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ABSTRACT  The electron spin resonance spectrum of the
triplet excited state of Rhodopseudomonas spheroides R-26
reaction centers has been stugied after excitation with the
polarized narrow-bandwidth output of a tunable dye laser from
520 to 670 nm. A theory is developed relating experimental ob-
servables to the angles between the electronic transition dipole
moment of the excited chromophore and the principle magnetic
axis system of the triplet state of the dimeric trap. Data is pre-
sented which demonstrates that the treatment is correct and
useful, and angles are obtained for the Q, transitions of bac-
teriopfleophytin. Hiﬁh—resolution magnetophotoselection data
in the region of the bacteriochlorophyll Q, transitions can be
combined with polarized photobleaching experiments to pro-
vide direct information on the structure of dimeric trap.

Current research on the mechanism of the initial steps in pho-
tosynthesis focuses on three problems: (i) the identity and
stoichiometry of obligatory components, (ii) the time sequence
of energy and electron transfers and the identity of molecular
constituents participating in these transfers, and (iif) the spacial
relationships among the principle components (relative or-
ientations and distances). For the most widely studied case of
the purple photosynthetic bacterium Rhodopseudomonas
spheroides (R-26 mutant), a great deal of progress has been
made in each of these areas as a consequence of the isolation of
highly purified, low molecular weight, functional reaction
centers (1). These reaction centers contain three small proteins,
four bacteriochlorophylls a (BChls), and two bacteriopheo-
phytins a (BPheos, BChl in which 2 H replace Mg) (2). The
electronic states of two BChls interact to produce a low-energy
trap [(BChl); or P870] (3, 4) which, on direct excitation or en-
ergy transfer from any other chromophore (5), transfers an
electron very rapidly (<6 ps) to a BPheo (6-9). If secondary
electron transfer is blocked by prior reduction, the radical ion
pair [(BChl)s*- BPheo™-] lives for several nanoseconds before
annihilation to neutrals. This process may generate neutrals
either in the singlet ground state or the lowest triplet state of
(BChl); (10). At low temperature the latter pathway predom-
inates (11) and a spin-polarized electron spin resonance (ESR)
spectrum characteristic of the Am; = +1 transitions of a triplet
species is readily detected and has been discussed (12-14).
Much less is known about reaction center structure. Very
recently a number of investigators, notably Clayton et al. (15),
Rafferty and Clayton (16-18), Vermeglio et al. (19), and Shu-
valov and Asadov (20), have reported photoselection and linear
and circular dichroism measurements on reaction centers, in
many cases oriented in stretched films. An analysis of the data
provides a detailed picture of the angles among the transition
dipole moment axes of each of the reaction center chromo-
phores. At the same time we have adopted an alternate ap-
proach which combines high resolution polarized laser excita-
tion and the properties of the triplet ESR signal in order to
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specify the orientation of the chromophore transition dipole
moments in an internal Cartesian axis system. This approach
was suggested by earlier qualitative studies of in vitro chloro-
phyll and chromatophore triplets (21, 22). The purpose of this
paper is to present the principle and theory of the experiment,
a test of its validity and scope, and results for the second excited
states of reaction center chromophores.

Principle of experiment and theory

The electronic absorption spectrum of R-26 reaction centers
is shown in Fig. 1. Each monomeric chromophore gives rise to
two transitions in the 500- to 900-nm region denoted Q, and
Qy for the higher and lower energy states, respectively (23).
There is very good evidence that excitation of any transition
in the reaction center leads to charge separation with essentially
constant quantum yield, after rapid energy transfer to the trap
(5, 9). As a consequence, the quantum yield for triplet state
formation after annihilation is also independent of the excitation
wavelength.

The well-known triplet state ESR spectrum from reaction
centers is shown in Fig. 2. In general, peaks in the first deriva-
tive presentation of the ESR spectrum of a randomly oriented
collection of triplet states originate only from those molecular
orientations, the canonical orientations, for which one of the
magnetic axes (the principle axis system of the zero-field
splitting tensor) coincides with the direction of the external
magnetic field (24, 25). Molecules at other orientations give rise
to a broad background signal, so the observed spectrum arises
from a magnetoselected subpopulation of excited molecules.
We assume that this also applies to reaction center triplets,
though the spectrum reflects an extreme deviation from a
Boltzmann equilibrium population distribution, which in
principle could alter the expected peak positions (26).

One can further photoselect a subset of reaction centers by
exciting with linearly polarized light. For the special case of
direct trap excitation this is the conventional magnetophoto-
selection technique (27-31). When other chromophores are
selectively excited and transfer their energy to the trap, the
signal intensity of each peak in the triplet spectrum can be used
to determine the component of the sensitizer transition dipole
moment vector along each of the trap magnetic axes.

Referring to Fig. 3, the desired angles between the transition
dipole moment U of the sensitizer and the ith magnetic axis of
the trap are ¢, i = 1, 2, and 3. The contribution I;(y,0) to the
intensity of the signal associated with the ith canonical orien-
tation from those molecules with a given v is proportional to
the number of reaction centers having that v which absorb
light:

(E-0)?

L(v,0)=K,—=——=—
0 =KE o

= K, cos2a

(1]

Abbreviations: BChl, bacteriochlorophyll a; BPheo, bacteriopheo-
phytin a; (BChl)g, in vivo BChl special pair; ESR, electron spin reso-
nance.
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F1G. 1. Electronic absorption spectrum of R-26 reaction cen-
ters.

where a is the angle between E and U and K; is a constant that
accounts for light intensity (|E|2), extinction coefficient (|U|2),
line shape, and instrumental factors. Provided the ith magnetic
axis is parallel to Hy, any rotation of the reaction center about
Z yields a canonical orientation, and the total intensity is given
by integrating Eq. 1 over all 7:

Koo

" costa dy.
Py 0cosae'y

L(9)

Substituting cose = sinfsing;cosy + cosfcosg; and defining the
components along each axis i as r; = cos?¢;, we obtain:

L6) = % [1 =7 + (8r; — 1) cos?d]. [2a]

This treatment assumes negligible depopulation of the ground
state (31) and no dependence of triplet yield or spin polarization
on vy. According to Eq. 2a the angular dependence of I; is
predicted to be sin2f, cos26, or a straight line as 7; is less than,
greater than, or equal to Y5 (this corresponds to angles 0 of less
than, greater than, or equal to the magic angle, 54.7°).

It is necessary to account for the effects of depolarized ex-
citation due to scattering or imperfect optics, as discussed by
Siegel and Judeikis (30, 31). The constant k is defined as the ratio
of the integrated intensity of the depolarized light to that of the
polarized light: If E is now given spherical coordinates |E|, 3,
and &, depolarized light consists of a random distribution of
values for these angles and leads to the following contribution

30 31 32 33 34 35

FIG. 2. ESR spectrum of the triplet state of reduced R-26 reaction
centers at 80-90 K, excited with depolarized light (A = 400-700 nm);
1G =10"*T. E and A denote emission and absorption signals, re-
spectively.
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FI1G. 3. Axis system for sensitized magnetophotoselection ex-
periment giving angles among the laboratory-fixed axes X, Y, and Z,
magnetic field Ho(HolZ), electronic transition dipole moment U,
electric field vector of polarized exciting light E, and principle mag-
netic axes, { = 1, 2, and 3 of the triplet. E lies in the XZ plane and
makes an angle § with H,. When a signal arising from the ith i=1,
2, and 3) canonical orientation is observed, i is parallel to Ho. U then
has spherical coordinates |U|, v, and ¢; in the laboratory frame.

to the signal intensity due to depolarized (depol) light:

2 2w T
1,depol = EK;‘ j; 2-1_1r j; —;— j; k cos2a sinf” dO’ dB dy

Jidero = K, 2k [2b]

For the convenient special cases of light parallel or perpen-
dicular to Hg the sum of Eqgs. 2a and 2b reduces to:
1

L(l) = K (fi + gk)
(3]

1 1 1

I =K;|-—= s

(L) =K (2 gt 3 k),

and the components {r;} can be obtained directly from the po-
larization ratios:

P, = L) = L(L1) __3n—1
I I
() + L(L) - ;—:k+l
l'+(1+§k) P;
e ———— (4]

T
3 - P i

The experiment consists of measuring I;(||) and I;( L) for i =
1, 2, and 3. The desired ¢; are obtained by calculating P; and
7; and substituting into ¢; = cos™1(£r;1/2),

Given the number of expected transitions (see Fig. 1) we
anticipate overlapping absorption bands. Suppose light of
wavelength X is absorbed by two or more transitions (indexed
by j) with extinction coefficients €;(A) and components r; ; along
the ith magnetic axis. Because the triplet quantum yield is in-
dependent of which chromophore is excited, the contributions
to the signal intensities for # = 0° and 90° are, using Egs. 3:

L.\ =K/ %: €(N) (fg,j + él-k) and

15)
) 11 1
LN =K E o0 (3 =3y + 5k),

where K/’ is a constant involving only light intensity, line shape,
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and instrumental factors. Substitution of Egs. 5 into Eq. 4 gives

the polarization ratios as:
3r(N) -1

Py =—N =1 6]

AV + §k+1

where 7;(\) is the extinction-weighted average component
given by:

> ej()\)f{,j
A\ =L ——. (7)
};, 610\)

Experimental

Reaction centers from the R-26 mutant of R. spheroides were
isolated and analyzed by standard methods, reduced with excess
sodium dithionite at room temperature under argon, diluted
with 2 vol of glycerol to a final concentration of 0.2 mM, out-
gassed to a pressure of 1 mtorr, and sealed in quartz tubes.
Light-modulated ESR signals were generated in an X-band
spectrometer using 100-kHz, 20-G field modulation and
10-mW microwave power at 80-90 K. The exciting light was
chopped (laser) or square-wave modulated (xenon lamp) at a
fixed frequency in the range of 100-500 Hz, and the signal was
phase-sensitive detected at the chopping frequency by using
a lock-in amplifier and digitized in a Nicolet 1180 com-
puter.

The polarization ratios of peaks 1, 1/, 2, and 2’ were obtained
with the field set at the center of the peak while the signal was
averaged over 10-20 time constants of the lock-in for light
parallel and perpendicular to the field and no light. To obtain
P3and Py (see Fig. 2), the magnetic field was swept repetitively
through transitions 3 and 3’ for § = 0° or 90°, and the signal
intensity was taken as the absolute value of the average peak-
to-peak voltage of the first derivative line-shape. The ratio of
signal intensity to root mean square noise was typically 20:1.
An estimate of the standard deviation in P; was made by re-
peating the determinations three or four times with different
samples at more than half the excitation wavelengths. Implicit
in this approach to the determination of the P; from the mea-
sured intensities is the assumption that the signal intensities at
the peak positions labeled in Fig. 2 measure exclusively the
number of molecules at each canonical orientation in the triplet
state [this approximation has been widely applied and tested
in conventional magnetophotoselection studies (27-29)]. Al-
ternatively, one could attempt to fit the intensities measured
at the peaks to a theoretically generated spectrum.t

Excitation light between 520 and 670 nm was provided by
a Coherent 590 CW dye laser pumped by an Ar-ion laser. The
bandwidth was less than 0.2 nm and usable ESR signals could
be obtained for powers between 25 and 400 mW. The linearly
polarized output can be rotated to any angle 8 with a A\/2
double Fresnel rhomb with an accuracy of 2°. Excitation light
of wavelength >850 nm was produced by filtering the output
of a 300-W xenon lamp successively through 10 cm of water,
an 850-nm-long pass filter (Hoya IR 85), and Polaroid HR
polarizing film. The following method was used to determine
k: the 0-0 band of the L, state of tetracene dissolved in 2-
methyltetrahydrofuran was excited at 476.5 nm with 100 mW
from the ion laser. This transition is 100% in-plane polarized
(83); thus 71 should be zero (P} = —1 if k = 0), because magnetic
axis 1 (the z axis) in the triplet state is perpendicular to the
plane. The measured P; (—0.80) corresponds to k = 0.19.

t We are indebted to K. Sauer, J. Bolt, and R. Friesner for helpful
discussions on this point (32).
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FIG. 4. Signal intensity of peaks 1 and 2 as a function of 8 for
excitation at 535 nm. Experimental intensities (®) are normalized
so that I;(0°) = 1.00. Curves are plots of the sum of Egs. 2a and 2b
with r; = 0.49,r; = 0.39, K; = 1.80, K, = 2.18, and k = 0.19.

Results and discussion

As a test of the validity of the approach and theory outlined
above, the intensities of a number of peaks in reaction centers
were measured as a function of 8 at several excitation wave-
lengths. An example is shown in Fig,. 4 for excitation at 535 nm
(BPheo region) in which the curves are a plot of Eq. 2 for the
specified values of K; andr;. Agreement with Eq. 2 is excellent
and supports the theoretical treatment outlined above. Fig. 5
shows field swept difference spectra [I(||)-I(_L)] for several
excitation wavelengths in the region of the 600-nm band. It is
immediately apparent that narrow bandwidth excitation
achieves resolution of at least three absorption bands in this
region (compare Fig. 1) and that the angles between each

- transition moment and the trap axes are very different.

594.0 nm

616.8 nm

632.0 nm

Normal
spectrum

12 3 3 2 1
30 31 3.2 33 34 35
kG
FIG. 5. Field-swept difference triplet ESR spectra [I(|)-1(L)]
for excitation at the indicated wavelengths, illustrating resolution of
differently oriented sensitizer transition dipole moments in the region
of the 600-nm absorption band.




Biophysics: Boxer and Roelofs

0.4 R

0.3f .00
| oo?

(P;)

0.2

0.1
0.0
—-0.1r

Polarization ratio

|
°
N

T

’
—0.3f /g‘ ‘O ° a"D 0@
—-0.41 é‘d

L i n 1 1 1

560 580 600 620 640 660
Excitation wavelength, nm

F1G. 6. Polarization ratios P1(\) (0), P2(\) (A), and P3(A) (O).

Error bars are 90% confidence intervals based on the variance in

P;

520 540

Fig. 6 shows the polarization ratios at approximately 4-nm
intervals in the 520- to 655-nm region. It is clear that there are
very large changes in the values of polarization ratios in the
neighborhood of the two absorption bands: two overlapping
bands are suggested in the BPheo Q; region around 540 nm,
and at least three overlapping bands are found in the BChl Q,
region around 600 nm. According to Eq. 6 it should be possible
to deconvolute each of these bands, but we have not attempted
to do so at this time, pending the outcome of complete experi-
ments in the 760-, 800-, and 870-nm regions.

A number of semiquantitative comments can be made at this
time. Using the assumption that the ith peak arises exclusively
from molecules with magnetic axis i parallel to Ho, r; is
the square of the ith direction cosine of U; in the Cartesian
principle axis system of the zero-field splitting tensor. Then:

; ﬂ’j = ].,
and substitution into Eq. 7 gives:
; fi(\) =1, 8]

That is, the sum over i of experimentally determined compo-
nents will still be unity even when more than one transition is
excited at a given wavelength. Using the data from Fig. 6, the
root mean square deviation of > r;(\) from unity was 0.04,
which can be interpreted either as a confirmation of Eq. 8 to
within ~4% or as an independent check for the accuracy of the
data. In order to calculate meaningful angles in a Cartesian axis
system, Eq. 8 must be satisfied. This is accomplished by adding
the same correction, 6(\), to each P; such that the r,(\) calcu-
lated from them obey Eq. 8:

Peomi(\) = Ppumeorr(\) + 6(\) i =1,2,3 (9]

1 —_ Z r‘uncorr()\)
() = : , [10]
4(1 + k) 3 [3 — Pyuncorr(N)]—2
i

where 7,97 js calculated, using Eq. 4, from the P;uncorr shown
in Fig. 6. The expression for 6()) is derived from an analysis to
first order of propagation of error in Eq. 4. None of the angles
discussed below or given in Table 1 changed by more than 2°
when P;o was used in place of P;uncorr,

For both the BPheo and BChl Q, regions where polarization
ratios change strongly with wavelength, the changes occur over

a wider range than expected from the absorption spectrum
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(compare Fig. 1). This is not surprising because the true ratio
characteristic of the individual bands will not be observed ex-
cept for pure absorption by each species. This is best approxi-
mated in the wings of the absorption, rather than at absorption
peaks. For example, in the 540-nm region the values of polar-
ization ratios at 535 and 545 nm (the approximate peak positions
in the absorption spectrum of Fig. 1) are considerably different
from the values in the wings. By taking the values from Fig. 6
at 527.5 and 560.5 nm as the fully resolved values, we obtain
the set of components and angles for the two BPheo Q, transi-
tion moments shown in Table 1. These components can be used
to obtain the following set of angles between the two BPheo Q,
transition dipole moment vectors: 19 & 5°, 63 £ 2°, 72 £ 2°,
and 79 + 2°.

None of these values compares well with the angle of 89 +
1° obtained by Clayton and coworkers (15) from linear di-
chroism at the absorption maxima of reaction centers oriented
in stretched films. By taking the data from Table 1 at the ab-
sorption maxima, we obtain the following set of angles between
the BPheo Q; transition moments: <16°, 55 + 2°, 69 & 2°, and
86 + 2°. The last of these agrees reasonably well with the data
from Clayton’s laboratory, but we favor the use of data in the
wings of the absorption spectrum. When high-resolution data
becomes available in the 700-900 nm region more detailed
comparisons should be possible to test the self-consistency of
both approaches.

The polarization ratio data around 600 nm in Fig. 6 for the
BChl Q, bands provide evidence for at least three overlapping
transitions. As in the 540-nm region, the polarization ratios
change dramatically with A beyond the main absorption band,
particularly on the long-wavelength side in this case. A striking
feature on this side is that P) is very low and nearly constant
from 620 to 660 nm, whereas P3 and P3 change substantially,
crossing each other. A simple explanation for this result can be
offered based on the polarized photobleaching data of Rafferty
and Clayton (16). These authors observe two pairs of photo-
bleachable transitions, one at 600 nm (strong) and 630 nm
(weak) and another at 810 nm (weak) and 870 nm (strong),
which are interpreted as the two exciton components of the
dimeric trap for the Q;, and Q, transitions, respectively. If this
is the case, one expects that the long-wavelength side of the
polarization ratio data for the 600-nm band should originate
primarily from the trap. .

The small, constant magnitude of P, from 610 to 660 nm

Table 1. Polarization ratios (P;), components (r;), and angles (¢;)
for the Q, transitions of BPheos in R-26 reaction centers
determined at peaks and in the wings of the absorption band

A, nm i p; ri i
5275+03 1 +0.22+0.03 0.46 £ 0.02 47 (133) £ 1°
2  +40.12 +0.03 0.40 + 0.02 51(129) £ 1°
3 —-041+0.05 0.14 + 0.03 68 (112) £ 2°
535.0+£03 1 +0.22+0.03 0.46 £ 0.02 47 (133) £ 1°
2  +0.06 £ 0.03 0.37 £ 0.02 53 (127) £ 1°
3 —-0.33+0.05 0.18 £ 0.03 65 (115) + 2°
546.0+03 1 +0.23 +0.03 0.47 +£ 0.02 47(133) £ 1°
2 —0.10£0.03 0.28 £ 0.01 58 (122) £ 1°
3 —0.16 £0.05 0.25 £ 0.03 60 (120 + 2°
5605+03 1 —0.04+0.03 0.31 + 0.02 56 (124) £+ 1°
2 —0.15+0.03 0.26 £+ 0.01 59 (121) £ 1°
3 +0.17+0.05 0.43 £ 0.03 49 (131) £ 2°

The P; are corrected by using Egs. 9 and 10 and the r; are calculated
from Eq. 4 with & = 0.19 £ 0.1. Error limits represent 90% confidence
intervals based on propagation of error in k and P; (Fig. 6). ¢; = cos™!
(£r;1/2), so the experiment does not distinguish the angle from its
complement, given in parentheses.
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indicates that the component of the transition moment for each
of the Q, exciton transitions along magnetic axis 1 is the same
and very small. Let us assume that peak 1 in the triplet ESR
spectrum is associated with the averaged out-of-plane monomer
z magnetic axes (these axes are uniquely defined for the nearly
planar monomers). Then the data suggests that the monomer
Q; axes which combine to give symmetric and antisymmetric
exciton components must be nearly perpendicular to the trap
magnetic z axis. This does not necessarily require that the
monomer z axes are parallel to each other, but it greatly restricts
the set of possible pair geometries. If P, is found to be small and
constant in the vicinity of the Q, exciton bands, the analogous
argument could also be made for the Q, transitions and would
require a plane parallel structure for (BChl),, a feature con-
tained in both current models of the dimeric trap (34, 35).

The changes in P; and Pj in the 600- to 660-nm range are also
consistent with this analysis. By using polarized broadband ir-
radiation (850 < A < 1200 nm), we find that most (>70%) of
the 870-nm transition moment lies along axis 2 (22). The pola-
rized photobleaching data suggest that the 600-nm Q, exciton
component is roughly perpendicular to the 870-nm transition,
whereas the weak 630-nm band is approximately parallel.
Given the finding that the 870-nm transition is predominantly
aligned along magnetic axis 2, the decrease in P3 and increase
in P from 615 to 650 nm are explained by a shift from a tran-
sition perpendicular to 870 to one that is parallel to 870. This
interpretation can be tested directly by tuning from 800 to 900
nm, where the trends for Py and Pg are predicted to be the same
for the Q, transition.

In conclusion, the data presented here demonstrate that
high-resolution magnetophotoselection can be applied suc-
cessfully to the complex ordered array of chromophores in re-
action centers. In addition to specifying the angular relationship
between reaction center chromophores and the trap, we are
encouraged that these experiments can provide direct insight
into the relationship between the optical and averaged magnetic
axes of the dimeric trap itself. This information then provides
the basis for a more specific target for synthesis of artificial
reaction centers (36-38). It should be noted that photoselection
experiments do not reveal the angles between the intermolec-
ular vectors joining the trap and other chromophores or the
distances between components. In addition, experiments of this
type provide only the orientation of vectors with respect to axes
without specifying molecular structure. This is because the exact
relationships between the transition dipole moments or mag-
netic axes and molecular structure remain unknown, though
the subject of extensive theoretical investigations (39, 40). This
problem can be resolved by spectroscopic analysis of the
chromophore incorporated in a suitably oriented host crystal.
Towards this end we have incorporated chlorophylls in the
place of heme in apomyoglobin (41).
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