is independent of degradation temperature in the range of 275 K < T < 293 K; (c) the 
fwhm value Fw, s2 of F682 exhibit~ a phenomenological temperature dependence of FF6sZ (T) = F(0)" (1 + C" T a) between 77 K 
and 273 K with a decrease of exponent B due to progressing sample degradation. Based on the data of this study the aerobic 
degradation of Dl /D1/cytochrome b-550 preparations induced by monochromatic blue-green light is inferred to be a multistep 
conversion from the undamaged control sample into fully damaged comlexes, which comprises a multitude of intermediate states. 
These intermediate states are assigned to different eonformational states of the protein matrix, which determine the electronic 
and vibrational interactions of the pigments consequently affecting their energy levels and the exeiton dynamics within the 
complex. 

Introduction 

The primary steps of photosynthetic water  cleavage 
in Photosystem 11 (PS l l )  comprise the following reac- 
tions (for a recent review see Ref. 1): (a) generat ion of 
excitons in the antenna and efficient transfer to a 
special chlorophyll a (Chl a)-containing pigment com- 
plex referred to as P680; (b) photochemical  trapping 
by ejection of an electron from the excited singlet state 
tP680* and transfer to a pheophytin (Pheo) molecule 
with ~- = 3 ps (Ref. 2, but see Ref. 3) and; (c) stabilisa- 
tion of the primary radical pair P680 + P h e o -  by P h e o -  
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Abbreviatkms: Chl, clllorophylh Cyt, cytochrome; F682. the main 
fluorescence band whose peak is located at 682 nm in control and 
shifts down to 676 nm in fully degraded samples; fwhm. full width at 
half-maximum of a Gaussian band; P680, primary electron donor of 
reaction centre I1: Pheo, pheophytin; PS li, Pho',asystem ll; Q. 
plastoquinone. 

reoxidation with a special plastoquinone molecule  QA 
as acceptor,  taking place with z = 300 ps [4]. Al though 
the detai led structural a r rangement  of  the redox com- 
ponents  P680, Pheo and QA within the protein matrix 
is not resolved, the striking functional similarities and 
sequence homologies led to the conclusion that these 
prosthetic groups are arranged within a he terodimer  of  
polypeptides D1 and D2 in an analogous way to the 
corresponding reactants  (special pair, BPheo,  QA" 
Fe 2~) in the L- and M-subunits of  purple bacteria  
reaction centres [5,6]. This idea has gained strong 
support  from the isolation of  a D 1 / D 2  cytochrome 
b-559 complex, which is able to perform the primary 
charge separat ion from ~P680" into the primary radi- 
cal pair P680 + P h e o -  [7,8]. Latest studies revealed 
that even an isolated D 1 / D 2  complex without cy- 
tochrome b-559 exhibits this activity [9]. Al though tile 
loss of  QA prevents  the normal stabilization of  the 
primary radical pair, exogenous silicomolybdate as ac- 
ceptor  was shown to support  a light-driven linear elec- 
tron transport  with diphenylcarbazide acting as donor  
[10,11]. Despi te  of limitations due to lacking QA, the 



77 

isolated D1 /D2 /cy toch rome  b-559 complexes provide 
a suitable tool to analyze the primary processes of 
exciton trapping and transformation into free energy 
within the PS II reaction centre. 

The isolated D l / D 2 / c y t o c h r o m e  b-559 prepara- 
tions contain one P680 and two pheophytin molecules, 
but the content of additional Chl a and of carotenoid 
molecules reported in the literature varies between 2 
to 8 and 1 to 2, respectively [7,8,12-15]. Latest data 
reveal that the highly purified samples contain four 
chlorophylls and one /3-carotene per two pheophytins 
[16]. The strucure of P680 is still a matter  of debate, 
although latest studies [3] favour a dimeric structure 
analogous to the special pair in the reaction centres of 
purple bacteria (but see Ref. 17). 

Freshly prepared samples, with high photochemical 
activity, exhibit absorption and emission spectra which 
are characterized by red peaks at 675.5 + 0.5 nrv and 
681.5 + 0.5 nm, respectively [18,19]. Illumination of 
these samples under aerobic conditions causes a rapid 
loss of the photochemical activity [21-24], together 
with a blue shift of the absorption [18-20,23,24] and 
emission peaks [18,20,24] in the red. This latter phe- 
nomenon can be used as an indicator for the degrada- 
tion of the functional integrity [18-20]. 

In this communication we report  on the modifica- 
tions of the steady state fluorescence spectra due to 
degradation of isolated D1 /D2 /cy toch rome  b-559 
complexes from spinach induced by monochromatic 
blue-green illumination (476.5 nm) under aerobic con- 
ditions. In addition to the well-known blue shift of the 
fluorescence peak, a significant broadening of the spec- 
tra was observed. A deconvolution into Gaussian bands 
reveals that the dominant component, referred to as 
F682, is most susceptible to sample damage. Accord- 
ingly, the marker band F682 has been used to analyze 
its change in peak position and FWHM value during 
progressing aerobic degradation in the range of 
275 K < T < 293 K. 

Materials and Methods 

D1/D2/cy toch rome  b-559 complexes were pre- 
pared from market spinach, as desribed by Barber et 
al. [8], and subsequently precipitated by polyethyleneg- 
lycol (PEG) according to McTavish et al. [11]. The final 
chlorophyll concentration was 0.054 mM Chl. The sam- 
ples were stored at 77 K. Samples used for the studies 
in the temperature,  range between 77 K and 273 K 
contained 50% glycerol. 

Steady state fluorescence measurements were car- 
ried out with equipment described in detail by Stahl et 
al. [25]. The samples were illuminated at 476.5 nm by a 
c~rtinuous-wave argon ion laser, which excited the 
~luorescence emission and simultaneously caused the 
iight-induced degradation of the sample. During the 

illumination the spectra were recorded at definite time 
intervals in the range of 640 nm to 750 nm, with a 
spectral resolution of 0.5 nm. The recording intervals 
were short enough (5 s) to avoid serious sample modifi- 
cation during this period. An optical multichannel ana- 
lyzer (OMA-2, PAR) was used to monitor the spectra 
and to control the whole process of measuring and 
processing the data. The irradiation at laser intensities 
of either 300 W / m  2 (data of Fig. 2) or 400 W / m  2 
(data of Fig. 3) was performed at different tempera- 
tures between 275 K and 293 K, which were kept 
constant by a temperature-controlling unit (TSK 200, 
ZWG). Low-temperature measurements, down to 77 
K, were carried out with a directly cooled nitrogen 
cryostat. All fluorescence spectra reported in this com- 
munication are normalized to Fm~ x = 1. 

The spectra were deconvoluted into Gaussian bands 
on a wavelength scale on the basis of the formula 

(A-A)2 
I(,~) = A .e- S ~ "  ° 2~ O) 

where I(A) is the intensity of the component at wave- 
length A, A is the relative amplitude, F the fwhm 
value and A 0 the peak position of the band. Within the 
narrow emission range (640-750 nm) the conversion of 
wavelength into an energy scale does not significantly 
change the spectral shape. The best fit of the experi- 
mental spectra by superposition of Gaussian bands 
with different positions, bandwidths and relative ampli- 
tudes was achieved wkh a computer program based on 
the down-hill simplex method of Nelder and Mead 
[26]. The program minimizes the least square differ- 
ence between the measured fluorescence spectrum and 
a superposition of Gaussian bands. The significance of 
the deconvolution procedure was improved by: (a) cal- 
culation of second-derivative spectra of the emission 
spectra after a smoothing procedure; (b) use of the 
temperature-dependence of fluorescence in order to 
find a set of fluorescence bands describing the steady 
state fluorescence spectra at all temperatures; and (c) 
description of the spectra with a mimmal number of 
free parameters. 

Results 

The effects of degradation on the steady state fluo- 
rescence spectrum of isolated PS II reaction centres 
were analyzed by comparing the data with the corre- 
sponding parameters extracted from measurements 
performed in particles which were not exposed to 
harmful, illumination (referred to as 'undamaged con- 
trol'). 

In order to check the integrity of our undamaged 
control samples, the red absorption band was meas- 
ured. A peak value of 675.4 + 0.4 nm was found di- 
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Fig. l. Experimental steady state fluorescence spectrum of undam- 
aged D1/D2/cytochrome b-559 complexes at 277 K and its numeri- 
cal deconvolution into Gauss±an bands. For detailed resu!ts of the 
deconvolution see Table I. The wavelength of the exciting laser beam 
was A v = 476.5 ram. with intensities of IE~ = (400± 100j W / m  2. 1-4, 
spectral bamls 1-4 (see Tabk 1, spectrum A); 5, experimental 

spectrum. 

rectly after thawing the samples stored at 77 K (data 
not shown). This finding indicates that our undamaged 
control is functionally highly active because the peak 
position of the red absorption band is a parameter  that 
directly reflects the photochemical  activity of D 1 /  
D2 /cy toch rome  b-559 preparat ions [20,27]. The  fluo- 
rescence emission spectrum of our undamaged control 
at 277 K exhibits a main band peak at 682.0 + 0.4 nm 
and a broad satellite with a peak at 734 + 3 nm (see 
Fig. 1). These features closely resemble those reported 
in literature (see Refs. 18, 19). A numerical  deconvolu- 
tion into Gauss±an bands (see Materials  and Methods)  
reveals that the overall emission spectrum can be satis- 
factorily described by four components,  as shown in 
Fig. 1. The two main Gauss±an bands, with peaks at 
682 nm and 734 nm, are assumed to originate from the 
0,0 and 0,1 transitions, respectively, of  the dominant  
emitt ing Chl a species. It has to be emphasized that 
the deconvolution into Gauss±an bands does not neces- 
sarily permit  the drawing of unambiguous conclusions 
on the detailed optical propei t ies  of the individual Chl 
a species within the D 1 / D 2  protein matrix (see Dis- 
cussion). However,  this procedure provides a suitable 
phenomenological  tool to analyze the spectral changes 
of the fluorescence emission, which arise due to light- 
induced degradat ion of the samples under  aerobic con- 
ditions. This is illustrated by a comparison of  the 
parameters  obtained by fitting the emission spectra of  
the control and heavily damaged samples, charac- 
terized by an emission maximum at around 676 nm. 
The compilation in Table 1 readily shows that the most 
prominent  Gauss±an band (which has its peak position 
at around 682 nm in the control) is mcst  susceptible to 
sample degradation in both the peak position and the 
fwhm value. Therefore ,  it appears reasonable to use 

the propert ies  of this Gauss±an band, referred to as 
F682, as an indicator of  tile structural changes in the 
D 1 / D 2 / c y t o c h r o m e  b-559 complex, which are caused 
by light-induced degradat ion under  aerobic conditions. 

The degradative effect 'was measured as a function 
of  the exposure t ime to continuous monochromat ic  
(A = 476.5 nm) light at different  tempera tures  o f  the 
sample snspension in the range of  275 K to 293 K. Fig. 
2A depicts typical spectra of  the f luorescence emit ted  
at room tempera ture  from samples which were  illumi- 
nated for different t imes at an intensity of  300 W / m  2. 
Phenomenologically,  the data reveal a blue shift, to- 
ge ther  with a broadening of  the spectra. Interestingly, 
the blue shift levels off  at 676 nm, even af ter  exposure 
to prolonged illumination (data not shown). Therefore ,  
in terms of  structural changes reflected by modification 
of  the f luorescence emission spectra, these samples are 
referred to as 'fully damaged ' .  Sample i l lumination at 
room tempera ture  under  aerobic conditions also shifted 
the peak position of  the red absorption band hypo- 
chromically down to 669.2 nm (data not shown). The  
extent of  the blue shift depends  on the exposure time. 
These findings correspond with data repor ted  in the 
l i terature [18,23,28,29]. 

A numerical  fit reveals that e i ther  a two-state model  
or  a multistate model  (see Discussion) can satisfactorily 
describe the exper imental  spectra of  samples at differ- 
en t  overall degradat ion states (data not  shown). In an 
a t tempt  to obtain additional information,  the second 
derivative spectra were  calculated (see Fig. 2B). In the 
undamaged control sample the spectrum exhibits a 
maximum at about 682 nm and a shoulder  at 676 nm. 

TABLE 1 

Numerical decont'olation into Gauss±an bands of the steady state 
fluorescence spectra of undamaged (A) and fully damaged (B) D1/  
D2 / cytochrome b.559 complexes at 277 K 

Spectrum A was recorded directly after thawing the sample. Spec- 
trum B was obtained after a 30 rain illumination with h E = 476.5 nm, 
I E = 400± 100 W/m 2 at 293 K. Experimental conditions as in Fig. 1. 
F is the relative amplitude of a fluorescence band when Fma x = 1. 
The integral fluorescence IF represents the fraction of overall fluo- 
rescence emitted by each band. 

Band No. Position fwhm F IF 
~0 (nm) F (nm) 

1 
A 667 ±2 18 _+2 0.14_+0.02 0.09 
B 665 ±1 20 ±2 0.13_+0.03 0.08 

A 681.8±0.5 15.9±0.4 0.95±0,06 0.55 
B 676.6_+0.6 21.6±0.3 0.92±0.07 0.59 

A 700 ± 2 26 ± 2 0.06 ± 0.04 0.06 
B 698 ±2 27 _+2 0.08_+0.03 0.06 

A 734 +2  55 _+2 0.15+0.02 0.30 
B 733 _+2 56 _+1 0.16±0.01 0.27 



With  progress ing deg rada t ion  of  the sample ,  bo th  the 
max imum and  the shou lde r  shif t  to the  blue,  wi thout  
o t h e r  s ignif icant  changes  in the shape.  These  features,  
however ,  do not pe rmi t  an unam bi guous  dis t inct ion 
be tween  a two- or mul t i s ta te  model .  

Addi t iona l  in format ion  is expec ted  to be  ga the red  
from an  analysis of  the  t r ans fo rma t ion  kinetics. For  
this  purpose ,  the exper imenta l  da ta  were ana lyzed  by 
using the  F682 Gauss ian  band  as an indica tor  of  the 
s t ruc tura l  degrada t ive  modif ica t ions  induced  by the 
exposure  to m o n o c h r o m a t i c  b lue -g reen  light u n d e r  aer- 
obic condi t ions .  

Fig. 3 depic ts  the  peak  max imum (par t  A)  and  the 
F W H M  values  (par t  B) of  the F682 band ,  as a funct ion 
of  exposure  t ime (light intensi ty  400 W / m  2 at 476.5 
nm)  at  d i f ferent  t e m p e r a t u r e s  of  the  sample  suspen-  
sion. T h e  da ta  reveal  tha t ,  in a comparat ively  nar row 
range  of  less than  20 K (275 K to 293 K) the  degrada-  
t ion processes ,  as re f lec ted  by the  F682 proper t ies ,  are 
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Fig..3. Peak position (A) and fivhm (B) of the F682 Gaussian 
fluorescence band of isolated Dl/D2/cytochrome b-559 complexes 
as a function of exposure time to deleterious illumination with 
monochromatic (476.5 nm) light at inten:dties of 1E =400+_ 100 
W/m 2 at different temperatures. The parameters result from a 
deconvolution procedure described in the text. o, 275 K; x, 277 K. 
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Fig. 2. Steady state fluorescence spectra of isolated Dl/D2/cyt  
b559 complexes exposed to different intervals of deleterious illumi- 
nation with monochromatic (476.5 nm) light at intensities of I E = 300 
_+ 100 W/m 2 at T = 290 K. Spectra are normalized to Fma ~ = 1. 1, 
0.5 rain; 2, 3 rain; 3, 5 rain of illumination. A, Fluorescence spectrum; 

B, negative second-derivative spectrum. 

markedly  t e m p e r a t u r e - d e p e n d e n t .  Apar t  from the ex- 
pec ted  increase  of the degrada t ion  rate at h igher  tem- 
pera tu res ,  the  type of the kinetics alsu changes  signifi- 
cantly. As will be ou t l ined  in the Discussion, the la t ter  
f inding canno t  be descr ibed by a simple degrada t ion  
me, h a n i s m  of the  type 

k (T .  I) 
A. , D (2) 

where  A represen t s  the  u n d a m a g e d  control ,  D the  
fully damaged  sample and  k ( T ,  I )  the ra te  cons tan t  of 
degrada t ion ,  which depends  on t e m p e r a t u r e  and  light 
intensity. 

A more  complex mechan i sm has to be considered.  
Regardl.ess of the  complexity, the  rate cons tan t  of the  
react ion,  which tr iggers the overall  reactio, ,  sequence  
by a modif icat ion of  state A, can be  ob ta ined  by 
de t e rmin ing  thu initial rate.  It was found tha t  at all 
t e m p e r a t u r e s  the  initial modif icat ion rate r~ t (0) of 
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TABLE 11 

Initial nm'~ of the hhw shift and hcml broadening of Fh82 

Initial r:.ltes of the blue shift and band broadening of t;'(~82 of isolated 
D I / D 2 / q 4 o c b r o m e  h-55 t) ¢~a~'lpiexc:., (?),~,/8t aml M*/'6t)trod 
periods of time where a linea~ ~pl~fosinlMiorl prtwidcs a satisfyiflg 
description of the dala in Fig. 3A ~md It (q,.). FItc values were 
eslim~flcd from Fig, 3, 

of F682 band shift of F682 band bn)adening 

rM(O)=SAo/&t t , . / m i n  rM(0 ) = M ~ / & t  t~i . / m i n  

nm/min  nm/min  

275 -- (0.04 ± 0.02) 0-20 0,03 ± 0.02 O- 15 
277 - (0.05 ± 0,02) 0-20 0,04 ± 0,02 O- 15 
283 - (0,1 i ± 0.03) 0-20 0,16 ~: 0,0h 0-12 
28Y, - (11.24 :~: 0,10) 0-16 0.20 ~ (1.10 1)-12 
2(,~I ,.(0.10 ~ 0.12) t).~ 5 039-}:0.16 0 - 7  
293 --(0,4;',;~(I.17) 0- 5 0,84±0.30 it-- 5 
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Fig. 5, Relation between fwhm and peak position of the F682 
Gaussian band in isolated Dl /D2 /cy tochrome  b-559 complexes. 
The parameters are taken from Fig, 3, o ,  275 K; x, 277 K; +, 283 K; 

z~, 288 K; *, 291 K; 13,293 K, 

both parameters, the bluc shift of the peak maximum 
and the increase of the fwhm value of F682, remains 
almost constant in a certain time-domain. The rM(0) 
values and the corresponding time-domains are com- 
piled in Table !1. Fig. 4 shows that the initial modifica- 
tion rate rM(0) of both parameters can be described by 
an Arrhcnius-type temperature dependence 

rm(O)=*const.e u.aJ~ (3) 

where E^ represents an activation energy. Both pa- 
rameters exhibi~ similar dependencies, characterized 
by E A values of IjI ± 0,5 eV and 1.2 ± 0.6 eV tor the 
blue shift and the twhm increase, respectively, caused 
by light-induced sample degradation. 

This finding suggests that A F,s2 and 1"t=-~,~2 are closely 
interrelated. Therefore. in Fig. 5 the fwhm v,,lues are 
depicted as a function of the peak maxintum An,~. 
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Fig. 4. Scmilogarithmic plot of the initial modification rate rM(O) as a 
function of reciprocal lemperature of isolated Dl /D2/cytochrome 
b-559 complexes. The parameters are taken from Table II. 0:  rate of 
the bhlc shift of F682. x: rate of the speclral broadening 

of Iq)82. 

The data show that the fwhm increase, .1/"F682 , linearly 
correlates with the extent of the blue shift, AAF6~:, in 
the range from 681.5 nm down to 676 nm for the peak 
position. Although the degradation kinetics markedly 
differ between 275 K and 293 K, the linear dependence 
o f  AFF6s2 o n  AAF682 is practically temperature-inde- 
pendent. This finding indicates that the underlying 
mechanism of the F682 modification, due to light-in- 
duced thermal degradation, is the same in the temper- 
ature range from 275 K to 293 K. 

The integral fluorescence emission spectrum of a 
structurally highly organized pigment protein complex 
depends on different parameters. Apart from a direct 
chemical modification of the pigments (e.g., pheophy- 
tinization of the chlorophylls), ~he intermolecular dis- 
tances, the mutual orientations of the pigments and the 
pigment - protein interactions are of special interest 
because the latter parameters are susceptible to pro- 
tein degradation. In principle, information on the cou- 
pling between electronic and vibrational states can be 
obtained by measuring the linewidth of an optical 
transition ~.s a function of temperature. Experiments 
were performed in the range of 77 K < T < 270 K with 
samples exhibiting different emission peak values of 
F682 due to varying exposure to degradative illumina- 
t;~ W/m 2, A = 476.5 nm) at room temperature. 

treatment the samples were frozen to 77 K, 
he experimental conditions of this study, the 

Jm~;mion rate is negligibly slow in frozen samples, 
the temperature dependence of F682 could be deter- 
mined over the whole range from 77 K to 270 K by 
successive measurements on the same sample. The 
temperature-dependence of fluorescence emission 
down to 77 K can be described with the same set of 
four Gaussian bands, which was used at room tempera- 
ture (see "Fable 1 and Fig. 1). Cooling down to 77 K 
does not affect the positions of the Gaussi~n compo- 
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nents, but diminishes the fwhm value of F682, /'~,~2, 
and increases the overall fluorescence intensity of the 
sample by a factor of 4 to 5. The relations between the 
relative fluorescence intensities of the four Gaussian 
bands of a fluorescence emission spectrum at a certain 
temperature do not depend significantly on tempera- 
ture (data not shown). 

Fig. 6 depicts, in a double logarithmic plot, the 
dependence of FF682 on the temperature in samples 
which were adjusted to different modification states (as 
reflected by the peak maximum of the fluorescence 
marker F682). The data obtained reveal that the tem- 
perature-dependence of the bandwidth can be de- 
scribed by the phenomenoiogical relation 

/ ' t ' , ,x2(T) ~ I ' ( 0 )  ' ( I + C" T a) (4) 

where F(0), C and B are fit parameters. 
It has to be emphasized that these fit parameters 

cannot be assigned in a straightforward way to physical 
parameters of the system. The theoretical description 
of the fluorescence emission as a function of tempera- 
ture is very complex for pigment protein systems like 
D1/D2/cytochrome b-559 preparations. In particular, 
the contribution of different broadening processes (ho- 
mogeneous, inhomogeneous, dynamic inhomogeneous 
broadening [30]) to the spectral iinewidth at different 
temperatures cannot be easily calculated [30,31]. To 
address this problem, thorough theoretical calcula- 
tions, based on experimental data at sufficiently low 
temperatures (liquid helium) are required, which are 
far beyond the scope of the present study. Therefore, 
we will consider only the general feature of the tem- 
perature-dependence in the range of 77 K to 270 K 
and refrain from any detailed discussion. The key point 
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Fig. 6. Double-logarithmic plot of the spectral fwhm of F682 as a 
function of temperature for Dl/D2/cytochrome b-559 complexes at 
different stages of degradation. The wavelength of the exciting laser 
beam was h n = 476.5 nm, with intensities of I E = 400 ± I00 W / m  2. 
The peak maxima of the F682 band are 680,9 nm (x), 680,6 nm ( ~ ), 

677,3 nm(  + ) and 677.0 mm (£1). 

TABLE I l l  

Temperature dependence qf the ,~pcctra/ h~dfwidth of the F682 ham/in 
Dl / D2 / cytochrom,, b.559 compleaes tit d~ffi'n'at degradation stages. 

ho is the position of F682, B is a fitting parametei  according to 
formula 4, The values of B were calculated from data of Fig, 6. 

Sample hr. h o / n m  B 

I 681.6±0.3 0.33 5:0.12 
2 680.9 :t- 0.2 0.26±0.12 
3 680.65:0.4 0,27 + 0.10 
4 677.3_+0.6 0.14_+0.06 
5 677.0 + 0.6 0.14 + 0,05 

of Fig. 6 is the finding that exponent B decreases if 
sample degradation progresses (see Table II1), i.e., in 
damaged systems the fwhm values are less dependent 
on temperature than in the undamaged control. Impli- 
cations of this observation will be briefly considered in 
the Discussion. 

Discussion 

In the present study the degradation of isolated 
D1/D2/cytochrome b-559 preparations induced by 
monochromatic blue-green light (h = 476.5 nm) under 
aerobic conditions was investigated by analyzing 
changes of the fluorescence emission spectra. The de- 
convolution of the experimentally obtained spectra into 
Gaussians revealed that the dominant band, which 
exhibits a peak maximum at 682 am in the undamaged 
control, is the most sensitive component. Therefore, 
this band, referred to as F682, provides a useful marker 
to investigate the aerobic photodegradation of the 
D! /D2 /cy toch rome  b-559 complex. Progressing 
degradation of the sample was shown to be accompa- 
nied by: (a) gradual blue shift of F682; (b) increase of 
the fwhm value, which is linearly related to the blue 
shift of the peak position of F682, and; (c) ~ess pro- 
nounced narrowing of the F682 band at decreasing 
temperatures in the range of 77 K < T < 273 K. 

In general, two different types of models can be 
considered to interpret the experimental data: (i) two- 
state model, which assumes the conversion of a long- 
wavelength (characteristic for the undamaged sample) 
into a shor~-wavelength emitter, formed in the fully 
degraded sample. The superposition of the emissions 
from these two states will result in an overall blue shift 
and increasing halfwidth of the fluorescence spectrum, 
due to the increasing population of the fully damaged 
at the expense of the undamaged state, during progres- 
sive degradation; (ii) multistatc model, where the dif- 
ferent conformational states of the protein, which cer- 
tainly are formed as intermediates during the overall 
degradation process, are assumed to give rise to differ- 
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ent fluorescence emission properties of each state. All 
these individual states contribute to the integral fluo- 
rescence spectrum of the sample (vide infra, Eqn. (6)). 

The degradation of a structurally highly organized 
pigment protein systern like the D1/D2/cy tochromc 
b-559 complex certainly comprises a number of inter- 
mediate states. In general, the degradation process of 
each individual complex can be described by: 

A -~ I t ~ 1,  ~ . . .  -~ I,, - .  1) ( 5 )  

where the undamaged complex is symbolized by A and 
the fully damaged complex by D, and I~. . .  I,, represent 
the intermediate states. This raises questions about the 
nature of these states. In order to address this point, 
two questions have to be answered: (a) what is the 
underlying mechanism of the light-induced aerobic 
degradation? and; (b) what kind of modifications are 
monitored by the fluorescence technique applied in 
this study'? In rcspect of the first question, recent 
studies revealed that illumination of isolated D1 /  
D2/cytochrome b-559 complexes under :lerobic condi- 
tion~: comprises at least three different types of reac- 
tions [32,33]: (i) generation of reactive singlet oxygen 
~Ag 0 2, sensitized by 3P680 formed due to radical-pair 
recombination: (ii) cleavage of polypeptidc D1, via au- 
toproteolytic activities; and (iii) subsequent slow 
degradation of other polypeptides, especially of D2. A 
recent FTIR analysis indicates that, under exposure to 
similar photon flux densities as in the present study 
(2000 ~ E / m  2 per s of white light vs, 1600 ~ E / m  z per 
s of blue-green light in this study), the high of-helix 
content of the D1/D2/cy tochrome b-559 complex sig- 
nificantly decreases [34]. 

Based on these findings it appears reasonable to 
assign the intermediates I,, to different conformational 
states of the D I / D 2  heterodimer. This idea also re- 
lates to the second question. If one assumes that the 
intermediates I, (i == 1 . . .  n) of each individual complex 
in the ensemble give rise to fluorescence bands that are 
characteristic for the macroscopic state of the sample, 
then the integral F682 emission is given by 

r ! 

(~) 

where p,, PA and PD represent the population proba- 
bilities of I,, A and D, respectively, and FF~,s2(A) ,, 
Fw,~;2(A) A and Fw,s2(A) D the corresponding marker 
emission bands F682 (see Results) weighted with their 
fluorescence quantum yield. 

Eqn. 6 readily shows that a two-state description 
provides a suitable fit of the fluorescence spectra if 
either the quantum yields (q~)~ are negligibly small 
compared with those of states A and D or if the 

F.l-~,,~2 (A)i values do not markedly differ from those of A 
a n d / o r  D. Therefore, additional information is re- 
quired to address the problem of the degradation 
mechanism. Measurements of the overall fluorescence 
quantum yield revealed a 30-50% decrease during 
sample degradation by exposure to monochromatic 
(476.5 rim) ligth. Interestingly, a slight increase was 
observed if white light of comparable intensities (400 
W / m  2 ) is used. The latter result is in qualitative agree- 
ment with a recent report of Booth et al. [27]. These 
findi#gs indicate that, under monochromatic blue-green 
illumination, quenching state(s) are (is) created. The 
nature of this (these) state(s) remain(s) to be clarified. 

Interesting information about the complexity of the 
degradation mechanism can be obtained by considering 
the time course of hF6S2 and /~[=682 a s  a function of 
light exposure at different temperatures. 

Direct evidence for the complexity of the light-in- 
duced aerobic degradation process is provided by the 
marked temperature-dependence observed for the time 
course of the blue shift AAF6S2 and the line broadening 
A/'F6g2 (see Fig. 3). Regardless of the detailed relation- 
ship between A-~F6142 (also AFF6,g2, see Fig. 5) and the 
population probability p~ of the different structural 
states according to Eqn. (6), the data of Fig. 3 excluse a 
simple phenomenologica l  kinetics of the type 
A ~ D, which would arise if either all Pi values of 
intermediates I i are negligibly small or if all states 1 i 
are indistinguishable from A in their fluorescence 
marker band FF682(A) i. A more complex reaction pat- 
tern is expected to arise for the light-induced aerobic 
degradation oi the D 1 /D2/cy tochrome b-559 complex 
if one takes into account recent data from the litera- 
ture ([32,33], vide supra). As the above mentioned 
reaction types of aerobic photo-degradation certainly 
exhibit greatly different temperature dependencies 
(e.g., the proteolytic cleavage of D1 becomes highly 
retarded at 0 °C compared with 20 °C, see Refs. 35, 
36, while the light-induced impairment of photo- 
chemical activities in different PS 11 preparations still 
occurs, see Ref. 3'7), the strikingly different time courses 
of the marker band F682 (peak wavelength and fwhm 
value) depicted in Fig. 3 (A and B) are easily under- 
standable. In this respect it is interesting to note that 
degradation processes in the dark can also exhibit 
markedly different kinetic patterns. It was found tha: 
the decline of the oxygen evolution capacity in PS tI 
membrane fragments significantly deviates from an ex- 
ponential decay if the samples are suspended in a CI-  - 
containing medium [38]. In contrast, incubation in 
CI--free medium [38] or thermal inactivation at higher 
temperatures [39] give rise to degradation curves that 
can be approximately described by an exponet,tial de- 
cay. The above-mentioned considerations lead *e the 
conclusion that a multistep model is much more rea!is- 
tic than a two-step model. 
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This  idea also provides  a s imple explana t ion  for t he  
d e p e n d e n c e  of  F w s  2 on the  t e m p e r a t u r e  in the  range  
of  77 K to 270 K, as re f lec ted  by the  fit p a r a m e t e r  B in 
Eqn.  4. It appea r s  r easonab le  to assume that ,  in the  
u n d a m a g e d  sample ,  the  d is t r ibut ion  of d i f fe rent  struc- 
tura l  s ta tes  in the  ensemble  of individual  D l / D 2 / c y t o -  
c h r o m e  b-559 complexes,  is very narrow. The re fo re ,  
h o m o g e n e o u s  or dynamtca l  h o m o g e n e o u s  l ine-broad-  
en ing  effects can  con t r ibu te  significantly to the  t emper -  
a t u r e - d e p e n d e n c e  of  Fv682. In the  d a m a g e d  sample,  
however ,  the d is t r ibu t ion  of  d i f ferent  s t ruc tura l  s ta tes  
is markedly  wider ,  t he reby  leading to dominance  of  
i n h o m o g e n e o u s  l ine -broaden ing ,  which is much  less 
t e m p e r a t u r e - d e p e n d e n t .  Th i s  phenom eno l og i ca l  con-  
s ide ra t ion  ra t iona l izes  the  dec rease  of  fit p a r a m e t e r  B 
wi th  progress ing  deg ra da t i on  s ta te  of  the  sample  (see 
Tab le  l iD.  

The  idea of  using p a r a m e t e r  B as a qual i ta t ive 
ind ica to r  of  the  s t ruc tura l  s tate  d is t r ibut ion within a 
sample  is suppo r t ed  by the  f inding tha t  a value  d o s e  to 
0.5 has  been  observed  for  all Gauss i an  hands  of ab- 
so rp t ion  and  emission in pr imary  leaves of  whea t  
seedl ings  [30] and  the  emiss ion  bands  of  thylakoid 
m e m b r a n e s ,  PS II m e m b r a n e  f r agmen t s  and PS II core  
complexes  (Maciy, K., unpub l i shed  results).  A similar  
value  was observed  for  FF6s2 in ou r  u n d a m a g e d  cont ro l  
sample .  There fo re ,  B-values  app roach ing  0.5 could be 
charac te r i s t ic  for nat ive p i gm en t  p ro te in  complexes  
wi th  a very na r row dis t r ibut ion  of  d i f ferent  s t ructura l  
states. In line with these  cons idera t ions ,  it is in te res t ing  
to no te  tha t  a b a n d  nar rowing  is observed dur ing  the  
assembly of  nat ive p i g m e n t  p ro te in  complexes  (Ref.  40 
and  U. Stahl,  unpub l i s hed  results).  However ,  it has  to 
be  e m p h a s i z e d  tha t  the  a b o v e - m e n t i o n e d  ideas  have to 
be  subs t an t i a t ed  by more  de ta i l ed  quant i ta t ive  analysis. 
Exponen t  B itself does  no t  provide any fu r the r  mecha-  
nistic in fo rmat ion  because  the  fwhm value  of the  
Gauss i an  m a r k e r  band  F682 does  not  direct ly reflect  
the  p igmen t -p igmen t  and  p igment -p ro te in  in teract ion.  
A much  more  tho rough  theore t ica l  analysis is requi red  
to address  this  p rob lem (s tudies  in this  d i rec t ion are 
u n d e r  progress).  

Regard less  of  these  problems ,  the  p resen t  study 
shows tha t  s teady state  f luorescence  spect ra  can be 
used as a tool for analyzing the  deg rada t ion  of p igment  
p ro te in  complexes  like the  D 1 / D 2 / c y t o c h r o m e  b-559 
complex of  PS II. 
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