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ESR studies at 4.2 K have been conducted in Photosystem I particles prepared with SDS (CP 1 particles) 
which were not poised at a low redox potential. Continuous illumination induces the appearance of a triplet 
state, spin-polarized according to a charge-recombination process. The decay kinetics of the triplet zero-field 
sublevels were derived from a study of the flash-induced ESR signals at the different triplet peaks: 
k x = 1150---+350 s -~, k y  = 1050---350 s -1, k: ~<130 s -~. From comparison with the absorption data and from 
an ESR kinetic study in the g 2.0 region, it was concluded that this triplet is the P-700 triplet whose decay 
accounts for the whole of the optical signal observed at low temperature with k ~ 900 s-~ (t ~/2 ~ 800 p s) and 
which is formed through a back-reaction between P-700 ÷ and the reduced primary acceptor A~-. This 
interpretation of the observed optical decay was recently proposed (Setif, P., Hervo, G. and Mathis, P. 
(1981) Biochim. Biophys. Acta 638, 257-267), contrasting with a previous assignment to the P-700 ÷ -A]- 
decay (Mathis P., Sauer, K. and Remy, R. (1978) FEBS Lett. 88, 275-278). A prolonged illumination 
induces an irreversible charge separation in about half the reaction centers. This was interpreted as indicating 
the presence in these centers of an electron acceptor following A~, which is reduced with a very weak 
quantmn efficiency, whereas the back-reaction between P-700 ÷ and A~- is the major decay process. The 
chemical nature of this acceptor is unknown. 

Introduction 

A few years ago, studies on photosynthetic 
bacteria revealed, by combination of ESR and of 
absorption spectroscopy, that when the early elec- 
tron acceptor, the iron-ubiquinone complex QA, is 
either absent or chemically reduced, illumination 
induces the formation of the primary donor triplet 
state. The first ESR observation of this state was 

Abbreviations: PS, photosystem; DCIP, dichlorophenolin- 
dophenol; Chl, chlorophyll. 
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made by Dutton et al. [ 1 ]. In the magnetic field of 
an ESR experiment, this state exhibits a polariza- 
tion pattern which results from unusual popula- 
tions of the spin sublevels [2]. This spin polariza- 
tion was recognized as resulting from an electron- 
hole recombination [2] which is the reversal of the 
photoinduced electron transfer from the primary 
donor to the so-called intermediate acceptor. Later 
on, this subject was extensively studied by ESR 
spectroscopy and much information gained on the 
partners implicated in the primary photochemistry 
(for recent reviews, see Refs. 3-6). 

In plant photosystems ( P S I  and PS II), under 
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conditions where an electron was supposed to 
migrate, after fight excitation, from the primary 
donor (P-700 or P-680) to the primary acceptor 
only [7-9], a triplet state has been observed with a 
pattern of polarization similar to the bacterial 
triplet and interpreted in the same manner. In PS 
I, this interpretation is strengthened by the ob- 
servation of a magnetic field effect on either fluo- 
rescence [10] or delayed luminescence [11] with PS 
I particles under highly reducing conditions. 

The primary electron transfer reactions have 
been extensively studied in PSI  particles in which 
the electron acceptors A 2 (X) and P-430 (corre- 
sponding probably to the iron-sulfur centers A 
and B) were absent or chemically reduced. It is 
now widely accepted that another acceptor A~, 
presumably a chlorophyll molecule, mediates the 
electron transfer from P-700 to A 2 (X) (see Ref. 12 
for a recent review). CP I particles prepared with 
SDS are devoid of active iron-sulfur centers but 
they keep a functional electron acceptor A 1, as 
first shown by a study of the flash-induced absorp- 
tion changes [13]. In a recent work [14], we further 
studied these absorption changes and discussed 
the two most probably hypotheses for the ob- 
served species: a state (P-700+-A~ - ) lasting for a 
few microseconds at room temperature and about 
800 #s below 60 K, or a P-700 triplet state formed 
through a rapid (submicroseeond) back-reaction 
between P-700 + and A~-. Our data favored the 
last hypothesis which nevertheless needed con- 
firmation. 

This work presents additional support to the 
previous suggestion. ESR results were obtained 
with CP I particles under mildly reducing condi- 
tions. Under continuous illumination, a spin- 
polarized triplet spectrum was observed (Am s ---- 
--1 transitions) which is apparently identical to 
the spectrum obtained by other groups [7,9] under 
either different [7,9] or identical [9] redox condi- 
tions. The decay rates were derived and were 
found to be in fair agreement with the optical 
data. Under the same conditions, we were unable 
to detect any signal corresponding to the P-700 + 
radical which would decay with a 1 ms lifetime at 
10 K. 

Material and Methods 

CP I particles were purified by polyacrylamide 
gel electrophoresis in the presence of SDS, as 
previously described [15]. For ESR experiments, 
the solution was concentrated to 1 mg Chl /ml  by 
dialysis against poly(ethylene glycol) 20000. An 
aliquot of this solution, after addition of 10 mM 
sodium ascorbate and 0.5 mM DCIP, was diluted 
2-fold with glycerol before introduction in the 
ESR tube (2 mm internal diameter). The sample 
was then degassed and sealed under vacuum. After 
being kept in the dark, the sample was introduced 
into a helium cryostat (SMC, France). The temper- 
ature was measured with an As-Ga probe and 
could be controlled to within 0.5 K by heating the 
helium gas and by changing its flow. The tempera- 
ture probe was placed outside the sample tube, the 
temperature of which was thus not precisely 
known. In control measurements made with a 
different set up and a sample tube of 3 mm 
internal diameter, permitting to lodge a carbon 
resistor, it appeared that the outside probe gives a 
correct indication, within less than 1 K. The tem- 
perature difference most likely increases during a 
continuous illumination, whereas sample heating 
was probably negligible in flash experiments (see 
Results and Discussion). ESR spectra were re- 
corded with a Varian E-109 spectrometer operat- 
ing at 100 kHz modulation frequency. The instru- 
mental response time was 150 #s for kinetic traces. 
For triplet and P-700 ÷ measurements, the field 
modulation was 20 and 4 G, respectively. Continu- 
ous illumination was provided either by a mercury 
(high pressure) Philips SP 500 lamp (500 W) whose 
emission was filtered with a water cuvette and a 
blue filter (Corning 5-57) (ESR measurements) or 
by an 800 W tungsten-iodine lamp (absorption 
measurements). For kinetic measurements, the 
sample was excited by a xenon flashlamp (10 #s; 
half-width, 20 J; pulse frequency about 1 Hz) 
which was unattenuated, unless otherwise indi- 
cated. Kinetic traces were averaged (128-4096 
scans, depending on microwawe power) and spec- 
tra were recorded with a Hewlett-Packard E-900 
acquisition system. The time scan and the flash 
were sequentially triggered by an external clock. 
For absorption measurements, we used the same 
setups as described in (Ref. 14). The photodiode 
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amplifier was slightly modified so as to record 
signals with a decay time up to 10 ms without a 
significant distortion due to a.c. coupling. 

Results and Discussion 

ESR spectrum induced by continuous illumination 
Illumination of CP I particles at 4.2 K induces 

an ESR spectrum which is shown as a 'light' minus 
'dark' difference spectrum (Fig. 1). The main fea- 
ture is a six-line spectrum characteristic of a triplet 
state for Am s = ----- 1 transitions [16] and displaying 
the aeeaae polarization pattern (a, absorption of 
microwave power; e, emission) which arises from a 
charge recombination [2]. In addition, a large sig- 
nal appears in the g = 2.0 region. 

The triplet spectrum is similar to that previ- 
ously reported [7,9] under either different [7,9] or 
identical [9] redox conditions in P S I  particles. It 
exhibits the same zero-field splitting parameters 
( tDI = 0.0280 - 0.0005 cm-' ,  I z l  = 0.0038 --+ 
0.0002 cm-1). In Fig. 1, the different peaks are 
labelled as for chlorophyll in vitro, assuming D > 0 
and E < 0 [17]. In the particles under study, highly 
reducing conditions are not necessary to observe 
this triplet state, probably because the electron 
cannot go further than the primary acceptor, as 

~ ' ' ' ~CP1 (*~scorbote/ /,.2 K "Light "minus "dark "spectrum 

~ (,/.) + t, ~(2yl (2x)  ( l z )  / (2z) ( Ix )  ( ly) ~ .~- ~ I 

I . . . . . .  l _  1 
2.9 3.0 3.1 3.2 3.3 33, 3~ 3.6 37 

FieLd (kG) 

Fig. 1. Light minus dark ESR spectrum observed with CP I 
particles poised with ascorbate and DCIP. The light spectrum 
was recorded first, the dark spectrum was then recorded and 
subtracted. A subsequent illumination produced the same light 
spectrum. The triplet peaks are indicated by the six arrows and 
are labelled successively 2z, Ix, ly, 2y, 2x and lz with 
increasing field. In the central g 2.0 region the recorder sensitiv- 
ity is 4-times smaller. Instrument settings: microwave power 
0.05 roW, modulation amplitude 20 G, frequency 9.22 GHz, 
instrument gain 5.104 . 

the more remote acceptors are either absent or 
inactivated. The six lines attributed to the triplet 
state were absent when P-700 was oxidized by 5 
mM potassium ferricyanide prior to freezing. 

Before being illuminated at low temperature, 
the sample does not show any signal detectable 
under the conditions of Fig. 1. After illumination 
with continuous light, a large radical signal re- 
mains in the dark (dark spectrum). After a suffi- 
cient time of exposure to light, this dark signal 
does not increase any more following further il- 
lumination, but a difference subsists around g = 2.0 
between light and dark conditions. This difference 
signal is larger than the triplet signal (Fig. 1) but 
appears very weak when compared to the radical 
signals in the individual spectra, either light or 
dark. It has a complex line shape and may be 
composed of two signals (see below). We could not 
detect any transient signal in this field range at 4.2 
K following a flash excitation. Our results do not 
permit an unambiguous interpretation of these 
signals. It is quite possible that the difference 
spectrum around g 2.0 arises from a temperature 
increase during continuous illumination. 

Decay kinetics of the triplet state measured by ESR 
ESR kinetic traces for CP I particles excited by 

xenon flashes were averaged at 4.2 K for the 2z, 
lx and ly  peaks at different microwave powers. 

I i ] i i i i T I g I I I ~ ~ i ~ 

CP1  ( ÷ A s c o r b o t e )  /~ .2K I(~o~ . . . .  

:~ . . . .  , ,~ ,~ 

~ 5 m~ 
I I 

Fig. 2. ~ se  and decay of the flash-induced ESR signal at the 
(2~) p e ~  of the ~fiplet in CP I particles at 4.2 K. The rise time 
is instrument l i~ted. Inst~ment settings: ~crowave power 2 
~W, m~ulation ~p l i tude  20 ~ fr~uency 9.22 GHz, ins t , -  
merit gNn 5.10 ~. ~ e  drawn li~e is calculat~ for a monoex- 
ponential d~ay Mth k = 130 s-~. Inset: ESR s i s a l  at the 2~ 
p e ~  vs. flash energy. An energy of 1~  ~ e s p o n d s  to no 
attenuation. N ~ e  inst~ment se~fings, excep~ ~crowave power: 
0.05 mW. 
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Fig. 3. Decay rate constant  of the flash-induced 2z signal in CP 
I particles at 4.2 K as a function of microwave power (x-axis: 
logarithmic scale). The drawn curves which fit the experimental 
bars correspond to the two following sets of parameters: 
( ) k z = 3 0  s - I ,  I / T ] = 1 0 0  s - l ,  P = 5 . 5  s - ]  at 2 /~W 
( k ~ = l l O O s - l ,  k y = l O O O s - 1 ;  ( . . . . . .  ) k z = l l 5 s  -1, 1 / T l = 1 0  
s - I ,  P = 5  s -~ at 2/~W (k,~= 1200 s -1, k y = l l 0 0  s-~) .  

To calculate the depopulation rates k x, ky and k z 
of the three zero-field sublevels, we use a treat- 
ment  similar to that of Ref. 34, except that the 
relaxation between the I + 1 > and I - 1 > levels is 
also taken into account (same spin-lattice relaxa- 
tion time TI). The trace obtained at 2/~W for the 
2z peak is shown in Fig. 2 with the calculated 
monoexponential  decay curve corresponding to a 
rate constant of 130 s 1. As shown in the inset, the 
2z signal was practically saturated at our maxi- 
mum flash intensity. For a 2-fold attenuation, the 
triplet signal decreased only by about 10%. At 2 
/xW, the signals appear to decay almost mono- 
phasically with decay rates of 130 -+ 5, 1200 - 300 
and 1100-+300 s -1 for the 2z, lx and ly  peaks, 
respectively. The poor precision for the two last 
figures results from the rather large instrument 
response time (approx. 150/~s) and from the low 
signal-to-noise ratio in the tail of the curve. K x and 
ky can thus be estimated from a monoexponential  
decay fitting in the intermediate time domain (after 
the initial instrument-limited rise and before the 
signal becomes too small). For each peak the 
decay rate is approximately the same at 2 and 10 
/tW. This suggests that these microwave powers do 

not affect the decays, as confirmed by the decay 
rate dependence upon microwave power at the l z 
peak (Fig. 3). A value of 5 s - I  can thus be esti- 
mated for the probability of the transition P in- 
duced by the rodcrowave field at 2/zW. Hence the 
measured rates correspond to the following 
parameters: 

p = 5 _ + 0 . 5 s  ~at21aW 

k z + l I T  1 = 130-+5 s - ]  

k x + I / T ]  = 1200--+300 s i 

k y  + l i T  1 = 1100--+300 s -~ (1) 

From our data, we cannot determine the spin- 
lattice relaxation time T 1 but only a superior limit 
can be deduced from the second formula in Eqn. 
1, i.e., 1 / T  1 <~ 130 s - I .  The depopulation rates of 
the three zero-field sublevels can be estimated: 
k x = 1150 --- 350 s 1, ky = 1050 ± 350 S -1, k z ~< 130 
s -  1, from which we deduce: ~k i /3  = 750-+ 250 
s i or, for the corresponding 4/2:700/~s ~< 4/2 <~ 
1400/~s. 

Kinetics of absorption changes at low temperature 
We previously found [14] that the absorption 

changes induced by a laser flash with CP I par- 
ticles decay quasi-exponentially with k ~ 900 s t 
at 10 K. This was a somewhat rough estimation, as 
the a.c. coupling of the amplifier would have pre- 
vented us from measuring precisely a decay phase 
with 4 / 2 >  2 ms. We attempted to make a more 
accurate kinetic analysis at low temperature on a 
longer time scale with a modified setup (see 
Material and Methods). The absorption changes 
induced in CP I particles by a 1 /~s dye laser flash 
were measured at 7-+1 K and 30---2 K at two 
different wavelengths (700 and 820 nm), for which 
the same temperature effect was observed. Semi- 
logarithmic plot analysis indicates (not shown) 
that the decay is quasi-monoexponential at 30 K 
with k ~ 900 s-1 (Fig. 4a). This is consistent with 
the preceding decay rates of the three triplet peaks, 
since at 30 K, the relaxation time between the 
triplet sublevels is expected to be considerably 
smaller than at 4.2 K. This would thermally mix 
the three zero-field triplet state sublevels, resulting 
in a nearly monophasic absorption decay with a 
rate constant of ~ki /3 ,  i = x, y, z. The ESR results 
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Fig. 4. (a) Kinetics of AA at 703 nm induced in CP I particles 
(A678 --- 1.2) by a nearly saturating 1 #s dye laser pulse at 7 and 
30 K. An upward signal corresponds to an absorption decrease. 
The two traces are superposed just after the flash but they 
differ later (lower trace at 30 K and upper trace at 7 K). Each 
trace is the average of 16 experiments. (b) Difference between 
the two traces at 7 and 30 K. The drawn curve is plotted for the 
following values: 7 K, two exponential components with k = 300 
s-~ (25%) and k = 1300 s- t  (75%); 30 K, a single exponential 
with k = 900 s -  I. 

a re  hence c o m p a t i b l e  with the opt ica l  da t a  wi th in  
the exper imenta l  uncer ta int ies .  As  shown in Fig.  
4a, the decay  at 7 K has a t ra i l ing tail  when it is 
c o m p a r e d  to that  at 30 K (Fig.  4a), ind ica t ing  the 
a p p e a r a n c e  of  a po lyphas ic  decay  when the tem- 
pe ra tu re  decreases  down  to 7 K. Both  tl/2 and  
con t r ibu t ions  of the two ma in  phases  at  7 K are 
fa i r ly  diff icul t  to eva lua te  because  the decay  rates 
are  not  d i f ferent  enough and because  a much  
s lower phase  (tw2 > 10 ms) of  we~k magn i tude  
( abou t  1% of  the whole  signal) is also present .  
However ,  we a t t e m p t e d  such an es t imat ion  in Fig. 
4b where a tenta t ive  s imula t ion  of  the di f ference 
be tween  the decay  curves at 7 and  30 K is given, 
wi th  values grossly  consis tent  with the t r iplet  de-  
cay,  cons ider ing  that  the three zero-f ie ld  t r iple t  
sublevels  equi l ib ra te  s lowly at  7 K. 

Irreversible signals induced by continuous illumina- 
tion at low temperature 

W h e n  the CP  I par t ic les  are  i l lumina ted  at  low 
t empera tu r e  ( tes ted for T ~  < 100 K)  with a cont inu-  
ous  act inic  light, some P-700 becomes  i r revers ib ly  
oxidized.  This  was tes ted bo th  by  ESR and  by  

10 

CP I 10 K 

"Light "minus" Dark" 

~ 0 

-5 

-10 

-15 

660 680 700 720 
~, (nm) 

Fig. 5. Difference spectrum obtained with CP I particles (A678 
= 1.5) at 10 K. After cooling in the dark, the spectrum was 
recorded before and after a continuous illumination (10 s) and 
the former was substrated from the latter. The maximum of AA 
at 700 nm corresponds to an A678/AA ratio of about 100. 

abso rp t ion  spect roscopy.  A b o u t  half  of  the chemi-  
cal ly  oxid izable  P-700 is f inal ly  oxidized and  then 
a fur ther  i l lumina t ion  has  no add i t iona l  irreversi-  
b le  effect (af ter  abou t  2 min in the E P R  experi-  
ments  and  less than  10 s in the abso rp t ion  exper i -  
ment :  the di f ference be tween  the two dura t ions  is 
mos t  l ikely due to very dif ferent  condi t ions  of  
i l l umina t ion  and  abso rbance  in the two k inds  of  
exper iment) .  The  abso rp t ion  di f ference spec t rum 
thus ob ta ined  is s imilar  to the chemical ly  induced  
(P-700+-P-700)  spec t rum from 550 to 750 nm 
(Fig.  5; 650-720  nm;  cf. Fig.  7 in Ref. 13), so that  
the con t r ibu t ion  of  the i r revers ibly  reduced  accep-  
tor  molecule  appea r s  negligible in this wavelength  
region.  We canno t  exclude that  a ch lorophyl l  
accep to r  could  give for tu i tous ly  the same dif- 
ference spec t rum as P-700. However ,  our  in terpre-  
t a t ion  is fur ther  suppo r t ed  by  a quant i ta t ive  corn- 
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Fi$. 6. ESK spectra at ] ~  K of CP ] particles. Upper trace: 
after ~ b r a t J o ~  at room temperature ~ th  sodium ascorbat¢ 
a~d DCTP, the sample was cooled i~ the d~k down to ] ~  K. 
I t  was rhea J]]u~natSd ~ t h  condauous ] i ~ t  a~d the sp¢ct~m 
subsequently r¢cord~ J~ the dark. T~strumcnt 8aJn: 3.2. ]0 ". 
Lower trace: the s~p]¢ was ~ug~brat~ ~ t h  a ~xtur¢ of 
potassium feral- aad f e r r ~ J d ¢  (0.5 mM fcrdcyanid¢, 5 #M 
f c r r ~ d ¢ )  at room temperature and cooled in the dark. 
Tnst~mcnt ~ :  ].25.]04. [nst~mcnt scttJ~Ss: ~crowav¢ 
power ]0 #W, m~ulat ion amplitude 4 O, frequency 9.]0 OHz. 

parison of the effect of illumination at low temper- 
ature on the flash-induced ESR triplet signal and 
on irreversible signals (see Conclusion). 

The light-induced ESR spectrum in CP 1 par- 
ticles is shown in Fig. 6 together with the spectrum 
of the chemically oxidized P-700 obtained under 
identical conditions of temperature (100 K) and of 
nonsaturating microwave power (10 ptW). A close 
examination reveals that the two spectra are not 
identical: in the light-induced spectrum, the line 
shape is broader (8.5 G instead of 7.5 G for P-700) 
and the g value is slightly smaller (g 2.0022 if we 
assume g 2.0026 for P-700 ÷ ). These differences are 
hardly out of the noise level, but thet were con- 
sistently observed and we suggest that they result 
from the presence, in the light-induced spectrum, 
of a signal due to a reduced electron acceptor, in 
addition to the signal due to P-700 + . This pro- 
posal is supported by the observation that the 
shape of the light-induced signal is not modified 
during its growth when a weak actinic light is 
applied at low temperature. As the absorption 

changes induced by a laser flash on a dark-adapted 
sample are almost completely reversible, we con- 
clude in favor of the existence of an acceptor 
molecule which can be irreversibly reduced in 
about half of the reaction centers with a very weak 
quantum efficiency. This electron acceptor may be 
either nonphysiological or an altered form of a 
physiological acceptor resulting from the purifica- 
tion procedure. It looks different from the radical 
attributed to the primary acceptor and reported in 
Refs. 18 and 19 as these radicals have g values 
larger than the g value of P-700 + . From the 
absorption data (Fig. 5) it seems doubtful that it 
could be a chlorophyll molecule and its chemical 
nature is unknown at this moment. 

E S R  kinetics in the g 2 region 
The preceding light-induced signal is broader at 

10 K than at 100 K (about 10 G, see Fig. 7a) 
probably due to a saturation effect even at the 
lowest microwave power available with our spec- 
trometer (2 /~W). At 10 K, the spectrum shows 
more clearly than at 100 K the presence of two 
radicals, which are probably P-700 ÷ and a re- 
duced acceptor. We observed (not shown) a rough 
parallelism between the appearance of the light-in- 
duced irreversible signal and the decrease of the 
triplet signal elicited by a series of flashes. When 
the sample exhibits a maximum light-induced irre- 
versible signal, the triplet signal is about 2-fold 
smaller than before the continuous illumination 
and is no more affected by a subsequent illumina- 
tion. 

l ~ - CP 1 1OK 
Ascorb(~te 

~ Fie~d position A c0~tir, uous I~ht 

( = }  A ( b )  I m =  

- ± ± ~ ~ ~ ~ • • J ~ 
] ~  ~ ~ ~ l  ~ ~ t ~  Z]2 3~ 

F ~  [kG)  
L _ 

F~.7, ESR spu tum and ~ncdc trace ~t ~0 K with CP ] 
particles (~scorbat¢ ~nd DC~P). (a) The spu tum was obt~ncd 
as in FJ8. ~ (upper trace) b~ illumination ~t ]0 K. (b) ~h¢ 
kinetic trace is recorded for a field of 3292 G (arrow A in a). 
~v¢~a~¢ of ]024 experiments. The flash is indicated b~ the 
~rrow. The ~nst~ment sctt~nss ~¢ identical for a ~nd b: 
~crowav¢ power 0.2 roW, m~ulation amplhud¢ 4 G, 
~r~uenc~ 9.22 GHz, ~nst~ment 8am 2.104. 



This light-induced irreversible signal could serve 
as a reference of the P-700 + signal to evaluate 
quantitatively on the same sample the flash-in- 
duced ESR signal that is elicited at 10 K around g 
2.0. As is shown for the high-field peak of P-700 ÷ 
(Fig. 7b, the signal magnitude is directly compara- 
ble with that of Fig. 7a), practically no transient 
signal was found in this region. At 10 K, T 1 was 
assumed to be about 900/~s for P-700 ÷ [20] and 
since we used a microwave powder (0.2 mW) that 
is well above the minimal saturating power, we 
estimated that P >> 1000 s -~ (P  >> 1/T~). Thus, we 
have ( 2 P +  1/Tl+k)>4000 s -1 and (see Ap- 
pendix) it would be easy to observe any chemical 
P-700 + decay with k ~ 900 s -  ~ and to extrapolate 
it to zero time. The absence of such a signal under 
conditions where the flash is saturating (Fig. 2, 
inset) and where the P-700 ÷ signal is readily ob- 
servable (Fig. 7a) shows that a hypothetical back- 
reaction between P-700 + and a reduced acceptor 
(with k ~. 900 s -~) occurs in a minor part, if any, 
of the reaction centers (less than 10% within the 
experimental uncertainties). This lack of flash-in- 
duced P-700 ÷ ESR signal, together with the previ- 
ous absorption results, reinforces the assignment 
of the whole optical decay to the triplet state decay 
that we observed by ESR kinetics. 

Conclusion 

The first part of the present results show that a 
polarized triplet can be elicited by continuous 
illumination at 4.2 K of CP I particles whose only 
photochemical activity is PS I and which are not 
poised at low redox potential. In previous studies 
on that subject, a triplet with similar ESR char- 
acteristics had been obtained with other PS I 
particles poised at different potentials [7,9]. This 
different requirement is predicted on the basis of 
the hypothesized presence of only the primary 
acceptor A~ in CP I particles [13], of a more 
complete sequence of acceptors in the other par- 
ticles and of the hypothesis that the polarized 
triplet is formed in a back-reaction between P-700 + 
and A~- when the electron cannot migrate away 
from A~. CP I particles thus behave like reaction 
centers of purple bacteria treated to remove the 
primary ubiquinone [21]. 

In this work, we report the first measurement of 
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the kinetic parameters of this polarized triplet. At 
4.2 K and at low microwave power, under condi- 
tions where the triplet sublevels are almost iso- 
lated, the three different peaks (at low field) decay 
with rate constant of 130 -+ 5, 1200 --+ 300 and 1100 
- 300 s -  ~. These decay rates are perfectly compat- 
ible with those obtained by flash absorption spec- 
troscopy. In a recent work, using flash absorption 
spectroscopy, we already concluded that the sig- 
nals elicited in CP I particles were largely due to a 
triplet state of P-700. The present work proves that 
this conclusion is correct, in agreement with an 
interpretation proposed by other groups [9,11]. 
This convergence between our absorption and ESR 
data leads to an additional conclusion: the triplet 
state which is detected by ESR is that of P-700, 
since the absorption difference spectrum has a well 
defined negative peak at 700 nm. This conclusion 
could not be reached by ESR alone. Structural 
information on P-700 should be deducible from 
the zero-field splitting parameters and the intersys- 
tem crossing rates of 3P-700. This may be some- 
what premature, however, since the dimeric nature 
of P-700 is not as certain as for the bacterial 
primary donor [22] and since both D and E values 
for chlorophyll in vitro exhibit some variations 
depending on the solvent (for some values, see 
Ref.  3) and on the concentration of chlorophyll 
[23,24]. The kinetic properties of 3p-700 vary 
largely with temperature, contrarily to the chloro- 
phyll triplet in vitro [13,25]. The law of variation is 
essentially the same for 3 P-700 and for the primary 
donor of photosynthetic bacteria [13,26]. At low 
temperature the lifetime of 3p-700 is not too dif- 
ferent from that of the Chl a triplet state, either 
monomeric or aggregated, in vitro [25], whereas 
the triplet of the bacterial primary donor decays 
significantly faster than the triplet state of 
bacteriochlorophyll [3]. 

After prolonged illumination at low tempera- 
ture, the size of the flash-induced ESR triplet 
signal decreases progressively to about 50% of its 
initial value and then remains unaffected by more 
prolonged illumination. Absorption data, on the 
other hand, indicate that in about half of the 
reaction centers, P-700 can be photooxidized irre- 
versibly. The best interpretation of these data is 
that, in 50% of the reaction centers, an electron 
acceptor different from A l is present. It may accept 
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an electron from A~- and lead with a low quantum 
efficiency to a stable charge separation. This 
acceptor is neither an iron-sulfur center (none of 
their characteristic ESR lines were detected in our 
experiments; the CP I particles contain less than 
one Fe atom per reaction center [27] nor a Chl a, 
the reduction of which would probably distort the 
red difference spectrum of P-700. After reduction, 
its ESR spectrum is slightly different from that of 
P-700 ÷ . 

Fig. 8 summarizes the kinetic pathways for elec- 
tron flow between the primary partners of P S I  at 
low temperature (T~<60 K), as they can be ex- 
tracted from this and other recent studies 
[11,14,28,29]. The primary acceptor A 1 may be a 
chlorophyll molecule [12] but definite arguments 
are lacking for this assignment to date. The energy 
differences between the state l(p-700) and 1,3[(p_ 
700)+-A~ -] and between 3(p-700)-A= and the 
ground state are taken, respectively, from Ref. 11 
and from a phosphorecence wavelength of 960 nm, 
which was found for chlorophyll both in vitro and 
in vivo [30-32]. 

Sonneveld et al. [11], from their luminescence 
results, proposed that the lifetime of the radical 

/tE(eV) 
1.8 - 1 . k = . t O ~ . ~  

~ [~--~:-~-°~--~-~ll~,-~ool;,~~] .------,~(~,.~ool'-x~] / I.~ 

~.~ 

/ 
~.~ . . . . . . . . . . . . . .  ¢ . . . . . . . . . . . .  ~1 P-~ I - ~ 1.2[ k s ~ ~  

k = gO0 g~ 

0 - -(P-700)-AI 
Fig. 8. Kinetic pathways for the different states involving the 
primary partners P-700 and A l in CP I particles at low 
temperature. 

pair is largely determined by the recombination 
3[(P-700) +-A~- ] ~3(p-700)-A1. This is consistent 
with a yield of P-700 triplet formation, compared 
to the yield of biradical formation, approaching 
unity, whereas we found [14] values of 0.7 and 0.5, 
respectively, at 10 K and 21°C. This discrepancy 
may be due to different interactions between the 
primary partners in the two kinds of P S I  particles. 

Appendix 

Kinetics of the radical decay 
This section describes the hypothetical decay of 

the P-700 + radical formed after an actinic flash in 
order to decide if such a decay occurs at 10 K in 
the CP I particles by back-reaction between P-700 + 
and an electron acceptor. It follows a treatment 
similar to that used by McElroy et al. [35]. We 
consider that the actinic flash populates instanta- 
neously (time zero) the two Zeeman sublevels with 
probabilities p and ( 1 - p ) .  The value of p is 
ordinarily 0.5 but may differ in the process under 
question due to spin polarization. The various 
processes involved in the population changes of 
the P-700 + sublevels are depicted in Fig. 8. n is the 
concentration of P-700 + produced at zero time by 
the actinic flash and N-( t )  and N-( t )  describe 
this concentration of P-700 + in its respective spin 
states, k, w+_(w_÷) and P are, respectively, the 
rate constant of P-700 ÷ chemical decay, the spin- 
lattice relaxation rates (w+_+w_+ = l/T=) and 
the probability of the transition induced by the 
microwave field. The P-700 + population N(t)= 
(N+( t ) ,  N - ( t ) )  varies with time as follows: 

d N  
--AN 

dt 

with 

~_t - (~+e+w+ ) w_++e 1 (~l) 
--[w+ +P - - ( k + P + w  +) ! 

The ESR signal is proportional to the population 
difference between the two Zeeman levels, which 
has the following expression, taking (N(0)---(pn,  
(1 - p ) n ) :  

n(w+_--w_+)  ( exp ( - -  k t )  ( N - - - N +  ) ( t )= f-~~-~-+S +w + 
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+2[(I-P)(P+w-+ )-P(P+w+-)] 
W + _  - -  W + -  

Xexp [ - (  k + 2P + w+_ + w _ + ) t ] )  

(A2) 

The kinetics are a superposi t ion of two exponen-  
tial decays with rate cons tants  k and  (k  ÷ 2 P  + 

l /T1) .  So the major  par t  of the measured decay 
corresponds  to the chemical decay whether or not  
spin polar izat ion is induced by the charge separa- 

t ion process, provided that  (k  + 2P + 1 /TI )  >> k. 

As the first term of Eqn. A2 gives the popula-  

t ion difference between the two Zeeman  levels of a 

stable radical with concent ra t ion  n, we can readily 

compare  the popula t ions  n of P-700 ÷ in both  
k inds  of exper iments  (kinetics of decay and irre- 

versible signal) unde r  identical  experimental  con- 
di t ions  of temperature  and  microwave power, pro- 
vided that ( k  + 2P + 1/T~) >> k. 
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