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ABSTRACT 

Development of Electron Spin Polarization in Photosynthetic 
Electron Transfer by the Radical Pair Mechanism 

R. Friesner, G. C. Dismukes, and K. Sauer 
Department of Chemistry and the Lawrence Berkeley Laboratory 

University of California, Berkeley 

We have extended the radical pair theory to treat systems 

of membrane-bound radicals with g tensor anisotropy. Analysis 

of the polarized EPR signals o£ P700+, originating from 

Photosystem I o£ higher plants, in terms o£ the radical pair 

mechanism provides information about the sequence of early 

electron acceptors. In order to account £or the orientation 
I 

dependence of the lineshape and integrated area of this 

polarized signal, we propose the electron transfer sequence 

to be P700 -+ A -+ X -+ Fd(A,B) where A is a small organic 

molecule (possibly chlorophyll), X is the acceptor species 

observed recently in low temperature EPR studies, and 

Fd(A,B) are the ferredoxin iron-sulfur centers A and B. 

Our calculations provide information about the lifetimes 

of A-, and x-, and their exchange interactions with P700 +. 

We also find supporting evidence £or the orientation o£ x-

.in the thylakoid membrane reported recently by G. C. Dismukes 

and K. Sauer (submitted for publication to Biocbim. Biophys. 

Acta). The linewidth narrowing of the polarized signal is 

proposed to be due to delocalization of the unpaired electron 

on the oxidized reaction chlorophyll complex over 3 or 4 

chlorophy 11 molecules immediately following photo-oxidation. 
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INTRODUCTION 

In two preceding papers 1 ' 2 (hereafter designated as I and 

II, respectively) we reported the observation of a polarized 

EPR signal from spinach chloroplasts arising from Photosystem I. 

It was proposed in paper II that this signal is produced by a 

non-Boltzmann distribution of spins of the cation radical of 

P700, the primary electron donor of Photosystem I. 

In this paper, we propose a model for the development 

of spin polarization in P700+ which quantitatively explains 

the results reported in· paper II. The model is based on the 

radical pair theory 3 ' 4 , which has succeeded in accounting for 

chemically induced dynamic nuclea~ polarization (CIDNP) and 

electron polarization (CIDEP) in systems of freely diffusing 

radicals. 

We extend the radical pair theory to include the effects of 

g tensor anisotropy, and incorporate modifications appropriate 

for a system of membrane-bound radicals. The results are 

q uali tati vely similar to those obtained f.or diffusive systems. 

For immobilized radicals that are also ordered, g; tensor anisotropy 

leads to a marked dependence of.the intensity and sign of the 

polarization on orientation of the sample . 

Conclusions about the initial photochemical events arise 

from application of this model to Photosystem I. Our results 

indicate that there are two electron acceptors in series 

between P700 and P430 (ferredo'xins A and B) which function 

under normal photosynthetic conditions. The first acceptor, 

which we shall call A
1

, is probably a small organic mole-cule, 
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possibly a chlorophyll. The an1on radical of this species 

formed upon one electron reduction has an isotropic g tensor 

+ similar in magnitude to that of P700 . The second acceptor 

has g tensor anisotropy and an orientation in the thylakoid 

membrane like that of the X- species, which has been observed 

previously 1n chloroplasts and membrane fragments under 

conditions of chemical reduction and/or intense illumination. 5 

These conclusions are in agre·ement with the interpretation 

of recent optical results of Sauer et al. 6 By monitoring 

the kinetics of reduction of P700+ following flash excitation 

in reduced photosystem I membrane fragments, evidence was 

provided for two acceptors preced~ng ferredoxins A and B. 

EARLY EVENTS IN PHOTOSYSTEM I 

The early electron transfer events in Photqsystem I of 

higher pl9nts have been investigated primarily by EPR and 

optical spectroscopy. The initial step following the absorption 

of a photon ~s the transfer of an electron by the reaction 

center chlorophyll complex, designated P700. 7 The optical 

properties of P70 0 have been established, 
8 

and the' steady

state EPR spectrum of P700+ can readily be observed upon 

illumination. 9 
f 

The reduced electron acceptor, which we shall refer to as 

A
1

, forms a radical pair P700+-Al- with the oxidized reaction 

center species. Subsequently,_ the electron ,is transferred from 

A
1 

to additional electron acceptors, ultimately reducing NADP+. 
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6 Sauer et al have proposed an acceptor scheme based on the 

kinetics of reduction of P700+ after flash illumination. This 

scheme is illustrated in Fig. 1. The species A1 and A2 are 

detected by observation of changes in P700 absorption and have 

not been seen directly by optical methods. The optical 

properties of P430, the first stable photoreduced species, 

have been characterized by Ke and co-workers. 10 

Various EPR signals corresponding to reduced Photosystem 

I acceptors have been reported in the literature. Table I 

lists the principal signals observed, their g tensor components, 

and midpoint potentials. 

Electron acceptor centers A and B have been associated with 

bound ferredoxin species, 11 and they also correlate with P430. 14 

x- can be observed upon flash illuminati~n when centers A and B 

are reduced, or by photochemical trapping. 15 It has been 

inferred, therefore, that X is closer to P700 than is P430. In 

the scheme of Fig. 1, it seems likely that X 1s either A1 or A2 . 

The spin polarized EPR signals repo~ted 1n paper II are 

observed at very short (microsecond) times during flash 

illumination of the sample. The signals are observed from a 

variety of preparations containing Photosystem I, including 

broken spinach chloroplasts. A transient signal is present at 

g = 2.0026 (where signal I is normally observed) which is 

strongly polarized, indicating that the radical from which it 

arises has a non-Boltzmann population of spin ~tates. This 

signal undergoes significant lineshape changes when the 

chloroplasts are oriented in a velocl.ty gradient. The changes 
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in lineshape and amplitude with orientation provide a basis for. 

deducing the mechanism of charge separation in Photosystem I, 

and the organization of the electron transport cofactors 

within the membrane. 

THE RADICAL PAIR MECHANISM 

The radical pair mechanism was originally proposed to 

explain the anomolous spin polarization which developed in 

radicals observed in solution following the creation of a 

radical pair or following a spin selective reaction. An early 

quantitative formulation was that of Adrian, 16 which predicted 

a dependence of the polarization on the hyperfirie states and g 

values of the two radicals. In this section we present a 

brief description of the essential features of the radical 

pair mechanism following Adrian; in the following sections 

we adapt and apply these resul-ts to the photosynthetic system 

under consideration. 

For the case of a radical pair created by electron 

transfer from an excited donor·molecule (D) to an· unexcited 

acceptor (A), we can write an approximate spin Hamiltonian 

as 

where B is the Bohr magneton, H is the applied magnetic field, 
0 
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gA and gD are ·the g tensors of the acceptor and donor species, 

respectively, SA an.d SD are spin operators for the unpaired 

electrons on the donor and acceptor radicals, J is the 

magnitude ?f the isotropic exchange interaction between A and 

D :t (m) · h · f h · h 1 1 1 · , i. 1s t e sp1n operator or t e 1t nuc eus on mo ecu e 
1 

(m) 
m (m=A,D), and ~i. is the isotropic hyperfine coupling 

constant for the ith nucleus on molecule m. 

Eq.(l) neglects the dipolar spin-spin interaction and the 

anisotropic exchange and hyperfine terms. We assume that, 

to a first approximation, these terms are small enough so 

that they have a minimal effect on the £ixed energy levels 

o£ the radical pair and on the spin polarization. 

The eigenstates of Hamiltonian (1) have been determined 

by Adrian £or the case where gA and gD are isotropic (i.e. 

scalars). In the appendix, it is shown that" we obtain 

solutions analogous to those of Adrian., except that .the 

spin states are quantized in the direction of the effective 

field 

(2) 

The eigenstates are then linear combinations of the spin 

.. functions I S> , I, T _
1 

> , I T + 
1

> , and I T
0 

> . We shall assume £rom 

this point onward that the radical pair is created 

initially from a singlet state. In the appendix, we 

demonstrate that the mixing of IS> with IT±t has a negligible 

effect on the net polarization when the g tensor anisotropy is 

sufficiently small. 
i 

Therefore, we adopt an S-T basis set. 
0 
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The solutions to (1) are then 

ct>l = (w+J/2w) 112
1 s> + (w-J/2w) 112

1 T > 
0 

4>2 = (w-J/2w)l 12 1 s> (J+w/2w) 112 1 T > 
0 

( 3) 

El = +w E2 = -w 

HAD = <SI ~PI T0 > (4) 

= lsii ·<g - g )·z + !o:: A.<n>m. <D>- r A.<A>m. <A>> 
2 o D A 2 i -1 1 z j -J J z 

A • • t • th d • • f -+hI (m) • h 4 1s a un1 vector 1n e 1rect1on o . , miz 1s t e z 

component of nuclear spin of the ith nucleus on molecule m, 

and E1 ~nd E
2 

are the energies of ct>
1 

and ct>
2

, respectively. 

The polarization of the donor radical, p, is obtained 

by following the time evolution of the spin wave function. 

For a time interval t during which J is constant, p(t) is 

given by 

p(t) = < 'I'(t)ls. I'I'(t)> 
l.Z 

= [CT(oJ.c
8

*Co) + CT~'(o) c8 (o)] 

2 2 2 2 . 2 
x {cos wt + {(HAD -~ )/w Js1n wt} 

+ (iJ/w)[CT(o) c8 *(o) - CT*(o) c 8 Co)]sin(2wt) 

2 . 2 2 2 + 2(JHAD lw )sln wt[l c 8 (o)l -1 CT(o)l ] (5) 

where CT(o), c
8

(o) are the coefficients of IT
0

> and IS> for 

the spin wave function at the beginning of the.time 

interval of constant J (t=O). In the following sections, we 

use eq.(S) to calculate the spin polarization predicted 

by two alternative models of our experimental system. 

• 

• 
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CIDEP OF MEMBRANE-BOUND. RADICALS 

The radical pair mechanism described in the previous 

section has been applied primarily to diffusive systems. 

In these systems, it is necessary for the two radicals to 

diffuse apart and then re-encounter one another in order 

for appreciable polarization to develop. 

To simplify the ensuing calculations, we set I c
8

(0)f= 1, 

I CT( 0) I 
2= 0, corresponding to the assumption of creation of· 

' 
the radical pair from an initial singlet state (see the 

discussion for the justification of this assumption in 

Photosystem I). The results which follow could easily be 

generalized by retaining the terms dependent upon c
8

(0) 

and CT(O). 

The simplified expression for the polarization during 

a time interval t of constant J is, from eq. (5), 

(6) 

This expression will be larger than the thermal 

population difference ("' 10- 3 at room temperature) only if 

HAD and J are of comparable magnitude for a time interval 

-1 1 -9 "'w • Because w- is typically of the·order of 10 sec, 

and the diffusion correlation time is "' lo-12 .sec, this 

condition is ordinarily not satisfied for freely diffusing 

radicals in solution, and the net polarization upon initial 

separation of the radicals is negligible. After a re-encounter, 

other terms in Eq. (5) become significant, and the polarization 

develops as described. by Adrian's mpdeJ.;. 
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We consider here a system in which the radical species 

are bound to a membrane at fixed sites. A radical pair is 

produced by transfer of an electron from a donor molecule 

(D) to an initial acceptor CA1 ). The electron 1s then 

transferred to successive acceptors in a fixed sequence. 

We shall assume that all of the electron transfers 

are irreversible. This assumption is not necessary, but 

it simplifies the calculations considerably. (It is a good 

assumption in Photosystem I, since the electron transfer 

has a quantum efficiency greater than 90%). 17 Then, transfer 

away of an electron is analogous to diffusion. However, 

there can be no "return" of the radical pair, and the 

development of polarization has an origin distinct from 

that of diffusive systems. 

The development of sp1n polarization on D+ is a 

consequence of the time evolution of the·coupled spin 

. + -
wave functions of the unpaired electrons ·.on D and An . 

This process will change the polarization with time as 

long as there is a large enough exchange coupling, J , 
n 

+ between D and An-· We therefore must consider the 

interaction of all radical pairs formed by successive 

electron transfer in which Jn is appreciable. 

We will assume that J is zero for n· ~ 3, as n 

... A are presumably too distant from D+ to have a n 

significant exchange coupling. Then, there are two 

reasonable models for the development of polarization, 

·it 
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The one-site model assumes that J 
2 

is also negligible, 

and that only the interaction D+ - A
1 

need be cqnsidered. 

The two-site model assumes that both J
1 

and J
2 

are significant, 

and that the interaction D+- A
2

- must be included in a 

calculation of the spin polarization. 

One Site Model 

An acceptor radical An is characterized by a lifetime, 

T , which determines the duration of the existence of the n 

radical pair D+ - ~-. (This is in fact the case in Photo-

system I, where P700+ has a lifetime of 30 msec which is 

much longer than the lifetimes of 

probability that the radical pair will exist for time t 

is given by ·e-t/Tn. The time-averaged polarization for 

the one site model is then 

Co 
e-t/Tl (H1J 1 !w1

2
>sin 2w1 t p(Tl) = 2 J dt 

Tl 0 

= 4H1Jl T 12/(1 + 
2 2 4w1 T1 ) 

where H
1 

is the off-diagonal matrix element HAD for the 

radical pair D+- A
1
-, and w

1 
= CH1

2 + J
1

2 >112 . 

Eq. (7) predicts a large value for p for suitable 

(7) 

values of J 1 and T 1 . This is possible because, in contrast 

to the diffusive system, T1 may well be of the order of 

w- 1 . · Thus, if J 1 is of the order of H1 , eq. (7) may attain 

values greatly in excess of the thermal population 

difference. 
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Two Site Model 

For this model we need to calculate the net polarization 

+ on D after the electron leaves A
2

. The spin wave function 

at the time of transfer to A
2 

(i.e. immediately after the 

electron has left A1 ) is given by 

+ -where t 1 is the duration of existence of D - A1 . 

The polarization after the radical pair D+ 

existed for time t
2 

can be found by obtaining the coefficients 

c
8

<t
1
), CT(t1 ) from eq. (8) and substituting into eq. (S) 

2J 2 
2 

---2 
w2 

2H 2 
1 . 2 ) - --2 s1n w

1 
t 1 

wl 

Time averaging over t
1 

and t
2

, we obtain 

+ 

+ 

2 
4J2T2 

2 2) 
1 + 4w2 T2 

4J2H1T1T2 1 
2 2 • ( -----'-· ~2,.----::-2 ) 

1 + 4w1 Tl 1 + 4w 2 T2 
. 2 

4H2J2T 2 4H 2
T 

2 
1 1 ------). 

1 + 4w 2T 2 
1 . 1 

(9) 

(10) 
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ORIENTATION EFFECTS 

We now investigate the effect of g tensor anisotropy 

on the expressions for the polarization derived in the 

previous section. The effect arises from the dependence of 

the matrix elements H on the orientation of the radicals ·n 

in the applied magnetic field H . We shall restrict ourselves 
0 

to a situation where only one radical involved in the 

development of spin polarization on D+ is anisotropic; the 
( 

coordinate system defining the orientation is then chosen to 

be the prinpipal axis system of the anisotropic species. 

The location of H is specified by a magnitude, I HI , and 
0 

the spherical polar angles e and ~. 

The polarization of a hyperfine line i of D+ is an 

ensemble average over all possible orientations of the 

+ 
membrane-bound radical system with respect to H

0
; 

2 n/2 Tr/2 
P; =- I I p.(8,~)P(8,~)d8d~ 

..... Tr 0 0 1 
(11) 

where P(S,~) is the probability that the radicals possess 

orientation (8,~) relative to H , and p.(e,~) is the spin 
0 1 

density developed on D+ in hyperfine state i from either 

eq. (7) or eq. (10), with H <a,~) given by eq. (lOa) of the 
n 

appendix. 

We anticipate the next section and assume that the g 

tensor of D+ is predominantly isotropic. For the one site 

model, we assume that A
1 

is anisotropic; then, substitution 

of eqs. (7) and (lOA) into (11) yields, with suitable 

rearrangement , 



where 

!J.g 
n 

+ 
a. 

1 

2 

12 

( 12) 

1( X • 28 2.f.. y . 2 6 . 2.f.. Z 2 2 gn S1n COS ~ + gn S1n S1n ~ + gn COS 6 

(13) 

gn x, gnY, and gn z are the principal g tensor components 

of An , gD is the isotropic g value of D+, ai is the 

total hyperfine field, E A.(D) M.(D), of D+ in hyperfine 
J J. 

j 2 1 2 
state i, and I (8,cj>) = 1 + 4w .(S,cj>)T . 

n n n 

Defining 

2 rr/2 1f /2 !J.g (8,cj>)P(8,cj>)d8dcj> 
u I I 

n . 
= In(S,cj>) n 1f 

0 0 
(14) 

2 rr/2 rr/2 d8dcj>P(8,cj>) v = I I I (8,cj>) n 1f 
0 0 n . 

(15) 

we have 

2 a. 
p. (one site) 1 = 4Tl Jl (Ul + 2 Vl) 1 

(16) 

For the two site model, we again anticipate the next 

section and assume that the g tensor of only A2- is anisotropic, 

and that g
1 

= gD are both scalars. Then, noting that H
1 

= ai/2 (since !J.g
1 

= 0) and that both H1 and w are orientation

independent, we obtain 
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a. 
pi(two site) = ~ 

4H 2T 
2 

1 1 ) 
2 2 . 

l+!+w
1 

T
1 

13 

(17) 

The experimental EPR intensity ID of D+ as a function 

of field position His given by 

r (-p.) 
all hyperfine · 1 

configurations 
of n+ 

(H-H· ~)· 2 /o 2 
e . 1 (18) 

where H. 0 is the center of hyperfine line i, and o is the 
1 

half-width of the individual hyperfine li~es·. Note that a 

positive value of p. results in a neg~tive EPR intensity, 
1 

i.e. pi > 0 means that hyperfine line i will be found in 

emission. This is the case because p is defined as Na- Na, 

and an excess population of the state higher in energy 

(a) leads to a net emission of radiation. 

In the next section, we examine the ability of eqs. (16) 

and (17) to predict the intensity patterns of the signals 

observed in Photosystem I, and thereby deduce a mechanism 

for the development of this polarization . 

CIDEP IN PHOTOSYSTEM I 

. Fig. ( 3) , in paper II, displays the CIDEP signals 

from flow oriented and from randomly oriented broken spinach 

chloroplasts. The effect of the velocity gradient in the 
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configuration of the EPR spectrometer is to orient the short 

axis of the thylakoid membranes in the chloroplasts normal 

to the applied magnetic field. 2 ' 5 

Paper II presents arguments to support the view that 

the CIDEP signals from both the oriented and the unoriented 

systems are due.to the P700+ cation radical. We shall 

adopt this as ·a work.ing hypothesis which is supported by 

the calculations which follow. 

The possible assignments of electron acceptors in 

photosystem I and the results of the previous section 

suggest two alternate schemesfor the development of 

spin polarization: (1) acceptor A1 is the species X, 

polarization develops as in the one-site model; (2) 

acceptor A
1 

is a small organic molecule,. possibly Chl, 

and A2 is X, polarization d~velops as in the two-site 

model. 

We have rejected two other conceivable schemes. A 

one-site model with Chl as A1 would be inappropriate because 

it would not account for the orientation dependence of the 

polarized signal. A two-site model with X as A1 , bound Fd 

(center A or B) as A2 , would fail to correctly predict the 

mixed-emissive-enhanced absorptive pattern of the oriented 

signal for much the same reason as the one-site model ( s_ee 

the analysis of the one-site model for details), i.e. the 

term proportional to the hyperfine field of. P700+ would 

be too small. , 

• 
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5 It has been shown · that the x component of the g tensor of x-
(1.78)is oriented parallel to the short axis of the thylakoid 

membranes. Thus, the result of flow orientation is to align 

the g component normal to H . 
X 0 

The effect of orientation upon the development of 

polarization can now be determined for both the one and 

two-site models. The only orientation~dependent terms in 

eqs. ( 16) and ( 17) are the integrals Ui and Vi. We first 

note that u
1 

(one site) = u2 Ctwo site), and v1 (one site) = 

V2 Ctwo site), since all of these integrals involve the g 

tensor components, lifetime, and J value of the same 

anisotropic radical, x-. We th.erefore drop the subscripts, 

-and refer to these integrals as U and V, respectively. 

For a random orientation (no flow), P(a,~> = sin a 

for all a,~, and. 

tfF = ~ 
1T 

1T/2 1r/2 
J J 
0 0 

~gxNF sin a dad~ 

1+4T 2 [J 2+H 2 (~,~)] 
X X X 

(19) 

where T X is the lifetime of X-, J X is .the exchange interaction 

between P700+ and X-, Hx =(a~/2) + ~g NF, and ~g NF(a,~) = 
~ X X 

-(1.78 sin2a cos 2 ~ + 1.90 sin 2 a sin 2~ + 2.09 cos 2 a> + 2.0026. 

1T/2 1T/2 
J J sin a dad~ (20) 
0 0 

For the oriented syste-m, we set ~ = 1rl2 [i.e. P(a ,~) 

' Then, U and V are given by 
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UF 2 
7r/2 8gx F ( 9) de 

= I 
i+4T 2 [J 2+H 2 (9)] 7r 

0 
X X X 

(21) 

vr 2 7r/2 
d9 = I 7r 

0 1+4T 2 [J 2+H 2 (9)] 
X X X 

(22) 

where 8g (9) = 1.90 sin 2e + 2.09 cos 2e- 2.0026, and 
X 

H (9) = 8g (9) + a./2. 
X X . 1 

We have set gD (the isotropic g value of the donor 
+. 

radical) equal to 2.0026, the experimental value for P700 . 

tAlE: <:::?.1\ now evaluate the predictions for the polarized 

P700+ lineshape in the context of the two models described 

above. There are three important experimental observations 

which a successful model must explain:. 

(1) The EPR spectrum from the unoriented sample is in 

total emissfon, i.e. the polarization is positive across 

the entire hyperfine field of P700+. The signal from 

the oriented system displays a mixed emissive-enhanced 

absorptive pattern; the polarization changes sign 

near a. = 0. 
1 

(2) · The integrated _area ratio for either polarized signal to the re-

laxed P700+ signalisapproximately 13:1 (i.e., the population 

difference, INa -N
8

1 , is more than 10 times the thermal 

value at 306°K, 10- 3 ). Because relaxation has already 

begun when the EPR measurements are made, the calculated 

area ratios should be in excess of 13:1. 

( 3) The area ratio of the unoriented signal to the oriented 

signal is between 1:1 and 2:1 (this number is at present 

experimentally uncertain). 
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One Site Model 

We make the simplifying approximation that 

+ I llg1 1 + I J 1 1 > I ai/21 , since ai for P700 is typically a 

few gauss (the peak to peak linewidth 

2 P700+ signal is 7.5 G). Then, w
1 

~ 

of the steady-state 

(.1gl)2 + Jl2' and 

we can write eq. (16) as 

pi(one site) = k 1 [ai + llg1 J (2 3) 

. 2 
where k 1 = 2V-r1 J 1 , and .1g1 :: 2U/V. 

The l1gl term is mathematically isomorphic to the tlgl 

value difference term in Adrian's original formulation. 

Both k and .1~1 are independent of <X •• 1 ~ 

The orientation dependence of eq. (21) is easily 

described. The integral U decreases by a factor of 10 to . 

lOOupon orientation, i.e. 10 < UNF/UF < 100. The integral 

_NF F 
Vis relatively insensitive to orientation, V' IV ~ 1 for a 

wide range of T 1 and J 1 . 
NF F 

Thus, k 1 ./k1 ~ 1, and 

NF NF NF 
10 < .1~1 /!1~1 < 30. The absolute amplitudes of .1~1 and k 1 

are dependent upon the specific values of -r1 and J1 . 

The one-site model correctly predicts the unoriented 

signal to be in total emission. tl~~F is large and positive, 

the net polarizatibn of the signal is sufficiently g~eater 

than the thermal population difference to account for the 

13:1 area ratio of the polarized to unpolarized signal. 

However, the one-site model fails completely for the 
' . 

oriented signal. The integral Vis always small; therefore, 
I 

k 1 is always small, less than .0025. Since .1~1 is inversely 
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1
proportional to.k

1
, the hyperfine term ai is dominated by 

~g1 even for the oriented system. Furthermore, the total 

polarization for the oriented system is insufficien~ to 

account for the observed area ratios. Even for the most 

favorable values ofT
1 

and J 1 , the one-site model predicts 

that the oriented signal be much smaller than the unoriented 

signal (a factor of 10 or more) and in total emission. We 

therefore conclude that the one-site model is incapable of 

explaining our results. 

Two Site Model 

The polarization equation for the two-site model can 

be written as 

(24) 

where 

+ v • 

We have again assumed that la.l ~ IJ1 1 and la.l < ~~2 , 
l. . l. 

so that w1 , w2 are independent of ai' and the term 
. 2 2 2 2 . . 

[4H1 Tl /(1+4w1 Tl )] C 1 1n eq. (17), and thus has been 

neglected. Both k
2 

and ~g 2 are theri independent of a .. 
l. 

The major difference between the one and two site 

models is the amplitude of k. k 1 is directly proportional to 

the integral V, which is small for all values of T and J . 
X X 

k 2 is a sum of two terms, one proportional to V and one 

independent of V. 2 2 2 It is this second term, 4J1 T1 /(1+4w 1 T1 . ), 

which can have a relatively large amplitude for appropriate 

• 
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·values of T1 and J 1 . This term arises from the interaction 

between P700+ and Ai, and is large because ~g1 is zero, 

so that H1 < J 1 . Effectively, the interaction of P700+ 

with Al produces a substantial polarization term proportional 

to the hyperfine field of P700+. The corresponding term 

in the one site model is small because the only radical 

pair interaction available here is P700+- X-. For this 

radical pair, the g value difference is quite large 

relative to a. for almost all orientations of x-. 
~ 

The experimental signals can be generated from eq~ 

(24) when k 2 ·is sufficiently large (so that the polarized 

signals have enough amplitude relative to the relaxed 

signal) and when the average_value of a. (2-3 gauss) 
~ 

F NF falls between g2 and g2 . Then, for the oriented 

system the term linear in a. dominates, the sign of P· 
1 ~ 

is governed by the sign of a., and a mixed emissive-enhanced 
~ 

absorptive signal results. For the unoriented system, the 
l 

sum (a1 +' ~~2 > is positive for all values of 

polarized signal is seen in total emission. 

a. , 
~ 

and the 

In the next section~ we simulate the polarized signals 

quantitively by substituting eq. (24) into eq. (18) and 

summing over all configurations of the P700+ hyperfine 

system. 
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RESULTS OF CALCULATIONS WITH THE TWO-SITE MODEL 

We first calculated an EPR spectrum for an isolated, 

relaxed P700+ radical, assuming that it is an oxidized 

chlorophyll dimer. 18 The relative amplitudes of the hyper-

. . 19 
fine coupling constants were obtaiend from NMR stud1es, 

the magnitudes were scaled to the ENDOR result for'the 

1 1 . 20 argest coup 1ng constant. · 

The narrowing of the polarized signal (see Discussion) 

was introduced phenomenologically by decreasing the hyperfine 

coupling constants. An identical adjustment was used to 

simulate the signals for both the orient.ed and unoriented 

systems. 

Fig. (2) displays the dependence of the EPR lineshape 

on the value of .1~2 in eq. ( 2 4). For 11g2 < 0. 7 G, a nearly 

symmetrical mixed emissive-enhanced absorptive pattern 

results. For 11g~ > 4 G, the signal is essentially in 
-L. 

total emission. For 0.7 G < 11~2 ~ 4 G, a lineshape 

intermediate between the two previous cases is found. 

The integrated area of a polarized signal depends 

linearly on k 2 , and. in a compli~ated fashion upon 11~2 . 

Table II lists the integrated area of I di/dHI as a 

function of 11g2 ; the area of t.he unpolarized signal is set 

equal to 1.0, and the polarized signals normalized to this. 

The net integral area relative to the thermal equilibrium 

value for signal I at 300°K is found by mu~tiplying the 

value in table II by k 2 /.001 (.001 is the thermal population 

difference at 300°K). 

• 
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From these results we can set limits on k 2 and ~g 2 
such that the three fitting criteria for the experimental 

signals described above are satisfied. The general lineshape 

analysis requires that 0 < ~g~ < 0.7 G, while ~g~F > 4 G. 

Since the polarized signals have an area 3.5 - 6 times greater 

than that of the unpolarized signal when k 2 is set equal to 

.001 ,we require that k 2 I.001 > 3.7, so that the net area 

ratio is greater than 13:1. An upper limit of 2:1 on the 

area ratio of the oriented and unoriented signals can be 

insured by setting the limit ~g~F < 6.5 G. 

The values of k 2 , ~~~'and ~g~F are determined by the 

parameters T1 , T2 , J 1 and J 2• Table III presents several 

sets of parameters for which k 2 , ~~~' and ~~~F fall within 

the limits prescribed above. The exact values of the 

individual exchange energies or lifetimes are not critical; 

a small change in. Tn ·or Jn will produqe a correspondingly 

small change in the simulated EPR spectrum. 

It i~ clearly not possible to deduce the absolute 

magnitudes of any of the parameters from·the data available 

at present. We ·can, however~ set some limits on T 1 and J 1 . 

It is necessary that T 1 ;;;... 35 0 psec, and J 1 < 2 00 G, in· 

order for k 2 to be greater than . 00 37. Once T 1 and J 1 are 

fixed, a limited set of pairs ( T 2 ,J 2) _will :generate 

F NF acceptable values of -~~2 and ~g2 · 

For a comparison of theory and experiment, we chose 

a value of Tl which i_s comparable to the lifetime of !

observed in photosynthetic bacteria. We also chose 
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J 1 > J 2 , because A1 is presumably in closer proximity to 

P700+. The resulting values of J
1 

and J
2 

are reasonable 

ones for exchange interactions between organic molecules 

separated by 5- 25 A. 21 They are also within the 

neighborhood of exchange interactions observed between 

1 t t . h h . b . 22 e ec ron accep ors ln p otosynt.etlc acterla. 

Fig. (2) displays the theoretical and experimental 

EPR signals for the oriented and unoriented samples. The 

amplitudes of the theoretical signals, which are larger 

than the experimental signals, are reduced to account for 

the effects of ~elaxation .. It is seen that excellent 

agreement is obtained within the limits of experimental 

error. 

DISCUSSION 

The two-site model successfully predicts most of the 

important features of the polarized signals arising from 

oriented and unoriented chloroplasts. Many of the values 

of T1 , T 2 , J 1 and J
2 

which generate the correct lineshapes 

are consistent with what is known about early photosynthetic 

events. The model is relatively insensitive to the details 

of the calculations, i.e. small errors in the polarization 

function (as are introduced by neglect of S-T±l mixing) 

would have a minimal effect on the predicted lineshapes 

and area ratios. 

·' 
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We believe that our results provide compelling 

(although indirect) evidence for the existence of an 

acceptor in Photosystem I preceding X. A radical pair 
I 

mechanism with X as the initial acceptor is inconsistent 

, with the mixed emissive-absorptive line shape and relative 

area of the oriented .signal. The presence of an earlier 

acceptor with an isotropic g value close to that of P700+ 

provides a simple and satisfying explanation for these 

features. The most likely candidate for A1 ·at present is 

chlorophyll, because it is known to be present in sufficient 

quantity in reaction center preparations, and Chl has 

the requisite g tensor properties. Also, the midpoint 

reduction potential of chlorophyll a is 0.78 V (vs. NHE, 

in dimethylsulfoxide), 23 which is consistent with its-role 

as an earlier acceptor than X. In analogy with photosynthetic 

bacteria, pheophytin might also be considered as a suitable 

candidate for A
1

. However, Thornber et· al have found no 

• • • • 24 pheophyt1n 1n enr1ched Photosystem I preparat1ons. 

However, we have no direct information concerning the 

chemical i den ti ty of A1 . 

The assignment of X as A2 is also supported by our 

results. The alignment of the high field component of the 

g tensor of A2 normal to the plane of the thylakoid membrane 

is required to produce the transformation from a totally 

emissive spectrum to a mixed emissi ve-enhan~ed absorptive 

spectrum upon orientation. Neither ferredoxin signal 
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(centers A or B) displays the proper orientation in the 

5 membrane to generate the observed line shape changes. The 

observation that the simulation of the oriented and 

unoriented signals, assuming that A
2 

is X, gives excellent 

quantitative agreement is convincing evidence that this 

interpretation is valid. 

Paper I proposed a triplet mechanism for the development 

of spin polarization. This can now be eliminated, because 

it never predicts a mixed emissive-enhanced absorptive 

lineshape. The triplet and radical pair mechanisms are 

the only the.ories proposed to date to explain chemically 

induced spin polarization. The model presented here thus 

appears to be the only reasonable explanation which fits 

the experimental results. 

The radical pair theory as developed by Adrian appears 

to be applicable to membrane-bound systems of radicals; the 

fundamental driving mechanism of spin polarization is, as 

in diffusive systems, S-T
0 

mixing. The simple approach 

taken in this paper provides an adequate explanation for 

the experimental results to d~te; however, more sophisticated 

treatments are possible and may be needed in the future. 

One could, for example, allow back transfer of an electron, 

or postulate more than one site for the electron in X, or 

investigate the possibility that at room temperature reduced 

or unreduced X may have appreciable unpaired spin density 
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due to mixing in of low lying excited spin states. 

Development along these lines may become profitable when 

more data are available. 

We have assumed throughout our calculations that the 

initial radical pair state is a singlet. This can be 

justified qualitatively without invoking any EPR results. 

The initial state of P7oo* is surely a singlet. If the 

*' rate of electron transfer from P700 to A1 is comparable 

to that observed in bacterial systems(< 20 psec), 25 , 26 

there would be insufficient time for intersystem crossing 

to a triplet·state to occur. Also, the unusual spin 

polarization of the reaction center triplet state in bacteria 

can be explained if electron transfer occurs from the excited 

. 1 27 ( . . 
s~ng et state. A sp1n fl1p as a consequence of electron 

transfer is quantum mechanically forbidden). · We thus 

expect the radical pair to initially ~ave the same singlet 

* character as P700 . 

The narrowing of the polarized signal relative to the 

+ relaxed P700 signal is an interesting phenomenon for which 

we currently do not have a completely satisfying explanation. 

The polarized signal from the unoriented sample has a 

peak-to-peak linewidth of 5. 6 G, as compared to the value 

c;>f 7. 5 G measured for the relaxed P700 + slgnal. The 

polarized signal from the oriented sample is the derivative 

of a mixed ernissi ve-enhance'd absorptive liri~shape' and 

therefore its linewidth cannot be compared directly with 

those of the other si.gnals. However, good simulation of 
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the oriented signal requ1res that the starting linewidth 

be narrowed to the value of 5.6 G found for the unoriented 

signal. 

The above observations are not predicted by the radical 

pair mechanism. The polarization is either a constant 

across the hyperfine field (~~2 large) or linear in ai<~~2 
• 

small). Neither of these polarization functions leads to a 

symmetrical narrowing of hyperfine envelope of the P700+ 

signal. Furthermore, one would not expect the effect to 

be identical for the oriented and unoriented systems. 

One explanation of the narrowing is that, immediately 

following photo-oxidation, the unpaired electron on P700+ 

is delocalized over 3 or 4 chlorophyll molecules. The 

steady-state P700+ complex is believed to be a strongly 

coupled chlorophyll dimer; 16 delocalization of the unpaired 

electron over two molecules leads to a narrowing of 12 

d h 
+ . 

compare to t e Chl monomer EPR s1gnal. Full delocalization 

over 3 or 4 molecules would result in a further narrowing 

of /372 or /4/2, respectively; the experimental narrowing 

lS between these two values. Following electron transfer, 

the oxirized reaction center complex reaches a new 

equilibrium structure which favors delocalization over 

only two chlorophylls. 

Paper II discusses other hypotheses concerning the 

narrowing phenomenon. Verification of thes~ proposals will 

require further theoretical and experimental work. 
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There are many interesting areas of future research 

which are suggested by this paper. Further EPR and optical 

experiments on photosystem I are needed to evaluate details 

of the two-site model, determine values for lifetimes and 

exchange interactions, and determine the identity of A1 . 

An approach similar to the one described here can also be 
I 

applied to the CIDEP signals reported from photosynthetic 

b t 
' . 28 
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APPENDIX 

The radical pair Hamiltonian given in eq. (1) can be 

split into two parts 

(lA) 

where 

xD = ~SHo·(~A + ~D>·<SA +, SD) + JSA•SD 

+ lrr A. <D>r. CD> + r A. CA>r. <A>J.cs + sD> 
2 • -J. l. , • -J J A 

l. J 

XOD = ~SHo•(gD ~A)•(SD- SA) 

+ 1 c r A. < D >!. c D > - r A.( A> l . c A> ) 
2 ~ l. ~ J i j .J 

:lCD is diagonal in the basis {IS>, I T
0

> . IT+l> IT_1 > }, 

provided that the spin functions I a> and IS> are quantized 

in the direction of the effective field 

(2A) 

The radical pair eigenfunctions and energies depend upon 

the off-diagonal elements of the above basis set of the 

operator x
0

D. We,now show that, for small g tensor 

anisotropy, the mixing of IS> with I T+
1

> and I T_y is of 

negligible importance, and an IS> - IT > basis set is 
0 

sufficient for calculation of the polarization. We also 

de:r>i ve an approximate expression' for the matrix element 

< SIH0DIT
0

> =HAD as a function of orientation of radicals 

A- and D+. 
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We shall assume that the donor radical is isotr6pic, 

with scalar g value gD. We choose as a coordinate system 

the principal axis system of the acceptor radical. Then 

H = IHI (sinecos~ 
0 

X 
0 gA 

gA = 0 gY 
A 

0 0 

0 

0 

We define 

- 1 X gy gA = (gA + + 
3 A 

IJ.x - X = gA - gA 

IJ.y - y 
= gA - gA 

IJ.z - z = g - gA A 

g+ = gA + gD 

sinesin~ cos e) (3A) 

0 

0 

z 
gA 

0 

0 

z 
gA) (4A) 

We wish to calculate the matrix elements <SIH
0
D1Tj, 

< Sl H0 DI T+l> , and < Sl H0 DI T_ 1> . We first define 
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HOD = HHF + H~g (SA) 

where 

HHF = .!o; A. (D)I. (D) - r A.<A>t.<A>)·(S -s > 
2 . -1. 1. 

j -J J D A l. 

H~g 
1 ..... 

~A). (SD - SA) = -f3H ·(~ -2 o D 

Because we are interested in the spin polarization of the 

donor radical, we· set the sum over the acceptor hyperfine 

field equal to its ensemble average, i.e. 

r A.<A>m.(A)-+ <rA:(D)rn.(A)> = 0 
j J J --:1 J 

(6A) 

The nuclear spin operators Ii(D) are quantized in the 

direction of the effective fie~d, 2. Then 

< Sl HHFI T±l> = 0 

1 't' A (D) (D) 
2 '" . rn. 

j J J 

where mj (D) is the projection of Ij(D) on 2. 

(7A) 

The ~atrix elements of H~g must now be evaluated. 

Substitution of ( 3A) and ( 4A) into ( 5A) yields 

1 2. 2 
<SIH

8
giT

0
> = 2siHI{cos ~sin 8(g+-~x)(g_-~x) (8A) 

+ sin 2 esin 2 ~(g+-~y)(g_-~y) + cos 2 e<g+-~z)(g_-~z)} 

2 2 -1/2 + cos 8(g+-~z) } _ . 
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< S I H "gl T± 1> = + i [~I I ( g - ~ ) • H I I 2- ( < s I H I T > ) 2 ] l/ 2 
u 2 D A o 6.g o 

We now make the approximation 

Then, algebraic manipulation of (8A) leads to 

< Sl H,. I T > ~ 
2
1 81 HI ( g 2h. . 26" . 2h. . 26" COS ~Sln oX + Sln ~Sln uy ug 0 -

(9A) 

<Sf H6gt T±1> ~ +i[(g_ -6.x) 2cos 2cpsin 2 e + (g_-6.y) 2sin 2 esin 2 cp 

+ (g_-6.z)cos 2e- (<SIH6 gt TJ )2 ] 112 

This gives as a final expression for <SIH
0

DIT
0
> 

·<SIH0DITJ =HAD=~ E ~j(D)Mj(D) + ~81~1 [gD (lOA) 

( X 2h. . 2 6 y . 2 . 26 Z 2S)] gAcos ~sln · + gAsln ¢s1n + gAcos 

We estimate the effects of T±l mixing by calculating 

the ensemble average value 

2 7r/2 
f 

7T 0 

TI/2 
~ <SIH6.giT±J sine d6dcf> 

6.z2)Jli2.!8H (llA) 
2 

Substitution of values of 6.x, 6.y, and 6.z for the spec1es 

x- yields 

(12A) 
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The mixing coefficients, CST , are_given to first 
±1 

order by 

(13A) 

i = + 2 8H(O.l3)/gBH ~ + i(.0325). 

This 3.25% mixing in of the T±l states l~ads to an 

error of less than 3% in the calculated polarization. 
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FIGURE CAPTIONS 

Figure 1: Proposed scheme of electron transfer in 

Photosystem I. 

Figure 2: Simulated EPR spectra for the polarized signal 

for ~&2 = 0.1 G, 0.5 G, 1.0 G and 5.0 G. 

Figure 3: Calculated and experimental EPR spectra for the 

oriented and unoriented polarized signal from 

spinach chloroplasts. Values of the parameters 

used in· the simulation are T 
1 

= .35 ns, T 2 = 35 

ns, J 1 = 75 g, J 2 = 3.5 g. S.olid triangles (.6) 

a.re experimental intensities for flow~oriented 

chloroplasts, Open circles ( 0) are experimental 

intensities for unoriented chloroplasts. 2 Solid 

lines are theoretical curves. 
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P700 -+ A1 -+ X -+ · P430 

Fig. 1 
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TABLE I 

g Tensor Values and Midpoint Potentials of Photosystem I 

Electron Acceptors 

'> 

Species gx gy gz Midpoint Potential (mV) Refs. 
~· 

-X 1. 78 1. 90 2.09 -7 30 5,13 

Center A 1. 87 1. 95 2.05 -553, -530 11,12 

Center B 1. 89 1. 9 3 2.05 -594, -580 11,12 

c. I 
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TABLE II 

Relative Area of the Polarized Signal as a Function of ~~2 
(Signal I= 1.0) 

~~2 Area 

0.0 3.6 

0.1 3.6 

0.2 3. 6 

0.5 3.6 

1.0 3.7 

2.0 4.0 

5.0 6.0 

10.0 10.5 

( 

. ..! 
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TABLE III 

Calculated Values of k 2 , ilg~ and il~~F for selected values of T 
1

, T 2 , J 1 and J 
2

. 

Area ratios are also calculated using Table II 

Jl(G) I J2 (G) -r 1 (nsec) -r 2 (nsec) k2 
NF ilg2 .. (G) F 

il~2 (G) 

10 75 1.0 2.1 .029 . 45 5.7 

50 10 0. 35 0. 35 .0046 ·. 2 9 5. 3 

50 20 1.0 1.0 .0111 .17 5.1 

100 10 0.35 0. 35 .0045 . 2 8 5.0 

100 10 1.0 2.1 .067 .07 4.5 

150 10 0. 35 0. 35 . 00 39 . 3 3 6.0 

150 20 1.0 0.35 .0047 .27 4.9 

150 10 3.5 35 .0047 . 0 76 6.4 

100 150 0. 35 0. 0 35 .0051 .54 5.4 

50 50 3.5 35 .0128 . 0 8 4.5 

75 3.5 0. 35 35 .0047 .13 5.0 

AF 
pol J;::V-'-

A . I Slg. 

106 

16.6 

40.0 

16.6 

241 

13.1 

16.6 

16.9 

18.4 

46.1 

16.7 

ANF 

1. 84 

1. 74 

. 1. 69 

1.67 

1. 58 

1. 92 

1. 65 

2.02 

1. 76 

1. 58 

1. 67 

~ 
1.0 
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