
BIOCHIMICA ET BIOPHYSICA ACTA 113 

BBA 46089 

THE EFFECT OF TEMPERATURE ON THE FLUORESCENCE KINETICS 

OF SPINACH CHLOROPLASTS 

S. W.  T I t O R N E  AND N. K. B O A R D M A N  

Division of Plant Industry, Commonwealth Scientific and Industrial Research Organization, Canberra 
(Australia) 

(Received October  2end,  197 o) 

SUMMARY 

I. The fluorescence kinetics of spinach chloroplasts were studied over the tem- 
perature range + 4  °o to -196°.  At temperatures above - 5  °, the ratio of the steady- 
state level of fluorescence (Foe) to the initial level (Fo) was determined by the intensity 
of the excitation light. At - 5  °, Foe/F o was independent of excitation intensity and 
Foo was equal to the fluorescence yield in the presence of dithionite (Freduceo). In the 
presence of 3-(3,4-dichlorophenyl)-I,I-dimethylurea, there was a rapid rise in the 
fluorescence to the steady-state level. The fluorescence rise (Foe-F0)  in untreated 
chloroplasts was dependent on pH with maxima at pH 6.1 and pH 7.2 ; F0 was inde- 
pendent of pH. 

2. The biphasic kinetics, observed at 20 ° were reproducible provided the chloro- 
plasts remained in the dark for a few rain between excitations, but at - 5  ° the initial 
biphasic kinetic curve was replaced by an exponential curve at subsequent excitations. 
Illumination of the chloroplasts at - 5  ° by far-red light restored the chloroplasts to 
their initial state, and a biphasic kinetic curve was then obtained at the second exci- 
tation. An action spectrum for the far-red restoration showed a peak at 707 nm. The 
rate of the far-red response declined gradually at temperatures below - 5  ° , and it was 
completely inhibited at --3 °o . 

3. Over the temperature range --4 ° ° to - 196 ° exponential fluorescence kinetics 
were obtained, but only at the first excitation. Subsequent excitations gave an imme- 
diate rise to the Foe level. The rate of the initial exponential rise in fluorescence de- 
clined with decreasing temperature. 

4. The results are discussed in terms of a sequential series of carriers (E,Q,P) on 
the reducing side of Photosystem II. Analysis of the kinetic curves obtained at --5 ° 
indicated a P/Q ratio of 6, and I Q per 14o chlorophylls. E is present to a smaller 
extent than Q. The quantum efficiency for the reduction of Q by Photosystem II  
declined with temperature between - 5  ° and -1960 . To explain the temperature 
responses, it is postulated that oxygen interacts at 3 sites with the electron transport 
chain of chloroplasts. 

Abbrev ia t ions :  DCMU, 3- (3 ,4 -d ich lorophenyl ) - I , I -d imethy lurea .  
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INTRODUCTION 

On illumination of dark-adapted isolated chloroplasts with red light, the 
fluorescence rises from an initial level (F 0) to a steady-state level (Foe). The time course 
of the fluorescence rise is biphasic at room temperature, but exponential at --1960 (see 
ref. I) MALKIN AND KOK 2 and MALKIN 3 have analysed the time course of fluorescence 
in terms of a quencher Q (cf. ref. 4) and a secondary oxidant P. MALKIN AND KOK 2 
concluded that the ratio of Q to P was unity and that each was present in an amount 
of one per 7 ° chlorophylls. 

On the other hand, fluorescence kinetic measurements in the presence of 3-(3,4- 
dichlorophenyl)-I,I-dimethylurea (DCMU) showed a rapid rise in the fluorescence 
from F 0 to Foe, and suggested that the primary oxidant pool was much smaller (one 
per 500 chlorophylls) 5. Studies of the oxygen gush from algae with single flashes of 
light 8, 7 also pointed to a small primary oxidant pool, (ca. I per 500 chlorophylls) and a 
larger secondary oxidant pool (ca. I per 30 chlorophylls). From a study of the reduction 
of the secondary pool with single flashes of varying duration, FORBUSH AND KOK 8 con- 
cluded that the secondary pool was heterogeneous, one-third reacting more rapidly 
with the primary pool than the remainder. Analysis of fluorescence-rise curves ob- 
tained with a series of brief flashes indicated a value of about 18 for the proportion of 
secondary pool to primary pool. 

MURATA et al. 9 observed that the steady state fluorescence yield of isolated 
chloroplasts decreased at lower light intensities. The effect was explained by a back- 
reaction of the primary photochemical products, because it was considered that in the 
absence of a Hill oxidant there was no non-cyclic electron flow. However, as pointed 
out by MALKIN 1°, oxygen may act as an electron acceptor in aerobic suspension of 
chloroplasts (MEHLER reactionU). At low light intensities the steady state level of 
fluorescence is low because the rate of oxidation of Q- and P-  by oxygen (as the 
ultimate electron acceptor) is comparable with the rate of the light-induced reduction 
of Q. 

In the present study, we have examined tile influence of temperature on the 
fluorescence kinetics of isolated chloroplasts over the range of + 4  °° to - 1 9 6  °. Under 
certain conditions the oxidation of P-  by oxygen is a rate limiting step and the light- 
induced reduction of Q may be separated from the reduction of P. From the effect of 
temperature both on the fluorescence kinetics and the recovery of the chloroplasts in 
the dark, we postulate that oxygen interacts at 3 sites with the photosynthetic elec- 
tron transport chain. 

MATERIALS AND METHODS 

Spinach chloroplasts were isolated as described previously ~ and resuspended in 
o.05 M phosphate buffer, pH 7.2, containing 0.3 M sucrose and o.oi M KCI. 

Fluorescence measurements were made on a fluorescence spectrometer, some 
details of which were described previously 13. The cuvette containing the chloroplasts 
was positioned so that the whole sample was exposed to the light from the excitation 
monochromator. Light intensities were measured by a Reeder Type RP 2 vacuum 
thermopile, and cross checked with a Zeiss type VTh. 8 thermopile. A relative scale of 
light intensities was obtained by directing a sample of excitation light on to the 
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excitation photomultiplier, which was equipped with a wide calibrated range of gain 
sensitivities. The excitation wavelength was 65o nm. Under our standard conditions, 
the excitation band width was ± 1.5 nm, and the light intensity at the surface of the 
cuvette was 2oo erg.cm-2.sec -1 (I 0 × i). Higher (I o × 3 and I o × IO) and lower 
(I o × o.I and I o × o.3) intensities were obtained by varying the width of the slit on 
the excitation monochromator. Fluorescence kinetics were measured at 683 ± I.O nm 
and recorded on a Rikadenki B-34 recorder at a chart speed of 2oo mm/min. 

For temperatures in the range - I O  ° - + 4  o°, the cuvette was placed in a jacketed 
holder and a glycol-water mixture was circulated from a refrigerated bath maintained 
at the desired temperature to an accuracy of i o.2 °. For temperature control between 
- - io  ° and - 1 9 6  ° the cuvette was surrounded by a copper case, which was lagged and 
fitted with appropriate optical windows and connected by a copper rod to a tank. 
Liquid nitrogen was added to the tank at a rate sufficient to maintain the required 
temperature at the cuvette. The temperature of the sample was measured to an accu- 
racy of 4- I ° by a thermocouple. 

Fluorescence measurements in the pH range 5.8-7.8 were made in 0.05 M phos- 
phate buffer. At pH 5.0, 0.05 M acetate buffer was used, and at pH 9.0 the chloroplasts 
were suspended in 0.05 M glycine buffer. The chloroplast concentration was such as to 
give an absorbance of o.I or 0.2 at 650 nm, when measured on a Cary Model I4R spec- 
trometer, equipped with a scattered-transmission accessory. For measurements at 
- 5  °, the chloroplasts were suspended in buffer containing 20 % glycerol and at tem- 
peratures below - 5  °, 63 % glycerol was used. 

RESULTS 

The results are discussed in terms of the series formulation of the photochemical 
systems (Fig. I) (cf. ref. 14). The fluorescence intensity of isolated chloroplasts is con- 
sidered to be determined by the redox level of E, the primary electron acceptor of 
Photosystem II  (possibly equivalent to Q of DUYSENS AND SWEERS4). In dark-adapted 
chloroplasts, E is oxidized and the initial fluorescence (Fo) is quenched. On illumina- 
tion of the chloroplasts at room temperature, E, Q and P are sequentially reduced and 
the fluorescence rises to a steady-state level (F~),  via a biphasic kinetic curve. The 
levels of reduction of E, Q and P at the steady-state are dependent on the light intensity. 
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Fig. I. Scheme of the  p h o t o s y n t h e t i c  e lec t ron t r a n s p o r t  cha in  showing  proposed  s i tes  of in te rac t ion  
of oxygen .  PS, p h o t o s y s t e m .  

Under certain conditions, the fluorescence-rise curve is monophasic. I t  is thought 
that the monophasic curve corresponds to the reduction of E and Q, but not P. E and 
Q are assumed to be in rapid redox equilibrium. In the presence of DCMU, electron 
flow from E -  to Q is inhibited, and only E is reduced. Dithionite causes reduction of 
E, Q and P, since on illumination of chloroplasts in dithionite, the fluorescence rises 
immediately to a high level (Freoueed) .  In the presence of ferricyanide, E, Q and P 
remain oxidized, and the fluorescence remains near the F 0 level. 

Biochim. Biophys. Acta, 234 (1971) 113-125 



I I 0  S . W .  T H O R N E ,  N.  K. B O A R D M A N  

In the  present  paper ,  we will refer to a to ta l  concent ra t ion  of quencher  [Qt], 
equal  to the  sum of [El + [Q] _L[p]  where [E], [Q] and [P] are the  concent ra t ions  
of E, Q and  P, respect ively.  Even  though E seems to be the  ac tua l  quencher  of 
fluorescence of Pho tosys t em II ,  the  concent ra t ion  of oxidized E is dependen t  on the 
concent ra t ions  of oxidized Q and oxidized P. 

Q and P -  are reoxidized by  oxygen,  e i ther  d i rec t ly  or indi rec t ly ,  and  this  re- 
ox ida t ion  occurs both  in the  da rk  and in the  presence of l ight  absorbed  b y  Photo-  
sys tem I. 

Effrct of light intensi(~, on fluorescence kineHcs 
Chloroplasts  under  aerobic condi t ions  and  a d a p t e d  in the  da rk  at  20 ° for 5 rain, 

gave,  on exc i ta t ion  with 65o-nm light,  fluorescence r ise-curves as shown by  the  solid 
lines in Fig. 2. The ini t ia l  levels of fluorescence (Fo) or the  levels a f te r  add i t ion  of 
sodium di th ioni te  ( F r e d u e e d )  a r e  propor t iona l  to  the  exci ta t ion  l ight  in tens i ty ,  bu t  the  
s t eady- s t a t e  levels (Foo) increase to a grea ter  ex ten t  t han  is accounted  for b y  the  in- 
crease in l ight  in tens i ty .  The levels of fluorescence in the  presence of fe r r icyanide  
( F o x i d i s e d )  approx ima te  to the  F o values• Similar  resul ts  were ob ta ined  for exc i ta t ion  
wavelengths  of 436, 47 ° or 670 nm. Kinet ic  curves at  20 ° were repea tab le  p rov ided  the  
chloroplasts  remained  in the  da rk  for a t  least  2 rain between exci ta t ions .  
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Fig .  2. F l u o r e s c e n c e  e m i s s i o n  k i n e t i c s  of  d a r k - a d a p t e d  s p i n a c h  c h l o r o p l a s t s ,  u n d e r  n o r n l a l  a e r o b i c  
c o n d i t i o n s ,  in  s u c r o s e  p h o s p h a t e  b u f f e r  a t  p H  7.2.  F l u o r e s c e n c e  a t  683  n m ;  e x c i t a t i o n  a t  65o  n m  
w i t h  l i g h t  i n t e n s i t i e s  of  I 0 x I, 10 × 3, I .  x i o ,  w h e r e  I o = 2oo  e r g s . c m - ° - . s e c  -1. A b s o r b a n c e  o.2 
a t  65o  n m ;  - , n o  a d d i t i o n ;  . . . . . .  , i n  t h e  p r e s e n c e  of  s o d i u m  d i t h i o n i t e ;  - - , in  t h e  p r e -  
s e n c e  of I • i o  4 M p o t a s s i u m  f e r r i c y a n i d e .  

The influence of p H  on the  fluorescence proper t ies  of chloroplasts  was s tud ied  at  
2 exci ta t ion  intensit ies.  F 0 was independen t  of p H  in the  range 5.o-9.o, bu t  F ~  was 
influenced by  p H  (Fig. 3). A t  p H  5.o or p H  9.o, fluorescence kinet ics  were absent  and  
the  Foo levels were equal  to the  F 0 values.  The F o o - p H  curves s h o w m a x i m a  at  7.2 and  
6.1, wi th  a t rough a t  p H  6.5. Measurements  in Tris  buffer also gave a m a x i m u m  for 
F ~  at  p H  7.2. The rat ios  Freoueea/Foxiaisea or Freaueea/F o were independen t  of p H  
between 5.o and 7.8, bu t  a t  p H  9.o the  ra t io  decreased from its usual  value of 4.5 to a 
value of 2. The loss of fluorescence kinet ics  a t  p H  5.o or p H  9.o was reversible,  if the  
chloroplasts  were re tu rned  to  p H  7.2. Most of the  measurements  repor ted  in this  paper  
were carried out  a t  p H  7.2, where the  fluorescence rise shows a max imum.  
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Effect of temperature on fluorescence kinetics 
The effect of temperature  on the fluorescence kinetics of chloroplasts at pH  7.2 

was studied at 3 intensities of excitation at 650 nm (Table I). As the temperature  is 
lowered from 4 °o to 5 o, there is increase in the level of Foo, while F 0 remains constant.  
This temperature  effect on the fluorescence kinetics is greatest at the lowest light in- 
tensity.  
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Fig .  3. I n f l u e n c e  of p H  on  t h e  s t e a d y - s t a t e  l e v e l s  of f l uo re scence  ( F ~ )  of s p i n a c h  c h l o r o p l a s t s  a t  2o °. 
E m i s s i o n  a t  683 n m ,  e x c i t a t i o n  a t  650 n m  w i t h  I 0 × I ( O - - - O )  a n d  I o x 3 ( O  O)  w h e r e  
I 0 = 200 e rg .  c m  -2. see -1. A b s o r b a n c e  a t  65 ° n m ,  0.2. F~ a n d  Foo v a l u e s  a t  t h e  h i g h e r  l i g h t  i n t e n s i t y  
( I  0 x 3) s h o u l d  be  m u l t i p l i e d  b y  3- M e a n  v a l u e s  of F 0 are  i n d i c a t e d  b y  t h e  h o r i z o n t a l  l ine.  

T A B L E  I 

T H E  E F F E C T  O F  T E M P E R A T U R E  O N  T H E  F L U O R E S C E N C E  E M I S S I O N  O F  S P I N A C H  C H L O R O P L A S T  AT T H R E E  

E X C I T A T I O N  L I G H T  I N T E N S I T I E S  

S p i n a c h  c h l o r o p l a s t s  in s u c r o s e - p h o s p h a t e  buffer ,  p H  7.2, a t  a c o n c e n t r a t i o n  of 0.2 a b s o r b a n c e  
u n i t s  a t  650 n m .  E x c i t a t i o n  a t  650 n m  w i t h  i n t e n s i t i e s  I 0 x I, I o x 3 a n d  I 0 x io ,  w h e r e  I o 
200 e r g s - c m  -~. sec 1. F l u o r e s c e n c e  a m p l i t u d e s  m e a s u r e d  a t  683 n m  w i t h  e l e c t r i c a l  g a i n  r e d u c e d  b y  
1/3 f o r I  o X 3 a n d  b y  i / i o  f o r I  o X i o t o  g ive  t h e  f igures  in  t h e  t a b l e .  

Intensity Temperature 

4 ° 0  3 ° o  2 0  ° 5 ° 

Io  X I 

I o X 3  

f 0  X I 0  

F r e d u c e  d I O O  I O O  I o o  I O O  

F ~  26 34 43 7 ° 
Foxldlsed 25 25 33 37 
F o 25 24 26 26 

Fredueed 94 IOO IOO IOO 
F ~  4 ° 51 60 81 
Foxlalsed 27 28 37 4 ° 
F 0 25 24 25 26 

Fredueed 104 104 95 98 
F ~  71 75 79 89 
FoxtOlsed 34 26 37 53 
F 0 25 24 25 26 
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Tile effective concentration of the total quencher may be calculated by assuming 
first order fluorescence quenching in accordance with the STERN-VoL.'~ER equation is. 

Freaueed/Foo - -  I + k [ Q t ]  ( i )  

where Freaueea is the fluorescence level in the presence of dithionite, Foe is the steady- 
state level, Qt is the effective concentration of the total quencher ]El + [Q] + [iPn 
and k is a rate constant. As the light intensity approaches zero, F . . . .  F 0 and 

Fredueea/Fo 1 + k [ Q t ] m  (2)  

where EQt]m is the maximum concentration of Qt. At higher light intensities, Foo and 
IQt] are a function of the exciting light intensity. From Eqns. i and 2 : 

,)/( ,i [ Q t ] m -  F~ Fo 

Ratios of IQt]/~Qt]m were calculated from the experimental values of F o, Foe 
and Fredueed. The effect of temperature on the relative quencher concentration in the 
steady-state is shown in Fig. 4 at 3 excitation intensities. It is clear that as the tem- 
perature is lowered, there is a decrease in the relative concentration of Qt. At any fixed 
temperature, the relative concentration of Qt decreases with increasing light intensity. 
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Fig .  4. F r a c t i o n  of  q u e n c h e r  Qt as  a f u n c t i o n  of  t e m p e r a t u r e  a n d  e x c i t a t i o n  l i g h t  i n t e n s i t y .  [Qt] i s  
t h e  e f f e c t i v e  c o n c e n t r a t i o n  of  t h e  t o t a l  q u e n c h e r  a n d  [Qtlm is i ts  m a x i m u m  c o n c e n t r a t i o n .  E x -  
c i t a t i o n  i n t e n s i t y  a t  650  n m ;  O - - O ,  [0  x I; O ' " O ,  I0 x 3; & &,  I 0 x io ,  w h e r e  I 0 
200  erg  - c m  -2 - sec  -1. 

Fig .  5. F l u o r e s c e n c e  k i n e t i c s  of  s p i n a c h  c h l o r o p l a s t s  in  0 . 0 5  M p h o s p h a t e  buf fer  p H  7.2  a n d  20  ° o 
g l y c e r o l .  E x c i t a t i o n  a t  650  n m  w i t h  a n  i n t e n s i t y  of  200 e r g . c m - 2 . s e c - 1 ;  e m i s s i o n  a t  683  r i m .  
(a) . . . .  , 2 0 ° ;  (b) - - - - ,  5 ° ;  (d) - - -  , c h l o r o p l a s t s  p r e i l l u m i n a t e d  a t  - - 5  °, t h e n  r e t u r n e d  to  
d a r k n e s s  for  2 rain a n d  i l l u m i n a t e d  a g a i n  a t  5 ° ;  (c) . . . . . .  , in t h e  p r e s e n c e  of  s o d i u m  d i t h i o n i t e  
a t  5 ° o r  20 c. 

Biochim. Biophys. Acta, 234 ( i 9 7 i )  i i 3 - i 2 5  



FLUORESCENCE KINETICS OF SPINACH CHLOROPLASTS 119 

I t  is a p p a r e n t  t h a t  the  curves converge on the  abscissa at  a t e m p e r a t u r e  o f - 4 . 5  °. At  
th is  t empera tu re ,  the  s t eady - s t a t e  level of quencher  is reduced to zero, even at  low 
l ight  in tens i ty .  We  in t e rp re t  this  to mean  t h a t  the  ra te  of the  aerobic reoxida t ion  of 
E -  + Q -  + P -  at  - 5  ° is low compared  with  the  ra te  of photoreduc t ion .  

Fluorescence kinetics at - 5  ° 
The fluorescence kinet ics  of chloroplasts  a t - - 5  ° were de t e rmined  in phospha te  

buffers con ta in ing  20 % (by vol.) of glycerol.  The influence of p H  on the Foe levels a t  
- -5  ° showed a s imilar  pa t t e rn  to t h a t  observed at  room tempera tu re .  At  p H  7.2, the  
s t eady - s t a t e  level of fluorescence corresponded to the  F~eduee O value at  20 °, suggest ing 
t h a t  Qt is fully reduced at  - 5  °. In i t i a l  levels of fluorescence (F0) were the  same a t  
- 5  ° and  20 ° . 

Fig. 5 shows a compar ison between the  fluorescence kinet ics  a t  20 ° and  - 5  °, on 
exposure  of d a r k - a d a p t e d  chloroplasts  to an exc i ta t ion  in t ens i ty  of 200 erg. cm -2. sec 1 
at  650 nm. The  kinet ics  are biphasic  at  both  t empera tu re s  bu t  the  s t eady- s t a t e  level of 
fluorescence is a lmost  2.5-fold grea ter  a t  - 5  °, and  it corresponds to the  Fredueed value.  
Curve c shows the  kinet ic  response on i l lumina t ion  of chloroplasts  in the  presence of 
d i th ion i t e  a t e i t h e r  20 ° or - 5  °. There is an immedia t e  rise to the  Freduee d level. If  
ch loroplas t s  are p re - i l lumina ted  at  - -5  ° then  re tu rned  to darkness  for 2 min at  - 5  o, 
and  i l lumina ted  again at  - 5  °, then  the  fluorescence r ise-curve follows Curve d of 

Fig. 5. 
The biphasic  charac te r  of Curve b is absent  from Curve d, and  the  rise in fluores- 

cence is cons iderably  more rap id  for Curve d. The t ime response, however,  is slower t han  
for chloroplasts  reduced with di th ioni te .  Wi th  shor ter  per iods  in the  da rk  between the  
i l lumina t ions  at  --50, t ime rise curves were ob ta ined  which were in t e rmed ia te  between 
Curves c and  d. If the  chloroplasts  remained  in the  dark  for more t han  2 min (e.g. 5, IO, 
20 or 30 min) af ter  the  pre i l luminat ion ,  then  Curve d was obta ined.  Curve d was 
repea tab le  p rov ided  the  chloroplasts  remained  in the  da rk  at  --5 ° for at  least  2 min 
between i l luminat ions .  

These resul ts  m a y  be in t e rp re t ed  by  assuming t ha t  E, Q and P are reduced  
dur ing  the  first i l lumina t ion  at  - 5  °, g iving rise to biphasic  kinetics.  In  the  subsequent  
da rk  period,  Q -  and  E -  are appa ren t l y  reoxidised but  not  P - ,  so t ha t  in a second 
i l lumina t ion  at  - 5  °, E and  Q are reduced and  monophas ic  kinet ics  are obta ined .  

Effect o f  D C M U  on fluorescence kinetics at - 5  ° 
When  DCMU is a d d e d  to chloroplasts ,  the  r ise- t ime of fluorescence at  - 5  ° wi th  

an exc i ta t ion  in tens i ty  of 200 e rg . cm-2 . sec  -1 is fast and,  in our ins t rument ,  not  
d is t inguishable  from the  r ise- t ime in the  presence of d i th ioni te  (Fig. 6). However ,  if the  
exc i ta t ion  in tens i ty  is reduced to 20 erg. cm -2. sec -1 then  the  t ime-rise in the  presence 
of DCMU can be dis t inguished from the  t ime rise in d i th ioni te .  The solid lines in Fig. 6 
show the fluorescence kinet ics  of chloroplasts  which were p re i l lumina ted  at  - 5  °, and  
da rk  a d a p t e d  for 5 rain a t - - 5  °. The curves are monophas ic  at  all exc i ta t ion  intensi t ies ,  
bu t  a t  the  lower in tensi t ies  ( I  0 × 0.3 and I 0 × o.I) ,  the  Foo levels are cons iderably  
below ei ther  the  Fredueed value or the  s t eady- s t a t e  level of fluorescence in the  presence 
of DCMU. A t  the  lower exc i ta t ion  intensi t ies ,  the  re -ox ida t ion  of Q-  is a p p a r e n t l y  
compet i t ive  wi th  i ts l ight induced reduct ion.  In  the  presence of DCMU, the  r ise- t ime 
a t  an exci ta t ion  in t ens i ty  of 20 ergs. cm -2. sec -1 is faster  t han  the control  chloroplasts  
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exci ted  at  200 erg. cm -2. sec ~. This suggests t ha t  there  is an electron carrier  E be tween 
the  react ion centre chlorophyl l  of Pho tosys t em I I  and  Q, in a concent ra t ion  lower t han  
t ha t  of Q. (cf. ref. 5)- 

10 ~ -  . . . .  = . . . . . . . . . . . . . . . .  100 
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Fig.  6. F l u o r e s c e n c e  k ine t i c s  of  s p i n a c h  c h l o r o p l a s t s  a t  5 °. T h e  sol id l ines  w e r e  o b t a i n e d  w i t h o u t  
a d d i t i o n s  a n d  w i t h  e x c i t a t i o n  i n t e n s i t i e s  a t  65 ° n m  of l 0 × i,  I 0 × o. 3 a n d  I o × o . i  w h e r e  I 0 
2oo e r g . c m  ~-sec--1; - - - - ,  w i t h  i - i o  4 D C M U  or  d i t h i o n i t e ,  e x c i t a t i o n  i n t e n s i t y  1. × i ;  
. . . . . .  , w i t h  I • to  ~ D C M U  a n d  a n  e x c i t a t i o n  i n t e n s i t y  of I o × o . i .  E m i s s i o n  a t  683 n m .  

Fig.  7. T i m e  cou r se  for  t he  r e - o x i d a t i o n  of Q ff P a t  5 '~ b y  7 I o - n m  l igh t  of i n t e n s i t y  200 e r g .  
cm-" - ,  sec -1. C h l o r o p l a s t s  w e r e  p r e - i l l m n i n a t e d  w i t h  6 5 o - n m  l igh t  a t  - - 5  °, e x p o s e d  to 71 o- ran  l igh t  
for  t h e  de s i r ed  pe r iod ,  a n d  t h e n  e x c i t e d  w i t h  6 5 o - n m  l igh t  a n d  t h e  f luo rescence  rise c u r v e  d e t e r m -  
ined  a t  683 ran .  T h e  p e r c e n t a g e  o x i d a t i o n  of P + Q -  w a s  d e t e r m i n e d  f r o m  th e  a r e a  a b o v e  t h e  
r ise c u r v e ,  

Effect o f far-red light 
Chloroplasts  were p re i l lumina ted  with 650 nm light for 2 rain at  - 5  ° and then  

with far-red l ight  (71o nm) for 5 rain at  - 5  °. A second i l lumina t ion  at  650 nm at - 5  ° 
gave a r ise-curve t ha t  followed curve b in Fig. 5. Longer  periods in the  far-red l ight  
gave the same result .  I t  appears ,  therefore,  t ha t  in far-red l ight a t  - 5  ° under  aerobic 
condit ions,  both  P -  and  Q -  are re-oxidised,  whereas in the  da rk  following i l luminat ion  
with 65o-nm light  at  --5 °, Q-  is re-oxidised.  The t ime-course for the  re -ox ida t ion  of 
P + Q- in 71o nm light a t  - 5  ° is shown in Fig. 7. Chloroplasts  were p re i l lumina ted  
with 65o-nm light a t  - 5 ° ,  exposed to 7 Io -nm light for the  desired period,  and  then  
exposed to 65o-nm light  and the  fluorescence r ise-curve de te rmined .  The area  above 
the  curve was de te rmined  as a measure  of t i le amoun t s  of P + Q, which were in the  
oxidised s ta te  af ter  the  far-red i l luminat ion  ~,9. The ha l f  t ime for the  re -oxida t ion  in 
7 Io -nm light of in tens i ty  200 ergs. cm -2. sec -1 was about  I rain. 

An act ion spec t rum for the  far-red res tora t ion  was ob ta ined  by  exposing chloro- 
plasts  (pre i l luminated with  65o-nm light) for 2 min at  --5 ° wi th  monochromat ic  l ight  
of cons tan t  i n t ens i ty  and of various wavelengths  between 69o and 74 ° n m ,  (Fig. 8). 
The act ion spec t rum shows a m a x i m u m  at 707 rim. This agrees wi th  earl ier  fluores- 
cence s tudies  at  room t empera tu r e  which showed tha t  the  res tora t ion  of i l lumina ted  
ch loroplas t s  was accelerated best  b y  7o5-nm light 16. The act ion spec t rum is considered 
to represent  the  difference between Pho tosys t em I and  Pho tosys t em II .  
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During measurements of the response to far-red light it was observed that long 
exposure to far-red light caused a decrease in the Foo level in subsequent exposures to 
65o-nm light. A comparison was made, therefore, between the following treatments at 
20 ° on the Foo levels of chloroplasts: (a) chloroplasts maintained in the dark at 2o °, 
with an occasional half min excitation at 650 nm at an incident intensity of 2000 ergs. 
cm -2. sec -1 to measure Foo, (b) chloroplasts exposed continuously to 65o-nm light of 
2000 ergs.cm -2.see 1, Foo being recorded continuously, (c) chloroplasts exposed to 
7Io-nmlight  of 2000 ergs-cm-2"sec t, with an occasional excitation at 65o-nm for 
3o-sec periods to measure Foo, (d) chloroplasts made essentially anaerobic by bubbling 
with nitrogen gas for 5 rain, sealing, and treating as in (c). The time-course of Foo levels 
are plotted in Fig. 9. With chloroplasts maintained in dark, the Foo level remained 
essentially constant over a period of I h. Exposure to continuous 65o-nm light caused 
some loss in the Foo level, but the deterioration in the red light was small compared to 
the effect in far-red light. After a period of I h in far-red light, the F ~  level of chloro- 
plasts was only slightly above the F 0 value. Anaerobic conditions largely prevented 
this loss of fluorescence kinetics in continuous far-red light. 

In most of our experiments on the far-red response at --5 °, the intensity was 
200 ergs. cm 2. sec-] and exposure times of 5 rain were sufficient to reoxidize Q- and 
P-. No significant deterioration of the chloroplasts would be expected under these 
conditions. 
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Fig.  S. A c t i o n  s p e c t r u m  for the  r e - o x i d a t i o n  of  Q -  + P -  a t  - 5  ° b y  far-red l ight .  B a n d w i d t h  of 
far-red l ight  ± 1.5 n m ;  i n t e n s i t y  20o e r g . c m  2 . s e c - i .  C o n d i t i o n s  as for Fig.  7. 

Fig.  9. T i m e  course  of  s t e a d y  s t a t e  l eve l s  of  f luorescence  of s p i n a c h  ch lorop las t s  at  2o ° . E x c i t a t i o n  
a t  650 n m  of i n t e n s i t y  I 0 × IO w h e r e  I 0 = 200 e r g . c m - 2 . s e c  -1. [] • • • [ ] ,  c h l o r o p l a s t s  m a i n t a i n e d  
a e r o b i c a l l y  in t h e  dark ,  e x c e p t  for o c c a s i o n a l  3 ° sec e x p o s u r e  at  650 n m  to d e t e r m i n e  Foc ; O - ' - O ,  
e x p o s e d  c o n t i n u o u s l y  to  6 5 o - n m  l ight  of  i n t e n s i t y  10 x i o ;  O - - - O ,  e x p o s e d  c o n t i n u o u s l y  to  
71 o-rim l ight  of i n t e n s i t y  2ooo  erg.  c m  -2.  sec -1 e x c e p t  for o c c a s i o n a l  e x c i t a t i o n  at  65o n m  to  de term-  
i n e  Fcc ; A - -ZX,  e x p o s e d  c o n t i n u o u s l y  to  7 i o - n m  l ight  u n d e r  a n a e r o b i c  c o n d i t i o n s  w i t h  o c c a s i o n a l  
e x c i t a t i o n  at  650 nm.  E m i s s i o n  at  683 rim. 
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F l u o r e s c e ~ c e  p r o p e r t i e s  at - - 5  ° to - 6 o  ° 

As the t e m p e r a t u r e  was lowered below - I O  °, the  area  above the fluorescence 
rise curve d iminished  and a t - 3 0  °, the  rise curve was monophasie .  These observa t ions  
suggest t ha t  e lect ron flow from Q to P is i nh ib i t ed  at  - 3  o°. 

Exper imen t s  descr ibed earl ier  ind ica ted  t h a t  Q is reoxidized in the  dark  at  - 5 ° 
wi th in  a per iod of 5 rain. As the  t empe ra tu r e  was lowered fur ther  the  r eox ida t ion  of 
Q -  was found to occur down to - 2 5  °, bu t  below tha t  t e m p e r a t u r e  the  re -oxida t ion  
was g radua l ly  inhibi ted ,  and  at  - 3 5  ° i t  d id  not  occur. A second exci ta t ion  of chloro- 
plasts  a t  --35 ° gave an immedia t e  rise in the  fluorescence to the  Fredueed level. 

The far-red response in which P -  is re-oxidised at  - 5  ° by  exposing chloroplas ts  
to 7 Io -nm light for 5 rain decl ined g radua l ly  as the  t empera tu re  was lowered. Chloro- 
plasts  were cooled at  - 5  °, and  exci ted  with 65o-nm light to reduce Q and P. The tem- 
pera tu re  was then  lowered to the  desired level (e.g. - 4  o°, - 3  o°, - 2 o  °, - IO °) and  t i le  
chloroplasts  i l lumina ted  with 7 Io -nm light for 5 min. The chloroplasts  were then 
warmed  t o - - 5  ° in the  dark,  and  a fluorescence rise curve de te rmined  by  exci ta t ion  
with 65o-nm light.  If the  chloroplasts  had  been i l lumina ted  at  - IO ° with 7 Io -nm light,  
the  subsequent  rise curve was biphasic,  bu t  if the  far-red t r e a t m e n t  had been given at  
--3 o° or lower t empera tu re  the  rise curve was monophasic .  We in te rpre t  these resul ts  
as ind ica t ing  tha t  the  re -oxida t ion  of P by  far-red l ight  is inh ib i ted  at  - 3  o°. 
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Fig .  i o .  F l u o r e s c e n c e  k i n e t i c s  of  s p i n a c h  c h l o r o p l a s t s  a t  l o w  t e m p e r a t u r e .  C h l o r o p l a s t s  w e r e  d a r k -  
a d a p t e d  f o r  5 r a i n  a t  20 ° b e f o r e  c o o l i n g .  S u s p e n s i o n  m e d i u m  0 .05  M p h o s p h a t e  b u f f e r  p H  7.2 a n d  
63 % g l y c e r o l .  F l u o r e s c e n c e  e m i s s i o n  a t  683  n m ;  e x c i t a t i o n  a t  650  n m  w i t h  i n t e n s i t y  200  e r g . c m  -2 .  
sec -1 .  , - - 6 0 ° ;  . . . . . . .  , - - 1 2 o ° ;  , 155° ;  , 196 ° . I n s e r t  s h o w s  log  p l o t s  o f  
( F  oo-Ft) / ( F  oo-Fo) a g a i n s t  t i m e ,  w h e r e  F t  is t i le  f l u o r e s c e n c e  leve l  a t  t i m e  t ; . . . .  , - -  60  ° ; 

- -  196°  . 
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F l u o r e s c e n c e  k i n e t i c s  at  - - 6 o  ° to - r 9  6°  

The fluorescence kinet ics  of spinach chloroplasts  de te rmined  at  - 6 0  ° , - 1 2 o  ° , 
- 1 5 5  ° and  - 1 9 6 0  are shown in Fig. IO. Da rk  re -ox ida t ion  of Q -  was comple te ly  in- 
h ib i ted  at  these t empera tures ,  and  subsequent  exci ta t ions  gave an immed ia t e  rise in 
the  fluorescence to the  F , ~  level. As the  t empe ra tu r e  is lowered, there  is a decline in 
the  in i t ia l  slope of the  fluorescence curve and an increase in the  area  bounded  by  ti le 
curve,  the  ord ina te  and the Foo level (Fig. IO and  Table II) .  In  the  insert  in Fig. IO, 
the  curves have been r e p l o t t e d  on a log scale. A l inear  re la t ionship  is ob ta ined  in- 
d ica t ing  t ha t  the  curves in Fig. IO are exponent ia l .  This suggests t ha t  the  slower rise 
in fluorescence as the  t empera tu re  is lowered is due to a fall ing p robab i l i t y  for the  
t ransfe r  of an electron from the  exci ted  chlorophyl l  molecule of the  reac t ion  centre  of 
Pho tosys t em [I  (chlorophyll  a2* ) to Q. Rela t ive  q u a n t u m  efficiencies for the  reduct ion  
of Q are shown in Table  If .  The q u a n t u m  efficiency for the  reduct ion  of Q at  room 
t e m p e r a t u r e  or - 5  ° is t aken  as 0.97, the  loss, 0.03 being due to the  p robab i l i t y  of 
fluorescence emission or in te rna l  loss wi th in  chlorophyl l  a2* , wi th  Q in the  oxidized 
s ta te .  The q u a n t u m  efficiency for the  reduct ion  of Q at  - 196° is 4.4 t imes  less t h a n  at  

- 5  °" 

TABLE II 

E F F E C T  O F  T E M P E R A T U R E  O N  dF/dt ~ (Foo-F) dt 

Conditions as for Fig. io. ~ is the relative quantum efficiency for the reduction of Q 

Temperature 

- -5  ° - -6o o _ s 2 o  o - - r55  ° - - r96°  

d F / d t  1.o 0.77 0.40 0.28 o.z2 

S (Foo-F)dt i.o 1. 3 2.2 3.4 4.4 
dF 
d-~ × S ( F ~ - F ) d t  i.o i.o 0.88 0.95 0.97 

0.97 0.75 0.44 0.29 0.22 

DISCUSSION 

At  room t e m p e r a t u r e  in the  dark ,  E, Q and  P are oxidised and  c y t o c h r o m e /  
a n d  P-7oo are ma in ly  reduced (Fig. I).  L igh t  absorbed  b y  Pho tosys t em I I  (650 nm) 
causes a reduc t ion  of E, Q and P b y  electron flow from water ,  and  the  fluorescence 
y ie ld  of the  chloroplasts  increases.  Light  absorbed  b y  P h o t o s y s t e m  I (71o nm) causes 
a reduc t ion  of Z and  an oxida t ion  of the  electron carr iers  between the  photoacts .  This  
resul ts  in a decline in the  fluorescence yield.  In  a da rk  per iod following i l lumina t ion  
wi th  Pho tosys t em I I  l ight,  E - ,  Q -  and  P -  are re-oxidised  p r e suma b ly  b y  molecular  
oxygen  (Mehler reaction) since the  decline in fluorescence yield is inh ib i ted  under  
anaerob ic  condit ions.  The effect of far-red l ight  in depressing the  fluorescence yield is 
also dependen t  on the  presence of oxygen.  

The difference in the  t e m p e r a t u r e  coefficients of the  da rk  ox ida t ion  of P -  and  
its ox ida t ion  in far-red l ight  suggests t ha t  oxygen in te rac ts  wi th  the  electron t rans-  
p o r t  chain at  more t han  one si te (Fig. I).  To expla in  the  da rk  ox ida t ion  of P- ,  we 
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propose that oxygen interacts with a component of the electron transport chain at 
Site 2 situated between P and Photosystem I. 

Light absorbed by Photosystem I will drive the reduction of Z and the oxidation 
of P-7oo. Turnover of oxidised P-7oo and the re-oxidation of the electron carriers 
between the photosystems will depend on the re-oxidation of Z-. It  seems likely that 
oxygen can act as the ultimate electron acceptor for Photosystem I (at Site I), and 
interaction of oxygen at this site would then explain the re-oxidation of P-  in far-red 
light. 

I t  appears that we must postulate a further site of interaction with oxygen 
(Site 3) to account for the re-oxidation of Q- in the dark, which is not inhibited until 
the temperature falls to --35 ° . 

The oxidation of Q in the dark, and P in far-red light have relatively low tem- 
perature coefficients, which suggest that the rate of these oxidations may be limited by 
a diffusion-controlled reaction. Diffusion of oxygen itself may be the rate-limiting step 
in the re-oxidation of Q- in the dark and P-  in far-red light. On the other hand, in the 
dark re-oxidation of P , which has a higher temperature coefficient, the rate limiting 
step may be enzyme-catalysed. 

As shown previously by MURATA et alY and by MALKIN AND KOK 2, the area 
bounded by the fluorescence curve, the ordinate and the/ ;oc level may be used to 
calculate the size of the pools of Q and P. MALKIN AND KOK 2 measured the quantum 
requirement for the reduction of Q and P at room temperature by green light as 2 
quanta/equiv. Since green light is absorbed equally well by Photosystems I and II, 
their measurements indicate a quantum efficiency of unity for the reduction of Q and 
P by light absorbed by Photosystem II. 

The fluorescence curves obtained at - 5  ° may be used to calculate the pool sizes 
of both P and Q, after making a small correction for the E pool. We calculated the size 
of the Q pool, relative to the chlorophyll content_of chloroplasts, from the area above 
the monoexponential fluorescence curve measured at - 5  ° at the second excitation 
(Curve d, Fig. 5) and the number of quanta absorbed by the sample. Assuming a 
quantum efficiency of 0. 5 for the reduction of Q by 65o-nm light absorbed by chloro- 
plasts at - 5  °, we obtained a chlorophyll/Q ratio of 14o or one equivalent of Q for 
every 7 ° moles of Photosystem II. The size of the pool of P + Q was calculated from 
the area above the biphasic curve, obtained at the first excitation of dark-adapted 
chloroplasts at --5 ° (Curve b, Fig. 5). A value of 20 was found for the chlorophyll/ 
P + Q ratio; this gives a P -+- Q/Q ratio of 7, a P/Q ratio of 6. As mentioned earlier, 
the pool of E which is needed to account for the rapid rise of fluorescence in the pre- 
sence of DCMU is small, compared with the pool of Q. 

From fluorescence measurements at room temperature, 3/IALKIN AND KOK ~ and 
MALKIN a obtained a P + Q pool of I equiv./35 moles chlorophyll. Because of the 
monoexponential nature of the fluorescence induction curve at -196o and the fact 
that the area above the curve was about half that  obtained at room temperature, 
MALKIN AND KOK 2 assumed that the pool of Q was about one-half that  of the P + Q 
pool. However, from the present studies it is concluded that the quantum efficiency 
for the reduction of Q decreases as the temperature is lowered, and at -196o it is 4.4 
times lower than at - 5  °. This would mean that MALKIN AND KOK 2 overestimated the 
size of the Q pool by a factor of 4.4. 

KOK et al. 1~ studied the reduction of 2,6-dichlorophenolindophenol in both 

Biochim. ]3iophys. Acta, 234 (i97 I) i i 3 - i 2 5  



FLUORESCENCE KINETICS OF SPINACH CHLOROPLASTS 125 

s p i n a c h  c h l o r o p l a s t s  a n d  Scenedesmus p a r t i c l e s  a f t e r  b r i e f  a n d  l o n g  f lashes .  T h e y  

i n t e r p r e t e d  t h e i r  r e s u l t s  in  t e r m s  of a s m a l l  pool  of one  p e r  125o c h l o r o p h y l l s  a n d  a 

l a r g e r  poo l  of one  p e r  7 ° ch lo rophy l l s .  FORBUSH AND KOK s c o n c l u d e d  t h a t  t h e  l a r g e r  

poo l  was  h e t e r o g e n e o u s ,  o n e - t h i r d  of i t  r e a c t i n g  m o r e  r a p i d l y  w i t h  t h e  r e d u c e d  s m a l l  

pool .  
KOK et al. 17 a n d  MALKIN TM h a v e  d i s c u s s e d  t h e  p o s s i b i l i t y  t h a t  E is on  t h e  oxi-  

d i s i n g  s ide  of P h o t o s y s t e m  I I ,  w i t h  D C M U  i n h i b i t i n g  e l e c t r o n  flow b e t w e e n  w a t e r  a n d  

E.  A l t h o u g h  we h a v e  p l a c e d  E o n  t h e  r e d u c i n g  s ide  of P h o t o s y s t e m  I I ,  t h e  f luo rescence  

r e s u l t s  r e p o r t e d  in  t h i s  p a p e r  do  n o t  e x c l u d e  E b e i n g  o n  t h e  o x i d i s i n g  side.  
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