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Absorbance difference spectra at various delay times, and kinetics of absorbance changes induced by a 35 ps 
excitation pulse at 532 nm, were measured of relatively intact Photosystem I particles from spinach 
containing about 70 chlorophyll a molecules per photoactive primary electron donor P-700. The excitation 
pulse produced absorbance changes due to the formation of singlet- and triplet-excited antenna chlorophyll 
a, and, in the case of active reaction centers, also those due to the oxidation of P-700. The formation of 
excited chlorophyll a was accompanied by the bleaching of the Qy ground state absorption band and by the 
appearance of a rather fiat absorption increase in the region 550-900 nm. The lifetime of singiet-excited 
chlorophyll a was found to be 40 ± 5 ps. When the iron-sulfur centers were prereduced (photo)chemically, 
the formation of a radical pair consisting of P-700 + and a chlorophyllous anion was observed. The 
absorbance-difference spectrmn calculated for the reduction of the acceptor was similar to that measured 
earlier (Shuvalov, V.A., Kievanik, A.V., Sharkov, A.V., Kryukov, P.G. and Ke, B. (1979) FEBS Lett. 107, 
313-316), and indicated that the acceptor is a chlorophyll a species absorbing around 693 nm. The lifetime 
of the radical pair was at least 25 ns. If, however, the acceptor complex was in the oxidized state before the 
flash, only the oxidation of P-700 was observed. No direct evidence was obtained for the reduction of the 
chlorophyllous acceptor, implying that if such an anion is formed, it must be reoxidized within 50 ps. 

Introduction 

After the absorption of a photon by the an- 
tenna of Photosystem I and the subsequent trans- 
fer of the excitation from the antenna chlorophyll 
to the reaction center a charge separation takes 
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place between the primary electron donor, P-700, 
and an acceptor complex which ultimately reduces 
soluble ferredoxin. EPR measurements under pro- 
gressively decreasing redox potentials have pro- 
vided evidence that three different iron-sulfur 
centers, F x, F B and F A, act as sequential sec- 
ondary electron acceptors in the complex (see Ref. 
1 for a review). The participation of iron-sulfur 
acceptors is further evidenced by optical spec- 
troscopy [2,3]. Under conditions where the iron- 
sulfur centers were reduced or removed, formation 
of the spin-polarized triplet state of P-700 was still 
observed [4], indicating the existence of an elec- 
tron acceptor, designated 'AI', preceding F x. Both 
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optical and E N D O R  data have suggested that 'A 1' 
is a chlorophyll a anion [5,6]. A careful analysis of 
the EPR spectra accompanying the progressive 
reduction of 'AI '  at cryogenic temperatures has 
shown that 'A 1' in fact consists of two compo- 
nents, A 1 and an earlier acceptor A 0 [7,8]. The 
characteristics of the A o EPR signal indicate that 
A 0 is a chlorophyll monomer [7], which conclu- 
sion is supported by recent optical measurements 
[9]. It was demonstrated in this work that accumu- 
lation of A o induced a bleaching around 670 nm, 
similar to the absorbance changes observed earlier 
by Swarthoff et al. [5], upon reduction of 'AI'. The 
nature of A~, the other constituent of 'A~', is still 
unclear. No absorbance changes were detected in 
the visible region upon accumulation of A i- [9]. 
Q-band EPR spectra are compatible with the iden- 
tification of Ai- as a semiquinone [10]. 

Direct picosecond absorption measurements on 
small P S I  particles led Shuvalov et al. [11] to the 
conclusion that 'A  1' is a chlorophyll dimer ab- 
sorbing around 694 nm. Their 'A i - '  spectrum is 
clearly distinct from the A o spectrum induced by 
continuous illumination. No explanation for the 
apparent discrepancy has been proposed yet. The 
data on the acceptor chain of P S I  are reviewed in 
Ref. 1. 

In this paper we report a picosecond absorp- 
tion study on relative intact PS I isolated from 
spinach. The data are consistent with the idea that 
the primary acceptor is a chlorophyll a species 
absorbing around 693 nm. 

Materials and Methods 

Spinach PS I particles were prepared from the 
supernatant obtained after the Triton X-100 in- 
cubation of chloroplasts according to Dekker et 
al. [12]. This supernatant contained 5% (w/v)  
Triton X-100. Another 3.3% (w/v)  Triton X-100 
was added to this supernatant and the preparation 
was incubated for 45 rain at 4°C. Then the super- 
natant was loaded (7 ml per tube) on a 20-45% 
(w/v)  sucrose linear density gradient containing 
20 mM Tricine (pH = 7.4), and 0.1% (w/v)  Triton 
X-100. The centrifugation step was carried out for 
16 h in a Beckman 70 Ti rotor at 220000 X g. 
After centrifugation the gradient showed three 
chlorophyll-containing bands of which the lower 

one contained PS I. The particles were char- 
acterized by a Chl a/Chl  b ratio of more than 8 
and contained approximately 70 Chl a molecules 
per reaction center as measured by the oxidation 
of P-700 under continuous light in the presence of 
1 mM ascorbate. 

Absorbance changes under continuous il- 
lumination were measured as in Ref. 13. Suitable 
interference and absorbance filters were used to 
select the actinic illumination and to protect the 
photomultiplier from stray actinic light. Picosec- 
ond absorbance difference measurements were 
performed by means of the apparatus described in 
Ref. 14. A 35 ps mode-locked N D / Y A G  laser was 
used as a light source. Part of the 1064 nm radia- 
tion was frequency-doubled to 532 nm to serve as 
an excitation pulse (maximum energy density, 
about 2.5 m J / c m  2). The remaining 1064 nm radi- 
ation was focused in a water cell to generate a 
'white'  continuum. The 35 ps probe pulse was 
obtained from this continuum by means of a 
monochromator placed before the sample. All 
measurements were performed at room tempera- 
ture. 

Results 

In order to distinguish the absorbance changes 
due to the charge separation in the reaction centers 
from those due to formation and decay of antenna 
excited states, we have studied the latter sep- 
arately in P S I  particles in which the reaction 
centers were kept in the closed state P-700 + by 
means of ferricyanide and continuous background 
illumination. 

Oxidized reaction centers 
Fig. 1 shows the absorbance difference spectra 

in the region 550-900 nm of oxidized P S I  par- 
ticles at 40 ps (solid circles) and 200 ps (open 
circles) after the 35 ps excitation pulse at 532 nm. 
At 40 ps a bleaching around 685 nm is observed, 
flanked by increases in absorption between 550 
and 660 nm and above 740 nm. We ascribe the 
bleaching to the disappearance of antenna chloro- 
phyll a (Chl a)  ground states due to excitation of 
the molecules and the increases in absorption to 
the absorbance of singlet excited Chl a (Chl* a). 
The spectrum is very similar to that measured 
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Fig. 1. Absorbance difference spectra of PS I particles from spinach at 40 ps (*) and 200 ps (O)  after the 532 nm excitation pulse, in 
the presence of 3 mM ferricyanide and under continuous background illumination. The inset shows the kinetics at 685 nm. The 
exctinction of the sample was 1.4 at 675 nm in a 2 mm cell. The excitation energy density was about 0.9 m J / c m  2. 

upon excitation of Chl a in PS II particles from 
spinach [15]. The kinetics of the absorbance 
changes at 685 nm are shown in the inset of Fig. 1. 
The development and the first 100 ps of the decay 
of the bleaching represent the formation and dis- 
appearance of Chl* a. The kinetics in this time 
interval were deconvoluted using the Gaussian 
profile of the 35 ps excitation and probe pulses. 
The best fit was obtained using a 40 ps lifetime of 
Chl* a. From about 100 ps after the flash on- 
wards a constant bleaching remains that does not 
decay during the first 4 ns (only the first nanose- 
cond is shown in Fig. 1). This long-lived compo- 
nent probably reflects the formation of a triplet 
state of Chl a (Chl r a). The spectrum of the 
long-lived component (open circles in Fig. 1) ap- 
pears to be somewhat blueshifted with respect to 
the 40 ps Chl* a spectrum (solid circles). This 
indicates that Chl T a and Chi* a are distributed 
differently over the various spectral forms of an- 
tenna chlorophyll. 

The saturation behavior of the bleaching at 685 
nm measured at 40 ps after the flash is shown in 
Fig. 2. The amplitude of the bleaching is nearly 
proportional to the flash excitation density. In 
several  o the r  pho to syn the t i c  p repa ra t ions  
singlet-singlet annihilation has been observed to 
decrease both the fluorescence lifetime and the 
fluorescence yield when intense picosecond excita- 
tion pulses are used (see Ref. 16 and references 

therein). Recently we showed that also the am- 
plitudes of the absorbance changes due to forma- 
tion of (bacterio)chlorophyll singlet excited states 
are diminished when the lifetime of the excited 
states approaches or becomes less than the dura- 
tion of the pulses [14]. The near-proportionality in 
Fig. 2 thus implies that the short lifetime of Chl* 
a in PS I is not much affected by singlet-singlet 
annihilation. 

0 ,  I 

o 

-10 

I 1 I 
0 05 1 15 

Flash energy density (rnJ/crn 2) 

Fig. 2. Dependence of  the bleaching at 685 nm at 40 ps after 
the flash upon the flash-energy density. Further conditions as 
for Fig. 1. 
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Fig. 3. Absorbance difference spectra of PSI particles at 40 ps (e) and 200 ps (©) in the presence of 20 /~M PMS and 5 mM 
ascorbate. Further conditions as for Fig. 1. 

Open reaction centers 
The measurements described in this section were 

performed in the presence of PMS and ascorbate 
to ensure complete reduction of P-700 + between 
successive flashes. 

The spectra of the absorbance changes in the 
region 550-900 nm at 40 ps (solid circles) and 200 
ps (open circles) after the flash are shown in Fig. 
3. The 200 ps spectrum is characterized by a 
bleaching in the region 590-730 nm, with minima 
around 668, 683 and 701 nm, and by a broad 
increase above 730 nm. This spectrum resembles 
the P-700 + spectrum first measured by Kok [17], 
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Fig. 4. Kinetics of absorbance changes at 700 nm (A) and 690 
nrn (B). (A) The excitation energy density was 0.13 mJ/cm 2 
(×), 0.41 mJ/crn 2 (O) and 1.5 mJ/cm 2 (e). (B) The excitation 
energy density was 0.41 mJ/cm 2. Further conditions as for Fig. 
3. 

and it will be demonstrated in the Discussion that 
our 200 ps spectrum consists of contributions due 
to the formation of P-700 ÷ and of Chl T a. At 40 
ps (Fig. 3, solid circles) the spectrum shows 
bleaching bands around 685 and 699 nm and 
broad increases in absorption between 550 and 
620 nm, and above 725 nm. The bleaching around 
699 nm is predominantly due to the formation of 
P-700 ÷, whereas that at 685 nm is for the larger 
part  caused by the excitation of antenna Chl a. It 
will be shown in the Discussion that the 40 ps 
spectrum can be approximated by a sum of the 
P-700 ÷ and Chl* a spectra, with little room left 
for significant contributions from a chlorophyll- 
ous acceptor. 

The kinetics of the absorbance changes at 700 
nm and 690 nm are given in Figs. 4A and B, 
respectively. At 690 nm a short-lived bleaching is 
observed, the formation and decay of which are 
largely determined by the temporal profiles of the 
excitation and probe pulses. We ascribe this 
bleaching predominantly to the formation of Chl* 
a (see Fig. 1, solid circles and inset). The small 
bleaching remaining after the decay of Chl* a is 
due to the presence of P-700 ÷ (cf. Fig. 3). The 
shape of the kinetics at 690 nm was almost inde- 
pendent of the excitation energy density (not 
shown). This was different for the kinetics at 700 
nm (Fig. 4A). At a rather high excitation density 
(solid circles) the constant bleaching from about 
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Fig. 5. Saturation behavior for the bleaching at 700 nm at 500 
ps after the flash. Further conditions as for Fig. 3. 

100 ps onwards is due to the formation of P-700 +. 
The short-lived initial bleaching can be ascribed to 
the excitation of Chl a. At lower energy densities 
the absorbance changes related to antenna excita- 
tion are less pronounced. At an intermediate en- 
ergy density (open circles) the decay of Chl* a is 
counteracted by the formation of P-700 +, giving 
rise to no net short-lived decrease in absorbance. 
At an even lower energy density (crosses) an ap- 
prox. 50 ps risetime for the bleaching can be 
observed which is largely determined by the rise- 

time for the formation of P-700 +, with only minor 
distortions due to the formation and decay of 
Chl* a. Presumably this risetime represents the 
time needed for an excitation to reach the trap. 

The saturation for the formation of P-700 ÷, 
monitored at 700 nm at 500 ps after the flash is 
shown in Fig. 5. The bleaching is observed to 
saturate at a value of about 18 .10  -3 units of 
absorbance, which value equals that found under 
continuous illumination (not shown). It thus fol- 
lows that even with such a short flash about all the 
reaction centers can be closed. 

R e a c t i o n  c e n t e r s  at  l o w  p o t e n t i a l  

The measurements described in this section were 
performed in the presence of dithionite at a pH 
value of 9.5 to reduce FA and F B chemically. 
Furthermore PMS was added and continuous 
background illumination was given to reduce Fx 
photochemically. The absorbance difference spec- 
tra monitored at 40 ps (solid circles) and 500 ps 
(open circles) after the flash are given in Fig. 6. 

The 500 ps spectrum is characterized by a 
bleaching in the region 600-715 nm with minima 
around 670 and 697 nm, and a broad featureless 
increase in absorbance beyond 715 nm. It bears 
some resemblance to the 200 ps spectrum mea- 
sured with non-reduced iron sulfur centers (Fig. 3, 
open circles). Apparently, however, the main 
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Fig. 6. Absorbance difference spectra of PSI  particles at 40 ps (@) and 500 ps (O) at a pH value of 9.5 in the presence of 10 mM 
dithionite, 20/~M PMS and 5 mM ascorbate and u n d e r  c o n t i n u o u s  background illumination. Glucose, catalase and glucose oxidase 
were added to maintain anaerobic conditions. The extinction o f  t h e  sample was 1.4 at 675 nm in a 2 mm cell. The excitation e n e r g y  
density was about 1.1 mJ/cm 2. 
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Fig. 7. Kinetics of absorbance changes at 700 nm (A) and 691 
nm (B). Further conditions as for Fig. 6. 

bleaching has shifted from 701 to 698 nm, and the 
steep increase around 690 nm has disappeared. 
Also note that the near-infrared isobestic point 
has shifted from 727 to 715 nm. It will be shown 
in the Discussion that the 500 ps spectrum, after 
being corrected for absorbance changes due to the 
formation of Chl r a, is quite similar to that ob- 
served earlier by Shuvalov et al., which was attri- 
buted to the formation of a radical pair involving 
both P-700 + and a chlorophyll anion [18]. The 
spectrum measured after 40 ps (Fig. 6, solid Circles) 
is rather similar to that measured under non-re- 
ducing conditions and can likewise be de- 
composed into contributions from excited states 
in the antenna and reaction center processes (see 
below). 

Fig. 7 presents the kinetics of the absorbance 
changes at 700 nm (A) and 691 nm (B). At both 
wavelengths a short-lived absorbance decrease is 
present, due to the formation and decay of Chl* 
a, and a residual bleaching that does not decay on 
a time scale of 4 ns,  implying that the state of the 
reaction center characterized by the spectrum of 
Fig. 6 (open circles) should have a lifetime of at 
least 25 ns. The nature of this state will be dis- 
cussed below. 

D i s c u s s i o n  

Excitation of Photosystem I particles of spinach 
by means of a 35 ps, 532 nm pulse produced 
absorbance changes due to formation and decay 
of antenna Chl a excited states, and, in the case of 
active reaction centers, also those due to the charge 
separation. 

Formation of antenna Chl* a is characterized 
by a bleaching around 685 nm, flanked by broad 
featureless increases in absorbance, as observed 
earlier in Photosystem II particles from spinach 
[15]. The shift of the position of maximal bleach- 
ing (685 nm) with respect to the absorption maxi- 
mum of the preparation (675 nm) probably results 
from a thermal equilibrium of excitations on the 
spectrally inhomogeneous antenna of PS I, possi- 
bly combined with a shift in absorption of Chl a 
molecules adjacent to excited molecules. A similar 
explanation was given for PS II [15]. After the 
decay of Chl* a a longer lived state, probably 
ChlTa, can be observed, the formation of which 
induces an absorbance difference spectrum that is 
somewhat different from the one due to Chl* a. 
Apparently, the triplet states are distributed over 
the various spectral forms of antenna chlorophyll 
somewhat differently from the singlet excitations. 

From the kinetics of the decay of Chl* a it was 
concluded that the lifetime of Chl* a is 40 + 5 ps. 
Since this decay time was not determined by sing- 
let-singlet annihilation, it must be the mono-exci- 
tation lifetime of Chl* a in this preparation. It is 
somewhat shorter then the reported fluorescence 
lifetimes of 50-100 ps (see Ref. 16 and references 
therein). Since the lifetime of Chl* a in the pres- 
ence of P-700 + (Fig. 1, inset) is about the same as 
the low-intensity risetime of P-700 ÷ formation 
when the reaction centers are initially open (Fig. 
4A, crosses), it follows that P-700 ÷ traps exci- 
tations about as efficiently as the active reaction 
centers. 

When the reaction centers are in the active 
state, and the iron-sulfur centers are not reduced, 
the oxidation of P-700 can be observed (Fig. 3, 
open circles) with a distortion due to the presence 
of ChlTa. In Fig. 8A the P-700 + spectrum of the 
preparation induced by continuous illumination 
(dashed curve) is compared with that induced by 
the ps excitation pulse, which was corrected for 
the presence of ChlTa. The spectra are observed to 
be reasonably similar, which indicates that at 200 
ps after the flash no reduced chlorophyllous 
acceptor is present. 

Some years ago Shuvalov et al. obtained evi- 
dence from picosecond absorption spectroscopy 
that the primary acceptor is a chlorophyll a 
species, the reduction of which induced a bleach- 
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conditions (O) simulated by a sum of the 500 ps spectrum and the antenna Chl* a spectrum. The best fit (× )  was obtained by 
assuming the presence of 72% of the long-lived reaction center component. See text for details. 

ing around 694 nm and which transfers the elec- 
tron to the next acceptor with a time constant of 
about 200 ps [11]. The kinetics at 690 and 700 nm 
(Fig. 4) exclude the presence of such a reduced 
acceptor with a lifetime of 200 ps in our prepara-  
tion. The spectrum measured at 40 ps (Fig. 8B, 
solid circles) can be simulated reasonably well by 
a linear combination of the P-700 ÷ spectrum (Fig. 
8A, dashed curve) and the Chl* a spectrum (Fig. 
1, solid circles), although some small differences in 
the region 670-700 nm remain. These results im- 
ply that, if the acceptor observed by Shuvalov et 
al. [11] is photoreduced in our preparat ion as well, 
it must be reoxidized within 50 ps. Our data do 
not support the suggestion by Swarthoff et al. [5] 
and Mansfield and Evans [9] that a chlorophyll 
monomer  absorbing at 670 nm acts as an electron 

acceptor, since our spectra can be reasonably well 
matched by P-700 + and Chl* a alone, and since 
the absorbance increase around 690 nm accompa- 
nying the reduction of the 670 nm chlorophyll 
[5,9] did not show up in our kinetics. If such a 
monomer  would be present as an electron accep- 
tor, and if a differential extinction coefficient of 
60 mM - 1 . c m  -1 at 670 nm is assumed for its 
reduction [5], then the lifetime of the anion must 
again be shorter than 50 ps. 

When the i ron-sulfur  centers F A, F B and F x are 
prereduced (photo)chemically, flash excitation still 
generates absorbance changes which, on the basis 
of their spectra and kinetics, are attributable to 
reaction center processes. When the spectrum, 
measured after 500 ps under these conditions, is 
corrected for the presence of ChlXa, the spectrum 
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of Fig. 8C is obtained. This spectrum, which shows 
a bleaching around 698 nm, and a small increase 
in absorption around 677 nm, is rather similar to 
that obtained previously by Shuvalov et al. [11,18] 
at 150 ps after the flash under non-reducing con- 
ditions, and which was ascribed to the oxidation 
of P-700 and the reduction of a chlorophyll a 
species absorbing at 694 nm. Using the same 
hypothesis, we subtracted the absorbance changes 
due to the oxidation of P-700 (Fig. 8A, solid 
circles) from the spectrum of the radical pair (Fig. 
8C), after normalization to the same absorbance 
of the sample. The resulting spectrum is shown in 
Fig. 9 and is attributed to the reduction of the Chl 
a acceptor. The spectrum shows a narrow bleach- 
ing band around 693 nm, and increases in absorp- 
tion in the regions 650-685 nm and 702-750 nm, 
with a tail extending to 900 nm, and is very 
similar to that found by Shuvalov et al. [11] in PS 
I particles and by Fujita et al. [19] for the reduc- 
tion of Chl a in vitro, apart  from a red shift of our 
spectrum by about 25 nm. For the differential 
extinction coefficient at 693 nm upon reduction of 
the Chl a acceptor a value of 45 m M - 1 .  cm-1 is 
obtained taking a value of 64 mM -1-  cm -~ for 
the oxidation of P-700 at 700 nm [20]. The calcu- 
lated extinction coefficient is very close to that of 
46 m M - 1 .  c m - ]  obtained earlier [11]. 

The spectrum measured at 40 ps after the flash 
under reducing conditions (Fig. 8D, solid circles) 
can be fitted well by a combination of the radical 

pair spectrum and the Chl* a spectrum (see Fig. 
8D, dashed curve), which suggests that the Chl a 
acceptor is reduced concomitantly with the oxida- 
tion of P-700. 

No decay of the radical pair under reducing 
conditions can be observed during the first 4 ns 
(Fig. 7), implying that the lifetime of the pair is at 
least 25 ns. Recently, Srtif et al. [21] showed that 
in P S I  particles from which the i ron-sulfur  accep- 
tors were removed the flash-induced absorbance 
increase at 815 nm decayed biphasically with 
time-constants of 30-50 ns and of about 6 /*s. 
These workers ascribed the fast phase to the 
recombination of the radical pair to the triplet 
state of P-700, P-700 T, and the slower phase in 
agreement with earlier work [22], to the decay of 
the triplet state. 

Summarising, our data show that Chl a acts as 
an electron acceptor under conditions at which the 
iron-sulfur centers are reduced. As is suggested by 
the high yield and rapid formation of the radical 
pair under reducing conditions, Chl a probably is 
reduced during normal electron transport as well. 
It  thus appears that the primary steps in the 
electron transfer in P S I  can be schematically 
indicated as follows: 

< 50 p s  
Chl* a -~ P-700* C F x -~ P-700 + C- F x ~ P-700 + C F x 

in which C is a Chl a species, with a Qy band at 
693 nm. 
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Fig. 9. Absorbance difference spectrum calculated for the reduction of the primary electron acceptor. See text for details. 
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Our  da t a  do  no t  show the 200 ps step for the 
e lec t ron t ransfer  f rom C -  to Fx,  r epor ted  earl ier  
b y  Shuvalov et al. [11]. P resumably  this s tep oc- 
curs  faster  than 50 ps  in our  more  nat ive  PS I 
part icles .  We  have found  no evidence for the 
pa r t i c ipa t ion  in the accep tor  chain  of  A 0 and  A 1 
which were r epor t ed  to act as e lec t ron carr iers  
be tween  P-700 and  F x [7,9]. The  reduc t ion  of  
these species was observed  only  under  con t inuous  
i l lumina t ion  at  low redox  potent ia l .  U n d e r  these 
cond i t ions  exci ted states,  especial ly  t r iple t  states 
of  an t enna  p igmen t s  m a y  react  wi th  d i th ioni te  in a 
way  s imilar  to mode l  system reac t ions  [23]. There-  
fore the results  ob t a ined  by  means  of  ps  flash 
spec t roscopy  might  be  more  valid.  

A compar i son  of  the p icosecond  abso rp t ion  
d a t a  on PS I wi th  those on the pho tosys t em of  
green sulfur bac te r ia  shows that  the rate  of s tabi l i -  
za t ion  of  the p r ima ry  radica l  pa i r  by  secondary  
e lec t ron  t ransfer  is much  higher  in P S I  than  in the 
green sulfur bacter ia ,  in which a bac te r io-  
ch lo rophyl l  c-like p igment  t ransfers  the e lec t ron in 
500-600  ps to an i r o n - s u l f u r  center  [24,25]. 
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