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EPR study of reduced ground and photoexcited triplet state of Photosystem I reaction center in the 
thermophylic cyanobacterium Mastigocladus laminosus at 8 K is reported. In the reduced ground state 
preparation, the iron-sulfur EPR spectra are found to be similar to that of Photosystem I reaction center of 
higher plants. Two types of transient photoexcited triplets are observed and are correlated to the reduction 
state of the iron-sulfur centers. When electrons can be transferred freely through the acceptors chain, a 
polarized triplet spectrum is observed, typical of spin-orbit intersystem crossing mechanism with lifetime of 
approx. 2 ms and is attributed to chlorophyll a, either at the antenna or at A ~ in the electron-transport chain. 
When the iron-sulfur centers are reduced the triplet spectrmn is typical of a radical-pair intersystem crossing 
mechanism with triplet lifetime shorter than 1 ms, and is attributed to P-700. Both species have similar 
spectroscopic zero field splitting parameters identifying both as chlorophyll a. 

Introduction 

The primary photoevent  occurring in PS-I reac- 
t ion centers results in charge separation and 
successive electron-transfer processes to reduce 
bound  ferredoxins in the electron-transport  chain. 
While in various higher plants the PS-I reaction 
center consists of  seven different subunits [1-4], 
this complex in green alga contains only four 
subunits [5]. 

Recently, PS-I reaction center was isolated from 
two species of  cyanobacter ia  [6,7], the complex 
purified f rom the thermophylic cyanobacter ium 
Mastigocladus laminosus [7] contained four differ- 
ent subunits with molecular weights of  70000 
(subunit  I), 16000 (subunit II), 11000 (subunit  

Abbreviations: PS I, Photosystem I; Chl a, chlorophyll a; Mes, 
4-morpholineethanesulphonic acid; MTHF, methyltetrahydro- 
furan. 

Ill),  and 10 000 (subunit IV). The purified reaction 
center was active in cytochrome c photooxidat ion 
with a temperature op t imum of 60°C. Its subunit  I 
was found to be similar in molecular weight, P-700 
content  and pat tern of  appearance in SDS gels to 
subunits I f rom higher plants and green alga PS-I 
reaction center. Immunological  cross reactivity be- 
tween subunits I of  higher plants, green alga and 
cyanobacter ium reaction centers was detected [7]. 

P-700 was identified as the electron donor  of 
the PS-I reaction center [8] and upon illumination 
electrons are transferred to the pr imary electron 
acceptor A~ [9-11] * from which the electrons are 
further transferred to the iron-sulfur centers A 2 
(X), m 3 (B) and A 4 (A) [12]. The presence of  

* A 1 in this context refers to Chl-a species immediately follow- 
ing P-700 in the electron-transport chain. The experimental 
data do not disclose detailed information as to the participa- 
tion of an earlier primary acceptor A o (see Ref. 11). 
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bound ferredoxins was found in preparations en- 
riched in P S I  from various sources [13-20], in- 
cluding preparations of higher plants PS-I reaction 
center consisting of either seven [21] or eleven [22] 
subunits. 

Since the Mastigocladus PS-I reaction center 
consists of four subunits only, a functional equiv- 
alency to the PS-I reaction center of higher plants 
has been sought for in this study by EPR spectro- 
scopy. Two paramagnetic species of PS-I reaction 
center are discussed in the present work: 
(1) bound ferredoxins in the reduced ground state 
and 
(2) the photoexcited triplet state. The ability to 
detect the iron-sulfur complex lends support to the 
determination of existence of such functional 
equivalency between PS-I reaction center of 
Mastigocladus and higher plants. 

EPR triplet detection may provide an insight on 
the molecular structure and coupling mechanism 
between the photoexcited singlet and triplet mani- 
folds. Light modulation EPR spectroscopy moni- 
toring the photoexcited triplet state is a convenient 
tool to study the spin dynamics associated with 
this state. This method has been applied to many 
in vitro systems [23-25] as well as in vivo prepara- 
tions [20,22-27,35]. In all cases studied previously 
and are relevant to the present work, the triplet 
spectra exhibit anomalous lineshape due to selec- 
tive intersystem crossing routes from the photoex- 
cited singlet to the triplet state. This phenomenon 
is commonly termed as electron spin polarization 
(ESP). For recent reviews and relevant references 
on EPR triplet detection, see for instance Refs. 23, 
24 and 25. 

Two mechanisms of intersystem crossing (tri- 
plet , -  singlet) are known to be responsible for the 
observed EPR triplet lineshape and the associated 
spin dynamics. The most common one in in vitro 
systems is the so-called spin-orbit intersystem 
crossing, and the one often observed in in vivo 
systems is the radical-pair intersystem crossing 
[23-25]. Although both mechanisms give rise to 
EPR detectable triplet states, the lineshape in term 
of the polarization patterns is fundamentally dif- 
ferent. 

In the spin-orbit intersystem crossing, the selec- 
tive population of the triplet sublevels in high 
magnetic field will result in polarization patterns 

which are governed by the nature of the singlet-tri- 
plet mixing. In this case selective intersystem 
crossing occurs, at high magnetic fields, to sub- 
states T 0, T_+ 1 and the high-field populations are 
given by Eqn. 1: 

N++_,'~ lz(Nj+Nk) 

No= N i f o r B I I i  (i= X, Y, Z) (1)  

where X, Y, Z are the canonical orientations and 
N,.j,k are the zero-field levels population. The 
polarization directions of the transient triplet spec- 
trum in the fast limit will show one of six patterns 
determined by the sign of D (the axial zero-field 
splitting parameter) and the spin sublevels at zero 
field, selectively populated from the singlet. As an 
illustration, the polarization pattern of the transi- 
tions in the A M =  _+1 region for D >  0, and 
selective population of T v level is given by: 

e( Z2)e( X1)e( Y~)a( Y2)a( X2)a( Z,) (2) 

where e and a are emissive and absorptive lines, 
respectively. Therefore, under conventional spin 
orbit intersystem crossing mechanism there is al- 
ways a change in sign (from e to a for a given set 
of transitions as defined by each half spectrum p,, 
(p=X,  Y, Z; i =  1, 2). 

In the radical pair intersystem crossing mecha- 
nism, the population of the sublevels is still selec- 
tive. However, it differs from that discussed above 
as only the T O state is overpopulated regardless of 
the relative orientation of the principal axes with 
respect to the external magnetic f ield B. This 
mechanism occurs in those systems where radical 
pairs [A+B -]  can be produced following the 
primary photoexcitation [23-25,28]. The dif- 
ference in magnetic environment between/k + and 

may result in mixing between the photoexcited 
singlet M~= 0 = 0 and that of the triplet component 
Ms= 1 = 0. This will develop a triplet character in 
the radical pair, and a back electron transfer will 
produce AXB which is EPR detectable. This reac- 
tion scheme is: 

hv ¢ 
[AB l --, [A*B] * > [A+ B_ ]s 

transfer 

T back e- radical '~ [.~+ B -  ] - - - - - -~  [AT B] (3)  
intersystem crossing transfer 



Under this mechanism the triplet EPR polariza- 
tion patterns will be: 

a( Z2)e( X~)e(Y~)a(Y2)a( X2)e( Z,) (4) 

This pattern is markedly different from Eqn. 2 as 
here, there is no change in the sign (from e to a or 
vice versa) for a given set of transition (each half 
spectrum). It should be clear from the above argu- 
mentation that once a polarized spectrum is ob- 
tained, it is possible to determine from the polari- 
zation patterns which intersystem crossing mecha- 
nism prevailed. 

In the present work we report on the detection 
of the iron-sulfur centers in Mastigocladus 
laminosus PS-I reaction center which contains only 
four subunits and compare it to the EPR spectrum 
of spinach which contains seven such subunits, 
typical of higher plants. When photoexcited, 
Mastigocladus PS-I reaction center displays two 
different triplet EPR spectra which are associated 
with two different pathways for the intersystem 
crossing, namely the spin-orbit and radical-pair 
mechanisms. It is found that the choice of which 
mechanism predominates (and subsequently which 
species is observed) depends on the reduction state 
of the iron-sulfur centers. 

Materials and Methods 

Analytical methods 
Chlorophyll was measured according to Arnon 

[29] and P-700 was detected as previously described 
[1,2]. Gel electrophoresis in slab gels containing an 
exponential gradient of 10-15% acrylamide was 
also performed [30]. 

Growing of cells and isolation of PS-1 reaction center 
Mastigocladus laminosus was grown in medium 

D of Castenholz [31] at pH 8.2, with constant 
stirring at 50°C [32,33]. The cultures were bubbled 
with water saturated air supplemented with 5% 
CO 2. The cells were illuminated with white light at 
an intensity of about 102 J .  m -2 .  s -L  After 4-5 
days the cells were harvested by centrifugation at 
2000 × g for two min. The cells were washed in a 
buffer containing 10 mM Tris-HC1 (pH 8.0) and 
10 mM NaCI, and recentrifugated at 2000 × g for 
an additional 2 min. The washed cells were resus- 
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pended in the same buffer containing 0.4 M sucrose 
at Chl a concentration of 2 mg/ml.  PS-I reaction 
center was isolated from Mastigocladus [7] and 
from spinach [4] as previously described. 

Spinach and Mastigocladus PS-I reaction center 
preparation for EPR studies 

Spinach PS-I reaction center at chlorophyll con- 
centration of 2 mg /ml  was suspended in a solu- 
tion containing 0.1 M glycine (pH 10.1)/0.1% 
sodium dithionite ( w / v ) / 1 0 / ~ M  methyl viologen 
and about 50% glycerol. Mastigocladus PS-I reac- 
tion center with chlorophyll concentration of 2 
m g /m l  was suspended in a similar solution with a 
sodium dithionite concentration of 1% (w/v).  
Samples of 200 ~tl were transferred to a 4 mm 
outer diameter quartz tubes and frozen under il- 
lumination to the desired experimental tempera- 
ture. This preparation method results in the reduc- 
tion of A 2, m 3 and A 4 without affecting the 
reduction state of A 1 [15,16,19,35]. As expected, 
freezing these samples in the dark should prohibit 
the reduction of A 2 [15,16,19,35]. The unblocked 
samples were prepared in the same buffer (0.1 M 
glycine, pH 10.1) without sodium dithionite, and 
frozen in the dark. 

Instrumental 
The EPR spectrometer used was a Varian E-12, 

the cryostat was an Air-Products Helitran LTD-3- 
110, which maintained a temperature of 8 K in all 
experiments. When photoexcitation was required, 
an electronically modulated xenon arc (Eimac 150 
W) was used and the EPR signal from the 100 kHz 
lock-in amplifier was fed into a second phase-sen- 
sitive detector in reference with the light modula- 
tion frequency. A detailed description of the light 
excitation and signal detection is available 
elsewhere [34]. The exciting light was passed 
through a 5 cm water cell and a Coming 3-73 
cut-off filter (Xpass > 390 nm). The experimental 
results were digitized by a Nicolet Explorer III-A 
digital oscilloscope interfaced to a microcomputer 
on line with the experiment, and processed off line 
on a VAX 11/750. 

Results and Discussion 

The purified PS-I reaction center isolated from 
spinach and cyanobacter ium Mastigocladus 
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Fig. 1. SDS-polyacrylamide gel patterns of spinach (lane 1) and 
Mastigocladus (lane 2) PS-I reaction center. Preparations ob- 
tained as described in the main text were dissociated for about 
2 h at room temperature in 2% SDS and 2% fl-mercaptoethanoi. 
Samples containing about 15 /~g protein were electrophoresed 
on an exponential 10-15% acrylamide gel. 

laminosus c o n t a i n e d  a b o u t  50 Chl  a molecules  pe r  
P-700. The  po lypep t i d e  prof i les  of  the  PS-I  reac- 

t ion  cen te r  pur i f i ed  f rom s p i n a ch  a n d  Masti- 
gocladus are  shown  in  Fig.  1. Whi l e  the  sp inach  

complex  c o n t a i n s  seven s u b u n i t s  the Mastigocla- 
dus PS-I  r eac t ion  cen te r  consis ts  of four  only.  
S u b u n i t s  I in  b o t h  p r e p a r a t i o n s  were s imi la r  in  
mo lecu l a r  weight  (70000) ,  a n d  a p p e a r a n c e  in  the  

SDS gels. As  i nd i ca t ed  above,  some  p r e p a r a t i o n s  
for the  E P R  m e a s u r e m e n t s  were d o n e  a t  p H  10.1. 
The  resul ts  in  Fig. 2 show that  l i gh t - induced  ab -  
s o r p t i o n  change  of  P-700 can  be  de tec ted  a t  the 
h igh  p H  as well  as at  p H  8.0. A l t h o u g h  the  k ine t ic  
t race  at  p H  10.1 exhibi ts  a lower  p h o t o o x i d a t i o n  
ra te  c o n s t a n t  t h a n  tha t  o b t a i n e d  at p H  8.0, it is 
c o n c l u d e d  tha t  PS-I  reac t ion  cen te r  is still func-  
t iona l  u n d e r  the p re sen t  expe r imen ta l  cond i t ions .  

The  presence  of  the i ron - su l fu r  centers  in  the 
two reduced  PS-I  r eac t ion  centers  was verif ied b y  
fo l lowing  the i r  E P R  signals.  T h e  E P R  s p e c t r u m  of  

I min 

Fig. 2. Photooxidation of P-700 in Mastigocladus PS-I reaction 
center. The reaction mixture contained in a final volume of 1 
ml, 20 #mol of Mes-tricine (pH 8.0) (A) or 20 #tool glycine 
(pH 10.1), (B), 10 nmol sodium ascorbate, 3 #g N-methyl- 
phenazonium methosulfate and PS-I reaction center equivalent 
to 17 #g of chlorophyll. Light-induced absorbance changes 
were recorded at 430 nm as previously described [1,2]. 
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Fig. 3. EPR spectra of reduced iron-sulfur centers in PS-I 
reaction center isolated from spinach (I) and Mastigocladus (II 
and III). Spectra I and II were recorded after the samples were 
frozen in the dark (A 3 and A 4 reduced), trace III was recorded 
after freezing under continuous illumination (A2, A3, A 4 re- 
duced). Microwave power and spectrometer gain are 20, 60, 
and 100 mW and 1600, 2000, and 1600 for I, II and III, 
respectively. Modulation amplitude of 10 Gauss; scan time, 4 
rain, time constant, 0.1 s and temperature, 8 K, are common to 
all spectra. 



the four subunit Mastigocladus PS-I reaction center 
at pH 10.1 is given in the lower trace in Fig. 3, and 
is compared to that of spinach (upper trace). The 
similarities between the two spectra suggest that 
both reaction centers are similar with respect to 
bound ferredoxin content. 

Upon illumination of Mastigocladus PS-I reac- 
tion center, two different transient triplet EPR 
spectra having different lifetimes are observed de- 
pending on the reduction state of the bound fer- 
redoxins (Fig. 4). Each one of those spectra ex- 
hibits a typical lineshape, characteristic of a differ- 
ent intersystem crossing mechanism, as reflected 
by the polarization patterns. When the system is at 
normal oxidation state (no sodium dithionite, 
frozen in the dark) trace I in Fig. 4 is obtained and 
the kinetic behavior is given in Fig. 5. When the 
iron-sulfur centers are reduced the lower trace II 
in Fig. 4 results in with kinetics given in Fig. 6. 

We interpret these observations in terms of the 
two intersystem crossing mechanisms described 
above. In the unblocked system the electrons are 
free to flow and are being transferred through the 
complete cycle. The transient EPR spectrum ob- 
tained under these conditions, shows a polariza- 
tion pattern typical of conventional spin orbit 
intersystem crossing, namely: * 

a( Z2)a( Xl)a( Y~)e( Y2)e( X2)e( Z~) (5) 

This is reflected by the change from emission to 
absorption in each transition. When the iron-sulfur 
centers are reduced, the spectrum nr. II in Fig. 4 
exhibits a polarization pattern: 

a( Z2)e( Xl)e( Y1)a( Y2)a( X2)e( Z]) (6) 

with no change in sign of polarization for each 
transition *, a situation typical to photoexcited 

* The polarization patterns indicated were obtained from the 
derivative line at g = 2 in both traces of Fig. 4. This line is 
not attributed to a triplet spectrum but  rather to a light-in- 
duced radical. It is evident from schemes 7 and 10 that: (a) 
radicals are constantly present in the PS-I reaction center 
once the light is on and (b) thermal equilibrium sets in for 
these radicals within a few microseconds [26,27], well under 
the EPR time resolution. One may thus conclude that the 
electron spin in the radical has equilibrated, and represents 
an absorptive line. The nature of the triplet lines was de- 
termined with reference to the signal phase of this radical. 
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Fig. 4. First harmonic representation dx"/dB of photoexcited 
transient triplet EPR spectra of Mastigocladus. The upper trace 
(I) is of the sample at its normal oxidation state and the lower 
trace (II) is of  the blocked system. The samples were prepared 
as described in the text. The spectra were recorded at 5 m W  
power, modulation amphtude,  32 G, temperature, 8 K; light 
modulation frequency, 500 Hz; scan time, 8 min and time 
constant,  1 s, The polarization patterns ( e =  emission, a = 
absorption) were determined as described in the text *. 

triplets observed in the reaction center of bacteria 
[23-28] and recently in PS-I reaction center of 
spinach [20,22,35]. These observations are con- 

F 
5 ms. Xl 

V 
Fig. 5. Kinetic traces of  the EPR signal at the canonical fields 
(see Fig. 4, spectrum I) of unblocked PS-I reaction center of 
Mastigocladis. Light modulation frequency is 50 Hz. t ,  ,L 
indicate the driving light pulse on and off time, respectively. 
Each trace is a computer accumulation of 2500 pulses. 
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Fig. 6. Kinet ic  traces of  the E P R  signal  at  the canonica l  f ields 

(see Fig. 4, spec t rum II)  of PS-I react ion center  of Mastigocla- 

dus where the i ron-sulfur  centers  have been reduced (blocked).  

Light  modu la t ion  frequency is 60 Hz, 1", $ indica te  the dr iv ing  

l ight  pulse  on and  off  time, respectively. Each trace is a 

compute r  accumula t ion  of 2500 pulses.  

sistent with those reported by McLean and Sauer 
[35] of two different triplet formation mechanisms 
in reduced and unreduced PS-I reaction center of 
spinach. 

To account for the present observations in 
Mastigocladus, we consider the primary event in 
terms of process [3] and the models suggested 
previously for the blocked and unbloked systems 
[20,35,38,39]: 

(a) In the unblocked system the electron-trans- 
fer process is represented by: 

P*-700A1A 2 > [P +-700jkl ] SA 2 

I -- 100 ms 
P-700 A1A l ~ . . . .  [P+-700AIlA ~- 

When the cycle in Eqn. 7 has been light-ini- 
tiated and initial charge separation achieved, the 
electron-transport chain is decoupled from the an- 
tenna for approx. 100 ms, allowing the cycle to 
complete [20,35,38,39]. As only ground-state neu- 
tral species qualify for promotion to an excited 
state [22], two possible Chl a, in two different 
chemical environments, are eligible for photoexci- 
tation: 
(i) Chl aantenna, which now can be promoted to its 

triplet state via: 

hv spin orbit intersystem crossing 
* - -  ~ Chl  aTnt Chl  aantenn a --~ Chl  aantenn a enna 

antenna 

(8) 

and 
(ii) A1, in the electron-transport chain, rapidly 
transfers its charge and becomes available: 

<1 ~s . hv 
P+-700  , ~ l A 2  - ~,P+-700AIA z- ---, 

P+'700A~'/~2 spin orbit intersyst . . . . . . .  ing 
,- ~ P +-700A~A 2 

(9) 

The EPR triplet spectrum obtained in this system 
(Fig. 4, spectrum I) displays polarization patterns 
indicative of spin orbit intersystem crossing. The 
zero-field splitting parameters are very similar to 
Chl a T in in vitro preparations and those obtained 
for pT-700 (cf. Table I). The kinetic behaviour 
measured at the canonical orientations (given in 
Fig. 5) display a lifetime of approx. 2 ms, again 
typical of in vitro Chl a [36,37]. 

Since the ratio of Chl aan t . . . .  to A 1 is of the 
order of 50:1 one might assume that the spin 
orbit intersystem crossing triplet observed in this 
system arises from the antenna for concentration 
reasons. On the other hand a recent paper [35] 
reports a spin orbit intersystem crossing triplet 
spectrum in a spinach preparation exhibiting a [ D I 
value of 0.0301 cm- l ,  substantially larger than the 
one reported here. Nevertheless, the I DI value of 
that spinach sample when blocked is identical with 
ours (cf. Table I). This might indicate that the Chl 
a T reported here resides in a chemical environ- 
ment similar to the pT-700 and would thus be A S. 

(b) In the blocked system (A 2 and further elec- 
tron acceptors are reduced prior to photoexcita- 
tion): 

P*-700A,A 2 ~, [P+-700A~- ]sA~- 

h~ [J~+-700Ai- ]TA~ 

] - 1  ms.  ,!, 
P_700AV~ ~- ¢ [pT.700A 1 ],h,~ 

(10) 

Electron transfer cannot proceed beyond the ini- 
tial radical pair [P÷-700A~-] T having triplet char- 
acter (scheme 10). The paths open for the complex 
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ZERO-FIELD SPLITTING PARAMETERS OF Chl a IN VARIOUS MEDIA 
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Medium ] D I a I EI a Method Reference 

n-octane 0.0280 0.0038 ODMR 40 
ethanol 0.0262 0.0032 EPR 41 
MTHF 0.0281 0.0039 EPR 42 
pyr-tol + 0.0273 b -- 0.0040 b EPR 43 
ethanol 0.0274 0.0032 EPR 44 
PS-I reaction center c 0.0283 0.0040 EPR 22 
PS-II reaction center 0.0290 0.0044 EPR 22 
PS-I reaction center c 0.0278 0.0038 EPR 35 
PS-I reaction center d 0.0301 0.0039 EPR 35 
PS-I reaction center d.e 0.0283 r 0.0040 f EPR this work 
PS-I reaction center ¢,e 0.0274 g 0.0043 g EPR this work 

a In cm i accurate to _+0.0005. 
b Real signed D, E values. 
c Blocked system. 
d Unblocked system. 
c For the exact sample composition, see experimental in the main text. 
f Extracted from Fig. 4, spectrum I. 
g Extracted from Fig. 4, spectrum If. 

are then a back electron transfer in the radical pair 
to form pT-700 in the radical pair intersystem 
crossing mechanism (Eqs. 3 and 10), or a charge 
recombination and decay back to the initial singlet 
ground state. The fact that the triplet spectrum in 
the blocked system is still observed indicates that 
the rates in the reaction (Eqn. 11) are: 

[P+-700m I ] S A  2 ~ [P+-700m 1 ]TA 2 ~ [pT-700A, ]A 2 (11) 

fast enough to compete with the back reaction to 
the ground singlet, and are thus in the sub-micro- 
second time scale. Further, it is seen that once the 
triplet state has been created in the radical pair 
intersystem crossing mechanism, it does not have a 
typical in vitro Chl a lifetime, although it does 
exhibit the same I D I and I E I zero-field splitting 
parameters (cf. Table I and Fig. 6). This implies 
that this Chl a resides in a different chemical 
environment and is attributed to pT-700. This 
different environment is responsible for the ob- 
served lifetime shortening. The blocked cycle time 
is reduced to approx. 1 ms as compared to 100 ms 
in in the unblocked system. This explains why Chl 

T (reaction 8) or A~ formed by the following aantenna 

reaction: 

[ pT-700A1 ]~, 2 

h~ [ pT.700A r ]A2 spin orbit intersyst . . . . . . .  ing [ pT.V00A T ]'/k2 

(12) 

are not observed (cf. Fig. 4, spectrum II vs. I). As 
the system cycle time is reduced a 100-fold the 
photoexcited triplet yield, A S and Chl X aantenna 
would diminish accordingly, and their steady state 
concentration is beyond the detection limit. 

In a recent paper [22] a study of PS-I reaction 
center of spinach, in which the A 2 acceptor and 
the rest of the iron-sulfur centers have been re- 
moved, is reported. There again the triplet spec- 
trum is attributed to radical pair intersystem cross- 
ing mechanism, whereas that due to spin orbit 
intersystem crossing could not be observed. This 
result can be explained in the framework outlined 
above. As nothing can accept the charge from A{ 
it cannot be photoexcited to the triplet state and 
the most that system could do is loop in reaction 
path [10]. 
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Conclusion 

In this work we demonstrate that in Masti- 
gocladus, PS-I reaction center known to have the 
minimal subunit structure of higher plant type, the 
primary photochemical processes are identical to 
the most evolved systems, namely spinach PS-I 
reaction center. Employing light modulation EPR 
spectroscopy enables one to determine the mecha- 
nism in which the photoexcited triplet in Masti- 
gocladus PS-I reaction center is being formed, 
namely conventional spin orbit or radical pair 
intersystem crossing. The triplet EPR spectrum 
originating in both mechanisms is of the same 
chemical entity namely Chl a as determined from 
the zero-field splitting parameters I Ol and IEl. 
However, the different kinetic behavior associated 
with each spectrum indicates that these Chl a 
reside in different chemical environments. It is 
also shown that although light modulation EPR 
spectroscopy is a relatively slow method in the 
time scale of the primary photoevents, a substan- 
tial amount of information on the fate of the 
primary processes can be drawn from it. In ad- 
dition, comparison of the EPR spectra of the 
bound ferredoxins of the four subunit PS-I reac- 
tion center of Mastigocladus with that of the seven 
subunit spinach leads to the conclusion that they 
are similar in the iron-sulfur centers content. 
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