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SUMMARY: I t  is shown how energy f luxes in mono-b i - t r i -  and po lypar t i t e  

photosystems can be described. The der iva t ion of the energy dis- 

t r i bu t ion  te rm ~ and the probab i l i t y  of  spi l l  over P21 as proposed 

by W.L. BUTLER are rev iewed.  

1. INTRODUCTION 

1.1 Models 

A model can be considered as a tool  to give us a be t te r  understanding 

of the problem being invest igated.  The proposed model pursues two  d is t inc t  

goals: 

- to  connect  and expla in the known data w i th in  a common f ramework ,  

- t o  make pred ic t ions on the behaviour of a sample under new exper imenta l  

condi t ions.  

A tool  is a very modest construct ion compared to a piece of a r t  an 

a r t i s t  can c rea te  w i th  i t .  In analogy, a model is a very crude representat ion 

of the b io logical  system a sc ient is t  t r ies  to descr ibe. Therefore,  a model 

is a valuable tool  for  uni fy ing and expla in ing data, as wel l  as making predict ions.  

These predic t ions encourage the development  of  new measuring techniques 

which enable us to  cont ro l  the va l id i t y  of  the model under new exper imenta l  

condi t ions.  Even i f  a model has to be modi f ied or re jec ted due to new infor-  

mat ion,  i t  is s t i l l  considered to be an in te l lec tua l  c reat ion.  

1.2 The presentat ion of  a model 

Every model can be presented as: 

- a pure verbal  demcript ion 

- an analogical  graphic reprem~ntation 

- an ana ly t i ca l  and mathemat i ca l  f o rmu la t i on .  

These three forms of presentat ion car ry  ident ical  in fo rmat ion .  That 

means e.g. a t r i p a r t i t e  mathemat ica l  fo rmu la t ion  and a t r i p a r t i t e  verbal descr ip- 

t ion both belong to a t r i p a r t i t e  graphic presentat ion of a model. However,  

this is not s t r i c t l y  fo l lowed in the l i t e ra tu re  and may lead to  confusion. 

[lo9] 
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1,3 The theoret ica l  in format ion of a model 

A paint  brush can be used for drawing or for  other purposes depending 

on the technique applied. The technique of handling a model, determines how 

it can be associated wi th the biological  system under consideration, These 

abstract handling techniques of a model are theories, The verbal descript ion, 

graphic representat ion and mathemat ical  formulat ion of a model should be 

unambigously l inked to well def ined theories, D i f fe ren t  theories for the same 

model may lead to s imi lar ,  d i f fe ren t  or the same conclusions, Therefore,  

the reader can only understand what a model means if he knows which theories 

are being referred to by the author pertaining to a model, 

1.4 The pract ical  in format ion of a model 

There is no l im i t  as far  as formula t ion of fantast ic  and very sophisti- 

cated models are concerned. However, the terms needed for the descript ion 

of a model increase exponent ia l ly  wi th  its complex i ty .  A model of pract ical  

usefulness should be measurable, which means that  a corre lat ion between 

the exper imenta l  signal and each theoret ica l  term is needed, The inabi l i ty  

to associate an exper imenta l  signal wi th each term (variable or constant) 

in a model forces us to formula te  an assumption of its value l ike zero, in f in i te  

constant or negl igible. Therefore,  the in format ion supplied by a model depends 

on the amount of exper imenta l  in format ion which can be associated wi th 

i t ,  There is a constant bat t le  to f ind an opt imum compromise between theo- 

ret ical  and pract ical  in format ion which a model supplies. The more complex 

the model, the bet ter  i t  helps to understand biological  systems, More specu- 

lat ions and assumptions however, are needed to associate i t  wi th the exper imen- 

tal  data, The simpler the model, the more r igid i t  is and the less i t  represents 

the biological  system, But i t  can be s t r ic t ly  associated wi th the exper imenta l  

data. W.L, But ler  and his colleagues have been always aware of the highly 

mu l t i pa r t i t e  structure of any photosystem. But the ava i lab i l i t y  of independent 

exper imenta l  data forced one to formula te  the photosynthet ic apparatus as 

a b ipar t i te ,  t r i pa r t i t e  or po lypar t i te  model. A l l  these formulat ions are in 

fact ,  consequent extensions of the formula t ion of a monopar t i te  photosystem, 
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2. THE MONOPARTITE PHOTOSYSTEM 

The model of a monopartite photosystem developed by W.L. Butler (1) 

and M. Katajima supports a concept which is able to explain principal activit ies 

such as photochemistry and fluorescence emission of PSII. It uses the biochemi- 

cal terms of pigment concentration and first order rate constants for the 

de-excitat ion events of excited pigments. The static concept of the model 

is based on the established opinions that a pigment pool acts as an antenna 

to absorb photons and that some of the absorbed pliotons are trapped by 

the reaction centers. W.L. Butler introduces a dynamic concept in his model 

as follows: The energy which flows from the excited antenna pigment pool 

to the reaction center has several options-" 

1 st The excited reaction center transforms its excitation energy into photo- 

chemistry by reducing an electron acceptor while the reaction center 

gets oxidized. 

2 nd The excited reaction center is unable to perform photochemistry. The 

excitation energy of such a closed reaction center migrates back to 

the antenna pool. 

The rate constants of the de-eXcitation of the excited reaction center 

of PSI I  are kF, kD, k T (fluorescence, heat dissipation or energy transfer). 

The rate constants of the de-excitation of the excited reaction center are 

kp, k d, k t (photochemistry, heat dissipation, energy transfer from the reaction 

center back to the antenna pool), A reaction center which is able to perform 

photochemistry upon excitat ion is named open, otherwise closed. The energy 

migrates back and forth from a closed reaction center to an antenna pool. 

The concept of energy cycling between the antenna pool and the reaction 

center was introduced this way. The equations and concept of energy cycling 

between the antenna and the reaction center are identical to the equation 

for the energy cycling between the antenna pools of neighbouring photosynthetic 

units described much earl ier by A. Jol iot and P. Joliot (2). 

3. ENERGY CYCLING DETERMINES THE COMPLEXITY OF A MODEL 

Energy cycling is nothing else but a f lux of energy which repeatedly 

moves back and forth from one location to another. Each exciton .has the 

probabil i ty to migrate in one direction. The energy cycling degenerates into 

an Irreversible one way energy migration if the probabil i ty of energy transfer 

back to its origin is zero. Therefore, real energy cycles or one way energy 
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transfers ( l ike spill over) can be formulated using the same equations. The 

complex i ty  of a photosynthet ic model is determined f i rs t ly ,  by the number 

of pigment pools and react ion centers assumed and secondly, by the energy 

cycles one at t r ibutes to the model. The fo l lowing d i f fe rent  types of energy 

cycle can be defined. Their  dist inct ions are crucial inasmuch as each type 

influences the exper imental  data d i f fe rent ly :  

1. Trapping is the energy migrat ion from the antenna pool of a photosystem 

to its react ion center (e.g. trapping in PSI RC or trapping in PSII RC). 

2. Couplin 9 is the energy migrat ion from one antenna pool to another an- 

tenna pool of the same photosystem (e.g. energy cycl ing between the 

core antenna and the l ight harvesting complex of PSII). 

3. Spill over is the energy migrat ion from one antenna pool of a react ion 

center to an antenna pool of another react ion center (e.g. core antenna 

of PSII to antenna of PSI or LHC of PSII to core antenna 

of PSI etc.) 

4. Grouping is the energy migrat ion from one antenna pool of a photosystem 

to an antenna pool of a neighbouring photosynthet ic unit (e.g. 

LHC of PSII to the LHC of a PSII of a neighbouring unit). 

A monopart i te model includes only trapping. 

A b ipar t i te  model includes trapping and spil l  over in its simplest form, or 

trapping, spill over and grouping i f  un i t -un i t  energy transfer is considered. 

A t r i pa r t i t e  model includes trapping, spill over, coupling wi th or wi thout  grou- 

ping. 

A po lypar t i te  model is the general descript ion of a model which includes 

all b iochemical ly  known pigments. 

Every model can be arranged as a separate pack model (no grouping) or as 

a grouped pack model (al lowing grouping to occur). 

The models used and proposed by d i f fe rent  authors can all  be classif ied 

according to the above expressions. Each author, however, uses d i f fe ren t  ter-  

minologies to describe the energy migrat ion in his model so that  i t  is o f ten 

d i f f i cu l t  to compare one model wi th another. Nevertheless. i t  is possible to 

formula te  al l  models using the same terminology provided that  the fo l lowing 

rules (general ly accepted in Biochemistry and Photochemistry) are taken 

into consideration: 

1) To each pigment pool an index number is given, e.g. 1 for  core antenna 

of PSI, 2 for  core antenna of PSII, 3 for the l ight  harvesting Chl a/b 

complex etc. 
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2) Each reaction center is labeled with an index letter indicating that 

i t  is a single molecule and not a pigment pool. e.g. for the reaction 

center of PSI index a and for the reaction center of PSII index b. 

3) The non-defined location where the dissipated energy goes are labeled 

with an index e°g. F for fluorescence and D for heat dissipation. 

4) The absorption fluxes of each pigment pool are represented by J l '  J2' 

J3 etc, the excitat ion rates by E 1, E 2, E 3 etc and the energy fluxes 

by E21(spill over from pigment pool of PSII to pigment pool of PSI) 

or by E2b (energy f lux  from pigment pool 2 to the reaction center of 

PSII) or by E2F (the total fluorescence emission of the pigment pool 

2). The measured fluorescence signal is labeled F 2 and i t  is proportional 

to the total f lux E2F. The same is valid for F 1 and ElF etc. (All energy 

fluxes or rates are determined by the amount of photons 

or excitons moving per time). 

5) The rate constants are designated by the term kij, the probabil i ty that 

an exciton goes from the location i to the location j is Pij and the 

l i fet ime of an excited pigment Pi* is ~T" i etc. 

6) A l l  other terms can be derived by applying these rules, e.g. the quantum 

yield of photochemistry of PSII is ~i)2b = E2b/J 2- In the case of PSI, 

the quantum yield of photochemistry is~/ la  = Ela/J  1, 

More details are supplied by the energy f lux theory in bio-mem- 

branes (3). 



260 [114] 

4. EXPERIMENTAL BASIS OF THE MODELS 

The monopartite model of Butler explains the two extreme points of 

a fluorescence induction curve at room temperature or low temperature in 

the presence of DCMU. The two extreme points are the init ial fluorescence 

F o and the maximal fluorescence FM.. The maximal variable fluorescence 

is defined as F v = F M F o. The fluorescence rise from F ° to F M can be 

attr ibuted to the energy cycling between the antenna and the reaction center 

of PSII (trapping). The shape of the fluorescence induction kinetics at room 

temperature is either exponential or sigmoidal. The unit-unit transfer model 

of Joliot and Joliot associates the sigmoidal form of the curve with the exi- 

stence of energy cycling between several photosynthetic units (grouping). At  

low temperature the shape of the fluorescence curve is never sigmoidal. A 

model has been developed by Strasser which allows the conversion of low 

temperature induction curves to room temperature curves and vice versa 

(4). 

The low temperature (-196°C) emission spectra of green chloroplasts 

show two to three emission peaks. Their position vary from organism to orga- 

nism. The long wavelength peak (in higher plants at 735 rim) is attr ibuted 

to the emission of PSI, the middle peak (nearly in all plants at 695 nm) is 

attr ibuted to the emission of core antenna or the phaeophytin of PSII. The 

short wavelength peak (between 680 and 695 nm) can be mostly attr ibuted 

to the core chlorophyll (CP 43)(CP 47) and to the light harvesting chl a/b 

complex. However, some antenna of PSI and some early chlorophyll forms 

emit in this region as well. At all wavelengths where fluorescence emission 

occurs, an intact photosynthetic apparatus exhibits variable fluorescence at 

low, as well as at room temperature due to the redox state of the reaction 

center of PSII, In most cases, the observed variable fluorescence does not 

depend on the redox state of PT00. However, some PSI particles and some 

algae do show some variable fluorescence which is dependent on the redox 

state of P700. 

W.L. Butler concluded (at least in the case of higher plants and most 

green algae) that the variable fluorescence observed on the emission band 

of PSI (735 nm) is entirely due to energy transfer from PSII to PSI. This 

statement predicted that the excitat ion spectrum of the variable fluorescence 

at 735 nm and 695 nm would be proportional to one another. This prediction 

was confirmed experimentally (5). A second prediction of the energy transfer 
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F1(t) = (FI(M) - F2(M). FI(v)/F2(v )) + 

Intercept on F1-axis 

concept by Butler was that the exci tat ion spectra for the variable fluorescence 

of the PSII would be proportional to the exci tat ion spectra for in i t ia l  and 

maximal fluorescence of PSII, A set-up which allows simultaneous measurements 

of the fluorescence induction kinetics at two or three di f ferent wavelengths 

(e,g. at 685, 695 and 735 nm) was used to confirm this prediction (6), (This 

experimental set-up was developed by the author in 1970 in the Photobiology 

Laboratory of the University of Liege, Belgium, using multibranched f ibreoptics 

and a HeNe-laser for excitat ion) (7). 

I t  is an experimental fact that at 77K the plot of the t ime dependent 

fluorescence rise signal of PSI (signal F 1) versus the t ime dependent fluores- 

cence signal of PSII (signal F 2) is a straight line. 

Therefore, we can correlate the two signals empirically as follows (see 

Fig. 2): 

F l ( t )  = Intercept on F 1 axis + slope . F2(t) 

In cases where the redox state of P700 influences the variable fluores- 

cence at low temperature, i t  Js necessary to pre- i l luminate the sample with 

far red l ight in order to oxidize the reaction center of PSI. 

A l l  models (b i - t r i -poly-par t i te ,  with or without grouping, separate pack 

or grouping pack formulation) which include the energy cycle of trapping 

and spill over from PSII to PSI in any formt predict a straight line plot of 

F 1 versus F2. 

The empirical description of this plot wi th its experimental terms as 

indicated in Fig. 2 is: 

FI (v) 
• F2 (t) 

F2(v) 

slope 

The above equation of a straight line can be plotted if two points are 

given. The f i rst  point has the coordinates F2(o), Fl(o) while the second point 

has the coordinates F2(M), FI(M), The maximal variable fluorescence are 

F2(v) and Fl(v).  They are calculated as F2(v)--F2(M)-F2(o) and FI(v)=FI(M)-F(o ). 
The biophysical meaning of the two constants ( intercept and slope) depends 

on the model applied. 
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Figure 1: 
/ s C h ~  D~A Energy fluxes as proposed by W.L.Butler 1~ \k T k t/rAMt ~ . ' ~  for a monopartite photosystem as kF~ U ~  ~ ;  d p+A_ PSII. The term Chl symbolizes the 

antenna pigment of PSII and P,A, 
represents the reaction center of 

Oh( P'A PSII, This model is identical with 
the model of Joliot and Joliot for 

, ~  energy cycling between photosynthetic 
units if the term P,A is replaced 
by Chl. For details see text,  
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Figure 2: 
The experimental traces of the fluorescence induction curves measured simul- 
taneously at 735 nm for F. and 695 nm for F~ at low temperature using 
chloroplasts of higher plant~ or leaves. The three dimensional square with 
the axis F 1, F 2 and t ime shows fluorescence induction at 77K. The fluorescence 
signals l=m, F 2 are given in relative intensities and the t ime is indicated. 
ON mean~ the moment when light was switched on. Both kinetics F 1 vs time, 
F 2 vs t ime were measured simultaneously'and stored in the computer. 
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5. BIOPHYSICAL SIGNIFICANCE OF EXPERIMENTAL EXPRESSIONS 

5.1 The rat io F2(v)/F2(M) 

Each fluorescence induction curve measured at an emission wavelength 

of PSII (at low temperature or room temperature, in the presence of DCMU) 

exhibits the two dist inct signals, F2(o) and F2(M), Therefore, F2(v)=F2(M)-F2(o), 

The fluorescence of a PSII wi th open reaction centers (no LHC and 

no grouping) is equal to the absorption rate (J2) of PSII t imes the probabil i ty 

that an absorbed photon gets emitted (P2F)" As soon as a l ight harvesting 

complex or energy transfer from unit to unit (grouping) is taken into account, 

then the exci tat ion rate of the antenna of PSII is equal to the sum of all 

three energy fluxes which have reached the antenna pool of PSII af ter the 

occurrence of absorption, grouping and coupling of the LHC. The fluorescence 

of a PSII with closed reaction centers is equal to the product of the photon 

f lux absorbed by PSII and the gain factor (due to the energy cycl ing between 

the antenna and the reaction center of PSII) t imes the probabil i ty P2F" The 

fluorescence of PSII wi th open or closed reaction centers of any model is 

equal to the exci tat ion rate E2eP(open centers) and E2Cl(closed centers) of 

the antenna times the probabil i ty P2F (that an exciton is dissipated as fluores- 

cence). 

F 2 = E2.P2F or F2°P.p2 F or F2Cl -- E2Cl.p2 F 

op and cl refer to open and closed reaction centers. If all reaction 

centers are open, the fluorescence signal corresponds to F2(o~ and if all reaction 
% J 

centers are closed, the fluorescence signal corresponds to F2fM). The ratio 
% f 

therefore is: 

F2(v)/F2(M) = (F2(M)-F2(o))/F2(M) = (E2CI-E2°P)/E2 cl 

In the case of a bipart i te model E2°P = J2 and E2cI=J2o(1-T)-I 

J2 is the absorption f lux  of the antenna of PSII and T is the trapping product 

of P2b" Pb2 (P2b is the probabil i ty that an exciton from the antenna reaches 

the reaction center of PSII, Pb2 is the probabil i ty that the exciton at the 

reaction center goes back to the antenna pool). The energy cycl ing between 

two types of antenna of one photosystem is described in analogy to the trapping 

product T and the coupling product C. An energy cycle between units is de- 
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scribed by the overall grouping product G. In the l i terature, G is indicated 

as P22 or P2G depending on the model discussed (2)(8). The biophysical meaning 

of the ratio F2(v)/F2(M) of a real t r ipar t i te  model with trapping T, coupling 

C and grouping G can be formulated in a general way ref (3)(8) namely: 

1) F2(v)/F2(M)= T/(1-C).(1-G) Tr ipart i te model (grouped) 

A t r ipar t i te  model without grouping (G=O): 

2) F2(v)/F2(M) = T/(1-C) Tr ipart i te model (separate pack) 

A bipart i te model with grouping (C=O): 

3) F2(v)/F2(M) = T/0-G) Bipartite model (grouped) 

A bipart i te model without grouping (G=O and C=O): 

4) F2(v)/F2(M) = T Bipart i te model (separate pack) 

The last expression was derived from W.L.Butler (1). Based on the defi- 

nition of T=P2b.Pb2 and on the assumption that the probability of energy 

transfer from a closed reaction center of PSII to the antenna is almost unity, 

(Pb2=l) one can say that the experimental ratio F2(v)/F2(M) is proportional 

to the trapping probability P2b o In all models however, the quantum yield 

f~2b(o) of photochemistry when all reaction centers are open can be expressed 

by the following ratio: 

initial excitation flux to the RC II E2b(o) F2(v) 
~2b(o) = light absorption flux by PS II J2 F2(M) 

This expression shows that a change in the ratio F2(v)/F2(M) can be 

attr ibuted to a change in trapping, only if we are certain that our sample 

has no unit-unit (grouping), which is rarely the case under natural conditions. 

The correlation made by W.L. Butler (assuming P2b=l) that (~)2b(o) = P2b = 

F2(v)/F2(M) is only valid i f  the sample is ungrouped and has no LHC. This 

expression does not allow calculations of the probability of photochemistry 

(P2b) in any t r ipar t i te  model or bipart i te grouped model. The above equation 

also shows that the quantum yield of photochemistry is not equal to the ratio 

of the rate constants k2b/~'k2x as long as E2°P=/&J 2. 
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5.2 The intercept Fl(~:)of the plot Flversus F 2 (fig.2) 

The intercept of the plot F 1 versus F 2 has the experimental  description 

of F1,M~-F2~M~.FI,v~/F2,v~~ / ~ J ~ / ~ / defined or ig inal ly  by Butler as a~ measure for the 

absorption energy distr ibut ion expression o1.(1). But later,('l'~he defined i t  as 

a measure proportional to o ( . . -However ,  both statements are wrong, Butler 

defined oLas the f ract ion of l ight which is absorbed by PSI. 

D(. = J1/(J l+J 2) = (1 + J2/J1 )-1 b ipar t i te  model 

where J1 is the absorption f lux of PSI and J2 is the absorption f lux of PSII. 

o t i s  a distr ibut ion term. The shape of the absorption or exci tat ion spectrum 

for ~.  is a function of the rat io of the PSII and PSI absorption or exci tat ion 

spectra. 

The intercept FI((X ) is a fluorescence term for  PSI. 

This fluorescence term includes an exci tat ion spectrum of PSI only and 

the unit: photons emi t ted by PSi per Lime and per cross-section. As a compro- 

mise, But ler agreed to call the intercept in the F 1 versus F 2 plot as F1C~) 

which is that  part of the PSI emission due only to photons absorbed by PSI. 

Therefore: 

Fl(o0 = J1 " PlF 

The F 1 versus F 2 plot can now be wr i t ten as: FI(t)=FI(c~.)+FI(tg) 

F1((3 ) is a function of the state of the reaction center of PSII and expressed 

as; 

FI(~) = F2(t) • F l (v) /F2(v)  

F I ( 0 )  symbolizes an energy f lux which was absorbed by PSII and par t ia l ly  

spil led over (with the spil l  over energy transfer probabi l i ty P21 ) to PSI. The 

term FI(/~ ) includes therefore, an exci tat ion spectrum of PSll and an emission 

spectrum of PSI (due to spil l  over). F2(o) and F2(M) have the same exci tat ion 

spectrum as Fl(t~ ) however~ they have an emission spectrum of PSlI. The 

three dimensional plot of fluorescence emission versus exci tat ion wavelength 

and versus emission wavelength shows the terms F2, Fl(e~), F1(/3 ) of a real 

biological b ipar t i te  system (in flashed bean leaves without LHC measured 

at 77K) (Fig.3). 
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700 EMISSION IO0 ;00 

~ ' 0  E.,sS,SN 8d '°° 

5 

Figure 3: 700 EMISSION 800 
Excitation and fluorescence emission spectra of "pure" PSI (indicated as 
F. ,~,)  of "pure" PSII (indicated as F~) and of the energy transfer flux from 
P{II /to PSI (indicated as Fl(t3 In flashed bean leaves at 77K. Excitation and 
emission spectra were meas0r~d at the F(O ) and at the F(M ) levels, which 
allow the calculation of FI(~) and F1((2 ), 
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5.3 The slope of the plot F 1 versus F 2 (fig.2) 

The slope of the plot F 1 versus F 2 can be wr i t ten empir ica l ly  as: 

slope = Fl(v) /F2(v)  = F1((3)(o)/F2(o) = FI(r~)(M)/F2(M) 

Its biophysical meaning is: 

slope = P1F,P21/P2F = PlF " k21/k2F = Fl(v) /F2(v)  

where k21 and k2F are the rate constants of spil l  over or fluorescence emission 

of PSII respect ively and Pij=ki j /~kix. 

The exper imental ly  measurable slope of F 1 versus F 2 is proportional 

to the rate constant of spil l  over k21. The terms for the probabi l i t ies Pij' 

the rate constants kij and the l i fe t ime r~" i of the excited pigment complex 

are determined by the conformation of a photosynthetic system. Hence, they 

are referred to as conformation terms. 

5,4 The biophysical signif icance of the plot F 1 versus F 2 

The absorption terms (J l '  J2' O~) conformation terms (P21' k21' r~ l '  

) and emission terms (F1, F2, F I ( ~ ) ,  F1(~9 )) describe the energy f luxes 

f lowing through a photosynthetic apparatus, A l l  these terms can be linked 

together to the biophysical equation of a b ipar t i te  model as fol lows: (Bear 

in mind the definit ions: O(.=J1/(Jl+J2); P21=k21.%; FI=FI(c~)+FI(~) 

P21 " FI(~) / F l (~ ) (o )  
( i - ~ ) J2 

Energy distri- Absorption Conformation Terms for 
bution term term term fluorescence of PSI 

This equation carr ies the same information as equation 1 below. Further-  

more, i t  shows that  i t  is impossible to calculate the value of O(-with one 

set of data of FI(d. ) and FI((~ ), The terms (Xand P2~are unknown. A second 

independent signal is needed to solve the above equation for O( .  This second 

information can be found in exci tat ion O_.Lr fluorescence l i fe t ime measurements, 

Both experiments lead to the same conclusion, 
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6. THE DETERMINATION OF ABSORPTION ENERGY DISTRIBUTION 

[1221 

The above equation for energy distr ibution in a bipart i te system can 

be re-arranged and presented as : 

F1 (~) P21 
E q u a t i o n  1 e = 1 R e p l a c i n g  F 1(~) ( o ) = F 2 ( o ) . P 2 F . P l  F 
(ref.9) FI(a) + "FI(~) (o) 

P21 

leads to ~ = 

leads to d = 

FI(e) 
Replacing PlF=klF.Tl(o) and 

PlF 
FI(~) + . F2(o) P2F=k2F.T2(o) and 

P2F 
klF=k2F FI(~) 

~1(o) 
Fl(a) + T2(o) " F2(o) 

Assuming: F2(O)/T2(O) = F2(M)/T2(M) and TI(o) = TI(M) leads to 

F1 (a) 
Equation 2 ~ = T 
(ref. I0) 1 (M) 

FI(5) + Y2(M) " F2(M) 

This equation depends on the ratio of the experimental values 

FI(m)/F2(M). Therefore, i t  should be corrected to the shape of the total emission 

spectrum of F 1 and F2, 

The f i rst  equation (by Strasser and Butler, ref. 9) has been used in a 

combination of exci tat ion and fluorescence data, The second equation (used 

by Wong and Govindjee and Merkelo, ref. 10) combines fluorescence l i fet ime 

measurements wi th fluorescence data. The f i rst  equation can be applied to 

a bipart i te system but the combination of excitat ion and fluorescence data 

is technical!y very d i f f i cu l t  to do. The second equation contains several assump- 

tions. The signals for Fl(o~ ) and F2(M) should be corrected to denote signals 

of the same relat ive area of the whole F I (~ )  and F2(M) emission spectra. 

This correction is not necessary in equation 1 since i t  is cancelled by the 

ratio F1{o~}/Fl{/3 ) . _ _  . . Nevertheless, both equations and measuring techniques supply 

reasonable values for ~, and for the spill over probabil i ty P21" It has to be 

emphasized here, that none of the equations consider either energy coupling 

between LHC and core antenna of PSII or grouping. However, as soon as 

the sample is placed in a high salt condition in the presence of DCMU, the 

fluorescence induction curve of chloroplasts is typical ly sigmoid at room tempera- 

ture indicating that grouping occurs. The danger of all these equations is 

t ha t ,  i f  the samples di f fer  in their  grouping or/and coupling constellations 

but have identical spill over constellations, then all these changes wi l l  appear 
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in the calculations as changes in spill over properties a priori .  So far, the 

overestimation of spill over can be avoided only when a theory is elaborated 

and when new simultaneous measuring techniques for trapping, coupling, grouping 

and spill over are developed. An analysis of the shape of the fluorescence 

induction curve can provide us with the necessary information about grouping. 

In a forthcoming paper, a new c_oncept wi l l  be presented which allows measure- 

ment and calculation of a synergetic model including trapping of PSI and 

PSIIt spill over from PSII to PSI, grouping between photosynthetic units, as 

well as absorption and dissipation f luxes of both photosystems. The data obtained 

from this concept show that when old experiments from the l i terature are 

analysed, the biggest conformational changes are always due mainly to changes 

in the grouping and sl ight ly due to changes in the spill over constellation. 

The lack of mathematical freedom in the equations used by Butler led to 

the interpretat ion that every change in the energy distr ibution of the sample 

is a change in the spill over constellation (ref.15). 

W.L. Butler proposed a method of calculating the absorption energy 

distr ibution CX, and the probabil i ty of spill over P21 by two sets of the four 

experimental values FI(o), FI(M), F2(O), F2(M) measured at low temperature, 
(Therefore, 8 independent experimental values are obtained). Many authors 

however, encountered some di f f icu l t ies using this method. Many assumptions 

have to be made to solve the equations correct ly but unfortunately, these 

assumptions are not in accordance wi th nature. The method uses two samples 

under d i f ferent  conditions (e.g. O mM Mg 2+ and 10 mM Mg 2+) to solve the 

equations. If three samples under specific conditions were to be tested (e.g. 

O mM Mg 2+, 1 mM Mg 2+ and 10 mM Mg 2+) then we could get three possible 

combinations each of which consists of a pair of two di f ferent samples (e.g. 

sample O and 1, sample O and 10, sample 1 and 10 mM Mg2+). 

Therefore, two values of O~ and P21 for each sample could be obtained. 

These two values should be identical i f  the behaviour of the sample corresponds 

to the statements assumed. 

(see table 1 and 2) 

The two sample or eight-point-method of calculating energy distr ibution 

by W.L. Butler is stated in the appendix of this paper wi thout comments. 

Each author has to decide for himself whether or not he wants to base his 

data on this method. 

Mono-, bi-, t r i -  and polypart i te models are tr ials to quanti fy the com- 

plexi ty of a photosynthetic apparatus. Every model is far from nature but 
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i t  serves as a stimulus to correlate biological experimental measurements 

to their  biophysical meaning, Al l  these models provide the basis for the ana- 

lysis of the photosynthetic apparatus in terms of non-equil ibrium thermody- 

namics. This line of investigation may te l l  us some day (in biological terms 

l ike structure s tab i l i ty ,  adaptation abi l i ty ,  trend of development etc.) why 

variables such as trapping, coupling, spil l  over and grouping tend to opt imize 

the overal l  state of a photosynthetic system in its natural environment. 

7. APPENDIX: W.L. Butler 's method of calculat ing the energy distr ibut ion 

term 0C and the probabi l i ty P21 for energy transfer from 

PSII to PSI (ref. 11) 

7.1 The experiment 

Determinat ion of the in i t ia l  and maximal fluorescence at low temperature 

measured at an emission wavelength of PSI and simultaneously at an emission 

wavelength of PSII, The signals are: El(o), FI(M),  F2(o), F2(M), Two samples 

are measured under d i f ferent  conditions (e.g. high salt (+) and low salt (-) 

conditions). 

7.2 

7.3 

Empir ical def ini t ions 

1) Fi(M)-Fi(o) = Fi(v) 

- ÷ - .i- 
2) (Fl(v)/Fl(v)) . (F2(v)/F2(v))  = R 

3) FI(~: ) = Fl(o)-F2(o).Fl(v)/F2(v) = Fl(o)-Fl( ,~(o) 

Defini t ions of a b ipar t i te  model 

1) Absorption energy distr ibut ion 0£= j1 / (J l+J2  ) 

2) Energy transfer probabi l i ty from PSII to PSI 

Energy flux from PS II to PSI 

P21 = = 
Total excitation rate of PS II 

i can be substituted for ei ther 1 or-2 

E21 

E 2 

3) Intercept in the plot F l ( t )  versus F2(t) is FI((X:) = J l .P lF  

4) Slope of the plot F l ( t )  versus F2(t) = P1F.k21/k2F 
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Table 1 

Data from ref.* (|4~ (14) 

mM Mg 2+ 0 5 0 1 10 

Fl (o)  76 60 80 73 55 

F I (M)  97 83 t05.5 97.5 75.5 

F2(o) 28 32 34.5 39.5 43 

F2(M) 67 114 95 130 156.5 

.119 . 0 H  * * * *  .050 .034 

P21 .231 .161 * * * *  

(according to But ler)  .125 * * * *  .058 

.324 .271 * * * *  .226 .171 

.510 .486 * * * *  

(according to But ler)  .361 * * * *  .260 

A l l  calculat ions for I~and P21 of  the same sample should be ident ical ,  
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Table 2 

pH 6,2 pH 8,8 pH 7,0 

SD Na + Mg 2+ SD Na + Mg 2+ SD Na + Mg 2+ 

FI(o)  237,2 277,0 216,8 232,6 204,9 174,4 266 347 219 

F I (M)  300,8 339,2 257,8 265,9 225,0 186,3 323 426 276 

F2(O) 22,3 29,5 36,6 19,9 24,0 47,7 59 56 59 

F2(M) 65,1 62,1 100,0 47,7 36,4 63,6 100 100 133 

P21 

-,368 -,527 * * * *  ,151 ,193 * * * *  ,049 ,062 * * * *  

* * * *  ,184 ,071 * ~ * *  ,557 ,368 * * * *  ,040 ,018 

,510 * * * *  ,312 ,364 * * * *  ,263 0 * * * *  0 

1,790 1,937 * * * *  

* * * *  ,419 .366 

,759 * * * *  ,718 

P21 ,14 ,24 ,09 

Of,,.. ,46 ,48 ,43 

,569 ,452 * * * *  ,099 ,133 * * * *  

* * * *  ,704 ,588 * * * *  ,090 ,063 

,761 * * * *  ,506 0 * * * *  0 

• 13 ,23 ,18 ,25 ,27 ,13 

• 54 ,49 ,42 ,36 ,40 ,33 

e -  

A 

v 

e ~ o  
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7.4 

7.5 

Necessary assumptions to make 

1) Total light absorption f lux for all samples is constant 

j ¢ +  j2+= j l + J 2 t h e r e f o r e  Z~j2 = _  xl j1 i 

2) The probability of fluorescence emission of PSI is constant 

P~F = P~F 

3) The sum of the rate constants of fluorescence emission, heat dissi- 

pation and photochemistry of PSII is constant. 

: + +k + K* k F+k2D 2b:" F ÷kSD ÷k b:K- 
4) The rate constants of fluorescence emission of PSII are constant: 

k~" F : k~F and Ak2b = - l~k2D H 

Correlation of data of the two samples 

1) The ratio of the intercept of plot Fl( t )  versus F2(t) 

2) The ratio of the slope of plot F l ( t )  versus F2(t) 

R 

-- + - - 

P21 P2F PIF k21 
= = -- 

+ - + + 

P21 P2F PlF k21 

3) The ratio of the energy transfer probability 

- -  + 

P21 / P21 = R ~ k + • 2x / ~ k2x this ratio can be written as 
+ 

E k ~ x  / k 2 I  
= R , -- -- -- + + + 

(k;| + k2F + k2D + k2b + (k21- k21))/k21 

this equation is identical with 

+ 

1 / P21 
= R .  1 

R + - - - I  + 

P21 
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7.6 The four .necessary equations for o( +, o~, P21' P21 

are: 

- + + 

i) P21 = R P21 / (I + (R - I) .p21) 
+ 

2) (I + / (x- = Fl (0¢) / Fl (0L) 

+ + + + + 
3) (x = Fl ((I)/ (Fl (C¢) + F] (8) (o)/P2 I ) 

7.7 The solution for the system of equations 

The four equations can be used to solve for o< +, ~X-, ~- P21' P2~" The 
probability of energy transfer from PSII to PSI and the absorption energy 

distribution term O~can be calculated from the experimental data as follows: 

+ + - 
+ F2(V)" (FI(o) - FI(o)) 

= ) 
P21 I / ( I - + + - F- 2 

Fl(v )" (F2(o) (o) 
) 

I / P21 
= 1 / ( I - ) 

I - FI(o).F2(v)/FI(v)-F2(o) 

The following table (see table 1) shows the calculations on energy distri- 

bution (9( and spill over probability P21 (from the l iterature) based on the 

experimental data obtained by W.L. Butler (11,14) using the two sample method, 

This method has an interesting theoretical approach, however, i t  lacks experi- 

mental consistency (a warning to those who intend to use the method). 

A comparison of calculations on O< (energy distribution) and P21 (spill- 

over probability) based on the data obtained by Butler (two sample method) 

and the data obtained by Wong, Govindjee (fluorescence emission and l i fet ime 

method) is shown in table 2. SD (sucrose buffer), Na + (buffer with Na+), 

Mg 2+ (Buffer with Na 2+ and Mg2+). 

Table 1 does not show any consistency at all since many completely 

dif ferent random values of P21 (spill over probability) and O(, (incident absorption 
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energy distribution) are obtained from one and the same sample. 

Table 2 shows that the method of Wong, Govindjee, Merkelo offers rea- 

sonable and generally acceptable values of P21 and O<. The inconsistency 

found in Butler's two sample method is attr ibuted to very str ict and unbiological 

assumptions made by him e.g. ~ j l =  - A j  2 o r  ~.k2b ~ -~.k2D 

They suggest that every absorption change in PSII should be compensated 

by an absorption change in PSI or/and every change in the rate constant 

of photochemistry should be parallel to an opposite change in the rate constant 

of heat dissipation. However, nature seems to vary these terms independently 

of one another. Both reported methods do not give any attention to grouping 

which is reflected in the lateral movements of protein complexes as revealed 

by electron microscopy. Furthermore, it is also reflected in the sigmoid shape 

of the fluorescence induction curve at room temperature in the presence 

of DCMU. 

The message is: More experimental signals rather than ini t ia l /maximal 

fluorescence intensities and l i fet ime measurements are needed to describe 

energy distribution in a model. The model should include the four distinctly 

di f ferent types of energy transfer fluxes namely: trapping, spill-over, grouping 

and coupling. 
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