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Summary 

The reduction of  P-700 by its electron donors shows two fast phases with 
half-times of  20 and 200 ps in isolated spinach chloroplasts. We have studied 
this electron transfer and the oxidation kinetics of  cy tochrome f. 

Incubation of  chloroplasts with KCN or HgC12 decreased the amplitude of  
the 20 ps phase. This provides evidence for a function of  plastocyanin as the 
immediate electron donor  of  P-700. 

At low concentrations of  salt and sugar the fast phases of  P-700 ÷ reduction 
were largely inhibited. Increasing concentrations of  MgC12, KC1 and sorbitol (up 
to 5, 150 and 200 mM, respectively) were found to increase the relative ampli- 
tudes of  the fast phases to about  one-third of  the to ta l / ) -700 signal. Addition 
of  both  3 mM MgC12 and 200 mM sorbitol increased the relative amplitude of  
the 20 /~s phase to 70%. The interaction between P-700 and plastocyanin is 
concluded to  be favoured by  a low internal volume of  the thylakoids and com- 
pensation of  surface charges of  the membrane. 

The half-time of  20 #s was no t  changed when the amplitude of  this phase 
was altered either by  salt and sorbitol, or by  inhibition of  plastocyanin. This is 
evidence for the existence of  a complex between plastocyanin and P-700 with a 

lifetime long compared to the measuring time. The 200 /~s phase exhibited 
changes in its haif-time that  indicated the participation of  a more mobile pool  
of  plastocyanin. 

Cytochrome f was oxidized with a biphasic time course with half-times of  
70--130 ~s and 440--860 ~s at different salt and sorbitol concentrations. The 
half-time of  the faster phase and a short lag of  30--50 #s in the beginning of  
the kinetics indicate an oxidation of  cytochrome f via the 20 ps electron trans- 

Abbreviztion: DCMU, 3-(3t,41-dichlorophenyl)-l,l-dimethylurea. 
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fer to P-700. An inhibition of this oxidation by MgC12 suggests that the elec- 
tron transfer from cytochrome f to complexed plastocyanin is not controlled 
by negative charges in contrast to that from plastocyanin to P-700. 

Introduction 

The photosynthetic electron transport sequence between plastoquinone and 
P-700, the reaction center chlorophyll of Photosystem I [1], involves plasto- 
cyanin and cytochrome f [2]. Although this part of the electron transport 
chain was the subject of many investigations, only a few electron transfer steps 
have been characterized in situ, and little is known about the interaction 
between these electron carriers in the membrane. Some of these reactions can 
be investigated by monitoring the fast reduction of P-700* by its immediate 
electron donors [ 3 ]. 

After an ultra short flash (~<1 #s), P-700 ÷ is reduced in three phases. The 
half-times of the phases are 10--20/~s, 200/~s and about 10 ms in spinach chlo- 
roplasts [3--7]. The two rapid phases are also observed in blue-green algae [8] 
and in Chlorella pyrenoidosa [9,10]. The slow phase is due to a reduction of 
P-700 ÷ via the rate-limiting step of linear electron transport by electrons from 
Photosystems II [11]. The phase with 200 #s half-time coincides with the oxi- 
dation kinetics of plastocyanin, and should therefore originate from a reduc- 
tion of P-700 ÷ by plastocyanin [12,13]. The electron transfer with the 20 /~s 
half-time has not yet been attributed to a known electron donor of P-700. 

Bouges-Bocquet and Delosme proposed that a previously unknown electron 
donor functions between plastocyanin and P-700 and may be associated with 
subunit III of Photosystem I reaction center [10]. This subunit III has been 
demonstrated by Bengis and Nelson to be necessary for the electron transfer 
from plastocyanin to P-700 [14]. Recently we confirmed the latter result, 
but at the same time we were able to exclude the presence of an electron 
carrier in this subunit [15]. This again raises the question about the nature of 
the immediate electron donor of P-700. 

Another problem concerns the function of this immediate electron donor in 
the reaction sequence of the electron transport chain. The relative contribu- 
tions of 40-45 ,  30-35  and about 25% of the 20/~s, 200/~s and the slow phase 
of P-700 ÷ reduction [4,6], respectively, are not easily explained by either a 
linear or a parallel arrangement of the two electron donors of P-700 [3,9]. An 
alternative could be the connection of some P-700 molecules to the 20 #s and 
of others to the 200/~s donor [9]. 

The time course of the electron transfer reactions depends not only on the 
reaction sequence but also on the cooperation between the photosystems [16]. 
Instead of an analysis by two exponential phases [3,6] the kinetics of the fast 
P-700 ÷ reduction have been interpreted to follow a second-order time course 
[17,9]. A second-order time course is evidence for a fast cooperation between 
reaction centers of Photosystem I during the electron transfer. On the other 
hand, the independent functioning of Photosystem I reaction centers was 
indicated by the biphasic reduction of P-700 ÷ after a long flash at partial inhibi- 
tion of plastocyanin with KCN [18]. It was concluded that a part of plasto- 
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cyanin was tightly associated with P-700, and another part  formed a pool  com- 
mon to several reaction centers of  Photosystem I. Evidence for such a pool  
inside the thylakoids with a variable concentrat ion of  plastocyanin was derived 
from the increase of  electron transport  rates at increasing osmolarity of  the 
solution [ 19,20].  

To approach the complex situation between P-700 and its immediate elec- 
t ron donors we have measured the fast reduction kinetics of  P-700 ÷, as well as 
the oxidation kinetics of  cy tochrome f. We provide evidence for the function 
of  complexed plastocyanin as the yet  unidentified electron donor  of  P-700. 
The influence of  salt and sorbitol indicates the formation of  this complex at a 
high concentrat ion of  plastocyanin inside the thylakoids, when the negative 
charges of  plastocyanin and the membrane are compensated by cations. The 
interaction between cy tochrome f and plastocyanin shows more hydrophobic  
character. 

Materials and Methods 

Class II chloroplasts [21] and osmotically-shocked chloroplasts [22] Were 
isolated from spinach leaves and freshly used. Incubation of  chloroplasts with 
KCN and HgC12 was carried out  as described in Refs. 23 and 24, respectively. 
Treatment  of  chloroplasts with hydroxylamine was essentially as described 
[25],  at a concentration of  10 mM NH2OH plus 1 mM disodium ethylene- 
diamine-tetraacetate (adjusted to pH 7.5 immediately before use) for 10 rain 
at room temperature.  The reaction mixture usually contained chloroplasts at 
a chlorophyll  concentrat ion of  15 ~zM, 20 mM N-tr is(hydroxymethyl)methyl-  
glycine (Tricine)-NaOH buffer, pH 7.6, 0.1 mM diaminodurene, 1 mM sodium 
ascorbate, and 0.5 mM 9,10-anthraquinone-2-sulfonate as electron acceptor,  
unless different concentrations are indicated in the legends. The temperature of  
the reaction mixture was 21--23°C. 

Absorbance changes were measured with a single beam flash photometer  
[26] of  high time resolution. The monitoring light, obtained from a 150 W 
tungsten halide lamp and either a narrow-band interference filter (Fa. Anders) 
or a grating monochromator  (Bausch & Lomb),  had a spectral half-width of  
2.2--3 nm. 

The measurements of  P-700 at 703 nm were carried out  at an intensity of  
the monitoring light of  0.8 W • m -2. A distance of  50 cm between the 1 × 1 cm 
cuvette and the silicon photocell  (EG & G, type  SGD 444),  a narrow-band 
interference filter (703 nm, Ak = 2.2 rim) in front  of  the photocell  and sub- 
traction wi thout  monitoring light [26] were used to minimize disturbance of  
the P-700 signals by  flash-induced fluorescence. The signals induced by repeti- 
tive blue (Schott-filter BG 23 (6 ram) and KG2 (2 ram)) xenon flashes (Nova- 
tron 725, Xenon corporation) were digitized with a transient recorder (Bioma- 
tion, type  805) and averaged in a signal processor TN 1500 from Tracor. The 
electrical bandwidth of  the set-up was limited by  the dwell t ime of  1 ~zs per 
address. During the measurement  of  cy tochrome f the intensity of  the monitor- 
ing light was less than 0.25 W • m -2. A polished aluminium light pipe was used 
to guide most  of  the scattered light to the photomultiplier  EMI 9658B. The 
exciting flashes were passed through filters Calflex C from Balzers and RG 610 
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(3 mm) from Schott .  The difference of  absorbance changes was obtained by 
subfraction in the signal processor, after storage of  the two signals in different 
memory  allocations. 

To minimize the effect  of  time jit ter in the xenon flash the recording proce- 
dure was triggered by  a photodiode  which moni tored the flash. The transient 
recorder was used in the pre-trigger recording mode which permit ted recording 
of  the signal before the flash. In experiments using the dual time-base of  the 
transient recorder, the trigger of  the flash was delayed by a pulse generator 
(Systron-Donner).  

Flashes with a significant tail in the range of  the 20 ps half-time of P-700 
reduction induce double hits on P-700 [9]. Therefore, we moni tored the time 
distribution of  the actinic light during our flash with the silicon photocell  and 
the transient recorder described above, at a dwell t ime of  200 ns per address 
and an electronic bandwidth of  0.1 Hz--1 MHz. The duration of  the flash was 
2.0 ~s, full width at half maximum intensity. The integrated light energy was 
50, 90 and 99.9% of  the total  energy after 2.0, 6.2 and 16 ps, respectively. 

Results 

Fig. 1 shows the absorbance changes of  P-700 at 703 nm induced by a short 
flash. The reduction kinetics of  P-700, following its oxidation in the flash can 
be decomposed into two fast decaying phases with respective half-times of  
about  20 and 140 ~s (Fig. 2) and an additional slow phase, with relative 
weights of  67, 30 and 3%, respectively. 

From one batch of  chloroplasts to another,  the half-times varied between 17 
and 23 ps (average 20 #s with a standard deviation of  +3 #s for 40 measure- 
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Fig. 1. A b s o r b a n c e  change  o f  P-700  a t  703  n m  in ch lorop las t s  i n d u c e d  b y  a short  flash as a f u n c t i o n  o f  
t i m e .  T he  s t a n d a r d  r e a c t i o n  m i x t u r e  c o n t a i n e d  h y p o t o n i c a l l y  b r o k e n  ch loroplas t s  [ 2 2 ]  and in a d d i t i o n  
20 m M  KC1, 3 m M  MgC12 , 200  m M  sorbi to l ,  1.5 #M gramic id in  D and  0 .2  m M  r e d u c e d  2 ,6-dichloro-  
p h e n o l i n d o p h e n o l  as e l e c t r o n  d o n o r ,  ins tead  of  d i aminod t t r ene .  2 0 0 0  signals w e r e  averaged at  1 #s per 
address  w i t h  a r e p e t i t i o n  ra te  of  4 Hz .  T h e  sample  was  c han g ed  a f t e r  1000  signals. Th e  dashed  line indi- 
ca tes  the  t i m e  c o u r s e  o f  th e  s l o w  pha~e e x t r a p o l a t e d  f r o m  the  signal m o n i t o r e d  over  m o r e  than  1800/~s .  
The  origin o f  the  t i m e  scale is a t  6 p~ a f t e r  igni t ion  o f  the  flash. S o m e  f lash- induced f luorescence  dis- 
tuzbed  t he  e l e c t r o n i c  set -up fo r  a b o u t  18/~s. 
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Fig. 2.  Semi - loga r i thmic  p lo t  of  the  fast  phases  o f  the  P-700  ÷ r educ t i on .  The c lo sed  po in t s  are  t a k e n  
f r o m  t he  a m p l i t u d e s  b e t w e e n  the  th in  line t h r o u g h  the  signal a n d  the  dashed  line in Fig. 1. 

merits) and between 140 and 230/~s, respectively. We will refer to these phases 
as the 20 /~s phase and the 200 /~s phase. The 200 #s phase always exhibited 
exponential decay, which allowed an unambiguous separation of the 20 #s 
phase by a semi-logarithmic plot (Fig. 2). The separated 20-#s component 
showed sometimes a slight deviation from an exponential decay. To keep the 
immediate electron donors of P-700 reduced at a relatively high intensity of the 
oxidizing monitoring light [3,4] the reaction mixture usually contained either 
reduced 2,6~iichlorophenolindophenol or diaminodurene. We altered the con- 
centration of these electron donors and found no effect on the fast reduction 
kinetics of P-700 ÷, in agreement with previous results [ 5]. 

In looking for conditions which affect the interaction between P-700 and its 
immediate electron donors we accounted for the following effects by variation 
of the concentration of salt and sorbitol. (1) Ionic strength, which affects, in 
particular, the reaction rate between ions in solution (cf. Ref. 27). (2) Compen- 
sation of negative surface charges of a membrane by cations (for a review see 
Ref. 28). (3) Decrease of the osmotic space inside the thylakoid vesicles by 
increasing osmolarity of the solution [29,30]. 

In the presence of buffer alone the 20/~s as well as the 200/~s phase showed 
relative weights of only 10 and 16% of the total signal, respectively (Table I). 
To this solution MgC12, KC1 and sorbitol were added at concentrations increas- 
ing from 0.5 to 5 raM, 7.5 to 150 mM and 15 to 300 raM, respectively. For the 
sake of clarity only the results at concentrations sufficient for maximal ampli- 
tudes of the fast phases are shown in Table I. Each of the three reagents 
increased the 20 ~s phase to one-third of the total amplitude. The same holds 
for the 200 ~s phase, except that addition of 150 mM KC1 stimulated an even 
larger amplitude. The increases of the fast phases either by a high concentra- 
tion of 200 mM sorbitol or by only 5 mM MgC12 doubtless originate from dif- 
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T A B L E  I 

E F F E C T  O F  IONS A N D  O S M O L A R I T Y  ON T H E  R E D U C T I O N  OF P-700  + BY ITS I M M E D I A T E  E L E C  
T R O N  D O N O R S  

The  s t a n d a r d  r e a c t i o n  m i x t u r e  c o n t a i n e d  ch lo rop las t s  a t  a ch lo ro p h y l l  c o n c e n t r a t i o n  of  27 .5  ~M. Furthe:  
add i t i ons  are  i nd ica t ed .  M e a s u r e m e n t  a nd  eva lua t ion  of  the  signals as in  Figs. 1 an d  2. Th e  to t a l  a m p l i t u d e  
of  the  a b s o r b a n c e  change  at  703 n m  of  --AI/I  = ---9.5 • 10 -3  was  n o t  ch an g ed  b y  the  addi t ions ,  w i th in  an  
e r ro r  of  10 per  cent .  

Addi t i ons  ' 20 /~s '  phase  ' 200 /~s '  phase  ' S l o w '  
phase  

Hal f - t ime  Relat ive  Hal f - t ime Rela t ive  Relat ive  
(~s) a m p l i t u d e  (#s) a m p l i t u d e  a m p l i t u d e  

(per  cen t )  (per  cen t )  (per  cen t )  

- -  20 10 2 1 0  16 74 

5 m M  MgCI 2 22 32 210  28 40 
150  m M  KC1 27 34 200  42 24 
200  m M  sorb i to l  18 35  210  32 33 

2 m M  MgC12, 20  m M  KC1, 
200  m M  sorb i to l  18 53 1 8 0  35 12 
3 m M  MgCI2, 20  m M  KC1, 
200  m M  sorb i to l  20  67 140  30  3 

ferent effects on the interaction between P-700 and its immediate electron 
donors.  

Therefore, we investigated the P-700 ÷ reduction at increasing MgCI2 concen- 
trations in the presence of  200 mM sorbitol. As shown in Table I this caused 
a remarkable increase of  the amplitude of  the 20 #s phase. In the presence of  
3 mM MgC12 and 200 mM sorbitol (cf. Fig. 1) the 20 #s phase showed the 
maximum amplitude, be tween 62 and 73% of the total, in different batches of  
chloroplasts. The larger percentages were observed with freshly prepared 
chloroplasts. The half-time of  this phase was no t  affected by any of  the addi- 
tions. The 200 ps phase showed minor effects on its amplitude bu t  a notice- 
able decrease of  the half-time from 210 to 140 ~s. 

To s tudy the effect  of  inactivation of  plastocyanin on the fast reduction 
kinetics of  P-700 ÷ we incubated chloroplasts with KCN, as well as with HgC12. 
Fig. 3A shows that  the amplitude of  the 20 ps phase decreases at increasing 
t ime of KCN incubation. The time course of  this decrease is very similar to 
that  of  the inhibition of  linear electron transport  [31].  The fact that  the total  
amplitude is constant  indicates that  P-700 is intact even after prolonged KCN 
incubation. 

Equivalent results were observed after incubation with increasing amounts  of  
HgC12, as shown in Fig. 3B. The amplitude of  the 20 ps phase was found to 
decrease at increasing molar ratios of  HgC12 to chlorophyll  from 0.1 to 0.3. 
This range corresponds to  that  of  inhibition of  electron transport  [24].  The 
slight decrease of  the total ampli tude indicates secondary effects of  HgC12 on 
Photosystem I at higher HgC12 concentrations. 

Fig. 4 shows that neither KCN incubation nor HgC12 t reatment  of  the chloro- 
plasts changed the half-time of  the 20 ps phase. The averages of  the values 
shown in Fig. 4A and B are 21.5 and 19 ps, respectively. 
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in  Re f .  2 3  ( c losed  s y m b o l s ) .  B0 e f f e c t  o f  t h e  HgCI  2 c o n c e n t r a t i o n  d u r i n g  i n c u b a t i o n .  M e a s u r i n g  c o n d i -  
t i o n s  a n d  e s t i m a t i o n  o f  t h e  a m p l i t u d e s  as  in  Figs .  1 a n d  2.  T h e  c h l o r o p l a s t s  u s e d  f o r  A a n d  B w e r e  iso- 
l a t e d  f r o m  d i f f e r e n t  b a t c h e s  o f  s p i n a c h  l e a v e s .  

The 200 ps phase showed a more complex effect o f  the inhibition. Both 
treatments caused only a slight decrease of  the amplitude of  this phase but a 
pronounced increase of  its half-time. For instance, a 20 min KCN incubation 
increased the half-time from 140 to 320 Vs. At the maximal inhibition used for 
Figs. 3 and 4 this phase was too  slow to be separated from the slow phase. 

The results above indicate that plastocyanin may be the unknown electron 
donor of  P-700.  However, in addition to the inhibition of  plastocyanin, KCN 
or HgC12 might be affecting subunit III or the accessibility of  the donor site of  
Photosystem I. To test this possibility we incubated digitonin particles [32]  for 
100 min with KCN, fol lowing the same procedure as used for chloroplasts 
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Fig .  4 .  E f f e c t  o f  K C N  o r  HgC12 t r e a t m e n t  o f  c h l o r o p l a s t s  o n  t h e  h a l f - t i m e  o f  t h e  2 0  /~s p h a s e  o f  P - 7 0 0  + 
r e d u c t i o n .  E s t i m a t i o n  o f  t h e  h a l f - t i m e s  a s  in  F ig .  2.  All  o t h e r  d e t a i l s  as  in  Fig .  3 .  
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[23].  The electron transfer from added plastocyanin to P-700* was measured as 
described in Ref. 15. We could not  detect  any effect  of  the incubation (experi- 
ments no t  shown). 

Both the 20 gs and the 200 ps phase were sensitive to disruption of  chloro- 
plasts by  passage through a Yeda press at a low pressure of  10 MPa or by digi- 
tonin treatment.  Incubation of  chloroplasts with only 0.1% digitonin for 5 min 
in the cuvette inhibited the fast reduction phases of  P-700 completely. 

Oxidation kinetics of cytochrome f in chloroplasts 
Superposition of  the absorbance changes of  cy tochrome f in the a-band 

region and C-550 [33,34] caused us to reinvestigate the oxidation kinetics of 
cy tochrome f. We used DCMU and either hydroxylamine treatment  of  the 
chloroplasts [25] or addition of  10 mM hydroxylamine to inhibit reversible 
reactions of  Photosystem II [35].  Fig. 5A shows the complete time course of  
the absorbance changes of  cy tochrome f induced by a short  flash in the 
presence of  the electron donor  diaminodurene. The first half-time of  the cyto- 
chrome f oxidation is 360 #s, as reported recently [15].  A more careful ana- 
lysis shown in Fig. 5B indicates a bi-exponential decay. An extrapolation of  the 
faster phase with a half-time of  about  100--150 ~s yields greater amplitudes 
than actually measured in Fig. 5A. This may indicate a lag in the beginning of  
the cy tochrome f oxidation. Variation of  the diaminodurene concentrat ion did 
no t  change the time course of  cy tochrome f oxidation, bu t  did change its slow 
re-reduction. The latter fol lowed pseudo-first-order kinetics and gave a second- 
order rate constant  (k = In 2[diaminodurene]/tl/2) of 7 • l 0  s M -t • s -1 for the 
electron transfer from diaminodurene to oxidized cy tochrome f. 
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Fig .  5 .  T i m e  c o u r s e  o f  t h e  a b s o r b a n c e  c h a n g e  o f  c y t o c h r o m e  f a f t e r  a s h o r t  f l a sh  m o n i t o r e d  as t he  d i f -  
f e r ence  o f  t h e  a b s o r b a n c e  c h a n g e s  a t  5 5 4 . 5  m i n u s  5 4 0 . 5  n m  in  h y d r o x y l a m i n e  i n c u b a t e d  [ 2 5 ]  c h l o r o -  
p las t s .  T h e  s t a n d a r d  r e a c t i o n  m i x t u r e  c o n t a i n e d  these  c h l o r o p l a s t s  a t  a c o n c e n t r a t i o n  o f  3 0  # M ,  2 0  m M  
KCI,  2 m M  MgCI 2 , 2 0  # M  D C M U ,  5 0  # M  d i a m i n o d t t r e n e ,  1 .5  #M g r a m i c i d i n  D a n d  3 0  #M a n t h r a q u i n o n e -  
2 - s u l f o n a t e .  5 0 0  s ignals  w e r e  a v e r a g e d  w i t h  a r e p e t i t i o n  r a t e  o f  2 H z  a t  e a c h  w a v e l e n g t h .  A ,  a t  t h e  t i m e  
m a r k e d  b y  t h e  d a s h e d  l i n e  t h e  d w e l l  t i m e  o f  t h e  t r a n s i e n t  r e c o r d e r  w a s  s w i t c h e d  f r o m  5 t o  2 0 0  ~s  p e r  

a d d r e s s .  T h e  r e o r e d u e t l o n  o f  c y t o e h r o m e  f s h o w e d  a n  e x p o n e n t i a l  d e c a y  w i t h  a h a l f - t i m e  o f  2 0  m s  as ind i -  
c a t e d .  D o w n w a r d  d e f l e c t i o n  i n d i c a t e s  o x i d a t i o n  o f  c y t o e h r o m e  f. B,  s e m i - l o g a r i t h m i c  p l o t  o f  t h e  re la t ive  
a m p l i t u d e s  ( A / m a  x - - ~ I t ) / ~ I m a  x o f  t h e  in i t i a l  t i m e  c o u r s e  s h o w n  in  A.  ~ / t ,  a m p l i t u d e  a t  t h e  t i m e  t 
a f t e r  t h e  f l ash ,  ~ I m a x ,  m a x i m a l  a m p l i t u d e  o b s e r v e d  a t  a b o u t  4 ms .  T h e  o x i d a t i o n  of  c y t o c h z o m e  f s h o w s  
a b l - e x p o n e n t i a l  d e c a y  w i t h  r e spec t ive  h a l f - t i m e s  o f  1 5 0  a n d  5 5 0  #s .  A b b r e v i a t i o n s :  C y t .  f0 r e d u c e d  

f o r m ,  a n d  C y t .  f+, o x i d i z e d  f o r m  o f  e y t o c h r o m e  f. 
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Fig.  6. D i f fe rence  b e t w e e n  a b s o r b a n c e  changes  as a f u n c t i o n  of  w a v e l e n g t h  an d  the  a b s o r b a n c e  change  a t  
540 .5  n m  4 m s  a f t e r  a shor t  flash. T h e  do t s  r e p r e s e n t  the  a m p l i t u d e s  of  the  signals. Th e  dashed  line t races  
the  ox id ized  m i n u s  r e d u c e d  d i f f e rence  s p e c t r u m  of  e y t o e h r o m e  f f r o m  pars ley  in v i t ro  (For t i ,  G.,  un-  
pub l i shed  da ta ) .  E x p e r i m e n t a l  cond i t i ons  a nd  abb rev ia t i ons  as in Fig. 5. 

Fig. 6 shows the difference spectrum of the absorbance changes in Fig. 5, 
4 ms after the flash. It shows excellent agreement with the in vitro difference 
spectrum of  oxidized-minus-reduced cytochrome f (measurement by G. Forti) 
and with that of  Ref. 36. Above 560 nm a faster rise compared to that in 
Fig. 5 indicates a small contribution of  other absorbance changes. To estimate 
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Fig. 7. Ini t ial  t i m e  course  o f  t he  e y t o e h r o m e  f o x i d a t i o n  a f t e r  a sh o r t  flash in  chloroplas ts ,  m o n i t o r e d  as 
the  d i f f e rence  o f  a b s o r b a n e e  changes  a t  554 .5  m i n u s  542 .5  n m .  Th e  r e a c t i o n  m i x t u r e  was  as for  Fig. 5 
e x c e p t  t h a t  0 .1 m M  d i a m i n o d u r e n e  was  p r e s e n t  a n d  inh ib i t ion  of  the  d o n o r  side of  P h o t o s y s t e m  I I  b y  
h y d r o x y l a m i n e  t r e a t m e n t  o f  t he  ch lorop las t s  was  r ep l aced  b y  a d d i t i o n  o f  10 m M  h y d r o x y l ~ m l n e  (p H  7 .5)  
to  the  m easu r i ng  so lu t ion .  10 00O signals w e r e  ave raged  a t  a r e p e t i t i o n  1"ate of  8 Hz.  Th e  c o n t e n t  of  the  
s ample  c u v e t t e  was  c h a n g e d  a f t e r  eve ry  2 0 0 0  s~u~al=. T h e  in tens i ty  o f  t h e  flash was  n o t  s a t u ~ t i n g  to  avo id  
large a m p l i t u d e s  o f  the  c a r o t e n o i d  t r ip le t  [ 3 7 ] .  The  r ise- t ime ( t 1 0 . 9 0 )  of  the  se t -up was  S.8 ~s an d  the  
dwel l  t i m e  1 ~s pe r  address .  A b b r e v i a t i o n s  as in Fig. 5. 
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more accurately the extent  of  the lag in the cytochrome f oxidation kinetics 
the initial t ime course was measured at a high time resolution and is shown in 
Fig. 7. At the beginning there is superposition of  the absorbance change o f  the 
carotenoid triplet [37] ,  which decays with a half-time of  about 3 #s. This 
superposition could not  be avoided although the flash intensity was kept below 
saturation. Nevertheless, the lag can be estimated from the limiting slope of  the 
initial time course, as shown in Fig. 7. The lag was not  greater than 30- -50  ~s. 
The same value was estimated from the initial time course of  the difference of  
absorbance changes at 554.5  minus 563.5  nm. This duration of  the lag indicates 
that it is the 20 ~s electron transfer to P-700 ÷ which precedes the oxidation of  
cytochrome f. To correct for the absorbance changes of  the triplet we mea- 
sured the absorbance change at the 520 nm peak of  its difference spectrum. 
Assuming that the total amplitude of  the negative spike in Fig. 7 originates 
from the triplet we added the stored signal at 520 nm after multiplication with 
a suitable factor of  about 0 .075  to the signal difference in Fig. 7. This creates 
a lag in the resulting time course with a duration as estimated above. However, 
the procedure seems to be rather arbitrary, because the accuracy of  the factor 
had to be  much higher than that of  the available triplet spectrum [37] .  

Table II shows the effect o f  osmolarity and ions on the oxidation of  cyto- 
chrome f at the concentrations used for the measurements of  P-700 ÷ reduction 
in Table I. Without additions only a small amount  of  cytochrome f was oxi- 
dized, showing a predominant slow phase with a half-time of  860 ~s. Addition 
of  5 mM MgC12 caused an increase of  the slow phase and a slight decrease of  the 
half-time. By contrast, 200  mM sorbitol increased the amplitude of  the fast 

T A B L E  II 

E F F E C T  O F  I O N S  A N D  O S M O L A R I T Y  O N  T H E  O X I D A T I O N  K I N E T I C S  O F  C Y T O C H R O M E  F 

The  o x i d a t i o n  o f  c y t o c h r o m e  f w a s  m e a s u r e d  as the  d i f f e r e n c e  o f  the  absorbanee  changes  at  5 5 4 . 5  minus  
5 4 0  n m  i n d u c e d  b y  a short  f lash.  A m p l i t u d e s  and ha l f - t imes  o f  the  k ine t i c s  w e r e  ana lysed  as in Fig.  5. 
E a c h  value  is the  average o b t a i n e d  ~ o m  m e a s u r e m e n t s  w i t h  ch lorop las t s  prepared f r o m  t w o  d i f f eren t  
b a t c h e s  o f  sp inach  leaves .  Th e  s tandard r e a c t i o n  m i x t u r e  c o n t a i n e d  ch lorop las t s  at a c h l o r o p h y l l  c o n c e n -  
t ra t io n  o f  1 7 . 5  #M a n d ,  in addi t ion ,  0.1  m M  d i a m i n o d u r e n e ,  1 /~M g r a m i c i d i n  D,  1 0  # M  D C M U  a n d  1 0  
m M  h y d r o x y l a m i n e  h y d r o c h l o r l d e  adjus ted  to  p H  7 .5  w i t h  N a O H  i m m e d i a t e l y  b e f o r e  use.  Further  add i -  
t i o u s  are ind ica ted .  By  contras t  w i t h  prev ious  pract ise ,  the  measur ing  l ight  w i t h  an in tens i ty  o f  2 .5  W • 
m -2  w a s  s w i t c h e d  o n  b y  an e l ec t ron ica l l y  c o n t r o n e d  shut ter  2 0  m s  b e f o r e  the  trans ient  w a s  r e c o r d e d  and 
s w i t c h e d  o f f  i m m e d i a t e l y  a f ter  the  m o n i t o r i n g  interval  o f  1 0  ms .  50  signals w e r e  averaged w i t h  a repet i -  
t i o n  rate o f  0 . 5  Hz .  

A d d i t i o n s  'Fast'  phase  'S low'  phase  

Ha l f - t im e  A m p l i t u d e  Ha l f - t ime  A m p l i t u d e  

(#s)  ___~. 10 4 GUs) ___~. 10 4 
I I 

T o t a l  a m p l i t u d e  

A / .  1 0 4  
I 

- -  130 

5 m M  MgCI 2 1 1 0  
1 6 0  m M  KCI 9 0  
2 0 0  m M  s o r b i t o l  7 3  

3 m M  MgC12, 2 0  m M  KCI,  
2 0 0  mlVl s o r b i t o l  7 0  

0 . 2 2  8 6 0  1 . 2 5  1 . 4 7  

0 . 4 4  6 7 0  1 . 8 7  2 .31  
0 . 6 6  5 3 0  2 . 0 0  2 . 6 6  
1 . 7 7  4 9 0  1 . 1 8  2 . 9 6  

1 . 5 0  4 4 0  1 . 5 0  3 . 0 0  
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phase and accelerated the decay from 130 to 73 #s. 3 mM MgC12 added in addi- 
t ion to sorbitol seems to favor the slow phases at the expense of  the fast one. 
It is obvious, that  the half-times of  the two phases of  cy tochrome fox ida t ion  
and their amplitudes do not  coincide with those of  the P-700 ÷ reduction in 
Table I. Hydroxylamine plus DCMU as used in the cytochrome f measurements 
did not  change the reduction kinetics of  P-700 ÷, in agreement with previous 
results [ 5 ]. 

Discussion 

We have investigated the polyphasic reduction kinetics of  P-700 ÷ after a 
short flash. The electron donor  responsible for the fastest phase with a half- 
t ime of  about  20 ~s is presently unknown.  Inhibition of  plastocyanin and mea- 
surement of  the oxidation kinetics of  cytochrome f are expected to provide 
information on this immediate electron donor  of  P-700. 

Evidence for plastocyanin as immediate electron donor o f  P.700 
The reduction of  P-700 ÷ with a half-time of  20 ~s is inhibited by  t reatment  

of  chloroplasts with either KCN or HgC12 (Fig. 3). This is evidence for a func- 
tion of  plastocyanin as the unknown electron donor  of  P-700. Both inhibitors 
have been shown to inactivate plastocyanin in situ [38,39] and to react specif- 
icaUy with plastocyanin [31,39,24],  except  for minor effects of  HgC12, in the 
concentrat ion range used (Fig. 3B and Ref. 40). The result is consistent with 
our recent  conclusion that  the electron transfer from externally added plasto- 
cyanin to P-700 with an extremely high rate constant  of  1.5 • 108 M -1 • s -1 does 
no t  involve an additional electron carrier [15].  

Bouges-Bocquet and Delosme [ 10] have proposed a linear reaction sequence 
with an electron carrier PD (primary donor  to P-700) functioning between 
plastocyanin and P-700: 

plastocyanin 2o0~ PD ~ P-700 .  

However,  in such a sequence an inhibition of  plastocyanin would not  block the 
20 ~s phase of  the P-700 ÷ reduction. An additional inhibition site in Photo- 
system I is excluded by  our finding that KCN incubation of  digitonin particles 
has no effect  on the electron transfer from soluble plastocyanin to P-700. 

Effect  o f  osmolarity and surface charges on the reduction o f  P-700 
Previous measurements of  the fast P-700 ÷ reduction were carried out  in the 

absence of  divalent cations [5,6] or in the presence of  1 mM MgC12 at a low 
osmolarity [3,4].  We studied the effect  of  salt and osmolarity on the interac- 
tion between P-700 and its immediate electron donors. Sorbitol and other  
membrane impermeable sugars decrease the osmotic space inside the thylakoid 
vesicles [30]. Addition of  200 mM sorbitol increased the amplitude of  both  the 
20 and the 200 ~s phase of  P-700 ÷ reduction by a factor of  about  three. This 
can best be explained if plastocyanin is assumed to be free inside the thylakoids 
and an increase of  the plastocyanin concentration causes more P-700 to inter- 
act with plastocyanin. This is consistent with the finding of  Bendall and Wood 
[19],  and Lockau [20] of  a 2--3-fold stimulation of  the electron transfer rate 
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through Photosystem I upon addition of sucrose and glucose, respectively, 
at a concentration of 200 mM. 

Addition of 5 mM MgCI~ does not significantly increase the osmolarity or 
ionic strength of the solution. Nevertheless, both fast phases of P-700 ÷ reduc- 
tion were increased. Mg 2÷ has been shown to control grana stacking of the 
thylakoids [41], as well as the distribution of quanta between the two Photo- 
systems [42--44] most probably by its effect on the diffuse cation layer com- 
pensating the negative surface charges of the thylakoid membrane and the 
protein complexes [45]. This effect should also be of major importance for the 
reaction between P-700 and plastocyanin because of the low isoelectric points 
of the internal surface of the thylakoid membrane andplastocyanin of 4.0--4.3 
[ 46--48 ] and below 4 [ 49], respectively. Therefore, at physiological pH values 
the positive ions should compensate the repulsive interaction between P-700 
embedded in the negatively charged membrane [50,51] and the negatively 
charged plastocyanin. Our result is evidence for this interaction in situ. For the 
reaction between soluble plastocyanin and P-700 ÷ in digitonin particles a 
similar interaction was indicated by a larger rate constant of the electron trans- 
fer in the presence of low Mg 2÷ concentrations compared to that at higher KC1 
concentrations [ 15]. 

Addition of 150 mM KC1 not only increases the ionic strength of the solu- 
tion significantly, but it is also effective in compensating surface charges 
[28,52] and in diminishing the internal volume of the thylakoids [30]. We con- 
clude that the latter two effects rather than the ionic strength [20] provide an 
explanation for the influence of KC1. Addition of both 3 mM MgC12 and 200 
mM sorbitol increases the amplitude of the 20 ~s phase found in the presence 
of each alone 2-fold to 70% of the total amplitude of P-700. Therefore, com- 
pensation of surface charges and a small internal volume of  the thylakoids are 
concluded to be necessary for the optimal interaction between plastocyanin 
and P-700. 

Evidence for a complex between P-700 and its immediate electron donor 
A second-order reaction between plastocyanin and P-700 implies the prob- 

ability for every molecule of one type to react with those of the other type. 
In chloroplasts this could be realized either by freely mobile plastocyanin [19] 
or if there is a possibility of a rapid electron exchange between closely asso- 
ciated complexes of plastocyanin and P-700 [9]. In either case a concentration 
change of one component would lead to a reciprocal change of the half-time 
for the electron transfer. However, neither the variation of the relative ampli- 
tude of the 20 /~s phase between 10 and 70 per cent by salt and sorbitol 
(Table I) nor its decrease from 70 to 20 per cent by inhibition with KCN or 
HgC12 (Fig. 3) had any effect on the half-time of 20 ~s. Thus, we can exclude 
a cooperation involving electron exchange between Photosystems I within the 
measuring time. The result is evidence for a complex between P-700 and its 
immediate electron donor. 

Other evidence for a tight association of plastocyanin with P-700 was found 
in our previous study of changes in the path of electron transfer from water to 
Photosystems I after partial inhibition with KCN [18]. The kinetics of the elec- 
tron paramagnetic resonance Signal I showed an increasing portion of P-700 ÷ 
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remaining unreduced upon increasing inhibition of plastocyanin, which is not 
expected if the remaining plastocyanin is able to reach every P-700. 

The equilibrium constant for the binding of plastocyanin to P-700 cannot be 
high because a number of factors cause the dissociation of this complex, e.g. 
low ion concentrations and low osmolarity of the solution, addition of low 
digitonin concentrations or a disruptive treatment of the chloroplasts at a very 
low pressure. In addition to compensating the surface charges, a high internal 
[53,54] concentration of plastocyanin is believed to be prerequisite for the 
formation of this complex. 

Delosme et al. [9] have suggested an electron exchange between the reac- 
tion centers of Photosystem I which would have to occur rapidly, i.e. faster 
than the 20 /~s electron transfer to P-700 ÷. Their conclusion was based on the 
non-exponential time course of the fast P-700 ÷ reduction after a strong short 
flash of saturating intensity compared to an exponential decay with a 15--20 
#s half-time after a weak short flash. However, the time course after the strong 
flash (Fig. 7 in Ref. 9) seems to be better approximated by a bi-exponential 
decay, as shown in Fig. 2, rather than by a second-order decay. This would be 
an indication for a partial oxidation of the plastocyanin molecule complexed 
with P-700 during the strong flashes. This interpretation is consistent with the 
estimation that the short strong flash, induced about 10% of double hits on 
P-700 [9]. For our flash we calculate 15--19 per cent of double hits at an 
intensity sufficient to oxidize 97--99 per cent of total P-700, if we assume a 
half-time of 17 ~s for the reduction. Therefore, probably more than 90% of 
total P-700 is associated with complexed plastocyanin at our optimal condi- 
tions. 

The half-time of the 200 #s phase of P-700 ÷ reduction increased at increasing 
inhibition of plastocyanin by either KCN or HgC12. This is expected for a 
second-order reaction and may indicate a pool of plastocyanin common to 
several reaction centers of Photosystem I. If this plastocyanin is freely mobile 
within the thylakoids, its concentration and therefore the electron transfer rate 
should be increased at increasing osmolarity. But addition of 200 mM sorbitol 
has only a negligible effect on the half-time (Table I). Therefore, the pool of 
plastocyanin contributing to the 200 /~s phase must consist of molecules 
adsorbed to the membrane surface. On the other hand, the decreasing ampli- 
tudes of the two fast reduction phases observed at decreasing salt concentration 
suggest that plastocyanin is released into a state that is inactive in mediating 
fast electron transfer to P-700 ÷. 

Plastocyanin has been found to be oxidized with the half-time of the 200/~s 
phase of P-700 [12,13]. A faster oxidation with a half-time of 20 ~s has not 
been observed, which has to be expected according to our present result. How- 
ever, in these previous studies we have used low concentrations of salt [12] far 
from optimal for large amplitudes of the 20 /~s phase. Small amplitudes of the 
fast oxidation of plastocyanin could have been missed because of superposi- 
tion with other absorbance changes. An approach to the oxidation kinetics of 
plastocyanin in Chlorella has to account for additional superposition with 
absorbance changes [10] not seen in broken chloroplasts. Big uncertainties are 
introduced by the necessary procedure because it involves the subtraction of 
the kinetics of three other absorbance changes [10] and because of the small 



397 

extinction coefficient of plastocyanin [49]. 
Plastocyanin can be considered to function at a site analogous to that of 

cytochrome c2 in bacterial electron transport. Very recently cytochrome c2 has 
been found to react in a bound state as well as in a freely mobile form with 
the reaction center in Rhodopseudomonas sphaeroides [55]. It is very likely 
that this is the situation between plastocyanin and the Photosystem I reaction 
center. In both cases the complex is reversibly formed and its lifetime is long, 
compared to the measuring time. 

On the oxidation of cytochrome f 
In our previous measurements of cytochrome f [12] the oxidation kinetics 

were superimposed with the absorbance changes of C-550. However, the rapid 
reoxidation of the primary acceptor of Photosystem II with a half-time of 
about 0.6 ms [ 11] limits this superposition to the initial 3--4 ms after the flash. 
The amplitude and the subsequent time course of the reduction are not 
affected. A similar superposition could interfere with the detection of the 
initial time course of the cytochrome f reduction after a long flash, which is 
not yet  understood in terms of a normal linear electron transport [56,57,40]. 

The presence of a lag in the oxidation kinetics of cytochrome f after a short 
flash (Fig. 7) is evidence that cytochrome f is not an immediate electron donor 
of P-700. This has been previously found in Chlorella [10,13]. The duration 
of the lag of 30--50 gs indicates that the oxidation of cytochrome f is preceded 
by the 20 gs electron transfer from plastocyanin to P-700 + but cannot be 
preceded by a sequence of the 200 and 20 #s electron transfer steps [13]. The 
time course of the oxidation shows two phases (Fig. 5 and Table II). The half- 
time of 70-130 gs for the faster phase indicates an oxidation ofcytochrome f 
after the 20 /~s electron transfer to P-700 ÷. This is in agreement with the con- 
clusion based on the duration of the lag. The slower phase of cytochrome f 
oxidation with half-times of 440-860 /~s is tentatively ascribed to an electron 
transfer to plastocyanin which has been oxidized by the 160-210 #s electron 
transfer to P-700 ÷. The two phases of the cytochrome f kinetics are probably 
due to the oxidation via plastocyanin in the two reaction states discussed 
above. 

The effect of salt and sorbitol on the oxidation of cytochrome f should 
depend on both the electron transfer from cytochrome f to oxidized plasto- 
cyanin and from plastocyanin to P-700 ÷. Comparison of Tables I and II indi- 
cates little similarity between the effects on cytochrome f oxidation and those 
on P-700 + reduction. Although the relation seems to be complex, some quali- 
tative properties can be derived from our data. Addition of salt has only little 
stimulating or, in the presence of sorbitol even an inhibitory effect on the 
amplitude of the fast phase of cytochrome f oxidation, although there is an 
increase of the amplitude of the 20 /~s phase of P-700 ÷ reduction. This may 
indicate either a hydrophobic interaction between cytochrome f and plasto- 
cyanin complexed with P-700 or the interaction of opposite charges at the reac- 
tion site. On the other hand, the amplitude of the slower phase of cytochrome 
f oxidation is increased by addition of salt, which indicates an influence of 
ionic interaction. This is consistent with an oxidation via the 200 #s electron 
transfer. The approach of mobile plastocyanin to cytochrome f in the mem- 
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brane should be facilitated by compensation of the surface charges. 
Coiman et al. [58] have determined the structure of plastocyanin and pro- 

posed two different electron paths to the copper center, one starting at a large 
hydrophobic patch close to the copper atom and the other close to a cluster 
of four negative carboxylate groups. The stimulation of the electron transfer 
from plastocyanin to P-700 by MgC12 suggests that  the latter is the reaction site 
with P-700. Subunit III of Photosystem I reaction center which carries the 
recognition site for plastocyanin [15] may specifically interact with the four 
negative groups. This assignment of one electron path of plastocyanin implies 
that  the patch close to the positive copper [59] is the electron transfer site 
from plastocyanin to cytochrome f. This is consistent with the inhibition of 
the fast cytochrome f oxidation by MgC12. 

Conclusions 

We conclude that  complexed plastocyanin functions as the immediate elec- 
t ron donor of P-700. The  half-time of the electron transfer is about 20 ~s. The 
complex is probably formed at a high concentration of plastocyanin inside the 
thylakoid and at compensation of negative surface charges. Another reaction 
state of plastocyanin, in which it reduces P-700 with a half-time of about 200 
~s, shows properties of a more mobile pool which could mediate electron 
exchange between Photosystems I. 

The oxidation kinetics of cytochrome f in isolated chloroplasts indicate, in 
agreement with previous results, that  cytochrome f is not  an immediate elec- 
t ron donor of P-700. They also indicate that  a larger portion of cytochrome f 
is oxidized via the fast electron transfer from complexed plastocyanin to P-700. 
This oxidation of cytochrome f by plastocyanin seems not  to be controlled by 
repulsion of negative charges in contrast to that  of plastocyanin by P-700. 
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