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Spectroscopy and Structure of Bacteriochlorophyll Dimers. 1. Structural
Consequences of Nonconservative Circular Dichroism Spectra
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1081 HV Amsterdam, The Netherlands

ABSTRACT The origin of the nonconservative nature of the circular dichroism (CD) spectrum of bacteriochlorophyll dimers
is investigated. It is shown that coupling between the Q, and Q, transitions can, under rather restricting circumstances, lead
to an asymmetrical CD spectrum: only for a limited set of relative orientations of the monomers within the dimer is the
spectrum found to be asymmetrical. The relation between intensity and asymmetry of the CD spectrum is elucidated. The
results are applied to the B820 subunit of the LH1 antenna system and subsequently to the antenna system LH1 itself.
Differences in the geometry of the BChls in LH1 versus the LH2 structure are discussed.

INTRODUCTION

The bacteriochlorophyll (BChl) dimer is ubiquitous in the
photosynthetic apparatus of photosynthetic bacteria. In the
reaction center of photosynthetic purple bacteria, the special
pair of BChl molecules acts as the primary electron donor P,
which upon excitation drives an ultrafast charge separation
process. In both the core LH1 and the peripheral light-
harvesting antenna, LH2, the basic building block is the «f3
subunit, which in its transmembrane hydrophobic part binds
a dimer of BChl molecules. Recently the structure of the
LH2 complex of Rhodopseudomonas acidophila has been
determined by McDermott et al. (1995) by means of X-ray
spectroscopy with a resolution of ~2.5 A. The complex
exhibits a ninefold symmetry, and in this structure the nine
« and nine B polypeptides are arranged in two concentric
rings with the 18 B850 BChls sandwiched between them,
and their Q, dipoles paralle]l and their Q, dipoles perpen-
dicular to the plane of the ring. Close to the periplasmic side
of the complex a ring of nine “monomeric” BChls is ar-
ranged with their macrocycles more or less parallel to the
membrane plane. Two B850 BChls are at a typical center-
to-center distance of about 1 nm, two B800 BChls at about
2.1 nm, and the two rings are about 1.8 nm apart.

Similar features are observed for the core light-harvesting
complex LHI. An 8.5-A structure of Rhodospirillum
rubrum obtained by Karrasch et al. (1995) exhibits a 16-fold
symmetry axis with the 16 a and 16 B polypeptides ar-
ranged in a manner very similar to that of LH2. However,
the resolution of the LHI1 structure is not high enough to
establish the arrangement of the 32 BChls within the LH1
ring. However, from linear dichroism and polarized fluo-
rescence measurements it follows that the global organiza-
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tion (Kramer et al., 1984b) of the BChls in LH1 must be
similar to that in LH2. The conservative character of the CD
spectrum of LH2 and the nonconservative features of the
CD of LH]1 suggest differences in the two ring structures, as
will be shown in this article. The number of af3 units that
form a LH1 ring may be variable (Kiihlbrandt, 1995). From
LH1 a subunit can be purified that consists of only the af8
heterodimer and two BChls. The subunit absorbs at 820 nm
and has all the properties of an excitonically coupled dimer.
The upper and lower exciton components can be identified
in the CD and polarized fluorescence excitation spectra and
triplet minus singlet measurements (Visschers et al., 1991;
Van Mourik et al., 1991), and the excitonic coupling be-
tween the pair of BChls is about 230 cm™'. From a variety
of experiments it became evident that the absorption band-
width was largely dominated by inhomogeneous broadening
(Visschers et al., 1992, 1993; De Caro et al., 1994; Pullerits
et al.,, 1995), and a variety of spectral properties of B820
were explained in terms of the “disordered dimer” model
(Van Mourik et al., 1992; Koolhaas et al., 1994). Whether
the dimer properties survive upon ring formation is a matter
of experimental and theoretical debate. Of course, the pro-
gressive redshift upon ring formation suggests increased
excitonic interaction. On the other hand, it is well estab-
lished, for instance, that variations in the H-bonding pattern
of the BChl dimer in LH2 introduced by mutations can shift
the absorption from 850 nm back to 820 nm (Fowler et al.,
1992, 1994), most likely without affecting the properties of
the ring.

Recently the energy transfer dynamics in LH1 and LH2
were monitored on a subpicosecond time scale by observing
the dynamic redshift of the transient absorption of the
spectrum (Visser et al., 1995) and the time-resolved fluo-
rescence depolarization (Bradforth et al., 1995; Jimenez et
al., 1996). Both phenomena could be very well explained on
the basis of a model that assumes hopping of the excitation
in a ring of inhomogeneously broadened dimers. The single-
site lifetime was estimated to be slightly below 100 fs for
LH1 (Visser et al., 1995; Bradforth et al., 1995) and even
shorter for LH2 (Jimenez et al., 1996). The red shift of the
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zero crossing of the CD spectrum of LH2 versus its absorp-
tion maximum, however, suggests a larger spectroscopic
unit than two BChls (Sauer et al.,, 1996; Somsen et al.,
1996). Therefore it is important to establish both the precise
number of B820 subunits in LH1/LH2 and the geometrical
orientation of the BChl molecules within a single unit for
understanding the relevant spectral features, and the way in
which the excitations are transported and finally delivered
to the special pair.

In this paper we extend the work of Scherz and Parson
(1984, 1986), who performed similar calculations but con-
centrated on systems with almost symmetrical CD spectra.
So, although they did in fact mention the possibility of an
asymmetrical CD as a consequence of the Q,-Q, coupling,
this was not used as a method to obtain structural informa-
tion for the dimer. The BChl dimers are usually referred to
as excitonically coupled dimers, because the spectroscopic
properties can be derived by using an interaction Hamilto-
nian that couples the monomers through their transition
dipole moments (Craig and Thirunamachandran, 1984). The
simplest possible model, considering the dimer as a combi-
nation of two-level systems, can explain a number of spec-
troscopic features of such systems. The exciton coupling
leads to lines, with small separation, in the absorption
spectrum, and the distance between the lines is a direct
measure of the coupling matrix elements (Broude et al.,
1985). The same model can also be used to calculate the CD
spectrum, but there it fails to explain one prominent feature,
namely that most CD spectra are asymmetrical or, in other
words, nonconservative (Scherz et al., 1990). Asymmetry
can result from magnetic contributions of the monomers to
the spectrum (Cantor and Schimmel, 1980), but the intensity
of the CD spectrum of monomeric BChl is very small
(Parkes-Loach et al., 1988), so the magnetic contribution is
invariably very small to absent, and one has to search for
another explanation.

In this paper we attribute the asymmetry of the CD
spectrum to the exciton coupling between different levels of
the monomers. The monomers are considered to be N-level
systems, and we will show how various coupling matrix
elements can be used to explain the asymmetry and intensity
of the CD spectrum, and how the relative intensities of the
various transitions are modified by changing the coupling
matrix elements. The magnitude of the various matrix cou-
pling elements is determined by the distance between the
monomers and their relative orientation. The orientation of
the transition dipoles is determined by the orientation of the
monomers—hence the dipole-dipole interaction changes if
the relative orientation of the monomers varies. This allows
us to combine information obtained from absorption spectra
and from CD spectra to gain information about the structure
of the dimer, i.e., the relative orientation of the monomers.
The asymmetry of the CD spectrum is in this case particu-
larly helpful, because it will turn out that only for very few
relative orientations does the spectrum show asymmetry at
all. In this paper we only consider stick spectra. The issue of
inhomogeneous broadening and the recovery of data from
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broadened spectra is extremely important for quantitative
interpretations (Koolhaas et al., 1994, Somsen, 1995) and
will be treated in a subsequent paper (Koolhaas et al.,
unpublished observations), but will not modify the conclu-
sions drawn here. The organization of this paper is as
follows: in the next section we introduce the model we use
to calculate the spectra. In the subsequent subsections we
classify various terms according to their effects on the CD
spectrum. The third section is devoted to the application of
the model to the B820 particle and the antenna systems LH1
and LH2, and the final section is devoted to remarks and
conclusions. Most of the relevant mathematics can be found
in the appendices.

THE EXCITONICALLY COUPLED DIMER MODEL

As stated in the Introduction, the usual way to treat the
excitonically coupled dimer is to consider the monomers as
two level systems, which are coupled through their transi-
tion dipole moments. This is even the case if more than one
transition is taken into account: in that case each transition
is supposedly independent of the others. The monomers
exhibit a number of transitions, which are usually labeled as
0,. O, By, and B,, starting from the lowest energy. Al-
though the development in this and in the next section is
completely general, we will illustrate most of the results for
the B820, o8 BChl, dimer. A list of numerical values for
this system used throughout this paper is given in Table 1.
Room temperature absorption and CD spectra of B820 are
shown in Fig. 1.

As a consequence of the exciton coupling the dimer
spectrum consists of a number of pairs of lines, and because

TABLE 1 Line positions and intensities of B820 in absorption
and CD spectra*

Chang At room temperature
Absorp. max @, 821 nm Intensity 0.6
Q, 594 nm 0.18

CD max. Q, 816nm  mol. ellipticity X 107> —1.04
g, 776 nm +0.50
Q, 609 nm -0.13
Q, 587 nm +0.12
Visschers AtT=77K
Absorp. max @, 825 nm Intensity 0.6
CD max Q, 825nm  mol. ellipticity X 107 —1.07
Q, 787 nm +0.35
Fig. 1 At room temperature
Absorp. max Qy 821 nm Intensity 0.6
0, 597 nm 0.13
CD max Q, 8lnm X10* 6.3
Q, 783 nm +3.2
Q. 613 nm -0.3
g, 592 nm +0.9
Magnitude of g, 63D o, 187D
the dipole
moment

*As measured by Chang et al. (1990) and Visschers et al. (1991) and as
shown in Fig. 1 (Frese et al., manuscript in preparation).
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FIGURE 1 Room temperature absorption and CD spectra of the B820
subunit form of LH1 of Rs. rubrum (Frese et al., manuscript in prepara-
tion). The absorption and CD spectra were measured by means of a
home-built spectrophotometer, using a opto-acoustic modulator (HINDS)
and double lock-in technique (Ithaco 391A and EG&G 5209). A further
description can be found in Van Mourik et al. (1990). The B820 subunit
was isolated using a Superdex 200 column twice, so the reaction centers
were removed completely. A further description can be found in Visschers
et al. (1992). The sample was prepared in 50 mM phosphate buffer (pH 7.8)
containing 0.6% n-octyl-beta-D-glucopyranoside (OGP) (Sigma Chemical
Co.).

the distance between the monomers is such that the varia-
tion of the field intensity of the light is nonnegligible, a CD
signal can also be measured.

In Appendix A we derive some general results for N-level
systems; in this section we limit ourselves mainly to N = 3,
restricting ourselves to the ground state and the Q, and Q,
levels, although some of the possible effects of mixing with
the B, and B, states will also be discussed, giving N = 5.

The central idea of this paper is that a nonconservative
CD can only result from coupling of different transition
moments. Strictly speaking, the CD spectrum as a whole is
of course conservative, i.e., when summed over all of the
lines, but as shown in Fig. 1, each of the pairs of lines can
exhibit a pronounced asymmetry. On the basis of perturba-
tion theory (cf. Appendix A) we conclude that in general the
major contribution to the CD spectrum is from the (nearly)
resonant transitions; in other words, the CD spectrum at the
Q, transition results from the coupling of the O, transition
moments. This coupling gives a conservative contribution.
However, the geometry of the system can be such that the
rotational strength is small, or zero, in which case the
nonresonant coupling will become measurable. As we will
show in this section, the nonresonant couplings again give
rise to a conservative spectrum, but with one line at the Q,
transition, whereas the other line is at the Q, transition.
Because the effects of both couplings are now on the same
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order of magnitude, each of the line pairs becomes asym-
metrical. A direct implication of this is that asymmetrical
CD lines are of weak intensity, as was observed experimen-
tally by Kramer et al. (1984a). In addition, this has the
interesting consequence that more definite conclusions can
be drawn about the geometry of the dimer, or at least a
suitable set of starting values can be given for a parameter
search.

In this section we will look at the effects of various
coupling terms for the three-level system. The starting point
is the two-level system, in fact, two two-level systems in
which only the y-y coupling and the x-x coupling are turned
on, and the consequences of x-y coupling are then investi-
gated. The geometry of the BChls used in our calculations
is shown in Fig. 2.

The dimer Hamiltonian is given by

H=%,+%,+V, (1)

where ¥, are the monomer Hamiltonians and V denotes the

interaction operator between the monomers, which, in the
point dipole approximation, is given by

V= e {1-3 RR) & 2

- 41T€R3 w R2 22 ( )

where R is the vector connecting the centers of the mono-
mers, i.e., the Mg atoms and ;11 and ;12 are the dipole
operators of monomer 1 and monomer 2, respectively.

The molecular frame of the monomer is chosen such that
the dipole moments of the Q, and Q, transitions are along
the molecular x and y axes, respectively. (In reality, the
transition moment may make small angles with the long and
short axes of the molecule (Pearlstein, 1991).) We then have
to refer all vectors in the expression for V to one and the
same frame, for which we choose the molecular frame of
monomer 1. The vector R is characterized by the polar angle
0 and the azimuth ¢ in this frame, and the orientation of
monomer 2 by its Euler angles «, B, and y (Rose, 1957).
The relation between the orientations of the monomers and
the value of the interaction Hamiltonian is given in Appen-
dix B.

In accordance with the notation of Appendix A, we
denote the direct product states |ij), where now i, j = 0, y, x.

Coupled two-level systems

In this subsection we describe how, in principle at least, the
relative position and orientation of monomers in a dimer can
be obtained from the intensities and line positions of the Q,
and Q, transitions. In the coupled two-level system there is
only one coupling matrix element, which in the notation of
Appendix A can be written as V., which of course
depends on the above-defined angles and the distance R, six
parameters in all. It is easy to show that if we also take into
account the Q, levels, but not the coupling between @, and
Q,, the couplings are independent in the sense that we get
independent exciton splitting, and the (small second-order)
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X2

Y2

FIGURE 2 The arrangement of the BChls used in all calculations. The transition moments fi, and ji, are assumed to be along the x and y axes of the
molecule, respectively. The molecular axes of molecule 1 are along the vertical and horizontal axes of the picture. The axes of molecule 2 are rotated and
tilted. The small axis without a label is the z axis, which is perpendicular to the molecular plane. The Mg atom of molecule 1 is in the plane of the picture.
The Mg atom of the other molecule is lifted toward the reader. Therefore R points slightly out of the plane. The same geometry is also given in Fig. 4;

it corresponds to the points D,D,Dg.

effect on the ground state is strictly additive. The coupling
between the Q, levels is governed by the matrix element
Vox.xo- In Appendix C we give a short review of the diago-
nalization procedure and results for coupled two-level sys-
tems. Thus the following numbers can be obtained from the
absorption and CD spectrum:

1. From the distance between the lines of one doublet, we
get VOy.yO and VOX,XO‘

2. From the ratio of intensities of each doublet, we get

CyoCoy €0s 8, and CyoCy, cos 6,,. Here 8, is the angle
between the Q, transition moments, and 6,, the angle
between the Q, transition moments. To obtain these
results we also made use of the orthonormal properties of
the matrix Cj; which couples the old and new states.
These coefficients, in turn, depend in a well-known way
on the coupling matrix element (cf. Appendix C).

3. From the rotational strength of both transitions we get
(CS)*C IOC(I)yIS . ([L(')y X [13.) from the Q, transitions and
(CS0*CroChR * (Bl X i3 for Q,. Again, these de-
pend on the V’s, the above-defined 6’s, and the angles

between R and the cross-products, the length of R, and
the magnitudes of the transition dipole moments.

We therefore have six independent quantities that depend
either directly on the six parameters referred to above or
indirectly on the coupling matrix elements. This is sufficient
to determine the angles and distance between the monomers
by inversion. Analytical expressions are available for each
of the quantities, and solutions can therefore be found from
procedures described by Press et al. (1992).

In practice, the numbers referred to above cannot be
obtained simply from measured spectra: the excitonic split-
ting may be too small to be observed, as in the Q, transition
of B820, and inhomogeneous broadening complicates re-
covery of the data.

Cross-coupling between different levels

The intensity of the CD lines is determined by two quanti-
ties: the coefficients Cj; and the angles between the transi-
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tion moments. The coefficients are not small in most cases.
For the degenerate dimers they are equal to 1/V2 (cf.
Appendix C) and in general are close to this value, so the
reason for the general low-intensity rotational strengths
measured in B820 is that the transition moments of the
monomers are nearly parallel and/or in the same plane with
R. In this case other effects can be of relevance, and in this
subsection we offer an explanation for the asymmetry of CD
spectra.

First we look at a system in which only the y-y and the x-x
couplings are turned on. This means that the nonzero cou-
pling elements in the operator V are given by Voy.yo = Vooyy
and Vg, .0 = Vooxx- The spectrum can be calculated, either
by numerical diagonalization of the resulting Hamiltonian
or by using the results of Appendix C. The angles and
distances are published by Visschers et al. (1991). The
values are given in Table 1. As is well established, both
transitions give rise to a pair of lines in the absorption
spectrum (Fig. 3 A), and the CD spectrum is conservative
for each pair (Fig. 3 B).

Next, we turn off the contributions of the above-men-
tioned coupling terms to the CD spectrum, and consider
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only the coupling between Q, and the @, transition, i.e.,
Vox,yo and similar terms. Note that the O, Q, and the Q, Q,
couplings that split the OD spectrum in the Q, and Q,
regions, respectively, are still present; the Q, O, couplings
have hardly any effect on these splittings. This illustrates
that the CD spectrum now consists of two pairs with oppo-
site signs at the positions of the Q, and the Q, transitions.
This is shown in Fig. 3 C.

The CD spectrum is the result of the combined effects.
The asymmetry, although always present, only becomes
visible when the effects are of comparable magnitude. As
was stated earlier, for the y-y and the x-x couplings, the
coefficients are close to 1/\/2. For the cross-coupling the
magnitude of mixing of Q, with Q, will be on the order of
Vox.yo/AE. The contributions of the @, Q, dipole moments
to the CD spectrum can only be comparable to the Q, Q,
contribution if the latter is very small. The angle between
the @, dipoles is small: the rotational strength is in that case
proportional to sin 6,,, for instance (cf. Eq. A.10), and/or
the O, Q, dipoles are (almost) in a single plane with R. In
addition, we note that the cross-coupling terms only give
rise to an asymmetrical CD if V, o # Vo, xo- This can also

A
08 - — - B 0.8
0.D.
04 a - — 0.4
FIGURE 3 In all pictures the sticks
are convoluted with a Gaussian to
resemble spectra. (A) The calculated 0 s 7 0
absorption spectrum of B820 in the | :
%; and the Q, a.reas, respectively. 0.0026 - i i 1 se0s
e CD spectrum is equal to the sum
of contributions of resonant and non- 0.0013 + = L /¥\ -4 2e-05
resonant dipole transitions. The
A, -Agr spectra equal four times the AL~ AR 0 0
rotational strength (cf. Eq. A.6). (B) 0.0013 L | i M 1 et
The contributions of the resonant di- | 1 ge05
pole moments to the CD spectrum. -0.0026 - —
(C) The contributions of nonresonant 4 1
moments to the CD spectrum. (D) C T T
The total CD spectrum. Note that the 4e-05 ] - 4e-05
line splitting in the Q, is very small.
Therefore the intensity and the max- 2e-05 " 7 r 2605
ima in experimental spectra differ Ap — Ar 0 0
dramatically from stick spectra. In a W
forthcominz paper we will discuss -2¢-05 7 r 1 205
line shapes to quantify this effect. _4e-05 - - - -4e-05
Here we focus on the nonconserva- . .
tive character of the Q, part of the ! :
spect!'um: The magnitudes of the D 0.0026 i | 1 se0s
contributions of the resonant and the
nonresonant moments are¢ compara- 0.0013 b - 4 2e-05
ble; therefore the CD spectrum in the A A /‘]\ 0
Q, area is nonconservative. L— AR 0
-0.0013 — B - -2e-05
-0.0026 . i | 405
i |
560 600 640 700 800 900

wavelength nm

wavelength nm
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be inferred from Eq. A.10: the coefficients C; and Cj must
be unequal, otherwise the sum makes the expression vanish.

If we put in the numbers given in Table 1 and Appendix
A, we can give a rough estimate of the maximum angle
between the y axes, for instance, V, ,o/AE ~ 0.02. Assum-
ing that we need at least a 10% contribution to observe the
asymmetry, that means that sin 6,, < 0.2, and consequently
that the angle between the y axes is less than about 20°. The
real peak ratio is 1: —3 at 77K. That implies a contribution
duetoR - (ﬁ;o X fLqy) and similar terms as large as %2 times
the contribution of R * (fiyo X fig,)-

The CD spectrum in the region from 550 to 650 nm is
also nonconservative (Fig. 1). The contribution of R * (&} X
ﬁf)x), however, dominates the stick spectrum, but in the exper-
imentally obtained spectrum this contribution is almost can-
celed by the enormous overlap of the broadened lines be-
cause of a very small line splitting. As we do not discuss
line shapes, we focus on the symmetry of the Q, transition,
which results from the orientation of the monomers.

In principle, the information about the angles between the
transition moments can of course be obtained from the ratio
of intensities of the absorption spectrum, as was indicated
above. In practice, inhomogeneous broadening makes such
information unobtainable, as can be seen, for instance, from
the spectrum in the Q, transition region. The CD spectrum
still clearly exhibits the fact that there are two transitions.

FURTHER ANALYSIS OF THE
DIMER STRUCTURE

As was shown in the previous section, analysis of spectra
can lead to reductions in the available parameter space of
the possible geometries of molecules in a complex. In this
section we will deduce limits for the possible structure of
the B820, a8 BChl, subunit, which is a part of the LH1
light-harvesting antenna, and of a (fictitious) dimer occur-
ring in the LH2 complex.

We will argue, on the basis of the similarity of the spectra
of B820 and LH1, that the structure of the dimer in the LH1
complex, which is an aggregate of B820 particles, is close to
the structure of the dimer in the B820. Using this similarity,
we derive the spectrum of a fictitious particle “B850” de-
rived from the known structure of LH2 (McDermott et al.,
1995). Comparison of these structures leads to the conclu-
sion that the arrangement of the BChl in the LH1 complex
differs considerably from that of LH2, as is to be expected
based on the differences in the CD spectra. The spectra of
LH1 and B820 are very nonconservative, whereas the CD
spectrum of LH2 is clearly conservative.

In this paper the analysis is restricted to degenerate mol-
ecules. In the case of nondegenerate molecules, more pa-
rameters are introduced into the problem. This is a complex
issue, because the interaction with the surroundings 1is re-
sponsible for this nondegeneracy. In that case additional
spectroscopic information (for instance, fluorescence an-
isotropy of linear dichroism) must be used to unambigu-
ously determine the structure (Koolhaas et al., 1994; Cantor
and Schimmel, 1980; Craig and Thirunamachandran, 1984).
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Although we base our analysis on stick spectra, most of
the calculated spectra shown are convoluted with a Gauss-
ian line shape, to make them resemble true spectra. This has
a marked effect on the positions of the lines, particularly in
the case of CD spectra (Somsen et al., 1996). Other models
that reproduce the shape of absorption and CD lines, such as
the diagonal disorder model (Koolhaas et al., 1994), give
similar results, although the abstracted parameters for dif-
ferent models can be quite different. A detailed discussion
of the role of inhomogeneous broadening on CD spectra of
pigment-protein complexes is the subject of a subsequent
paper (Koolhaas et al., unpublished observations).

The absorption spectrum

The analysis of the absorption spectrum is discussed in the
previous section. Here we summarize the results.

The absorption spectrum is dominated by the contribu-
tions of resonant transition moments. The line positions and
intensities are directly related to the dipole-dipole interac-
tion matrix element and the angle between the monomeric
dipole moments, respectively, and accuracies of the derived
values are directly related to the distinctness of features in
the spectrum. The angle between the dipole moments, for
instance, cannot be resolved at all from spectra with little
structure, such as the Q, region of B820.

The outcome of our analysis is represented in Fig. 4. All
coordinates are given in the molecular frame of monomer 1.
In this coordinate frame we draw the vectors R, and the
dipole transition moments of monomer 2, which in this
section are given without their superscript, fi, and fi,. Thus
we find for fi, that it must lie on a cone around the y axis.
Because all expressions are invariant for inversion of the
monomer dipole moments, the xz plane of the figure is a
plane of reflection, and the spectrum is invariant for inver-
sion around the origin of both the transition dipole moments
and the vector R.

The resulting cones are indicated by the second circles
from the bottom and the top in Fig. 4, on which the points
with subscript y are marked. The two large circles in this
figure then give the limits between which fi, must be
positioned.

The CD spectrum

We showed in the second section that the positions of the
lines in the CD spectrum depend mainly on the resonant
interactions between the monomers; nonresonant contribu-
tions have a negligible effect. This is not true for the
intensities, however. For particular arrangements of the
monomers, the rotational strength due to the resonant con-
tributions can well be zero, and only the nonresonant parts
contribute asymmetrically to different parts of the spectrum.

From the positions of the peaks in the CD spectrum, we
again find the cones around the y axis on which ft, must be
positioned, but because the CD spectrum also shows the two
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Ce
D,
fiy ac
Dr :
CR ) Dy
Cy

FIGURE 4 The axes in the figure correspond to the molecular axes of
monomer 1, with the @, (and B,) transitions along x, and the Q, (and B,)
transitions along y. As described in the text, the position and orientation of
the second monomer of B820 are given by the following: fi, is either on the
circle labeled A, B, or on C,D,, R is either on the circle AgBg or on CgDyg,
and fi, is somewhere on or between the curves a and b. In addition, the y
axis, fi,, and R are (almost) in one plane. A possible choice, giving the
correct intensity ratios and line positions, is the plane denoted A,B,C,D,.

In view of the symmetry relations also described in the text, only the
orientations C,Cy or D Dy are possible. The meaning of the 8-shaped
curves is discussed in the text; they lead to symmetry relations of the
transition moments. The geometry denoted by the points D,DgD, is the
one given in Fig. 2 and is used in all subsequent calculations. Also shown
are the positions and orientations of monomer 2 of a dimer in the LH2
complex of Rps. acidophila, based on the known structure. This structure

corresponds to the vectors labeled kac, By ac and f .

separate peaks in the @, region, whereas the absorption
spectrum does not, we can put more severe limitations on
the orientation of fi,. This would lead to cones around the
x axis, with corresponding large circles parallel to the yz
plane. On the other hand, the positions of the sticks in the
CD spectrum are extremely sensitive to the model used to
generate the broadened spectrum (Koolhaas et al., 1994;
Somsen, 1995; Koolhaas et al., unpublished observations),
so one has to be careful here.

The vector R plays a more prominent role in the CD
spectrum than in the absorption spectrum: the rotational
strengths are linear in R. The invariance properties are also
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different: only inversion of f, and R simultaneously (or fi,
and R) now leads to the same spectra.

For nonconservative CD spectra the resonant contribution
must be small. This means that the angle between the
monomer transition dipole moments must be small or that R
is almost in the same plane as these dipole moments, or a
combination of both. Analysis of the absorption spectrum
yields the angle between the resonant moments. In the case
of a pronounced asymmetry and an angle between the
resonant moments larger than about 20°, the second possi-
bility, R in or close to the plane of the y axis and fi, is the
only remaining option. The relative contributions of the
conservative and the nonconservative parts can be deduced
from the peak ratio, because they are additive.

The small circles at the top and bottom of Fig. 4 give the
possible orientations of the vector R

The B820 particle of Rs. rubrum

We now proceed to deduce the geometry of the BChl dimer
in B820. The basic information obtained from spectra mea-
sured by Visschers et al. (1991) and by Chang et al. (1990)
is given in Table 1.

The measured CD spectra of B820 are clearly noncon-
servative in the Q, region, from 700 to 950 nm. The peak
ratios are not equal: Visschers measured the ratio 1:—3 at
77K. At room temperature the peak ratio observed by Chang
(shown in Fig. 1) is 1:—2 (Frese et al., manuscript in
preparation). This difference could be the result of the
different temperatures at which the measurements were
made, and it could indicate a slight structural shift as a
function of the temperature. As long as measurements on
one and the same sample at different temperatures and on
the same apparatus are not available, it is hard to draw
definite conclusions regarding such changes in structure.
The CD spectrum measured by Chang et al. (1990) shows
an unusual shift in the peak positions. This shift can be
caused by the experimental setup or by the presence of some
reaction center complexes. The intensities in the CD spec-
trum are dependent on the line shapes. Therefore, at this
point we estimate the length of Rtobe equal to R = 1.1 nm,
and analysis of the available data then yields an angle of
about 16° or (180 + 16)° between R and the fi,. In the
forthcoming paper the magnitude of R will be deduced

The value of the angle between g, Vand By 2 was stated by
Visschers to be 24° or (180 — 24)° on the basis of their
absorption and polarized fluorescence excitation measure-
ments (Visschers et al., 1991). As we argugd in the previous
subsection, this implies that the vector R must be almost
coplanar with p,y The CD signals are very sensitive
to small changes in thls angle. We show the change in the
ratio of the CD signals as a function of the angle of R with
the above-mentioned plane of the O, moments in Fig. 5.
The orientations of the molecular planes do not change from
those depicted in Fig. 2; only the position of one BChl is
varied.

Analysis of the data yields the points A, B, C,, and D,
in Fig. 4 for the possible location of f,, as giving the correct
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FIGURE 5 The total intensity of the CD signal at 820 nm and at 780 nm
while the direction of R is varied with respect to the plane spanned by the
Q, transition moments. At zero degrees all three vectors are in one plane,
and at that point the CD intensity arises solely from the coupling between
0, and Q, transitions. Label a represents the intensity of the line at 820 nm.
Label b represents the intensity of the line at 780 nm. The line near label
¢ denotes the angle when the peak ratio of the lines at 780:820 is equal to
1:—3. The angle between R and the plane is 0.2°. The ratio is 1: —2 at label
d. The angle at label d is 0.3°.

line positions and intensity ratios. The vector R must be on
one of the small circles Ag Bg or Cg Dy in this figure and
close to the plane through points A, By, Cy, and Dy. The
signs of the CD lines further restrict the orientations of R to
the same side of this plane as iy Thus, for instance, if we
choose A, for the fi, orientation, we must have Ay for R.

The orientation of fi, is limited by the large circles in Fig.
4. A further reduction of the available parameter space for
ft, can be achieved by combining the signs of the CD
signals in the O, area and the peak ratio in the Q, region. To
illustrate how this reduction takes place we consider how fi,
changes when we let fi, go around the circle defined by the
points A, and B,. Although in general three rotations are
needed to obtain an arbitrary orientation of the molecular
coordinate frame of monomer 2 with respect to the frame
monomer 1 (Rose, 1957), we can get the y axis of monomer
2 on any point of the circle by just two rotations: a rotation
around the z axis of monomer 1, followed by a rotation
around its x axis. This procedure limits the orientation of the
x axis of monomer 2 to the 8-shaped curve, labeled by A,
and B,, in Fig. 4.

By a similar procedure, now moving the y axis of mono-
mer 2 around the circle at the bottom of the figure, the curve
labeled with C, and D, is obtained. Note, however, that this
is not the inversion image of the first curve: the points C,
and D, are at the same side of the xy plane as A, and B,.

The CD spectrum in the Q, region gives the correct peak
ratio 1:—3 for the points C,C, and D D,; for the orienta-
tions AyA, and BB, the peak ratio in the Q, region is the
opposite, i.e., —1:3. Using a model to calculate the line
shapes, it would also be possible to discriminate between
the orientations C,C, and D D, by comparing the ratio of
the CD signals in the Q, versus the Q, regions, as will be
done in the forthcoming paper. Then the only remaining sym-
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metry property is the inversion symmetry of all vectors, i.e.,
R as well as the transition dipole moments simultaneously.
The absorption and CD spectra of B820 have been ana-
lyzed on the basis of two interacting three-level model
systems. One remaining question is what the effects of the
other transitions, commonly denoted as B, and B,, are. As
can be inferred from the above analysis, the effects on the
absorption spectra in the Q, region must be small. But the
effect on CD spectra cannot be neglected. Using the same
argument as at the end of the second section, we note that
the energy difference between the B, and @, transition is
much larger than between Q, and Q, (the B, transition is at
approximately 350 nm), but the B, transition dipole moment
(9.3 D) is much larger than the Q, moment, and conse-
quently the perturbation effect of B, on Q, is approximately
on the same order of magnitude as the effect of Q, on Q,.
It is not hard to include these effects numerically as well
ThlS changes the maximum angle between R and the ji
p.y plane to about 2° rather than less than 1° .

The main conclusion, that the vectors p,y, ;Ly, and R are
(almost) in one plane, remains valid. The effect of the B,
transition on the CD spectrum in the Q, region is on the
same order of magnitude as the effect of Q,. The sensitivity
of the asymmetry to a small variation in the angles remains
valid: the effects are additive in a perturbation approach,
which we claim is sufficient for these couplings.

A slight variation in the vector R with respect to the plane
determined by the monomer y axes changes the peak ratio of
nonconservative CD spectra considerably. Even at room
temperature these vectors maintain this specific orientation.

Comparison of the geometry of the B820 dimer
with LH1 structure

LHI is one of the light-harvesting complexes used by purple
bacteria to collect solar energy. The spectroscopy of the
complex as well as its organization are not fully understood.
Karrasch et al. (1995) have obtained the structure of LH1 of
Rs. rubrum, with a resolution of ~8.5 A. The authors claim
LHI1 to be a ring of 16 «f3 subunits. Each unit binds two
BChla molecules and is thought to be similar to the B820
particle (Visser et al., 1995). This resolution, however, is
not sufficient to establish the arrangement of the BChls
within the complex. To understand the geometry of the
BChls in LHI1 it is interesting to compare the spectroscopic
features of LH1 with the spectra of B820.

The absorption spectrum of LH1 of Rs. rubrum (Kramer
et al., 1984a) is shifted with respect to B820, and at room
temperature the maximum is at 875 nm. The CD spectrum
of LH1 of Rs. rubrum (Kramer et al., 1984a) is shifted as
well. The lines in the 0, region, from 700 to 950 nm, are
clearly nonconservative, with a peak ratio of 1: —1.6 at 77K,
whereas the peak ratio of B§20 was 1:—3 at that tempera-
ture (Visschers et al., 1991). On the other hand, for LH1 of
Rhodobacter sphaeroides, fully nonconservative CD spec-
tra can be observed in the Q, region (Frese et al., manuscript
in preparation). This spectrum looks rather similar to the
calculated spectrum depicted in Fig. 3 C.
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If we ascribe the spectroscopic features of LH1 to a BChl
dimer, the change in the geometry in B820 upon formation
of the ring structure of LH1 can be quantified. The shift of
the LH1 absorption spectrum relative to B820 is attributed
to a lowering of the first excited state, the Q, energy level
of the BChl monomers, due to its large polarizability, as was
measured by Beekman et al. (manuscript to be submitted).
The height of the Q, energy levels remains unchanged. The
dimer of the two such BChl molecules used to calculate the
spectroscopic features of LH1 is subsequently referred to as
the LH1 dimer.

This shift of the Q, energy makes the CD spectrum
somewhat more conservative at the same geometry, as a
consequence of the larger energy difference between the
two lowest excited states. The asymmetry is calculated to be
1:—2.2 if the LH1 dimer has the same geometry as B820. A
further reduction of the peak ratio from 1:-2.2 to the
measured 1:—1.6 could be caused by a change in the ge-
ometry of the LH1 dimer. In view of our calculations in the
previous subsection, this change must be very small. Mov-
ing the vector R away from the plane spanned by the vectors
fi, and 1] by much less than a degree is sufficient to explain
this change (cf. Fig. 5).

We can thus conclude that the spectroscopy of LH1 can
be understood by using a dimer model and that the change
in geometry in the B820 dimer upon ring formation is very
small; the Q, transition moments R are (almost) in one
plane, the plane of the ring.

Comparison of the geometry of the LH1 dimer
with the dimer of the B850 band of LH2

We can turn the argument of the previous section around
and consider the spectroscopy of a fictitious dimer derived
from a known antenna complex structure. The structure of
LH2 of Rps. acidophila was obtained by McDermott et al.
(1995) with a resolution of 2.5 A. The pigments in LH2 are
shown to be arranged on two rings. One ring consists of nine
BChl monomers absorbing primarily at 800 nm. The other
ring, absorbing at 850 nm, is formed by nine BChl dimers.
Each dimer is bound to an a and a B polypeptide. We
subsequently call the two BChls bound to an af3 pair a LH2
dimer. The spectroscopic properties of this LH2 dimer can
be calculated using the coordinates of this unit in LH2. The
spectroscopic properties of neighboring BChls that are clos-
est together are pictured in Fig. 6.

The absorption spectra of the LH1 dimer and the LH2
dimer are rather similar. The line-splitting in the Q, region
is slightly larger in the LH2 dimer, because of a smaller
distance between the chromophores in LH2. The calculated
absorption spectrum of the LH2 dimer and the measured
LH2 spectrum are also similar.

The calculated CD spectrum of the LH2 dimer in the Q,
region is clearly conservative, as was experimentally ob-
served (Cogdell and Scheer, 1985), but the position of the
zero crossing in the calculated spectrum is on the blue side
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of the absorption maximum instead of on the red side, as in
the experimentally obtained spectrum. The conservative
nature of the calculated CD spectrum of the fictitious LH2
dimer is markedly different from that of the LH1 dimer. The
reason, of course, is geometrical: we marked the geometry
of the LH2 dimer in Fig. 4. This shows that the angle
between the Q, transition moments in LH2 dimer (McDer-
mott et al., 1995) differs by a few degrees from the angle in
B820 (Visschers et al., 1991); R, however, is much farther
away from the plane spanned by fi) and f&; than it is in the
case of the LH1 dimer. The angle between R and this plane
is now approximately 13°, leading to a much larger resonant
contribution in the CD spectrum in the 700—-950-nm region.

The spectroscopic features of two neighboring BChls of
the B850 band, located on different subunits with a larger
intermolecular distance than in the LH2 dimer, are very
similar to the LH2 dimer. The CD spectrum is also conser-
vative, although the amplitudes are smaller and the phase in
the Q, region of the spectrum is reversed. The angle of R
with the plane spanned by fi) and ji7 is the same, 13°. The
positions of the lines in the absorption and CD spectra are
closer together, as was found in case of the LH1 dimer. The
angles between the Q, dipole moments differ by a few
degrees.

The spectroscopic features of the LH2 complex are not
completely explained by a dimer model, the positions of the
lines in the experimentally obtained CD spectrum and the
calculated dimer spectrum are not identical (Sauer et al.,
1996), but both LH2 and the LH2 dimer CD spectra are
conservative. We conclude on the basis of the structure of
LH2 not only that the calculated spectra of the LH2 dimer
and the analysis of the spectroscopic features of LHI1 that
the ring structures of LH1 in Rs. rubrum and LH2 in Rps.
acidophila differ in size, but that the relative orientations of
the BChls in the two antenna systems differ as well.

REMARKS AND CONCLUSIONS

We have shown how the combined analysis of absorption
and CD spectra can lead to a more or less unique geomet-
rical structure (apart from overall inversion symmetry) of a
dimer. In the simplest case, a degenerate dimer of three-
level systems, these spectra are sufficient in principle, es-
pecially when the CD spectrum is nonconservative.

Obviously systems are more complicated than that in
reality, and in addition, a model for the line shapes is
necessary to gather the information needed to determine the
geometry of the dimer. Moreover, there are parameters that
are completely unknown, such as excited-state transition
moments. Preliminary calculations, using different models
for the line shapes (Koolhaas et al., unpublished observa-
tions), show, however, that in the case of nonconservative
CD spectra, the conclusion that the resonant contribution is
small and hence the transition moments are virtually in one
plane with the vector R, remains valid.

Other forms of spectroscopy may be needed here. For
instance, in the case of nondegenerate monomers, fluores-
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cence anisotropy measurements can be helpful for resolving
the extra parameters. Changes in ground- and excited-state
energies due to interaction of ground- and excited-state
dipole moments with the surroundings could be resolved
using Stark spectroscopy.

On the basis of our calculations in this paper, we can
draw several conclusions that appear to remain valid if we
use different models for the line shapes, turn on (arbitrary
chosen) transition moments between excited states, include
transitions to higher energy levels, such as the B-states, or,
in the antenna systems, turn on the interaction with more
monomers.

These conclusions are

* The structure of the B820 dimer is rather specific. The o,
dipole moments and R are (almost) in one plane; even if
we change the temperature from 77K to room tempera-
ture, the corresponding change in intensity ratio of the
CD spectrum can be explained by minor changes in
geometric arrangement. This implies that the monomers
in the dimer are either tightly bound together, or that the
surrounding protein limits the motion of the monomers
considerably, even at higher temperatures.

wavelength nm

e The absorption and CD spectra of LH1 can be understood
by using a dimer model. The change in intensity ratio
upon going from B820 to the LH1 complex of Rs.
rubrum is also minor. The spectrum is shifted by a
considerable amount, but the nonconservative nature of
the CD spectrum is preserved, and although the shift in
energies also has its influence on the CD spectrum, we
can conclude that the LH1 dimer does not structurally
differ much from B820.

e The arrangement of the chromophores in LH2 and the
deduced geometry in LH1 differ. The angle between the
Qy transitions and R is much larger in LH2 than in LH]I,
causing a conservative CD spectrum. The angles between
the Q, transition moments are similar. We note that the
positions of the lines in the absorption and the CD spectra
of LH2 cannot be understood by using a degenerate
dimer model.

APPENDIX A: COUPLED N-LEVEL SYSTEMS

In this appendix we give the expressions necessary to calculate the absorp-
tion and CD spectrum for two coupled N-level systems. We denote the
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states of monomer i (i = 1, 2) by |i; n) and the corresponding energies by
E,. The monomer Hamiltonian can then be written as

N-1
%, = X Eli; n)i; nl. (A.1)
n=0
The monomer transition dipole moments are denoted by
B = (i nlid)i; m), i=1,2. (A.2)

A basis in the Hilbert space of dimer states is given by direct products
of monomer states: jnm) = |1; n) ® |2; m). A typical matrix element of V
(Eq. 2) can be written as
) 1 RR
_ _ -1 -2
Vnm,n’m’ - <nm|V|n,m'> - 41T€R3 Moo’ l - 3 F * Mo
(A.3)

where we used the above definitions of product states and transition dipole
moment elements.

Obviously the above introduced direct product states are not eigenstates
of the dimer Hamiltonian. The new eigenstates, denoted by |n), are found
by diagonalizing the Hamiltonian given in Eq. A.3 and are linear combi-
nations of the old states:

N-1

Iy =2 Cilij).

ij=0

(A.4)

We consider only excitations from the ground state, now denoted by [0).
Thus the absorption intensity for the transition 0 — » is proportional to the
transition dipole moment squared:

N-1
Lo Ol + Gl = | 2 [CCHRL + CCh, R3]
i,j,i'=0

(A.5)

The intensity of the CD line is proportional to the so-called rotational
strength R, of the transition, which can be written as (Somsen, 1995)

N-1 N-1

T -
R, = ™ Z E Cﬁcﬁl[q,qk(#ll. X I'Lik)
" iji'=0 kLk'=0 (A.6)
+ G Conliage X )1 R

where A, is the wavelength corresponding to the excitation energy. Ris
defined as R = kz-l.?,.

The magnitude of the interaction Hamiltonian is primarily determined
by the number

2

i M - -1 =
°V—4msoR3 5.035cm™ for p=1D

(A7)
and R=1nm,

where p is the magnitude of the transition dipole moment. Typical values
range from 1 to 10 D. Typical distances between the monomers are on the
order of 1 nm, so that the numerical value (in wavenumbers) of this constant
is between 5 and 500 cm ™. The electronic transitions have energies of 10*
cm™! or higher. All of our calculations where performed by diagonalizing the
Hamiltonian, but to understand the resuits it is instructive and sufficient, in
view of the above numbers, to take the perturbative approach.

Although there are in principle N> — N nonzero interaction matrix
elements, assuming that none of the states have permanent dipole mo-
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ments, only a few are experimentally available. From ground-state absorp-
tion experiments one only has access to the magnitude of the transition
moments from the monomer ground state to the monomer excited state py), .
The directions of the transition moments are “coupled” to the molecular
frame, i.e., the orientation of the frame determines these directions.

In a perturbation expansion scheme, the new states are found from the
old states by the following expression:

. <WI‘7Iij>old
|l] new = W;ij m

ij

|w, (A.8)

where the sum is over the old states. The magnitudes of the matrix elements
are all determined by V', but by far the largest contribution to the new states
comes from states that are resonant or nearly resonant with the state
considered. However, it is shown in the main body of the paper that the
asymmetrical CD results if the geometry of the system is such that the
vectorial products of the transition moments and distance vector are nearly
zero. The nonresonant contributions then give rise to a weak, nonconser-
vative CD. This means that we cannot a priori exclude transitions from
excited states on the basis of magnitude of the matrix elements; however,
numerical calculations where these states are included show only minor
effects on the CD spectrum. Thus in the remainder of this paper we only
take excitations from the ground state into account.
This means that Eqs. A.7 and A.8 reduce to

N-1 5
(A.9)
ne|S cteas + o
ij=0
and

- N-1
Ry =5(Cf 3 CuCiis x i) R (A.10)

" ij=0

These two equations form the basis of most of our considerations of the
second section. We note that the values of the absorption intensity and the
rotational strength depend on the magnitude of the coefficients Cjj and on
the relative orientations of the transition dipole moments and the vector R.
Relations between the orientations, the magnitude of the interaction matrix
elements and of the absorption intensity, and rotational strengths are
derived in the next appendix.

As a final remark, we note that the CD spectrum as a whole is strictly
conservative. In other words the following relation does hold:

SR, =0, (A.11)

or, if we take all rotational strengths originating from the ground state,
these add up to zero. Because of the coupling between different levels, this
is not the case for each pair of lines.

APPENDIX B: ORIENTATION AND
DIPOLAR INTERACTION

In this appendix we give the elements of the interaction Hamiltonian V (cf.
Eq. A4) in terms of the relative orientation of the monomers. We must
refer to all vectors in the expression for V to one and the same frame, for
which we choose the molecular frame of monomer 1 (cf. the second
section, The Excitonically Coupled Dimer Model).

Inner products of two vectors @ and b can be expressed in terms of their
spherical components in the following way (Rose, 1957):

1
b= > (~1)"anb_p,

m=—1

(B.1)
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and the spherical components themselves can be transformed between
frames using the Wigner rotation matrices D),...(a, B, ¥), according to

1
an="2 Dpulc, B, V. (B.2)
m'=—1
The dipole tensor 7, equal to
RR
T=1-3 ik (B.3)

is a traceless tensor of rank 2, the spherical components of which transform
according to

2
Tn= 2 Di.(d,6, 07T, =—6D%(d, 6,0, (B4
m'=-2

because in its own frame T only has the m = O component nonzero, and
T, = -V6.

Using these expressions, the interaction Hamiltonian (Eq. 2) may be
written as

2 1
‘7:_5\% > 2 (=prcizm’, -m—m')

m=-2 m'm"=-1

X Di:o(d)’ 09 O)Di*m—m’.m"(a’ B’ ‘Y)(ﬁl)m’(ﬂz)m”’
(B.5)

where the C(112; m', —m — m') are Clebsch-Gordan coefficients. These
and the relevant Wigner rotation matrices can all be found in Rose (1957).

As an example we calculate the matrix element for the Q,-Q, coupling
of the second section. This matrix element is given by

Voyoy = (00| Vlyy), (B.6)
which contains the transition moments
fioy = (OlRbY) = myé,, (B.7)

where p., denotes the magnitude of the transition moment and €, a unit
vector in the y direction. In terms of the spherical components this is equal
to

(’iOy)m = _\IE I‘Ly(am,l + 8m.—l)' (BS)

Because these are defined in the molecular frames of the monomers, the
expressions are the same for monomer 1 and monomer 2. After some
straightforward and rather tedious algebra, we find
VOO.yy

2
= L3 E sin*f[cos 2¢)(cos a cosy — sin a sin y cos B)
4meR’ \2

+ sin 2¢(sin a cos y + cos a sin 7y cos B)]

— 6 sin 6 cos 6 sin ¢ sin B sin y (B.9)

3 1
+ (5 cos? — 5)(cos @ cos y — sin « sin y cos B)).

We also need the inner product for the absorption spectrum, which in
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terms of the rotation matrices can be written as

1 1
peit= XD Z Dlmlas B Y@

m=-1 m'=-1
(B.10)
Again, using as an example the 0 — y transitions, we get
(B oy * (BP)gy = milcos @ y — sin asin ycos B].  (B.11)

Finally, for the rotational strength we need the combination R ([1' X
£2). In terms of the rotation matrices this can be written as

=—iR2 X (-Dc1l;m',—m—m")

m,m’,m"=—{ (B12)
X Drl;O(d)s 99 O)D]—*m—m'.m”(a’ B’ ‘y)(lil)m’(lj'z)m"-
For the 0 — y transitions this becomes
R (1), X ({1)gy) = Ruu[sin 0 cos ¢ sin B sin y B.13)

+ cos 6(sin a cos vy + cos a cos B sin y)].

Expressions B.9, B.11, and B.13 can easily be checked for correctness
in various limiting cases.

APPENDIX C: COUPLED TWO-LEVEL SYSTEMS

In this appendix we briefly review the diagonalization procedure for two
coupled two-level systems. We use the general notation of Appendix A.
The Hamiltonian of the system can be written in matrix form as

Ey + Eﬁ 0 0 14
0 Ey+ E? v 0
=1 o vV E+E 0 €D
Vv 0 0 El + Ef
where
V= Vo0 = Vioor = Voo.n = Vir00- (C.2)

We note that the matrix can be taken to consist of two blocks, one
connecting the ground and double excited states, the other connecting the
singly excited states. Both blocks can be diagonalized separately, resulting
in the following energies for the eigenstates:

1
Ey=3[E+ E\ + Eg + E} — \(Ey — E} + E; — E})? + 4V]

1
E =3B +E + E + El — (-Ey + E} + B} — B’ +4V7]

1
Ey=3[Eo+El + Ey+ Ei + (—Ey + E} + E3 — E)? + 4V7)

1
Ey=3[E+ E\ + E + El + \(Ey — E| + By — B} + 4V7],
(C3)
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The new states can be obtained from the old states by a simple rotation:
over an angle ¢, for the ground and double excited state, and over an angle
Y, for the singly excited states. We can thus write:

|0) = cos #,|00) + sin ¢ {11)

(C4)
[3) = —sin ¢5,|00) + cos y|11),
where
E,— (Ey+ E}
tan @, = LV"—") (C.5)
for the new ground and highest energy states, and
|1) = cos y»|10) + sin y¢5|01) (C6)
[2) = —sin ¢5,|10) + cos y»|01),
where
E, — (E| + Ep)
tan y, = ————— (oK)
for the state corresponding to single excitations.
The various coefficients of Appendix A are thus given by
CH=C=cosand €}, = —Coy=sinyy (C.8)
and
Cly=C =cosypand Cy, = —Ciy=sin¢,. (C9)

All other coefficients are zero.

The authors thank Henny van Roon for isolating the af3 subunit, B820,
from the LH1 antenna system of Rs. rubrum and Raoul Frese (manuscript
in preparation) for providing the absorption and CD spectra of B820 (cf.
Fig. 1).
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