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1. Intr ion

The primary process of photosynthesis converts solar energy to chemical energy through light
induced charge separation. In bacterial photosynthesis!, the best characterized
photosynthetic process, pigments in the antenna proteins are excited by the absorption of
visible light. This excited state is transferred to a bacteriochlorophyll dimer--Pg;,, Which is
located in a nearby reaction center. Following this, the primary charge separation occurs; Pgq,
subsequently referred to as P, is oxidized and the intermediate acceptor, |, a
bacteriopheophytin, is reduced. (See figure 1.) This occurs within three picoseconds. After
the bacteriopheophytin has been reduced, the reaction center is in a radical pair state,
P* B I"FeQ (P*I"). Where B, known as the accessory bacteriochlorophyll, is situated betw een
P and i. Because the charge transfer is so rapid, the initial radical pair is born as a coherent,
nonstationary singlet state. This singlet radical pair state, given sufficient time, acquires triplet
character. The charge is then transferred to the iron-ubiquinone complex, FeQ. During natural
photosynthesis, the charge separated state P* B | FeQ™ (P*Q") occurs approximately 200
picoseconds after the excitation of P. The iron can be decoupled from the quinone during
preparation of the reaction center protein. In this case the electron transfer from the
intermediary acceptor, |, to the quinone is found to take about 4 nanoseconds at room
temperature. The back reactions from P* I FeQ are all relatively slow. The forward electron
transfer rates are somewhat faster at lower temperatures.?

Figure 1

Electron Transfer Sequence in Bacterial Reaction
Centers



We have utilized the energetics of the first (P*I")radical pair’s states to simulate electron spin
polarized EPR spectra of the second radical pair in iron decoupled reaction centers of
Rhodobacter sphaeroides. Previous treatments®**°of the electron spin polarization (ESP)
have made one of two assumptions (CIDEP only or CRPP only) leading to an uncoupling of
the density matrix equations for the two radical pairs. In the CIDEP (chemically induced
dynamic electron polarization) only calculation®*?,it is assumed that there are no magnetic
interactions on the second radical pair, P*Q". The populations of the second radical pair's
eigenstates are unchanging in time after the electron transfer to the quinone is complete, and
their distribution is dependent only on the magnetic interactions of the first radical pair (P*1").
In the CRPP (correlated radical pair polarization) only calculation®, it is assumed that the initial
radical pair is too short lived for the populations of its eigenstates to be significantly affected
by singlet-triplet mixing due to its dipolar and exchange interactions. When the electron is
transferred (to Q) the populations remain essentially as they were created, specifically the
second radical pair state is initially pure singlet. In this case, the important interactions, those
which cause singlet and triplet mixing, are on the second radical pair.

Simulations with interactions on only one pair, either the CRPP cr the CIDEP mechanism
separately, have not been completely satisfactory. A good simulation of an X-band protonated
radical pair spectrum (iron decoupled) was obtained using the CIDEP mechanism, but some
of the g-values and linewidths required for the best fit deviated from previously determined
experimental values. Also, the relative magnitudes of D (dipolar interaction) and J (exchange
interaction) required for a good fit were much larger than generally expected.® The CRPP
mechanism was used to simulate the same spectrum.® Most of the parameters (D, J, dipolar
angles, Q- linewidth) were in general agreement with accéptable or experimentally determined
values. However, the P* linewidth used in the simulation was narrower than observed
experimentally for oxidized P* | FeQ.” In addition, one cannot necessarily assume that the P*I”
radical pair found in iron decoupled reaction centers is too short-lived to give rise to
polarization through CIDEP.® The lifetime of P*I” obtained for iron decoupled reaction centers
was longer than that in native reaction centers.® Also, Gunner et al.® observed electron spin
polarization on P* in reaction centers in which the native ubiquincne acceptor was replaced
with various quinones. One effect of the quinone replacement was a change in the P*I°
lifetime. When the quinone was replaced, electron spin polarization on P* was only observed
if the lifetime of P*I” was appreciably lengthened relative to that in native reaction centers.
Recently, electron spin polarized EPR spectra of P*IQ” have been obtained from protonated,
deuterated and partially deuterated bacterial reaction center samples at both X- and Q-band
microwave frequencies.’® These spectra have greatly enhanced the amount of experimental
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data available to test the simulations, and preliminary attempts to simulate all these spectra

 with the same set of acceptable parameters indicated that neither the CRPP or CIDEP

treatments alone would suffice.

We developed a gereral model™! which includes contributions from both CIDEP and CRPP.
In this paper, we apply this model to sequential electron transfer in photosynthetic bacteria.
Our model calculates the density matrix for the P*I” radical pair and transfers the polarization
as it develops to the P*Q" radical pair. We illustrate several possible cases. One case is
equivalent to CIDEP; no interactions are included on the secondary radical pair, P*Q". Another
approximates CRPP by either increasing the transfer rate from P*lI" to P*Q" or restricting
interactions to the secondary radical pair, P*Q". Others allow interactions on both the primary
and secondary radical pairs with various transfer rates.

2. Theory and Discussion

Although they have been presented before, we review for comparison and a new perspective
the methods used to simulate the polarized spectrum (X-band, protonated) of the P*Q radical
pair of Rhodobacter sphaeroides. The evolution of the density matrix for both the CRPP and
the CIDEP treatments is described by

4

Soi(t) = L [Hy, o, (] 0

Where P(t) is the density matrix and H,(t) is the Hamiltonian for radical pair i. It is important

to note that although the treatment of CIDEP only cases and the treatment of CRPP only cases
are considered to be different treatments, the CRPP method can be used to treat non-
interacting radical pairs (generally the domain of CIDEP) quite well. EPR spectra are simulated
by calculating the magnetic field at which the energy gap for an allowed transition will occur.
The intensity of a transition at this field is proportional to the difference in the populations of
the states of the transition multiplied by the transition probability.  For non-interacting radical
pairs the high field eigenstates are ¥,=8(P")a(Q7), ¥,=c(P")B(Q"), T,=a(Pa(Q),
T.=8(P")3(Q°). Notice that p,(Q)=pye, 8Nd Pea(Q)=py,y, but Pee(P')=Py,e, and
paa(PT) = Py,v,- The « and B subscripts on p refer to only one electron which is specified by
P* or Q",while the ¥, and ¥, subscripts refer to both the P* and the Q" electrons. A transition
from an « to a 8 state on P*, the transition between ¥»+q-, and T.in fig. 2(a), occurs at the
same energy as a transition from a 8 to an a state on P*, the transition between ¥p.q- , and
T, in fig 2(a), and they have equal transition probabilities. Therefore, the shape of the
spectrum depends only on the population differences pga(P*)-p..(P*) and p, . (Q)a(Q)
(at the appropriate magnetic fields), which are defined as the polarizations on P* (<S,,>) and
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Figure 2(a) The energy levels of the P"Q radical pair in the absence of interactions. AE =
(Gp+ o~ Og-o0B Bo + T2t mp -5, a¥nfl. 2(b). Anillustration of the effects of interactions on
P*I"in the absence of interactions on P*Q". Dpi = -4 Gauss, Jpi = 7 Gauss, gp+ = 2.0026, g;-
= 2.0035, go- = 2.0048. For simplicity no g-anisotropy has been included in the simulations
shown, g, s=gfor pigment i at all angles. In the figure, the sticks represent the calculated
position and intensity of the transitions for a particular set of proton spins. The broadened
lines represent the Gaussian distribution expected from an ensemble of a large number of
proton spins. 2(c) The eigenstates of the P*Q radical pair with or without interactions on P*I".
AE = [(2 Ji - D (COS Bp+q-1/3))* + (AE from 2(a) above)’]"/%. 2(d) A simulated spectrum
of an interacting P*Qradical pair. The example is for ne interactions on P*I"and for identical
effective P* and |I"g values.

Q (<S,,>) respectively. The polarization on P* can be shown to be equal, for an initial singlet

state, to the familiar pgy + prs defined as p, in the vector model treatment.'"™” Because

the polarization develops on the primary radical pair and is transferred, the total polarization
on P*Q is the integral over timie of the polarization weighted by the probability of the transfer



occurring at a particular time (effectively with a particular polarization), 1/t @'*, where 7 is
the inverse of the electron transfer rate from P*I" to P*Q".

Interacting radical pair spectra, however, are not proportional to the polarization --
P..(P)-pas(P*) at the magnetic field strength for enhanced absorption and emission on P*,
and p,.(Q7)pa(Q7) at the magnetic field strength for enhanced absorption and emission on
Q . Even if we consider a parallel definition of the polarization in which it is equal to the
difference in population of the eigenstates of the Hamiltonian, the spectrum is not directly
proportional. Since the transitions from ¥, to T, (the spin on either P* or Q" goes from 8 to a)
and from ¥, to T. are at different energies, the transitions occur at different magnetic fields
(see figure 2(d)). The transitions are now weighted by unequal transition probabilities, as well.
- This balances the population differences for the CRPP only case. In the absence of
interactions on the primary radical pair, the P* transition lines will be split, but they will have
equal intensities. Even without interactions on the primary radical pair, however, the line
intensities will not cancel, since all four allowed transitions now occur at different magnetic field
strengths. The spectrum is not directly proportional to the polarization as it is for non-
interacting secondary radical pairs. See figure 2(c,d).

When interactions on both P*I"and P*Q" are treated, the population differences are only
partially balanced by the unequal transition probabilities. The effects of the interactions
between P* and Q on the populations of the secondary radical pair's eigenstates are offset
by the transition probabilities. The population differences due to the interactions between P*
and I” are not compensated by the transition probabilities. Thus, the polarization transferred
from P*I” will be reflected as unequal P*Q transition intensities. See figure 3(b)--the aashed
spec'rum. ‘

it should be understood that we are not considering here a case in which some P*Q radical
pairs interact while others do not. In order to include this casa we would calculate both the
non-interacting radical pair spectrum (CIDEP) and the interacting radical pair spectrum (CRPP).
We could then assign a fraction of the ensemble as interacting, with all others non-interacting,
and sum the weighted spectra.’® (See figure 3.) We think a distribution of pairs would be
unlikely in the bacterial reaction center’s highly structured protein environment. In this paper,
we are concerned with the sequence of interacting radical pairs P*I"--> P*Q". The difference
between a spectrum resulting from a distribution of radical pairs and a spectrurn resulting from
a sequence of radical pairs is illustrated in fig 3(b). |

We are concerned with the similarities between the CIDEP and CRPP calculations because

we use the CRPP treatment to calculate the spectrum even in the case of non-interacting

radical pairs. We do not calculate pgy, + py, ¢ @sis generally done for non-interacting radicals;
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Figure 3 (a) shows an overlay of the CIDEP and the CRPP spectra. The solid line is the CIDEP
spectrum, and the dashed lire is the CRPP spectrum. 3 (b) shows the difference between an
ensemble of radical pairs (50% interacting and 50% non-interacting) and a sequence of radical
pairs. The solid line is the ensemble and the dashed line is the sequence.

we calculate p,, (P*,Q°)- pea (P*.Q).i.8. Py,y, Py,v, directly. Al that is necessary to solve
the problem formally, then, is to find the eigenstates of the Hamiltonian and to solve the density
matrix equations for the two radical pairs.

Since we wish to simulate the effect of both the polarization developed on the first radical
pair and the effect of the splitting due to the exchange and dipolar interactions on the second
radical pair, we must include the electron transfer in the density matrix equations. We elect
to treat the two radical pairs as separate systems and solve two coupled first order differential

equations, (2) and (3), for a two-by-two density matrix rather than one equation for a four-by-
four density matrix.
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The addition of the kinetic terms to the density matrix equations are due to first order electron
transfers to the ground state (from singlet radical pair populations only with rate kg), the lowest
lying molecular triplet (from triplet radical pair populations only with rate ky), and to P*Q" (from
both singlet and triplet radical pairs with rate k). The curled braces indicate the
anticommutator, and Qg and Qr are the projection operators for the singlet and triplet states
respectively. As is usual, B above is the Bohr magneton; ap+;are the hyperfine coupling
constants on P*. These hyperfine interactions are modeled with a Gaussian. Individual
combinations of hyperfine interactions are represented as evenly spaced points along a
Gaussian lineshape. Bp.-y is the angle between the dipolar vector and the magnetic field

vector, H, and the various I's and §'s are the usual spin operators. Dp+-represents the
strength of the dipolar interaction, and Jp+;-is the strength of the exchange interaction. The

disolar interaction is assumed to be axially symmetric, and the exchange interaction is

considered to be isotropic. Hp.g-o (= Hp:g") is defined in a fashion strictly analogous to the
definition of Hp.j-q in (4).

In order to solve (2) and (3) we define a quantity
i
Hp.) = HP'r,o"‘é‘ (x Q7 + @ ,Qy)
Then,

dpp-(9 -

i ] ’
p Yy Hp- pp () + T ppr() Hp.p

where H;,.,. is the transpose of the Hamiltonian. The sclution of this equation is easily

demonstrated to be!*
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This expression for p.,- is then substituted into the solution for (3).
Equations (2) and (3) represent two coupled, first order, linear, non-homogenous differential

equations of the forrm dxfdt + a(X) x = fx). For radical pairs in liquid solution x and f(x) are
functions of distance as well as time and the total derivative is far more complex. In addition,
f(x) may be of a non-integrable form or a(x) may be a non-constant expression. For these
reasons, the equivalent of (3) in non-photosynthetic systems generally does not have an
analytic solution. For photosynthetic systems, however, the protein matrix determines the
distance and orientation of P, |, and Q, as well as the other pigments. J and D are discrete
functions of distance with only two values defined. One of these is represented by the
subscript P*I", and the other by the subscript P*Q". An analytical expression for (3) exists as
demonstrated below.

Consider:

d I
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Equating the left hand side of (5) with the right hand side of (6), integrating from 0 to t, and
applying the appropriate rotation yields
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A rotation Up.-p:q- Which diagonalizes Hp.p-q- also diagonalizes @ * ~ " *”. Thus, the

identity matrices U,,.,-U,',l',- and UP.O-U;,'.'Q. can be used to make all the matrices diagonal.

Diagonalizing all matrices and substituting in the diagonalized form of pp.,-(f) derived above
gives

-1 "'-,l‘,Ap‘a" ¢ ‘:,,I‘Ap’a", -1 “',’;Ap*r'l +
ppa = Upp @ { kg fo e UpoU,., @ Up-rpp0) Up, ©
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B, is the strength of the magnetic field vector, H, which was taken along the z axis above. The

energies for the triplet states on P*Q" are identical to those for P*I” with all occurences of I’

replaced with Q.
Our interest, however is in the density matrices in the eigenspaces of the Hamiltonians.
Therefore we apply the rotation which diagonalizes the Hamiltonian to each density matrix. In

the following we show the rotation Up.o- applied to the density matrix on P*Q".
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where U = UP.Q-U;fl- and U+ = (U;f,-)* U;fa_

Working out all the integrations and matrix multiplications gives for no density in the

secondary radical pair state on initial absorption of light (pyp, ,_,(0)=[0]), and a pure singlet
radical pair precursor

= 2 - + 2
Pyprgns |cos6 | Poper 2Re(cosd sind p'm_'u) + |sin@|

2 , Yra (11)
L |sind | Papst 2Re(sind cos6 p‘pr.‘z) + |cos8|

P¥prr 22

for the diagonal elements of the density matrix, i.e., the populations of the eigenstates which
are mixtures of S and T,

cOSs 6'= o0 1] OP.,-OOS eP¢o— + Sin epol-Sin epoa-
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The Papr,, are the elements of the density matrix for the primary radical pair in its eigenspace
after they have been transferred to the sécondary radical pair.

As described earlier the intensity of each transition is calculated from the product of the
difference in population and the transition probability. The 7, p.o- and T_ .- eigenstates
are unpopulated; the energy difference between these states and the singlet state is too high
for mixing. The populations of the ¥p.p-4 @8nd Yp.o-, are listed above (eq. 11). The
transition probability between eigenstates a and b is given by <b|S,|a>. Only the four

transitions from Yp.n-4 10 T, pio- @nd from §p.g-5 0 T, po- are allowed. The transition
probabilities for transitions from the ¥,.o-4 eigenstate are proportional to |cosB,.q- |2 and

those for transitions from the ¥ ,.q-, are proportional to |sinBp.o-|2.

The progression from a CIDEP spectrum to a CRPP spectrum is iliustrated in figure 4.
Although good estimates of all parameters: the magnetic interactions on both radical pairs, the
g tensor on P*, I', and Q, the linewidths for P*, I"and Q, the orientation of the pigrrents
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Figure 4
The radical pair spectrum as a function of the lifetime of the primary radical pair.

Reasonable sets of parameters were Used {0 calculate the spectra in flgure 4, # angles 21X21,
Dp+;-:-8.5 Gauss, Dp+q--1.5 Gauss, Frequency: 9 GHz, g;-:2.0035, gp+: 2.0026, gq-,:2.0067,
dq- ,-2.0056, gq- 20024 Jp+1-:7 Gauss, Jp+q-0 Gauss, ky: 1052.51 .5 .25 and .1 GHz, k¢!
0 GHz kO GHz # hyperfine comblnatlonsl 21; P*: 21; Q 21, time: 100 us after creation
of P*I" (T, processes have been neglected), I” linewidth: 13.5 Gauss, P* linewidth: 9.5 Gauss,
Q" linewidth: 6 Gauss, Angle between Dp.;-and Q, axis: 10.7°; Q, axis: 2.68°, Angle between
Dp+q-vector and Q, axis: 38.4°; Q, axis: 60.6°, Linewidth for smoothing on P*: 2 Gauss; on
Q": 2 Gauss.)

(P, I and Q) within the reaction center, and the kinetic rate constants are available for reaction
centers, any set of these parameters could be varied within a small range in order to obtain
a good fit to all the experimental data. Specifically, we emphasize here the effect on the EPR
spectrum of changing the transfer rate from the primary radical pair to the secondary radical
pair, kq. In a previous paper we gave a limited description of this effect in addition to a
description of the effect of changes in the dipolar term on the second radical pair and a
description of the effect of changes in the transfer rate from the primary radical pair to the
moiecular triplet on P, kp.'°

If the rate constant kq is large, (200 ps) !, the transfer from P*I"to P*Q" is fast, a spectrum
resembling the CRPP spectrum is expected. The density matrix on the primary radical pair
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does not have sufficient time to develop triplet character so any observed polarization is due
to the CRPP mechanism. If the rate constant kq is small, (10 ns)™, the transfer from P*1" to
P*Q’is slow, we expect to see a wpectrum which reflects both the transferred poiarization and
the splitting due to the magnetic interactions on P*Q". When the magnetic interactions on P*Q"
are small, the EPR lines, wbich are broadened by g-anisotropy and hyperfine interactions,
effectively cancel, and the spectrum resembles the CIDEP spectrum. When the EPR lines are
broad it is possible for the CIDEP spoctrum to have a greater intensity than the CRPP
spectrum. Figure 4 shows calculated spectra as a function of k,. Intermediate cases can only
be treated by including interactions on both radical pairs.
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