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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 of P700+, originating from
Photosystem I'éf higher plants, in terms of the radicél pair
méchanism provides information about the sequence of.early
electron acceptors. In order to account for the orientation
dependence of the lineshape and integ;ated area of this
polarized signal, we propose the electron transfer sequence
to be P700 - A » X » Fd(A,B) where A is a sﬁal1 organic
molecule (possibly chlorophyll), X ié'the acceptor species
observed recently in low temperature EPR studies, and
Fd(A,B) are the ferredoxin ironféulfur centers A and B.

 Our calculations provide information about the lifetimes
of A7, and X , and their ekchahgerinteractions with P700+;
We also find sgpporting evidence for the orientatiéh of X~
in the thylakoid membrane reported recently by G.C. Dismukes
and K. Sauer (submitted for publication to Biochim. 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

chlorophyll molecules immediately following photo-oxidation.



INTRODUCTION

In two precediﬁg papersl52 (hereafter designated as I and
II, respectively) we repofted tﬁe observation of a polarized
EPR signal from spinach chloroplasts arising from Photosystem I.
It was proposed in papér ITI that. this signal ié produced by a
non-Boltzmann distribution of spins of the cation radical of
P700, the primary electron donor of Photdsystem 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

3’4, which has succeeded in accounting for

radical pair theory
chemically induéed dynamic'nuclear polarization (CIDNP) and
elecfron polarization (CIDEP) in systems of freely diffusing
éadicals. |

We extend the radical pair theory to include the effects of
g tensor anisotropy, and incorporate modifications apbropriate
fof a system of membrane-bound radicals. - The results are
qualitatively similar to those obtained for diffusive systems.
For immobilized radicals that are also ordered, g tehsor anisotropy
- leads ‘to a marked dependénce'of'the intensity and sign of the
polarization on orientation of the sample.

Conclgsions about the initial photochemical events arise
from applicatidn of this model to Photosystem I. Our results
indicate that there are two electron a¢ceptors in series
between P700 and P430 (ferredoxins A and B) which function

under normal photosynthetic conditions. The first acceptdr,

which we shall callAAl, is probably ‘a small organic molecule,
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possibly a chlorophyll. The.anion radical of this species
formed upon one electron reduction hés 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 in chloroplasts and membrane fragments under-
conditions of chemical reduction and/or intense illumination.®

These conclusions are in agreement with the interpretatioh
of recent optical results of Sauer et al.s By monitoring
the kinetics of reduction of P700° following flash excitation

in reduced photosystem I membrane fragments, evidence was

provided for two acceptors preceding ferredoxins A and B.

EARLY EVENTS. IN PHOTOSYSTEM I
The early electron transfer events in Photosystem I of

higher plants have been investigated primarily by EPR and

optical speétroscopy. The initial step following the absorption

of a photon is the transfer of an electron by the reaction
‘center chlorophyll complex, designated P700..7 The opticai
‘properties of P700 have been established,8 and the steady-
state EPR spectrum of P700+ can readily be observed upon
illuminafion.9

The reduced electron acceptor, which we shall refer to as

hd . + - . ) . . M .
1° forms a radical pair P700 -Al with the oxidized reaction

center species. Subsequently, the electron .is transferred from

A

. +
Al to additional electron acceptors, ultimately reducing NADP .
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"bound ferredoxin species,ll and they also correlate with Pu430.

3
Sauer et al® have proposed an acceptor scheme based on thé
kinetics of reduction of P700' after flash illumination. This
scheme is illustrated in Fig. 1. The séecies A, and A, are
detected by observation of changes in P700 absorption and have
not been seen difeétly by optical methods.‘ The optical
properties of P430, the first stable photoreduced species,
10

have been characterizéd by Ke and co-workers.

Various EPR_signals correspénding 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 cehters A and B have been associated with

14

X~ can be observed upon flash illuminatiqh when centers A and B

15 It has been

are reduced, or by photochemical trapping.
inferred, therefore, that X is closer to P700 than is P430. 1In

the scheme of Fig. 1, it seems likely that X is either A. or A, -

1
The spin polarized EPR signals reported in paper II are
observed at very short (microsecond) times during flash
illumination of the samplé. 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

'strohglyqularized, indicating that the radical from which it

arises has a non-Boltzmann population of spin states. ~This
signal undergoes significant lineshape changes when - the

chloroplasts are oriented in a velocity gradient. The changes



in lineshape and amplitude withborientation 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 méchanism wés briginally proposed to
explain the anomolous spin polarization which developed in
radicals observed in solution following the creatién of a
radical pair or following a spin selective feaction...An‘early

quantitative formulation was that of Adrian,16

which predicted
a dependence of the polarization on the hyperfiné states and g
values of.the two radicals. 1In 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 results to the photosynthetic system
under consideration. |

For tﬁe case of a radical pair created by electron
transfer from an excited donor molecule (D) to an unexcited

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

as
Hep = BH <18 -8+ 8,°8,1 + v§ -5,

(D)> (D) (A)z (A) 2
e 3 (L géj TN

where B is the Bohr magneton, ﬁo is the applied magnetic field,
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§A and §D are‘the g tensors of the acceptor and donor species,

Arespectively, §A and §D are spin operators for the unpaired

electrons on the donor and acceptor radicals, J is the

magnitude of the isotropic exchange interaction between A and

D, Ti(m) is the spin operator for the ith nucleus on molecule

m (m=A,D), and éi(m) is the isotropic hyperfiné coupling

_constant for the ith nucleus on molecule m.

Eq. (1) 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 fixed energy levels
of the radical pair and on the spih polarization.

The eigenstates of.Hamiltonian (i) have been determined

by Adrian for the case where §A andvéD 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

I—-’o A. . '
h' = HJ (gA + ) (2)

The eigenstates are then linear combinations of the spin

functions 18), IT_l), IT,.), and ITO). We shall assume from

+1
this point onward that the radical pair is created

initially from a singlet state. In the appendix, we

‘demonstrate that the mixing of |S) with If+f has a negligible

effect on the net polarization when the g tensor anisotropy is

vsufficiently small. Therefore, we adopt an S-TO basis set.



The solutions to (1) are then

¢, = (wa/zw)t s 4 (w-J/Zw)l/leo)
6, = (w-0/200 2 - (grur20) 21T ) (3)
El = +w E2 = -w
2 . 2.1/2 .
where w = (HAD + J7) and HAD is given by l
HAD = <s|JcRPl,TO> , ()
12 A oAyl o, (D) (D) (A)_ (A)
= 5BH, (gD ~ gA) z2 + 502 Ay g -z éj My )
Sl J
2 is a unit vector in the direction of ﬁ', miz(m) is the z

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

and E; and E2 are'the energies of ¢l and ¢2, respectively.'

The polarizatioh 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 conétant, p(t) 1is
given by | |

p(t) = (v¥(t)ls. Tyt
1Z

[CT(O)CS*(Q) + CT*(O)CS(O)]

x  {cos’ut + [(HAD2—J?)/w2]sin2wt}
+ (iJ/w)ECT(o) CS*(o) - CT*(O) Cs(o)Jsin(Zwt)
+ 2(JH, (wz)sinzwt[lcs<o>|2_|cT(o)|2] (5)

where CT(O), Cs(o) are the coefficients of ITO) and 1S) for
the spin wave function at the beginning of the time
interval of constant J (t=0). 1In the folldﬁing sections, we
use eq.(5) 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 paif 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 ohe another in order
for appreciable polarization.to develop. |
To simplify the ensuing calculations, we set ICS(O)?z 1,
Y|CT(0)I2= 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 retaiping the terms dependeht upon CS(O)
and C.(0).
The simplified expression for the polarization duriﬁg

a time interval t of constant J is, from eq. (5),
vp(t) = (2H J/w2);sin2wt o (6)
| aD

This expression will be larger than the thermal
population ;difference (n 10-'3 at rodm‘temperature) only if
HAD and J are of comparable magﬁitude.for a time intervéi
N w'l. Because m_l is typically of thejOrder ofllt_]-g sec,

and the diffusion correlation time is ~ 10”12

~sec, this
condition is‘ordinarily‘not satisfiéd for freely diffusing
radicals in solution, and the net polarization upon initial
separation of the radicals;is negligible. After aire—encountgr,

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

develops as described by Adrian's mpdel.
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We consider here a system in which thé 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 (Al).' The electron is 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 fhe calculations considerably. (It is a good
aséumption'in'PhotbsyStem I, since the electron transfer

17 Then, transfer

has a quantum efficiency_greater than 90%).
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 ofigin distinct from
that of diffusive systems.'

The development of spin polarization on D' is a
consequence of the time evolution of fhe-coupled spih
wave functiohs 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, Jn’
between D' and Anf. We therefore must consider the
interaction of all radical pairs formed by‘successive
electron transfer in which Jo is appreciable.

We will assume that J_ is zero for n = 3, as

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

3
significant exchange coupling. Then, there are two

reasonable models for the development of polarization,
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The one-site model assumes that J2 is also negligible,

. . + -
and that only the interaction D - Al need be considered.

The two-site model assumes that both Jl and J2 are significant, -
and that the interaction D' - Az- must be included in a
calculation of the spin polarization.

One Site Model

An acceptor radical A~ is characterized by a lifetime,
T which determines the duration of the existence of the
radical pair p' - An_' (This is in fact the case in Photo-
system I, where P70d+ has a lifetime of 30 msec which is

much longer than the lifetimes of either A] or A;); The

probability that the radical pair will exist for time t

is given by.e The time-averaged polarization for

the one site model is then

- 2 T _-t/1y 2, .2
p§rl) T _é e (HlJl/wl )sin w t dt  (7)

2 2

1 T )

. 2
quJlTl,/(l + Lo

where Hl is the off-diagonal matrix element HAvaor the
. .ot - _ 2 2,1/2
radical pair D - Al‘, and w, = (Hl + Jl ) .

Eq. (7) predicts a large value for p for suitable
values of_Jl and T,- This is possible because, in contrast
to the diffusive system, ri may well be of the order of

w-l.~ Thus, if J; is of the_order of Hy, 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 The spin wave function

5
at the time of transfer to A2 (i.e. immediately after the

electron has left A,) is given by

wl(tl) = IS)-[cos(wltl) - i(Jl/wl)siﬁ(wltl)] ‘ (8)

- ITO)'[(Hl/wl)sin(wltl)J

1 *
. + -
The polarization after the radical pair D -~ A2 has

where t, is the duration of existence of D' - A

existed for time f2

Cs(tl), CT(tl) from eq. (8) and substituting into eq. (5)

can be found by obtaining the coefficients

2H T, ) 27,2 ,
p(tl’t2) = 5— sin wltl(l - — sin Qétz) (9)
. w w,
1 2 _
J,Hy |
+ = 31n(2wltl)81n(2w2t2)
172
. 2
2H2J2 2 2Hl 2
+ - 7~ sin wztz(l - - = sin wltl)
2 ek

Time averaging over t and t,, we obtain

2 2
p(Tl,T ) _ quJlT% (1 - 4J2T2
' 2 2

1 + uwl Tl . 2 T

) (10)

“oMihT, 1 N

2
1 + uwl Ty

+

: 2 2. 2

1+ 4w22T22_ 1 + Yy 2.i2

+
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ORIENTATION EFFECTS

We now investigate the effect of g tensor‘énisotropy.
on the éxpressions for the»pblariiétion derived in the
previous section. The effect arises from the dependence of
the matrix elements Hn on the orientation of the radicals
in the applied magnetic field ﬁo' We shall restrict ourselves
to a situation where only one radical involved in the
development of spin polarization on p* is anisotropic; the
coordinate system defining the orientation is then chosen to
be the pringcipal axis system of the anisotropic species.
The location of ﬁo is specified by a magnitude, Kl , and
the spherical polar angles 6 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 ﬁo;

s

n/2 w/2

_ 2 - |
Py = % '5 é p,(6,4)P(0,4)deds - (11)

where P(6,¢) is the probability that the radicals possess
orientation (6,¢) relative to ﬁo’ and pi(6,¢) is the spin
density developed on D in hyperfine stafe i from either
eq. (7) or eq. (10), with Hn(65¢) givén by éq. (10a) of the
appendix.

We anticipate the next section and assume that the g
tensor of D' is pbedominantiy isotropic.' For the one site
model,.we assume that Al is anisotropic; then, substitution
of egs. (7) and (10A) into (I11) yields, with suitable_ |

rearrangement, ‘ :
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5 T/2 w/2'Ag1(9,¢)P(e,¢)ded¢

.. y_ 8
p.(one site)= = 1, J, [ S J
it T 1 E 0 0 I,(6,4)
a; /2 /2 pig s)deds |
+ - S J T-(0,9) ] (12)
0 0 17 '
where

- - ;L. X . 2 2 y - 2 .0 2 Z 2

Agn = 2[gn sin Bcos ¢ + g, " sin fsin ¢‘+ gn‘cos )

- gpd (13)

gnx, gny, and gnz are the principal g tensor components

of An—’ gp is.the isbtropic g value of D+, a; is the
(D) M.(D)

+ .
77, of D in hyperfine
i \

total hyperfine field, I Aj

J
.state i, apd In(6,¢) = 1 + uwn2(6,¢)rn2.
Defining
2 w/2 w/2 Agn(e,¢)P(9,¢)ded¢
u == J J (1y4)
noomog g 1,(8,¢)
/2 w/2
: 2 T dedeP(8,d) .
vV = = J J 3 (15)
n T 0 0 Ih(9,¢) :
we have
- . 2 %3 :
Oi(one site) = uTl,Jl(Ul + - Vl) (16)

For the two site model, We_again anticipate the next

section and assume that the g tensor of only A2_ isvanisotropic,

and that g, = gp are both scalars. Then, noting that Hl

='ai/2 (since Agl = 0) and that both H, and w are orientation~

independent, we obtain

»



13

2
_ . a. 4J. 1
p.(two site) = —== [—2 1 _ . (1-89.2¢ 2y
S | 2 2 2 2 2 72
1+4w. " T
11 ‘
2_ 2
4, 1.1 UH_ "1
¥ "“2‘%“2§ "V, t "T22J2V2 = Q- '”“1"53‘7)]
l+4wl Tl l+uwl Tl
2 | qu2T12
+.4U212 J2 + (1 - ““‘7?—77) 17)
. l+4wl T,

The experimental EPR intensity ID of D' as a function

of field position H is given'by

o 2,2 |
- ~H:0 .
I (H) = z (-p,) e(HHi®)"/8 (18)
all hyperfine
configurations

of Dt

i

where Hi° is the center‘of hyperfine line i, and 8§ is the
half-width of the individual hyperfine lines. Note that a
positive value of Ei results in a negativé”EPR intensify,
i.e. Bi > 0 means that hyperfine line i will be found in
emission. This is the case bécausa.p is defined as N, - NB’
and an excess population of the state higher in enargy
(a) leads to a net emission of radiation.

In the next section, he}examihe the ability of egs. (16)‘
and (17) to predict the intensity_patterns of the signals
observed in Photosysfem I, and thereby deduce a mechanism
for the development of this polarization. |
CIDEP IN PHOTOSYSTEM I _

AFig..(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 spectrpmeter is to orient the short
axis of,the.thylakoid membranes in the chloroplasts normal
to the applied magnetic field.2’5

Paper IT presents arguments to support the vieW'tﬁat
the CIDEP signals from both the oriented and the unoriented
systems are due to the P700" cation radical. Wé shall
adopt this as-'a working hypothesis which is supported by
the calculations which follow. | |

The possible assignments of electron acceptors in
pﬁotosystgm I and the-fésults of the previous section,
suggest.two'alternate schemes for the development of

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

1
polarization develops as in the one-site model; (2)

acceptor A, is a small organic molecule, possibly Chl,

1
and A, is X, polarization develops as in the two-site
model. o

We have rejected two other éonceivable schemes. A
one-site model with Chl as Al would be inappropriate because
it would not account for the'orientation'dependence of the
polarized signal,_ A two-site model with X as Al’ bound Fd |
(center A or B) as A, 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 (see
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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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 tﬁylakoid
membranes. Thus, the result of flow orientation is to align
the gy component normal-tolﬁo.- |
| The effect of orientation upon the development of
polarizatidn can now be determined for both the one and
two-site models. The only orientation-dependent terms in
egs. (16) and (17) are the integrals Ui.and V.. We first
note that Ul(one site) = Uz(two site), and Vl(one site) =
_V2(two site), since all.of these integrals involve the g
tensor compoﬁents,'iifetime, and J value of the same
anisotropic radicai, X~. We thérefore drop the subscripts,
"and refer to these integrals as U and V, respectively.
For a random orientation (no flow), P(8,¢) = sin @

for all 6,¢, and’

7/2 7/2 Ag T sin @ dedeé
oNEF - 2 A, X
T

: 2 2 2,
0] 0 1+4Tx [Jx +HX (6,¢)1

- (19)

where T, is the lifetime of X , Iy is the exchange interaction

between P700" and X, H_=(a;/2) + AngF, and AgXNF(9,¢) =

-(1.78 sin%0 cos?¢ + 1.90 sinZ6 sin?¢ + 2.09 cos?6) + 2.0026.
m/2 w/2 .
VNF - % s I sin 8 deéd¢ L (20)

"2, 2. 24
0 0 1+ur (I +H )

For the oriented system, we set ¢ = w/2 [i.e. P(6,9)

= 6(¢- g)]. Then, U and V are given by
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w/2 Ang(G) de

ot = % s S (21)
0 1+urx [JX +Hx (6)]

w/2 _

vE= 2y db (22)

2 2 2 '
0 I+ur “[J “+H _“(6)]

2

where Agx(e) = 1.90 sin“6 + 2.09 00826 - 2.0026, and

_Hx(e) = Agx(e) + ai/2. |

>’We have set &p (the isotropic g value of the donor

radiéal}'équal to 2.0026, the experimental value for_P700+.

Wg¥cqﬂfnow evaluate the predictions for the polarized 

p700° liheshape in the context of the tw0'modeis described"

above. There are three imporfant.experimental observations

which é successful model must explain:

(1) 'The EPR spectrum from the unoriented saﬁble is in
total émission, i.e. the polarization is positive across
.fhe entire hypeffine field of P700+. ‘The signal from
the oriented system displays a mixed emissive-enhanced.
absorptivé.pattern;“the polarization changes sign
near'qi = 0. | |

(2)  The integrated_areatratio for either polafized signal tothe re-

laXedjp700+signalisapproximately 13:1 (i.e., the population
‘difference, lNa-NBI, is more than 10 times the thermal

value -at 300°K, 1073

). .Becauée relaxation has already
begun when the EPR measuremenfs areimade, the calgulated
area ratios should be in excess of 13:1. |

(3) The area ratio of the unorientedlsignal to the -oriented

sigﬁal is between l:i and 2:1 (this number is at present

experimentally uncertain).
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One Site Model

We make the simplifying approximation that
IAgll + IJll >‘Iai/2|, since o, for P700+_is typically a
few gauss (the peak to peakglinewidth of the steady-state

P700" signal is 7.5 G). Then, w,’ ~ (Ag)? + J;%, and

we can write eq. (16) as
p;(one site) = k,la; + Ag,] | @23

25, and ag, = 2U/V.

where kl‘= 2V'rl

The Ag, term is mathematically isomorphic to the Ag;
value difference term in Adrian's originalAféfmulation.
Both k; and Agl’are independent of @ .

The orientation dependence of eq. (21) is easily
described. The integral U deéréases sy a:factor of 10 to .
100 upon orientétion, ice. 10 < UNE/UF < lOOJ_The integral
V is relatively insensitivé to orientation, VNF)VF ~ 1 for a

wide range of T and Jl' Thus , k??/ki ~v 1, and

10 < Ag?F/Agﬁr < 30. The absolute amplitudes of AgﬁF-and kl
are dependént upon the specific vélueé of Tl and Jl. | '
The oné—site model correctly predicts the un?rientéd
signal to be in total emission. A§§F is large and"poéitiye,
the net polafizatibn of the signal is sufficiently'gréatér
than the thermal population difference to account‘for the
13:1 area ratio of ‘the pélarized to unpolarized éignal.
Howe?er, the one-site model fails completely for the
oriented signal. The integralvV'is alWays small; therefore,

kl is always small, less than .0025. Since Agy is inversely
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proportional-to.kl,.the hyperfine term o, is dominated by
Agl even for fhe oriented sysfem. Furthermore, the total
,polarizatiénvfor the oriented system is'insufficienf to
~account for the observed area ratios. Even for the most
favorable valﬁes of 1, and Ji, the one—sife mbdel‘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

p; (two site) = k2(ai + A§2)‘- . | (24)
where 2
2Jd.1.° 2T.J,TH '
k, = —=L1 - + v . [2112J2 + ———l—%~37 (1-0,0,7,7,)]
' 1+uwlrl . o l+uwl Tl _

e 2
Ag, = 2Ut,"J,/k,

We have.agaln assumed that Iail < lqll and lail < Agz,

are independent-of'ai, and the term
2
1
neglected. Both k

so that Wys W
2

2

[uHi le/(1+uw Tl2)] <1 in egq. (17), and thus has been

, and Ag, are then independent of as.
The major difference between the one and two site

models 1is the amplitude of k. _kl is directly proportional to
the integral V, which is small for all values of T, and J-

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

2
independent of V. It is this second term, qule/(l+uwlZTl?)

b

which can have a relatively large amplitude for appropriate
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‘values of 1, and Jl; This term arises from the interactionv
between P700+ and Ai, and is large because Agl is zero,
sb that Hl < Jl' ' Effectively, the interaction of p7007
~with Ai'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 P70_0+ - X . For this
radical pair, the g value difference is quite large
relative to o, for almost all orientations of X .

The experimental signals can be generated from eq.

(24) when k., is sufficiently large (so that the polarized

2
signals have enough amplitude pelative to the relaxed
signal) and when the average‘Vélue of o, (2-3 gauss)

falls between 55 and ggF. Then, for the oriented

system the term linear in'ai dominates, the sign of Bi

is governed by the sign of o5 and a mixed emissivefenhancedf
absorptive signal resulfs. LFor the unoriented system, the

sum (a + Ag,) is positive for all values of a,, and the

1
polarized signal is seen in total emission.

In the next section, we simulate the polarized signals
' quantitively by substituting eq. (24) into eq. (18) and

' 5 . + .
summing over all configurations of the P700 hyperfine

system.



RESULTS OF CALCULATIONS WITH THE TWO-SITE MODEL

We first calculated an EPR spectrum for an isolated,
relaﬁed P700+ radical, aésuming that it-is an oxidized
chlorophyll dimer.l8 The relative amplitudes of'fhe hyper-
fine coupiing‘gonstants were obtaiend from NMR stﬁdies,19
the magnitudes were scéled to the ENDOR result for'the
‘largest coupling constant.za |

The narfbwing of the polarized.signal (see Discussion)
was introduced phenomenologically by decreasing the hyperfine
coupling constants. An identiéai adjustment was used to
simulate the signals for Soth the oriented and'unoriented
‘systems. | |

Fig. (2) displays the dependehce of the EPR lineshape
on'thé value of Ag, in eq. (24). For Ag, < 0.7 G, a néarly
symmetrical.mixed emissive—enhénced absofpti?e pattérn
results. For A§2 > HIG, the'sigﬁal is essentially in
total emission. For 0.7 G.< A§2 Xy G,:avlineshapé
intermediate between the two previoué caées is féund.

The infegrated area of a polarized signal.depends
linearly on k2, and-in a compligated,fashion upon A§2'
Téble II lists the integrated area of idI/dHl as a
function of A§2; the afea of thé unpolarized‘signal is set
equal to 1.0, and the pdlarized signals normalized to this.
The net integral area relative fo the thermal equilibrium
value for signal I at 300°K is found by multiplying the
value in table II by kz/.001 (ﬁOOl is the'thermal population

difference at 300°K).
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. From these results we can set limits on k., and Ag2

2
such that the three fitting criteria for the experimental
signals described above are satisfied. The general lineshape
analysis requires that 0 < Agg < 0.7 G, while A§§F > 4 G,
Since the polarized signals have an area 3.5 - 6 times greater
than that of the unpolarized signal when k2 is set equal to
.001 , we require that k,/.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 A§§F < 6.5 G.

The valﬁes>of k2, Agg, and A§§F are détermined,by'the
parameters Tys Too J1 and J2. Table III presents several
sets of parameters for which k25 Agg, aﬁd AggF fall within
the limits prescribed above. The exact values of the
individual exchange energies or lifetimes are not critical;

a small change in‘rn-or Jn wili produce. a correspondingly
small change in the simulated EPR spectrum.

It is cleafly not possible to deduce the absolute
magnitudes of any of the parameters from the data available
at present.,FWeican; however, set.some limits on Tl‘and Jl'

It is necessary that:Tl > 350 psec, and Jl-< 200 6, in
order for‘k2 to be greater thén .0037. Once Ti aﬁd'Jl.are
fixed, a limited set of pairs (12,J2)>will‘§enerate
acceptable values of‘Agg and Aggr. |
For a comparison of theory and experiment,:we chose

a value of T, which is comparable to the lifetime'of y

observed in photosynthetic bacteria. We also chose
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Jl > J2, because A is presumably in closer proximity to

"P7007.  The resulting values of J

and J, are reasonable

1 2
ones for exchange interactions between organic molecules
separated by 5§ - 25 A.Ql They are also within the

neighbbfhood of exchange interactions observed between
electron acceptors in photosyntheticvbacteria.22

| 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 relaxation. - If 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 polarizéd,signalé arising from
oriented and unorieﬁted cﬁloroplasts. Many of the values
1> Too J1 and lewhich generate the correct lineshapes
are consistent with what is known about éarly photosynthetic

of 1

events. Thé‘model is relatively insensitive to the details
.of the calculations, i.e. sméll‘errors in the polarization
function (as are intfoduced by negiect of SeTil mixing)
would have a minimal effect»on the predicted lineshapes

and area ratios.
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We believe that our'resu;ts provide combelling
(although indirect) evidence for the existence of an
acceptor in Photosystem I preceding X.: A radical pair
mechanism with X as the initial-accep%or is inconsistent
with the mixed emissive-absorptive liheshape and relative
area of the orientea.signal. The presence of én 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'Al-at present is
chlorophyll, because itﬁis known to be present in sﬁfficient,
quantity in readtibn center preparations, and Chl™ hés
the requisite g tensor properties. Also, the midpoint
~ reduction potential of chlorophyll a is 0.78 V (vs. NHE,
in dimethylsuifoxide),23 whiéh isbconsistent With its role
as an earlier accéptor.thangx. In analogy with photosynthetic
bacteria, pheOphytin might also be considered as a suitable
candidate for Al' However, Thornber et al have found no
phebphytin in enriched Photosystem I preparations.zu
However, we‘have né-direct information concerning the
" chemical identity of A

The assignment of X as-A2 is'also,supported by our |
results. The aligﬁmént-of the high field component of the
£ tensor of A2 normal to the planevof the thylakoid meﬁbrane ,
is required to produée‘the.transformatién from awtotaily ‘
| emissive spectfum‘to é mixed emissive-enhanced absorptive

spectrum upon orientation. Neither ferredoxin signal
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(centers A or B) displays the proper orientation in the
membrane to generate the observed linéshape _changes.5 The
observation that the simulation of the oriented and
unoriented signals, assuming thatlA2 is X gives excellent
quantitative agreement is convincing evidence that this
interpretation is valid.

Paper I proposed a'triﬁlet mechanism for the development
of spin polarization. This can now bé.eliminated, because
it never predicts a mixed emissive-enhanced absorptive
lineshape. The triplet'and radical pair mechanisms are
the only theories proposed to dafe to ekplain chemically
induced spin polarization. The model pfesented here thus
appears to be the>onlylreasonab1é explanation which fits_
“the experimental results.

The rédical pair theory as devéloped by Adrian appears
to be applicable to membrane—béund systems of radicals; the
fundamental driving mechanism of spin polarization is, as

in diffusive systems, S—Té mixing. The-simple’approach
taken in this paper provides an adequate explanation for’

the experimental results to aate; however, more sophisticated
treatments are possible ana-may be needed in_the future.

One could, for ekample,'alléw back transfer of an electron,
or postulate more than one site for the eléctron in.X, or
investigafe‘the possibility that at rodh“teﬁperature reduced

or unreduced X may have appreciable unpaired spin density
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due to mixing in of low lying excited spin sfates.
Development along these lines may become profitable when
more data are available..

We have assﬁmed throughout our calculations that fhe
initial radical pair state is a singlét. This can be
justified qualitatively without invoking any EPR results.
The initial state of P?OO* is surely a singlet. If the
rate of electron transfer from P700*‘to A1 is comparable
to that observed in bacteriél systems (< 20 psec),zs’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‘électron tfansfer occurs from the excited

27 (A spin flip as a consequence of electron

singlet state.
‘tfansferAis quantum_mechanically forbidden).  We thus

expect the radical pair to initially have the same singlet
character as P700*. “

The narrowingléf the polarized signai relative to the
relaxed P700° signai.is an intéresting phenomenon for which
we curfently do not have a completely satisfying expianation.
The polérized signal from the_unoriented sample has a
peak-to-peak'linéwidth of 5.6 G, as compared to the value
of 7.5 G measured for the relaxed P700" signal. The
polarized signal fréﬁ the oriented sample is thé deriVativé
of a mixedvémissiyedenhanceﬂ absorptive lingshape, and
there fore itS’linewidthicannot be cbmpared directly with

those of the other signals. However, good simulation of
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the oriented signal requires that the startiﬁg 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 mechanisﬁ. The polarization is either a conétént
across the hyperfine field (A§2 large) or linear in ai(AgQ
small). Neither of these polariéation 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 éystems.

One expianation 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 chlorophyil dir_ner;16

delocalization of the unpaired:
electron over two molecules leads to a narrowing of v2
compared to the Chl+ monomer EPR signal. Full delocalization
over 3 or 4 molecules would result in a further narrowing
“of VY372 or /4/2, respectively; the eﬁperimental narrowing
'is between these two values. Foliowing electron transfer,
the oxicdized 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 these proposals will

require further theoretical and experimental work.
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There are many interesting areas of futﬁre research
which ére suggested by this paper. Fﬁrther 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 Al'
An approach similar to tﬁe one described here can also be
applied to the CIDEP sigﬁals reported from photosynthetic
bactefia.28
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APPENDI X

The radical pair Hamiltonian given in eq. (1) can be
split into two parts -

Hpp = ¥y + Ky ' (1A)
where , _

= l 3 | [ ] .

= ZBH (g, + 8+ (8, + B + J8,.3)

‘A)I.‘A’J-(§A + 3

L1 (D)* (D)
tglE AL T ALY D

i S
.; 1 *® 5 - L] -
op = ZBH = (Bp - 8,) 3, &

v 1z p, D1 D
1

(A)x (A)
A i - § A. Tj )

. =3

| Zb is diagonal in the basis {IS),_lTO) 'IT+1) IT_IX},
provided that the spin functions la) and IB) are quantized

in the direction of the effective field
z = (8y + Ep)-H /(B + ) H I (24)

The radical pair eigenfunctions and energies depend upoh
‘the off—diagonal elemenfs of  the above basis set of the
‘operétor.KbD. Welnow show that, for small g tensor
anisotropy, the mixing of ISy with 1T, and IT_) is of
negligible importance, and an [S) -,lTé) basié set is
sufficient for calculation of the pélarizatiOn. We also
derive an approximate'expression-for the ﬁatrix element
» (SIHODiTO) = HAD asva funection éf oriéntatiOn.of radicals

A" and D'.
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A2
We shall assume that the donor radical is isotropic,
with scalar g value‘gD. We choose as a coordinate system

the principal axis system of the acceptor radical. Then

H, = Il (sindcos¢  singsing. cose) (34)
~ X
ga 0 0
g, | 0 g O
z
0 0 gx
= —
gp . 0 0
0 0 gp
b -

We define

P« y z |
= 3 (gA + ga + gA) (4A)

Ax = —»gX

Y
Ay = gA_ gA

Az =

We wish to calculate the matrix elements (SIHODITO),

(slHo IT ), and ¢ SIH We first define

D T+1 > op' T-7’



Aop = Pur * Hag ) | A
where v | .
1 (D)2 (D) (K)2 (A),. 2 _
Hyp = 7(§ AT - § AT (§D 's'A)
- Lg% v(p - pye3 - 3
Hyy = 78H, (8 - 8,03 - 8

o
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.

g A (A (A)

) (D)m (Aa)
j—j J

+ <ZA. . >=0 (6A)
B ]

(D)

The nuclear spin operators Ii are quantized in the

direction of the effective field, £. Then

(SlHHF|Til) =0 : (74)
R R (D). (D)
(SIH T = 3 §_43 mg
where mj(D) is the projection of Ijgp) on 2.

The matrix elements of H must now be evaluated.

: _ ~ Ag
Substitution of (3A) and (4A) into (5A) yields

1 2, .. 2
(SIHAgITO) §B|H|{cos ¢sin“08(g -Ax) (g_-Ax) (8A)
. 2. . 2 2
+ sin“6sin®¢(g, -Ay)(g_-Ay) + cos”6(g, -Az)(g_-4z)}
{coszesin_2¢(g+-Ax)2 +'-sin26sin2¢(g+-—Ay)2

+ cosze(g+—Az)2}-}/2,



Ay

<slHAngil> = iitgll(@D“QA)'ﬁQI12-((SFHAgIT;))231/2
We now make the approximatioﬁ
g_ Vv Ax,Ay,Az < g,
Then, algebraic manipulation of (8A) leads to
(SlHAgITO) ~ %BlHl(g_.— c032¢sin26A3 +.sin2¢sin26Ay
+ cosQéAz) | | : | (QA)
(SIHAglfil> ~ Ii[(g;-AX)zcosz¢sin26 + (g_—ijQSinzesip2¢
+ gg_—Az)cosze - f(SlHAgl TO))?]I/2
This gives as a final‘expression for‘(SlHODITO>
(STHGITY = Hyy, - : zéj(D?Mj(P) + 281 HI [g] (104)

- (gzcosz¢sin26 + ngin2¢sin26'+ gicosQB)]

We estimate the effects of T;l mixing by calculating

the ensemble average value

5 w/2 n/2 .
<(S,HAngil)> = £ é é (SIHAg'Til) sinf® ded¢
~ [%(sz + Ay2 + AZQ)]l/Z'%BH (11A)

~Substitution of values of Ax, Ay, and Az for the species

X; yields

~ ..1_:. . :
<(S|HAg|Til)> ~* 5 BIH! «(0.13) (12A)



A5

The mixing coefficients, CST , are given to first
, +] o
order by

o
n

'\, -
(s HODITtl>/(ES ET+1) (13A)

+ % BH(0.13)/gBH =~ ¥ 7£(.0325).

This 3.25% mixing in of the T+1 states leads to an

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

Figure

Figure

Figure

1: Proposed scheme of electron transfer in

Photosystem I.

2: Simulated EPR spectra for the polarized signal

for Ag, = 0.1 6, 0.5 G, 1.0 G and 5.0 G.

: Calculated and experimental EPR spectra for the

oriented and unoriented polarized signal from
spihach chloroplasts. Values of the parameters

7 = 35 ns, T, = 35

1 =758, J, =3.5g. Solid triangles (a)

used in the simulafion are T
ns,'J
are experimental intensities for flow-oriented
chloroplasts, Open circles (O) are experimental
intensities for‘unoriented chloroplasts.2 Solid

lines are theoretical curves.
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TABLE I
g Tensor Values and Midpoint Potentials of Photosystem I

- Electron Acceptors

Species g, gy g, Midpoint Potential (mV) Refs.
X 1.78 | 1.90 2.09 ~730 5,13
Center A | 1.87 | 1.95 | 2.05 -553, -530 . 11,12
Center B | 1.89 | 1.93 | 2.05 ~-594, -580 11,12
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Relative Area of the Polarized Signal as a Function of Ag,

(Signal I = 1.0)
A§2 Area
0.0 3.6
0.1 3.6
0.2 3.6
0.5 3.6
1.0 3.7
2.0 &.0
5.0 6.0
10.0 | 10.5

&

o



TABLE III

Calculated*Vélues of'kz, Agg and AggF for selected values of Tl, Ty Jl and J2'
) Afea ratios are also calculated using Table II
. F
Jl(G) Jé(G) Tl‘(n"s.ec) Tz(nsec) 'k2 A_g_l;F(G) A_gg(G) AAI"OI AN;
sig.I A

10 75 1.0 2.1 | .o029 45 5.7 106 1.8
50 | 10 0.35 0.35 | .0046 28 | 5.3 16.6 | 1.74
50 20 1.0 - 1.0 .0111 .17 5.1 40.0 1.69
100 10 0.35 ©0.35 | .o0u5 .28 5.0 16.6 | 1.67
100 | 10 1.0 2.1 .067 .07 4.5 241 1.58
150 10 0.35 0.35 | .0039 .33 6.0 13.1 | 1.92
150 20 1.0 0.35 | .oou7 .27 4.9 16.6 | 1.65
150 10 3.5 35 | .00u47 .076 6.4 16.9 2.02
100 150 0.35 0.035 | .0051 | .54 | 5.4 18.4 1.76
50 | 50 3.5 35 | .0128 .08 4.5 46 .1 1.58
75 3.5 0.35 35 L0047 .13 5.0 16.7 1.67

6¢
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