
Biochimica et Biophysica Acta, 376 (1975) 116-125 
Elsevier Scientific Publishing Company, Amsterdam - Printed in The Netherlands 

BBA 46851 

FLUORESCENCE QUENCHING IN PHOTOSYSTEM II OF CHLOROPLASTS 

W. L. BUTLER and M. KITAJIMA* 

Department of  Biology, University of California, San Diego, P.O. Box 109, La Jolla, Calif. 92037 
(u.s.A.) 

(Received July 10th, 1974) 

SUMMARY 

A simple photochemical model for the photosynthetic units of Photo- 
system II based on first-order rate constants for de-excitation of excited chlorophyll 
molecules is presented in the form of equations which predict the yields of fluores- 
cence (i.e. at the initial Fo level, at the maximal FM level and the fluorescence of 
variable yield, Fv ---- FM--Fo). Two types of quenching mechanisms are recognized: (1) 
increasing nonradiative decay processes in the bulk chlorophyll by creating quenching 
centers which complete with the reaction centers for the excitation energy (this 
mechanism quenches both Fo and Fv) and (2) increasing nonradiative decay of the 
excited reaction center chlorophyll (this mechanism quenches Fv but not Fo). 
Quenching in the bulk chlorophyll preserves the relationship that Fv/FM is equal 
to the maximum yield of photochemistry; quenching at the reaction center chlorophyll 
decreases Fv/Fr~ substantially (since F v is quenched specifically) but may have very 
little effect on the yield of photochemistry. Estimates are made of the relative magni- 
tudes of the rate constants for de-excitation of the excited reaction center chlorophyll 
by photochemistry, kp, by nonradiative decay processes, k d, and by energy transfer 
back to the bulk chlorophyll, kr Fluorescence is assumed to emanate only from the 
bulk chlorophyll. Energy transfer from Photosystem II to Photosystem I may occur 
from either the excited bulk chlorophyll or from the excited reaction center chloro- 
phyll. The model is valid for any degree of energy transfer between Photosystem II 
units. 

The results of the accompanying paper [1] on the quenching of fluores- 
cence and photochemistry by dibromothymoquinone (DBMIB) in chloroplasts 
at - 196 °C showed that both the initial, Fo, and the final, FM, levels of fluorescence 
were quenched in a manner which indicated that a major part of the fluorescence 
at Fo emanated from Photosystem lI and was the same type of fluorescence as the 
fluorescence of variable yield (Fv = FM--Fo). In these experiments the ratio F v / F  M 
appeared to be a reliable index of the maximum yield of photochemistry of Photo- 
system II, cppo. However, not all types of fluorescence quenching experiments yield 
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similar results: in fact, some fluorescence quenching treatments quench Fv specifically 
with little influence on Fo. For instance, irradiation of chloroplasts with ultraviolet 
can practically eliminate Fv but have very little effect on F o [2, 3]. In such experiments, 
electron transport through Photosystem II may be partially restored by artificial 
electron donor compounds but with little or no restoration of Fv [3]. Irradation of 
Tris-washed chloroplasts with visible light in the absence of an electron donor 
(which results in partial photooxidation of the chloroplasts) has the same effect as 
ultraviolet irradiation in that Fv is quenched specifically and almost totally and even 
though electron transport through Photosystem II can be restored by artificial electron 
donors, that restoration of photochemical activity is not accompanied by a restora- 
tion of Fv [4]. It has also been shown that addition of ferricyanide to chloroplasts 
prior to freezing quenches Fv at low temperatures [5, 6, 7] but such addition has 
little influence on Fo. Fig. 1 shows the redox titration curve for the oxidizing effect 
of ferricyanide on the F o and FM levels of fluorescence at --196 °C. It is apparent 
that FM is quenched specifically while F o is unaffected. Even though Fv is quenched 
approximately 70 ~ by the oxidizing conditions at low temperature, the primary 
photochemistry is affected very little: the initial rate of photoreduction of C-550 
at --196 °C in the presence of ferricyanide is 80-90 ~ of the rate in the absence of 
ferricyanide (data not shown). 

It is generally assumed that Fo and Fv are of different origin (i.e. from Photo- 
system I and Photosystem II, respectively) and the results of treatments which speci- 
fically quench Fv without affecting Fo appear to be consistent with that assumption. 
Furthermore, the absence of correlation between the ratio Fv/F M and the yield of 
photochemistry with such quenching treatments raises doubts of the validity of the 
simple theory of fluorescence quenching used in the previous paper [1 ]. The purpose 
of the present paper is to reconcile the different types of fluorescence quenching, exem- 
plified by the results obtained with DBMIB and ferricyanide at low temperature, 
within the same theoretical framework. It will be shown that both types of quenchers 
are consistent with a simple model in which Fo and Fv have the same origin. 

4 
> ,  

~ 3  

~2 

G: 

Cl 

o .  ~o~ o $ o~ ,, 
\ \ 365 

Fo 

300 400 

E h(mV) 

Fig. 1. Redox titration curves of  Fo and FM measured at --196 °C as a function of  the redox poten- 
tial of  the chloroplast medium before freezing. ©,  values obtained in an oxidative titration; O,  values 
obtained in the reverse reduction titration. - - -, plots of  one electron Nernst  equations with midpoint 
potentials of  365 and 345 mV (taken f rom ref. 5). 
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One reason for assuming that a major part of  the fluorescence at F o does not 
emanate from the active photochemical apparatus of Photosystem II is that the ratio 
Fv/FM in intact algal cells is generally 0.6-0.7 which seems too low a value to accept 
for the photochemical efficiency. That dilemma has been resolved by assuming that a 
major part of  F o was some other type of  fluorescence so that the "true" value of 
Fv/FM would be closer to unity. It will be presented in the following discussion, 
however, that there are two distinct types of  fluorescence quenching mechanisms 
and that one of  these does not preserve the direct relationship between the ratio 
Fv/FM and the yield of photochemistry. Thus, a value of  0.6 for Fv/FM in intact 
algae is not inconsistent with a high yield of  photochemistry for Photosystem I1 
or for overall photosynthesis. Furthermore, it will be shown that a part of  the excita- 
tion energy which might be considered to be lost from Photosystem II through non- 
radiative de-excitation processes may be transferred to Photosystem I and used in the 
overall efficiency of photosynthesis. 

In the previous paper the analysis of  the quenching of  fluorescence and photo- 
chemistry by DBMIB considered only the bulk chlorophyll. In the present paper the 
analysis is expanded to include energy transfer to a reaction center complex P .  A 
where the photochemistry occurs. It is assumed that P+ is rapidly restored to P 
either by a backreaction with A-  or by a secondary electron donor so that the 
reaction center chlorophyll, P, is always in an energy-trapping state. Equations will 
be developed on the basis of the "separate package" model of the photosynthetic 
apparatus but analogous equations will be presented for the "matrix" model as well 
(see ref. 1). 

It will be assumed initially for purposes of simplification that kp >> k t o r  k d 
so that ~0p ---- kp/(kr,+kt+kd) _ 1 for reaction centers in the "open" P .  A state and 
zero for those in the "closed" P • A-  state where kp = 0. Excitation energy trapped 
by closed reaction centers may be transferred back to the bulk chlorophyll, kt ,  where 
fluorescence may occur (fluorescence from the reaction-center chlorophyll is not 
considered) or may be dissipated in non-radiative decay processes, k d, from the 
excited reaction center chlorophyll. Fluorescence from the photosynthetic apparatus 
will be the sum of the fluorescence from the independent units: 
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kF(A) kF(1 --A) 
~0 F --  -~- I1  "[- ~0 T ~0 t q- (~0 T ~0t) 2 -1- . . . ]  (1)  

kv+kD+kT kv+kD+kT 

where the first term represents the contribution to fluorescence from units with open 
reaction centers and the second term the contribution from units with closed reaction 
centers. The infinite series ~,°°_ o (~OT~Ot) n in the second term derives from the nature 
of the model for units with closed reaction centers. The first term in the series, unity, 
represents the fluorescence emanating from the unit before the exciton is trapped. 
The second term, q~T~0t, is the probability of  the exciton being trapped by the reaction 
center and transferred back to the bulk chlorophyll where fluorescence has a second 
opportunity to occur; and the subsequent terms in the series to further recycling of 
excitation energy into and out of the closed reaction center. The infinite series con- 
verges to a simple expression 1/(1--q~T~0t) so that: 

_ kv IA + ( l - A )  

tPF kF+kD+kT (1--~TT ~t)-] (2) 

This expression for tp F is identical to the analogous expression derived for the 
"separate package" model in the previous paper [1 ] if we make the assumption that 
normally k t ~ k d so that for closed reaction centers tpt = kt/(kt+kd) --, 1. Then 
the denominator in the second term of Eqn 2 becomes: 

k~: + k D 
1--¢pT = tpF+tPD --  

kF + kD + kT 

so that: 

kF(A) kF(1 --A) 
q~F-- + 

kv + kD + kT kF + kD 

which is the same expression as that derived previously except that kT is used in 
place of kp. The present model thus predicts the quenching observed with DBMIB 
if an additional rate constant for quenching, k o, proportional to the concentration 
of DBMIB, is introduced in the first denominator of Eqn 2. The introduction of 
such a quenching process to the bulk chlorophyll quenches both Fo and FM. 

Fo (A = l)  represents the fluorescence emitted from the bulk chlorophyll 
before the excitation energy is trapped by the reaction centers. FM (A = 0) represents, 
in addition, the fluorescence which results from the excitation energy being transferred 
back from the closed reaction centers to the bulk chlorophyll. Any conditions which 
decrease the probability of the back transfer of energy from the closed reaction 
centers (e.g. an increase of kd at the reaction center chlorophyll) should decrease 
FM (or Fv) without influencing F o. It is apparent from Eqn 2 that: 

F M  1 

Fo 1 - (PT qh 

That ratio can change markedly if k d increases so that q~t (for the closed reaction 
centers) decreases. The action of  ferricyanide on the fluorescence at low temperatures 
can be attributed to an increase of k d at the reaction center chlorophyll. Assuming 
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that (fr = 0.8, the ratio FM/F o would decrease from 5.0 to 2.0 if(f t decreased from 
1.0 to 0.6 (i.e. if  k d increased from 0 to 0.66 kt). And since kp at the open reaction 
centers should still be large compared to k t or kd, the yield of  photochemistry 
((feo = (fT(fp) will be essentially unchanged. The action of ultraviolet radiation, 
which, in previous work [3], decreased the ratio FM/F o from 4.0 to 1.1, indicates an 
even stronger quenching, kd, of excitation energy in the closed reaction centers to the 
point where (ft approaches zero. But even though k d >> k t at the closed reaction 
centers, photochemistry will persist to the extent that kp > k d or k t at the open 
reaction centers. Thus, the relationship between F v / F  M and (fpo does not hold if 
quenching occurs at the reaction center chlorophyll: appreciable electron transport 
may occur through Photosystem II even though F v approaches zero (e.g. ultraviolet- 
irradiated chloroplasts). 

The titration curves in Fig. 1 suggest that ferricyanide does not quench 
fluorescence directly but rather that the quenching is mediated by the oxidation of 
cy tochrome b559. We have made similar experiments with Tris-washed chloroplasts 
in which the cytochrome b559 was oxidized without addition of ferricyanide because 
the treatment changed the cytochrome to a lower potential, autooxidizable form. Irra- 
diation of such chloroplasts frozen to --  196 °C shows a relatively small F v ( F  M ",, 2Fo) 
which is increased (with no change of  Fo) if ascorbate is added to reduce cytochrome 
b559 prior to freezing. It was suggested previously [5] that an unknown alternative 

+ ° C  secondary electron donor might be oxidized by P68o at  - -196 when cytochrome 
b559 was oxidized prior to freezing and that the oxidized alternative donor might 
quench fluorescence. We would now make the more specific suggestion that this 
quenching occurs by increasing k d at the reaction center chlorophyll. 

The model was presented in its form by assuming that (fp _~ 1 (i.e. kp >> k t 
or kd). The equations, however, can be written without making any assumptions as 
to the relative magnitudes of kp, kt, and k d. Using subscript modifiers o and c to 
indicate open and closed reaction centers, respectively, (the difference being that 
kp = 0 for closed centers) the equations become: 

- kr I A + 1-A ] (3) 
(fF k r --t- k D + k T 1 -- (fT (fro 1 -- (fT (ft¢ A 

F q~P°A 7 (4) 
(fe = (fx Ll-(fto~ 
so that: 

Fv 
_  rM-(f o_ ( fT F (5) 

F M  (Prom L1 - -  (fiT (fto "l 

kp 
(feo(A = 1) = (fT ~°p° - ~0T (fpo -- ( f T -  (6) 

1 - -  (fro (fpo q- (fdo kpq-kd 
F M = 1 - -  (fiT (])to (7) 

Fo 1 - (fT (fie 

Particular assumptions as to relative magnitudes of kp, k t and k d can be examined 
with these equations. 
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Fig. 2. The quenching effect of increasing k d relative to kp on Fv and 9%. The ratio (Fv)q . . . .  hed/ 

(Fv),,q,,,¢h,a is calculated from Eqn 3 and plotted for values ofkt. The ratio (9%)q . . . .  h*d/(9%),*q . . . .  h=d 
is calculated from Eqn 6. 

The magnitude of  the ratio FM/Fo is very sensitive to even small degrees of  
quenching by k d. I f  k d ---- 0.1 k t (so that ~0te = 0.91) Eqn 7 predicts that FM/F o 
(for ~0 r = 0.8) would decrease f rom 5.0 to 3.7. The additional assumption that 
k t ~--- 0.1 kp would decrease the ratio further to 3.4. Fig. 2 demonstrates the sensitivity 
of  F v to small degrees of  quenching by k d. The ratio F v quenched: Fv unquenched 
is plotted as a function of the ratio ka : kp for two values of  k t assuming ~o~ = 0.8. 
The marked sensitivity of  F v to k d justifies the assumption that k d is very small or 
negligible when F v is large (i.e. when FM/F o approaches 5.0). The plot of~%o in Fig. 2 
is much less sensitive to k d than Fv and it is apparent  from Eqn 6 that ~%o is independent 
of  k t. Fig. 2 demonstrates that F v can be quenched almost completely while a 
considerable fraction of ~0po remains. Examination of  Eqn 3 shows that Fo (A = 1) 
should have a very small dependence on k d being quenched only 4 ~o as kdkr, 
increases f rom 0 to 1 (assuming kp = 10 kt).  

The analysis also requires some estimate of  the relative magnitudes of  k t 

and kp. The results of  the previous paper with DBMIB showed good agreement 
between relative values of  Fv/F M and ~%o- From Eqns 5 and 6 we can write, assum- 
ing k d = 0, 

Fv q~po 
- -  ( # P o  

F M 1 - ~Px ~Pto 

In the experiment with DBMIB,  however, ~0 T is a variable depending on DBMIB 
concentration, so that a direct relationship between Fv/F M and ~%o will not be ob- 
tained if ~Oto has an appreciable value. Fig. 3 compares plots of  Fv/F M as a function of 
DBMIB concentration for various ratios of  kt/k p. For  these calculations ~0 T, at various 
concentrations of  DBMIB,  was determined from the curve marked zero in Fig. 3 
which is the same as the curve of  Fv/F i from Fig. 4 of  the previous paper. The 
agreement between relative values of  Fv/F M and ~0po deternuned experimentally in 
the previous paper  [1 ] is close enough to indicate that kp is at least three times k t and 
may even indicate that kp > 10 k t. 

We assumed, for estimates of  the relative magnitudes of  k d, k t and k~, 
that ~0 T = 0.80. That value was chosen on the basis of  the results of  the previous 



122 

I00 
' ~ ~ '  ko/k; 

" . "  "- ~r" ~ , ~ . - - ~ I / I 0  

\ "\~y 

0 I ! I I 

10-7 lO'O lO-a 10-4 
[DBMIB] 

Fig. 3. The influence o f k  t relative to kp (assuming ka ~ 0) on the curve of Fv/FM plot ted  as a func- 
t ion  of  D B M I B  concentra t ion.  The curve for kt = 0 is the same as the exper imenta l  curve of  Fv/FM 
obta ined  f rom Fig. 4 of  the accompanying  paper  [1 ]. The curve for k t = 0 is also used to de termine  
~T as a funct ion of  D B M I B  concent ra t ion  with the assumpt ion  tha t  99T = 0.8 in the absence of  
DBMIB.  The equa t ion  given in the text is used to plot  relative values of  Fv/FM for var ious  values of  
kt/kp assuming  kd = 0. 

paper [1 ] and from our observations that the maximum value of the ratio FM/F o appe- 
ared to be about 5.0. However, i fk  d were not negligible compared t o  k t and k t w e r e  not 
negligible compared to kp when FM/F o is 5.0, Eqn 7 indicates that q~r would be larger 
than 0.8. For instance, i fk  d, k t and kp were in the ratio of 1:10:100 when Fra/F o = 5.0, 
~o x would be 0.91 rather than 0.80 and ~Opo would be 0.90 rather than 0.80. While we 
think that a value of 0.91 may be too high for ~0 x the value may be somewhat higher 
than 0.80 since there are occasional reports in the literature where the ratio FM/F o 
exceeds 5.0 (a ratio 7.0, for instance, would indicate a minimum value of 0.86 for ~0x). 
Such Considerations, however, set rather minimal upper limits on ratios of kd/k t and 
kt/kp under conditions where FM/F o has a high value (the limitation is much more 
stringent on the ratio kd/k t than kt/kr, ). 

The model has been presented in rather explicit terms involving a specific 
quenching at the reaction-center chlorophyll. That could be an oversimplification. 
It is also possible to present the model in less explicit terms in which the reaction 
center complex is modified by certain treatments in an undefined manner which gives 
the same quenching effect as increasing k d of the reaction-center chlorophyll. The 
purposes of  a model to focus concepts to or gain insights which lead to further 
exploration are better served, however, by the more explicit description. 

The model represented by Eqn 2 may also be useful in interpreting the effects 
of divalent cations on fluorescence properties of  chloroplasts and on energy transfer 
between Photosystem II and Photosystem I. Murata [8] showed that suspending 
chloroplasts in the absence of  divalent cations caused a marked quenching of F v 
(compared to chloroplasts in the presence of divalent cations) with very little quen- 
ching of Fo. The low value of Fv in the absence of  divalent cations was correlated 
with a greater energy transfer from Photos~tem II to Photosystem I. We would 
suggest that the absence of  divalent cations increases energy transfer from the 
Photosystem II reaction-center chlorophyll to Photosystem I, a process which, so 
far as Photosystem II is concerned, is analogous to increasing k d. It was noted in 
the previous paper [1 ] that energy transfer can also occur from the bulk chlorophyll 
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of Photosystem II to Photosystem I. Thus two types of  energy transfer from Photo- 
system II to Photosystem I can be recognized; one analogous to a ko process in 
the bulk chlorophyll, the other analogous to a ka process at the reaction center 
chlorophyll of  Photosystem II. 

The above equations were based on the "separate package" model. Similar 
equations derived for the "matrix" model (assuming k D >> k t o r  kd) are: 

kp 
q~F-- t 

k v + k o + k T  

where k' T ---- k T [ A + ( I - A  ) q~d] 

kr  
( ~  F o  - -  

kv + kv  + kv 

kF 
tpF M ----- 

kF + kD + kT q~a 

The "matrix" model also predicts that F v can be quenched from its maximum 
va lue  w h e n  ~0 d ---- 0 to zero  w h e n  q~d = 1 w i t h o u t  a n y  c h a n g e  o f  F 0. F u r t h e r m o r e  the  
equations: 

Fv _ ~0T( 1 _ q~d¢) = ~0T ~Ot¢ 

FM 

q~eo = ~PT 

are the same those as derived for the "separate package" model assuming k r >> kt 
or kd. 

Although these two models, which represent the extreme cases for energy 
transfer between Photosystem II units, cannot be distinguished on the basis of the 
levels of fluorescence and the yield of photochemistry, they should be distinguishable 
by comparing the kinetics of the fluorescence change with the kinetics of the photo- 
reduction of the primary electron acceptor, A [9]. The "separate package" model 
predicts a 1 : 1 correspondence between the increase of fluorescence at any time, 
F - - F  o, and the amount of the acceptor reduced, 1--A. 

F - F °  - 1 - A  

F M -- F o 

However, the "matrix" model predicts a significant lag between the fluorescence and 
photochemistry which depends solely on the ratio FM/F o. 

F - F  o 1 - A  

( FM 1) F M - F o  1+ ~_o _ A 

For  instance, the "matrix" model predicts, for a ratio FM/F o of 4.5, that the fluores- 
cence, F--Fo,  will increase to only 18 "/~ of the maximum change when A is 50 ~ 
reduced or that A would have to be 82 ~ reduced in order for the fluorescence to 
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Fig. 4. Theoretical plots of the fractional increase of the fluorescence of variable yield (F--Fo)/ 
(FM--Fo) as a function of the fraction of the primary electron acceptor reduced, l --A. The "separate 
package" (S.P.) model gives the straight line for all values of FM/Fo. The "matrix" model gives the 
curved lines for the values of FM/Fo indicated. 

increase 50 %. Fig. 4 shows plots of  (F--Fo)/(FM--Fo) as a funct ion of  I - - A  
predicted by the two models. 

Previous measurements  [6] of the kinetics of the fluorescence yield increase 
and the rate of photoreduct ion  of C-550 indicated a fairly close correspondence 
between fluorescence and  photochemistry* at - -100 °C (the half  time for the 
fluorescence increase was about  equal to the half  time for C-550 reduct ion)  and  
presumably  at higher temparatures.  At  lower temperatures fluorescence changes 
lag behind the photochemistry (a t - -  196 °C the half  time for the photoreduct ion of 
C-550 is.3-4 times faster than  the half  time for the fluorescence increase) bu t  presum- 

+ 
ably for reasons related to electron transfer from a secondary electron donor  to P68o 
[6] rather than  for reasons related to energy transfer between Photosystem II units. 
One might propose that  a phase t ransi t ion could occur on cooling from --100 to 
- -196 °C which would increase energy transfer between Photosystem I[ uni ts  and  
thereby favor the "mat r ix"  model. However,  the "mat r ix"  model  predicts that  the 
kinetics of  the fluorescence increase (relative to the photoreduct ion  of A)  should be 
faster in the presence of quenchers,  such as ferricyanide, which increase k d and there- 
by decrease FM/F o while the "separate package" model predicts that  such quenchers 
should have no effect on the relative kinetics. The available experimental  evidence 

* Precise correlations between the kinetics of fluorescence and C-550 changes are difficult 
because both types of measurements must be made under identical conditions and the high chlorophyll 
concentrations required for the absorbance measurements cause the intensity of exciting light for 
the fluorescence measurements and the self absorption of fluorescence by the sample to vary markedly 
with sample depth. Thus, while the absorbance measurements indicate the average kinetic changes 
occurring throughout the sample, the fluorescence measurements may emphasize kinetics in a particu- 
lar region of the sample such as at the front surface, if the absorption of the exciting light is greater 
than the self absorption of the fluorescence, or at the back surface, if the absorption characteristics 
are reversed. The solution of this problem was discussed previously 16] but even under the best experi- 
mental conditions the experimental limits of uncertainty are difficult to ascertain. 
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[5, 7] indicates that ferricyanide has very little effect, if any, on the kinetics of the 
fluorescence increase at --196 °C even though the magnitude of  F v is decreased 
markedly. Also the fluorescence induction curve at --  196 °C does not have any of  the 
S-shape character that the "matrix" model predicts. Thus, the "matrix" model does 
not appear to be valid even at --196 °C where fluorescence changes lag behind the 
photochemistry. We conclude that the photosynthetic apparatus of Photosystem II 
is closer to the "separate package" model than to the "matrix" model but, on the 
basis of the available kinetic data, we cannot predict the degree to which energy 
transfer may occur between Photosystem II units. 
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