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SUMMARY 

1. The Inducnon of chlorophyll a fluorescence was measured at 690 nm m 
Bolated spinach chloroplasts at liquid N 2 temperature. The effects of prefllumlnation 
of the chloroplasts with varied durations of flashes were investigated. When the degree 
of fluorescence mducuon was represented by the extent of the variable component 
of fluorescence, a 10-/~s flash at a saturating intensity ehmmated 13 % of the induc- 
tion, and a 20-ms flash eliminated 50 %. 

2. An oxidant, ferricyamde, markedly decreased the fluorescence yield at the 
steady-state level but little at the initial rise level. 

3. The dark recovery of the fluorescence induction at liqmd N2 temperature 
was found to be slow and only partial. The maximum recovery was reached after 
20 min of dark time. 

4 The following scheme ts presented for the reactmn at the reaction center 
of System 2 at hquid N 2 temperature. 

hv 

( Y' Y ) ' ~ k ~ ' ~ l  ( X - Y )  /<2 Y) 

130 s -1 20 s -1 

X and X -  are the primary electron acceptors m the oxidized and reduced forms, 
respectively. Y and Y+ are the primary electron donors in the reduced and oxidized 
forms, respectively. The (X Y) state is converted to (X-  Y+) by consuming the ex- 
citation energy. The (X-  Y+)state formed is degradated either to (X Y) with loss of 
energy or to (X-  Y) with reduction of Y+ by a secondary electron donor. It is sug- 
gested that all the reaction centers are m the (X- Y) state at the maximum fluores- 
cence yield. Kinetic analysis indicates that the rate constants of Reaction 1 and 2 
at hqmd N2 temperature are 130 s-  1 and 20 s-  ~, respectively, and the hfe time of the 
(X-  Y+) state is 4.5 ms. 

Abbrevlatmn" DCMU, 3-(3',4'-dlchlorophenyl)-l,l-dlmethylurea. 
* Present address Department of Biology, University of Cahfornla, San Diego, La Jolla, 

Cahf. (U S.A ). 
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INTRODUCTION 

The fluorescence yield is known to change depending on the photosynthetic 
reactions of chloroplasts. Kautsky et  al. t proposed a mechanism in which the fluo- 
rescence y~eld is reversely related to the rate of electron flow through the photochemi- 
cal reaction. The same ~dea was used in the analyses of fluorescence induction in 
isolated chloroplasts 2-4. An estrmatlon was made for the size of the electron pools 
which are in the oxidized form in the dark and m the reduced form m the light. 
Duysens and Sweers 5 and also Butler and Bishop 6 proposed another mechamsm 
in which the fluorescence yield depends on the amount of the reduced form of the 
primary electron acceptor. Th~s ~s more general in vahdlty than the former. The for- 
mer mechamsm can be deduced from the latter when the reactfon between water 
and Photoreact~on 2 ~s not rate determimng. 

At hqu~d N2 temperature, two fluorescence bands at 685 nm and 695 nm of 
p~gment System 2 show induction 7, a gradual increase from the rapidly attained 
m~tlal rise level to the maximum steady-state level. This fact suggests that the photo- 
reaction occurs even at hquid N,  temperature. However, on cooling the chloroplasts 
from room temperature to liqmd N2 temperature, the reduction kinetics becomes much 
faster at intermediately low temperatures, and then slower on further coohng 7 
Similar findings were also reported by Thorne and Boardman s and Malkin and 
Mlchaell 9. These findings may suggest that the mechanism used for the analys~s of 
fluorescence induction at room temperature 2-+ cannot be directly apphed to the 
fluorescence reduction at liquid N2 temperature. 

In the present study, the effects of flash illumination upon the fluorescence 
reduction at liquid N 2 temperature were investigated, and a new scheme is proposed 
to interpret the fluorescence mduct~on at the low temperature. 

METHODS 

Spinach chloroplasts were prepared from market spinach leaves according to 
a method described prevlouslf .  The chloroplast suspension containing 0.3 i tg chlo- 
rophyll per ml was placed in a cuvette, 1 cm square and 0. l cm thick, made of alu- 
minum and glass plates. The cuvette was immersed In liquid N2, and then was held 
just above the hquld N2 layer. 

For excitation of fluorescence, 475-nm monochromatic light was obtained 
from a Bausch and Lomb grating monochromator combined with blue optical filters, 
Hoya HA-50 (Hoya Glass) and 9782 (Coming). The fluorescence emitted on the 
same side of the excitation was collected by a lens, passed through an interference 
filter with a transmission peak at 690 rim, and detected by a photomultiplier, R-374 
(Hamamatsu TV). The signal of the photomultiplier was amplified and recorded on a 
strip chart servo recorder (Rlken Denshi, SPJ-2), or fed to a memory oscilloscope 
(Hitachi, V-018) and photographed. 

In the study of the effects of flash illumination on the fluorescence induction, 
a xenon flash lamp (Ushlo, UF-580) was used to obtain a short strong flash hght of 
10/zs duration Longer flashes were obtained from a 500-W short arc xenon lamp 
(Ushzo, UXL-500S) combined with a mechanical shutter (Selkokokl Co.). Ultra- 
violet and infrared light was removed by using optical glass filters HA-50 and U-V39 
(Toshiba). 
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RESULTS 

F~g. 1 shows the effects of a 10-/ts flash upon  the fluorescence mducUon at 
hquid N2 temperature.  It was noted that only a part of the induct ion was ehminated 
by the flash d lummat ion ,  a l though the flash intensity employed was strong enough 
to produce max imum e h m i n a h o n  of the fluorescence induct ion;  one tenth of this 
flash intensity produced the same effect. This is m marked contrast  to the result ob- 
tained at room temperature where flash f l luminahon completely ehminated the re- 
duct ion if 3- (3 ' ,4 ' -d ichlorophenyl ) - l , l -d lmethylurea  ( D C M U )  was present 4. Pre- 
f l lummatlon of cooled chloroplasts with 5 successive flashes produced further sup- 
press~on of the fluorescence reduction. 

For  quantl taUve presentat ion of the effects, the magmtude  of the variable 
componen t  of fluorescence after prei l lummatlon,  Fv, diwded by that of the control  
experiment,  Fv(control ), was taken as the degree of fluorescence induction,  J,. 

Jv == F~/Fv(control ) 

When  there xs no ehmmat ion  of the fluorescence induchon,  /, is equal to 100 %o. 
When there is a complete ehmmat ion ,  fv is equal to 0 o~ Thus, the value forfv changes 
between 0 and 100 % depending on the condlUons of prei l lummation 

Fig 1 indicates that  after a 10-ps flash i l luminaUon fv was 87 %, and after 
five repeated flashes f~ was 50 ° o. 

Ftg. 2 shows the fluorescence mduct lon  after pref l lummauon with 17-ms, 60-ms 
and 1-s flashes. The el immaUon of fluorescence induct ion  depended on the flash 
durat ion.  

Fig. 3 shows the relationship between the flash dura t ion  and the degree of 
fluorescence reduction.  It was tested for each flash dura t ion  so that  the flash intensity 
was high enough to produce the max imum effectiveness. The result in Fig. 3 suggests 
that a short flash with dura t ion  between 10 ps and 1 ms leaves 87 o of fluorescence 
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Fig. 1. Effects of a 10-/ts flash on fluorescence lnducuon at --196 cC Chloroplasts were chilled m 
the dark and then illuminated with flash hght After kept In the dark for 30 s, chloroplasts were illu- 
minated with the excitation hght to measure the fluorescence induction. Excitation hght, 475 nm 
(20-nm half-bandwidth), 450 ergs cm -2 • s -1. Intensity of flash hght, 30 000 ergs cm -z - per flash. 

Fig. 2. Effects of long flashes on fluorescence induction. Experimental procedures were the same as 
m Fig 1. Excitation light, 475 nm (10-nm half-bandwidth), 30 ergs. cm -2.  s-1. Flash durations 
were 17 ms, 60ms and 1 s Intensity of flash hght 500000 ergs. cm -2 - s 1. 
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Fag. 3, R e l a t i o n s h i p  be tween  f lash d u r a t i o n  and  the  degree  o f  f luorescence  induc t ion ,  f ,  IntensJt> 
o f  flash h g h t  was  500000  ergs  • cm - z  • s -  ' for  f lash d u r a t i o n s  l onge r  than  1 ms,  a n d  30000  ergs  - c m -  2 
per  f lash for  a 10-/ts f lash.  The  f lash d u r a t i o n  was  a b o u t  20 ms  for f~  50 °o/, a n d  was  a b o u t  35 ms  for 

f~ 43.5 o 

mducUon. With flashes longer than 1 ms the fluorescence mducUon is further ehml- 
hated. The flash length for the half-elimination was about 20 ms. 

The results presented in Fig. 3 may suggest that the elimination of the fluo- 
rescence reduction by the flash consists of two phases: one is produced by a flash 
with a duratton which is shorter than 1 ms. The magmtude of this phase is independent 
of the flash duration. Th~s amounts to 13 o / o f  the fluorescence mduction. Another 
phase of eliminatton appears when a flash with longer than a 1-ms duraUon is used. 
This phase attains 87 o0 of the fluorescence induction. Since this phase depends on 
the flash length, a dark reaction which occurs during the flash time must contribute 
to the appearance of the phase. The half-elimination time for the latter phase ts 
estimated to be 35 ms, whtch is the time for the degree of fluorescence induction 
43.5 o~ (i.e. one-half of 87 °o). 
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Fig.  4 Effects  o f  10-ms, 125-ms and  1-s f lashes  on  f luorescence  r educ t ion .  E x p e r i m e n t a l  p r o c e d u r e s  
were  the  s a m e  as in  F ig  1. I n t e n s i t y  o f  f lashes  was  c o n t r o l l e d  by m e a n s  o f  n e u t r a l  dens i ty  f i l ters 
so t h a t  the a m o u n t s  o f  t o t a l  i n c i d e n t  l i gh t  q u a n t a  pe r  f lash r e m a i n e d  the same ,  5000 ergs  cm -2  
pe r  f lash E x c i t a t i o n  h g h t  475 n m  (10-rim h a l f - b a n d w i d t h )  30 ergs  cm -2  s -1 .  
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Another  flash experiment was p lanned in which the intensity of the flash hght 
was control led so that  the amounts  of total  incident  hght quan ta  per flash were ad- 
justed so that  they were the same. Fig. 4 shows that  also in this case the e l l mma non  
of the fluorescence reduct ion depended on the flash durat ion.  This suggests that  the 
hght quan ta  are inefficiently used in the photochemical  reacnon when they are served 
m a short time. 

Boardman  and Thorne  ~ o first discovered the effect of ferrlcyanide in changing 
the yield of chlorophyll  a fluorescence at l iquid N2 temperature.  Okayama  and Butler 1 ~ 
elucidated that the fluorescence emitted from System 2 depends on the redox poten- 
tml of the medium. Fig. 5 indicates that  the oxidizing condi t ion  depressed the van-  
able componen t  but  the ln inal  componen t  of fluorescence was only slightly depressed. 
At ferncyanlde  concen t ranons  high enough to produce the max imum depression, 
there still remained a part  of  the varmble component ,  the a m o u n t  of which was almost  
equal to the ininal  rise component .  This finding is m accordance with the observat ion 
of Okayama and Butler 11. The remaining port ion of the variable fluorescence seemed 
to follow a time course s~milar to that  of the control.  The half-increase time of the 
variable componen t  was 12 s m the control  and 11 s in the presence of 20 ttM fer- 
ncyanide.  
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Fig 5 Effects of ferrlcyanlde on fluorescence induction Excltanon hght 475 nm (10-nm half- 
bandwldth), 30ergs cm -2 s -1. Concentranon of ferrlcyamde, if added, 20/~M. This concen- 
tration was high enough for the maxtmum depression of fluorescence y~eld 

Fig. 6 Time course of dark recovery of fluorescence mducnon at --196 °C Chloroplasts were 
chilled m the dark, then illuminated with the excitation light for 60 s After the reqmred length of dark 
period, the exltatlon light was again turned on to measure the recovery of the fluorescence induction. 
The extent of recovery was expressed by the degree of fluorescence lnducnon, f~ Excitation hght 
475 nm (20-rim half-bandwidth), 450 ergs - cm -2 s-1. 

Fig. 6 shows the time course of dark recovery of the fluorescence reduction.  
A max imum recovery of 50 of in fv was at tained after 20 min of the dark period, 
which remained unchanged even after 60 min  of dark time. The rate of the dark re- 
covery is very slow when compared to that  at room temperature,  in which 20 rain is 
long enough for complete recovery 3. 
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DISCUSSION 

The characteristic features of the fluorescence reduction at liquid N2 temper- 
ature are as follows: (1) The fluorescence induction is markedly retarded, as compared 
to that at - -70 °C (refs 7-9). (2) The flash illumlnatlon only partly ehmmates the 
fluorescence reduction. (3) D C M U  has httle effect on the fluorescence induction 7. 
(4) The steady-state level of fluorescence depends on the reduced form of cytochrome 
bss 9 present before the exmtatlon 11. (5) The dark recovery of fluorescence induction 
fs partial and very slow. A reaction scheme is presented by which these character- 
istics of fluorescence reduction at hquld Nz temperature can be interpreted. 

The states of  reaction centers are represented as a pair of the reduced and/or 
oxidized form of the primary electron acceptor and donor, such as (X Y), ( X -  Y) and 
( X -  Y +). X and X -  are, respectively, the oxidized and reduced forms of the primary 
electron acceptor. Y and Y+ are, respectively, the reduced and oxidized forms of the 
primary electron donor. 

The following is a scheme for the reactions at liquid N 2 temperature 

hv 

(XY) -~-- - - (X-Y*)  (X-Y) 

A light quantum absorbed by a photosynthetlc umt and transferred to a reachon 
center in the (X Y)  state converts (X Y)  to ( X -  Y--). Reaction ] is a direct recombi- 
nation of posltlve and negative charges, and Reactmn 2 is a reduction of Y+ by a 
secondary electron donor 

The o c c u r r e n c e s  of these dark reactions at l iquid N2 temperature are justified 
as in the fol lowing consideration. I f  Reactmn 2 does not occur, it is inewtable to 
assume that the ( X - Y + )  state should correspond to the ma×imum steady-state 
level of the fluorescence yield. In thls case, a pama] ehmmation of fluorescence m- 
ductlon by the flash (Fig. I ) is possible only when Reaction ] is rather fast. On the 
other hand, the very slow dark recovery of fluorescence inductmn (Fig. 6) is posslble 
only when Reaction I is very slow Thus, m the absence of  Reaction 2, no scheme can 
explain both these findings. 

I f  Reactmn 2 occurs at liquid N2 temperature, the (X-  Y) state should be 
due to the maximum fluorescence yield. In this case a partml elimination of the fluo- 
rescence induction by the flash is possible only in the presence of Reaction I. The slow 
dark recovery of fluorescence induction is also interpreted in this scheme as a very 
slow conversmn of (X-  Y) to(X Y); however, thJs is not shown m the scheme. 

Since DCMU, which lnh%ltS the dark oxidation of X -  by a secondary elec- 
tron acceptor 5, has no effect on the fluorescence reduction at liqmd N~ temperature 7, 
the reactmn must be blocked at the low temperature. This is the reason why the reac- 
tmn Js neglected in the reactmn scheme. 

Rate constants of the reactions and the hfe time of the (X-  Y + ) state can be 
estimated from the experimental results with short and long flashes (Fig 3), on the 
assumptmn that the degree of fluorescence reduction, fv, is equal to the fraction of 
the reactmn centers m the (X Y) state before the onset of excitation light. On lllu- 
mmatmn with a 10-/~s flash of saturation intensity all the reaction centers in the chlo- 
roplasts are converted to (X-  Y+). In the following dark period, 87 °/o of reaction 
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centers are reconverted back to (X Y), and 13 "o to (X- Y). This means that the 
ratio of the rate constants of Reactions 1 and 2 is equal to 6 7 (i.e. 87/13), 

A further ehmination of fluorescence induction was obtained upon the longer 
flashes Since the intensity of long flashes is so high that the proportion of the reac- 
tion centers in the (X Y) state is neghglbly small during the flash period, the reaction 
occurring during the flash period is the conversion of X -  Y+) to (X-  Y). At the 
end of the flash period, a part of the reaction centers is in the (X- Y) state, and the 
other part is in the (X-  Y+) state which in the subsequent dark period degrades to 
(X Y) or (X- Y) with the ratio of 6 .7 .1 .  It is deduced from this analysis that the 
time of/~ 43.5 ",', (Fig. 3), i.e. 35 ins, corresponds to the half-time for the conversion 
of (X- Y ~) to (X- Y) On the assumption that the reactions are of the first order, 
the rate constant of Reaction 2 is estimated to be 20 s-  1 and thus that of Reaction 1 
is 130 s -1. The life time of (X-  Y~) estimated from these rate constants is 4.5 ins. 

Reaction 1 is not a physiologically profitable process, since it is a loss of 
energy. The presence of this reaction at hquld N2 temperature lowers the apparent 
quantum efficiency of the conversion of (X Y) to (X- Y), and this will be the reason 
for the retardation of fluorescence induction. At room temperature,Reaction 2 must 
be much faster than Reaction 1, and thus, Reaction l is practically negligible. This 
will correspond to the finding by Forbush and Kok 4 that a short flash completely 
eliminated the fluorescence induction at room temperature when the dark oxidation 
o|" X -  by the secondary electron acceptor is inhibited in the presence of DCMU. 
The difference in contribution of Reaction l at the different temperatures will be due 
to a much lower temperature dependence of Reaction 1 as compared to that of Reac- 
tion 2. 

It should be noted that Reaction l is not the same as the slow back reaction 
that was assumed to interpret the dark recover)' of fluorescence induction at room 
temperature lrl the presence of DCMU ~2. The latter reaction will probably be the 
reaction of (X- Y) to (X Y) with oxidation of X-  by a secondary electron donor 

The primary electron acceptor and donor X and Y, have not been chemically 
identified. A hght-induced absorbance change at 682 nm designated as chlorophyll 
a n by Doting e t  al .  ~3 ' l~  and P680 by Fro~de e t  al .  i s  possibly corresponds to the oxi- 
dation and reduction of Y. The dark recovery time of the absorbance change at 
liquid N 2 temperature was reported to be 4.5 ms ~s, which shows a good correspon- 
dence to the life time of Y+ estimated in the present study. 

Okavama and Butler ~ suggested in the experiment of redoxy titration of 
low temperature fluorescence that the secondary electron donor was cytochrome 
hss 9 at liquid N 2 temperature This will be explained in the above scheme to indicate 
that the conversion of (X-  Y+) to (X-  Y) is blocked when this c)tochroine is in 
the oxidized form. The finding by Vermeglio and Mathis i6 that a flash illumination 
oxidized only a part of cytochrome b559 at liquid N2 temperature is compatible 
with the above-mentioned scheme. The fact that even with a saturating amount of 
ferricyanide a part of the varmble fluorescence component remained suggests the 
presence of another secondary electron donor. A probable scheme is that a part of 
the reaction centers is linked to cytochrome hss o, and the other part to the unknown 
electron donor. 

The primary electron acceptor, X, corresponds to the Q of Duysens and 
Sweers s. However, whether it is equal to C550 (ref 17), a light-induced absorbance 
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change at 550 nm, is still obscure 
Thorne and Boardman s have inferred that the retardaUon of fluorescence m- 

ducUon ~s due to a lowered quantum effictency of the photochemical reaction at 
liquid N2 temperature. Th~s idea is in appearance similar to that proposed in this 
study, in which, however, the quantum efficiency of the photochemical reaction itself 
~s not affected by the cooling. 

Butler et  a l  as'~9 tried to explain the retardation of fluorescence reduction at 
liquid N2 temperature by a model m which the fluorescence was quenched not only 
by X but also by Y+. A recent personal communication of Butler reports that he has 
further improved the model and has reached a scheme which is similar to ours 

A D D E N D U M  

During revision of this article, a paper by Johot and Johot 2° was pubhshed, 
m which they studied the effects of  flash dlumination on the fturorescence induction 
- 4 0  to --70 °C. They introduced a new quencher m addition to the Q of Duysens 
and Sweers 5 to interpret the finding that the flash dlummation could not completely 
eliminate the fluorescence induction at these temperatures. I f  the reaction scheme 
including the back reaction of the photochemical reaction as we are proposing here is 
employed, it does not seem necessary to assume th~s type of two-quencher model. 
The oscillation of fluorescence y~eld in their data after repeated flashes ~s also ex- 
plained, ~f the temperature dependences of the reaction between the primary and the 
secondary electron donors vary depending on the state of  the secondary electron 
donor 
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