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Abstract

Exciton calculations on tubular pigment aggregates similar to recently proposed models for BChl ¢/d/e antennae in
light-harvesting chlorosomes from green photosynthetic bacteria yield electronic absorption spectra that are super-
impositions of linear J-aggregate spectra. While the electronic spectroscopy of such antennae differs considerably
from that of linear J-aggregates, tubular exciton models (which may be viewed as cross-coupled J-aggregates)
may be constructed to yield spectra that resemble that of the BChl ¢ antenna in the green bacterium Chloroflexus
aurantiacus. Highly symmetric tubular models yield absorption spectra with dipole strength distributions essen-
tially identical to that of a J-aggregate; strong symmetry-breaking is needed to simulate the absorption spectrum of
the BChl ¢ antenna.

Abbreviations: BChl-bacteriochlorophyll; [E,M] BChl cs—bacteriochlorophyll ¢ with ethyl and methyl sub-

stituents in the 8- and 12-positions, and with stearol as the esterifying alcohol

Introduction

The bacteriochlorophyll (BChl) ¢, 4, and/or e anten-
nae in light-harvesting chlorosomes of green photo-
synthetic bacteria are unique, in that proteins appear to
be little involved in their pigment organization. Such
antennae appear to be BChl oligomers, in which the
pigments are directly bound together by coordination
of the Mg atom on one pigment to hydroxyl and/or keto
groups on adjacent pigments (Bystrova et al. 1979;
Smith et al. 1983; Blankenship et al. 1988; Lutz and
van Brakel, 1988; Brune et al. 1988). While numerous
models have been proposed for the local pigment bind-
ing modes, many of the earlier models have been ruled
out because the Mg atom is now known to be penta-
coordinate, and because the 13! keto group and the 3!
OH group have been shown to be directly involved in
the aggregation (Blankenship et al. 1995). Of the two
models that are consistent with FTIR and resonance
Raman spectra of BChl aggregates (Brune et al. 1988),

one visualizes the BChl pigments as being arranged in
dual antiparallel chains. Molecules within each chain
are linked by H-bonds between 13! keto and 3! OH
groups, and the antiparallel chains are crosslinked by
ligation of Mg atoms with hydroxyl groups. The sec-
ond model, which also involves dual chains, invokes
similar H-bonding between pigments in the same chain
and similar crosslinking. However, the pigment orien-
tations in the two chains are nearly parallel, rather than
antiparallel.

Several groups (Nozawa et al. 1993; Matsuura et
al. 1993; Nozawa et al. 1994; Hozwarth and Schaffner
1994) have proposed large-scale models for organiza-
tion of the pigments into supramolecular structures of
size commensurate with that of BChl rodlike elements
that are visible under electron microscopy (Staehelin
et al. 1978). In some cases, the macrocycle planes
are envisaged to be perpendicular to the cylindrical
rod surface; in others, they are tangent to the surface.
The models also differ in the orientations of the ester-
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Figure 1. Pigment numbering scheme for tubular aggregate with
pigments arranged in 2¢ columns containing r pigments each. For
the models described in Figures 4-6 below, the Hamiltonian matrix
elements are H; ;4 r =by for 1 <i<r,Qr+ ) <i<3r,(4r+1)
<i<5r . Hyjpr=byfor(r+ N <i<2r,3r+ ) <i<dr,
s (2= 1)r + 1 < i < 2¢r; and Hy; = a for adjacent pigments in
the same column. All other off-diagonal matrix elements are zero.
For definiteness, the macrocycle planes are drawn normal to the
cylinder surface; the theory is also applicable to aggregates in which
the planes are tangent to the surface. Transition moment orientations
are those for case (a), cf. Figure 2 and text.

ifying alcohol chains; these are variously described as
occupying the center of the cylinder, radiating outward
from the cylinder surface, and alternating between the
inward and outward directions. A common feature of
these models is the arrangement of BChl Q, transition
moments essentially parallel or antiparallel to the rod
axis. This is consistent with linear dichroism studies of
oriented chlorosomes from the green bacterium Chlo-
roflexus aurantiacus, which show that the BChl ¢ Qy
transition moments make an average angle of 17° with
respect to the chlorosome long axis (van Amerongen
et al. 1988). Similarly, the initial anisotropy #(0) in
pump-probe studies of the BChl ¢ antenna in chloro-
somes from Cf. aurantiacus is very close to 0.4, which

is the predicted value for a strongly coupled anten-
na composed of collinear pigments (Savikhin et al.
1994). The anisotropy for BChl ¢ absorption wave-
lengths typically exhibits minimal subsequent decay
(r(oc0) ~ 0.37), indicating the presence of significant
long-range ordering as well.

The oligomeric light-harvesting antennae in chloro-
somes from Cf. aurantiacus appear to be simpler in
several respects than those in other green photosyn-
thetic bacteria, and thus may be a prototype for under-
standing the large-scale antenna structure. Their pig-
ment composition is relatively uniform (predominantly
[E,M] BChl cs, with small amounts of BChl ¢ pigments
having geranylgeraniol and phytol instead of stearol
as the esterifying group). They exhibit considerably
more long-range BChl pigment order than oligomeric
antennae from green sulfur bacteria (van Noort et al.
1994; Savikhin et al. 1995). The extent of inhomoge-
neous broadening in the BChl ¢ antenna of chlorosomes
from Cf. aurantiacus remains unsettled. Spectral hole-
burning and pump-probe studies suggest that the BChl
¢ absorption spectrum is dominated by homogeneous
rather than inhomogeneous broadening in Cf. auran-
tiacus (Fetisova and Mauring, 1992; Savikhin et al,
1994). However, since the BChl ¢ Q linear dichroism
of oriented chlorosomes from Cf. aurantiacus varies
somewhat with wavelength, Matsuura et al. (1993)
proposed that energy transfer occurs among several
well-defined BChl ¢ spectral forms. Spectral hetero-
geneity appears to be strongly asserted in the oligomer-
ic antennae of green sulfur bacteria (van Noort et al.
1994; Savikhin et al. 1995a).

While the BChl ¢ linear dichroism of chioro-
somes from Cf aurantiacus suggests that the transi-
tion moment organization resembles that of a linear J-
aggregate chain (van Amerongen et al. 1988), the BChl
¢ electronic spectrum of intact chlorosomes shares little
in common with the J-aggregate spectrum. The oscil-
lator strengths for transitions from the ground state to
the one-exciton levels of a large, linear J-aggregate
are heavily concentrated in the lowest-energy level
(Mimuro et al. 1989; Lin et al. 1991; Alden et al.
1992; Somsen 1995). By contrast, the lowest exci-
ton component in spectral hole-burning of the BChl
¢ antenna of whole cells from Cf. aurantiacus occurs
near 752 nm, in a spectral region of relatively low
absorption strength. The band maximum in the absorp-
tion spectrum (which exhibits ~90 cm™! inhomoge-
neous broadening at most) occurs near 742 nm. Hence,
the BChl ¢ antenna must exhibit more than one exci-
ton component with substantial oscillator strength, and



the most intense electronic transition must occur at an
energy significantly higher (by ~170 cm™~"') than that
of the lowest-energy exciton component. While there
is still disagreement about the extent of spectral het-
erogeneity in the BChl ¢ oligomers in Cf. aurantiacus
(Fetisova and Mauring 1992; Matsuura et al. 1993),
we consider here whether a tubular exciton model for
a spectrally homogeneous BChl ¢ antenna can account
for its steady-state Q, absorption spectrum.

The exciton model

The position of each pigment in our cylindrical aggre-
gate model can be described by a single index i, as
shown in Figure 1. The tubular aggregate is visual-
ized as a stack of r disks, each containing 2c pigments
distributed on the periphery of a ring. The aggregate
contains 2cr pigments. Pigments 1 through r occu-
py an axial line (or column) on the cylinder surface;
pigments (r + 1) through 2r occupy a parallel, neigh-
boring column; and so on up to pigments [(2¢c — 1)r +
1] through 2cr, which occupy a column adjacent to the
one that contains pigments 1 through r. The resonance
couplings between pigments depend on the Qy transi-
tion moment directions p;, 1; and on their separation
R via

pi - i = 3(pi - R)(y; - R)
R3

in the point dipole-dipole approximation.

In our simplest model, the couplings are assumed
to be non-zero only for nearest-neighbor pigments.
(The effects of including non-nearest neignbor inter-
actions are considered below.) The diagonal energies
H;; are assumed to be uniform for all pigments. The
off-diagonal elements Hj; are set equal to a for adja-
cent pigments on the same axial line on the cylinder
surface, and equal to zero for all other pairs (i,j) on the
same line. Hj; is modeled as b; for pairs of pigments
(i,j) belonging to the same disk, positioned on the first
and second axial lines, on the third and fourth, on the
fifth and sixth, etc. Hj; is set equal to b, for pairs of
pigments (i,j) belonging to the same disk, positioned
on the second and third axial lines, on the fourth and
fifth lines, etc. up to the 2¢th and first lines. The pig-
ments are thus grouped into pairs of linear aggregates,
with uniform intra-aggregate interactions a and alter-
nating inter-aggregate interactions by and b,. For by #
b,, our model therefore considers dual chains similar
to the ones proposed by Brune et al. (1988). In the

Hj = 0y
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case where a < 0 and b; = b, = 0, one recovers a set
of 2¢ non-interacting J-aggregates; the case a > 0 and
by = by = 0 would describe a set of 2¢ non-interacting
H-aggregates. The signs of g, b;, and b, depend on the
pigment orientations (Equation (1)). We consider the
three cases shown in Figure 2 for the pigment orien-
tations: (a) one in which all of the transition moments
are collinear with the rod symmetry axis — i.e. a < 0
and by, by > 0; (b) one in which all of the transition
moments are either parallel or antiparallel to the sym-
metry axis, and pigments occupying adjacent lines are
mutually antiparallel - i.e. a, b1, by < 0; and (c) one
in which pigments belonging to the same pair of linear
aggregates are antiparallel, whereas adjacent pigments
belonging to neighboring pairs of linear aggregates are
parallel —i.e. a, b) < 0, and b, > 0. (The latter case
is topologically possible only for an even number ¢
of pigment pairs per disk, i.e. 2¢c = 4, 8, 12, ... )
We emphasize at the outset that these cases (in which
the Hamiltonian belongs to either the Dy j or D¢y
point group, depending on by and b;) are only the most
symmetric ones possible for a tubular aggregate. Addi-
tional symmetry-breaking proves to be necessary for
simulation of realistic absorption spectra (see below).

In the special case of a cylinder containing 2¢
uncoupled J-aggregates of length r (a < 0, by = by =
0), the r energy eigenvalues for the one-exciton com-
ponents are known to be (Lin et al. 1991)

T
E;=F+2 ,
Ey acos(r+l)

27
+2 —
E acos(H_l),

3r
Eo:{:Zacos(r+ 1) ,
-y (Eo) 2

here the eigenvalue Ej (the unperturbed Qy transition
energy) exists if r is odd. The one-exciton states in
a linear J-aggregate of length r may be expanded in
terms of the single-pigment excitations ®; as

‘I"; = Z C,‘j(l)j (3)
j=1

where the expansion coefficients are (Lin et al. 1991)

1/2 .
_ 2 . gy
w=(ry) o(F) @
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Figure 2. Transition moment directions for cases (a) through (c) considered in text. The tubular aggregate axis is vertical, and all BChi ¢ Qy
transition moments are either parallel or antiparallel to this axis. This figure is only intended to show relative transition moment directions; the
BChl ¢ macrocycle planes may be rotated at any angle about their transition moments.

In this context, exciton components { = | and r corre-
spond to the lowest- and highest-energy exciton levels
in a linear J-aggregate, where the resonance coupling
a < 0.! The reverse is true in an linear H-aggregate
{a > 0). The J-aggregate exciton levels become more
widely spaced as 7 increases from 1 to ~ /2, produc-
ing a convergent band series (Equation (2} and Figure

3). It may be shown (Lin et al. 1991) that for a J-
aggregate in the limit of large r, the transition from the
ground state to the lowest one-exciton level contains
a fraction 8/7? = 0.81 of the sum of dipole strengths
for transitions from the ground state to all one-exciton
levels, In the same limit, the transition from the ground
state to exciton component i has the fractional dipole
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Figure 3. Schematic absorption spectra for linear J-aggregate, with
a < 0and r =20 (top) and r = 40 (bottom). Energy scale is in units
of lal, and diagonal energies are zero. The satellite bands coalesce
with the bandhead in the limit of large r. For simplicity, only the
first few satellite bands (corresponding to i = 3, 5, 7, ...) are shown
for each bandhead (i = 1) in Figures 3-9. The band intensities sum
to the number of pigments (20 and 40 in the top and bottom panels,
respectively).

strength 8/i272 for odd i, and O for even i. As shown
in Figure 3, this produces a J-aggregate spectrum in
which most of the dipole strength is concentrated in
the lowest exciton component. (For H-aggregates, the
highest-energy exciton level carries most of the oscil-
lator strength instead.) In the limit of infinite r, the
higher-energy optically allowed exciton components
in a J-aggregate coalesce into the lowest-energy com-
ponent, with the result that only a single optically
allowed transition occurs (Somsen 1995). For future
reference, we will use the term bandhead to denote
the most intense (i = 1) J-aggregate band; the higher-
energy bands (i > 1) will be termed satellite bands. In
view of Equation (1), the lowest-energy exciton com-
ponent is red-shifted by essentially 2a from Ej in a lin-
ear J-aggregate when r is large. The J-aggregate model
itself is clearly unsatisfactory if the BChl ¢ antenna
spectrum is homogeneously broadened, because it does
not explain why the lowest-energy exciton component
lies ~170 cm ™! below the BChl ¢ Qy absorption band
maximum in whole cells from Cf. aurantiacus (Feti-
sova and Mauring 1992).

When non-zero couplings by, b, are introduced
among the 2c¢ linear aggregates, the single J-aggregate
band series is split into 2¢ series. The energy spac-
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Figure 4. Schematic absorption spectra for a 160-pigment tubu-
lar aggregate containing r = 20 disks with 2¢ = 8 pigments each.
Couplings are (from top) |bj| = —0.2a, |bs] = —0.6a; and
|b1| = |b2] = —0.5a. Energy scale is in units of |a|; energies
are relative to the diagonal energies, which are taken to be zero.
The lowest-energ;;cxciton components (not discernible in this Fig-
ure) occur at energies (from top) —2.74|a| and —2.98|a|. The band
intensities sum to 160, the number of pigments.
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Figure 5. Schematic absorption spectra for the same tubular aggre-
gates as in Fig. 4, except that random components with range
+0.4|b;| and +0.4/b;| have been added to the couplings b, and
by.

ings of bands within each series are still given by
Equation (2) in terms of a and the aggregate length r.
The distribution of band intensities within each series
also remains the same as that in a linear J-aggregate.
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Figure 6. Schematic absorption spectra for the same tubular aggre-
gates as in Fig. 4, except that diagonal energies Hj; are random
numbers between —|a| and +|a|.

The bandhead positions (relative to that of the unshift-
ed bandhead for b; = b, = 0) are given by b; + by,
by —by, —by +by, —b; —by, £+/ b12 + b2§ when 2¢ =
8, and by b] +b2, by —by, —b1 +by, -b; —bz, +
V07 + biby + b3, £ /b7 = bib; + b2 when 2¢ = 12.
(Each of the irrational eigenvalues is doubly degener-
ate.) However, only the bandhead at 15,1 + 1b,| is dipole-
allowed; the other 2c—1 bandheads (and their satellite
bands) are symmetry-forbidden. For these highly sym-
metric aggregates, the presence of non-zero interac-
tions by, b, still yields only one allowed J-aggregate
series. Figure 4 shows simulated absorption spectra
for aggregates of 160 pigments, arranged in 20 disks
containing 8 pigments each. In case (a) — where all of
the pigment transition moments are collinear and by, by
are both positive — the allowed bandhead transition lies
2(b1 + by) to the blue of the lowest exciton component,
which is situated at —(b; + by) relative to the unsplit
J-aggregate bandhead (Figure 4). The horizontal ener-
gy scales in Figures 3—4 were chosen to bracket the
entire range of eigenvalues, irrespective of oscillator
strength. Hence, the presence in Figure 4 of spec-
tral regions at the low-energy end without discernible
oscillator strength indicates the presence of low-lying,
optically forbidden transitions. In this model, increas-
ing the interactions by,b; relative to lal shifts the tran-
sitions with appreciable oscillator strengths toward the
blue edge of the spectrum. In case (b) — where all of
a, b1, and b, are negative — and in case (c) — where

by < 0 and b, > O — the allowed bandhead is still
located at |b| + |b2|. The spectra in these cases are
thus identical to that in case (a) for given |b;], |b2], and
the lowest energy exciton components are still locat-
ed at —(|&| + |b2]). While the aggregates considered
here likely contain ~ one order of magnitude few-
er pigments than the rodlike elements in chlorosomes
(Staehelin et al., 1978), the predictable effects of the
aggregate length r on the spectrum make the considera-
tion of larger r unnecessary here. Increasing r does not
influence the bandhead positions, but it quantitatively
decreases the energy spacings between satellite bands
as in a J-aggregate of the same length r and coupling
a (cf. Eq. 2 and Fig. 3). In all of the calculations that
follow, the pigment orientations in cases (a) through
(c) yield identical spectra; the distinctions among these
cases are therefore dropped from our discussion.

Since there is only one symmetry-allowed band-
head, the strongest transition always occurs to the low-
est allowed exciton component when a < 0. This con-
flicts with experiment (Fetisova and Mauring 1992).
The lowest allowed transition lies above the lowest-
energy exciton component (Figure 4). For efficient
energy transfers from the rodlike aggregates into the
BChl a-protein baseplate antenna, the lowest-energy
transition with substantial dipole strength in the aggre-
gate must lie within ~kT of the transition to the lowest-
energy exciton component. This does not occur for
substantial b, and/or. b>. The observability of a 752
nm resonant zero-phonon hole at 1.8 K (Fetisova and
Mauring 1992) requires that the lowest-energy exciton
component in the model spectra carry significant oscil-
lator strength. None of the spectra satisfy these com-
bined requirements. Identical conclusions are reached
for 2¢ = 12, since the energy separations between the
allowed bandhead and the lowest-energy transition are
the same as those for 2c = 8. An analogous situation
occurs for 2¢ = 6, where the bandheads appear at b; +
by, <(b + by), £ /b? — biby + b2; the only allowed
bandhead in this case is the one at |b;| + |ba|.

Since no tubular model with D, or higher symme-
try simulates the experimental spectrum, we consid-
er symmetry-breaking effects. Figures 5 and 6 show
exciton stick spectra computed by introducing random
disorder into the Hamiltonian matrix elements. In Fig-
ure 5, each of the stick spectra shown in Figure 4 was
modified by augmenting the off-diagonal element b,
each time it appears in the Hamiltonian with a ran-
dom number between —0.4b; and +0.4by, and similar-
ly for b,. In Figure 6, random diagonal disorder was
simulated by assigning each of the elements H;; (pre-
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Figure 7. Schematic absorption spectra for the same tubular aggre-
gates as in Fig. 4, except that the BChl ¢ diagonal energies H;
alternate between —lal and +lal from column to column (see text).
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Figure 8. Schematic absorption spectra for tubular aggregates with
2¢=8 and r=20. Diagonal energies H; are +lal for pigments in
columns 1 through ¢, and —lal for pigments in columns (¢+1) through
2c.
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Figure 9. Schematic absorption spectra for tubular aggregates with
2¢=12 and r=20. Diagonal energies H;; are +0.25lal in columns 1,2;
+ 0.5lal in columns 3,4 +0.25lal in columns 5,6; —0.5lal in columns
7,8, —lal in columns 9,10; and —0.5lal in columns 11,12,

viously set equal to zero) a random number between
—a and a. While the randomness in both cases pro-
duces a partial breakdown in the selection rule that
restricts allowed bandheads to the one located near 2a
+ byl + 1byl, the maximum in the intensity distribution
is essentially unshifted. In the presence of diagonal
energy disorder (Figure 6), the spectra now resemble
the experimental spectrum, in that the lowest-energy
exciton component gains intensity and lies apprecia-
bly below the most intense transition. In order for the
lowest exciton component to gain significant intensi-
ty in Figure 6, the width of the random distribution
in diagonal energies must be at least comparable to
the energy separation between the symmetry-allowed
bandhead and the lowest-energy bandhead. In a cal-
culation similar to that in Figure 6, but with diagonal
energies ranging from —-0.2a to +0.2a instead of from
+a to —a, the lowest-energy component exhibited only
0.005% of the intensity of the most intense component.
For comparison, the ratio of absorption coefficients at
the zero-phonon hole and at the band maximum for the
BChl ¢ antenna in whole cells of Cf. aurantiacus is
~ 0.1 (Fetisova and Mauring 1992).

We next consider nonrandom symmetry-breaking.
In Figure 7, we show exciton stick spectra analogous
to those in Figure 4, except that the diagonal energies
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H;; (set equal to zero in Figure 4) alternate from col-
umn to column: H; = —a in columns 1, 3, ..., (2¢-1);
and H;; = +a in columns 2, 4, ..., 2c. This produces
two allowed bandheads. For 2¢ = 8 or 12, their posi-
tions are +1/a2 + (|bi] + |b2])? relative to the unsplit
bandhead. The less intense bandhead coincides with
the lowest exciton component. Weaker alternations in
H;; produce less pronounced secondary bandheads. For
example, a calculation for by =0.2a and b, = 0.6a, with
H;; alternating between —0.2a and +0.2a, yields a sec-
ondary bandhead with only ~1.5% of the intensity of
the primary bandhead (not shown). This contrasts with
the ~23% ratio obtained for the same b; and b, when
Hj; alternates between —a and +a (Figure 7).

Figure 8 shows exciton stick spectra similar to those
in Figure 4, except that the diagonal energies were set
to +lal for columns 1 through ¢, and —lal for columns (¢
+ 1) through 2¢ (= 8 in Figure 8). (Environments expe-
rienced by the top and bottom cylindrical surfaces of
rodlike elements can produce asymmetry of this type;
the bottom surfaces of rods adjacent to the baseplate
contact the baseplate, while the top surfaces contact
other rodlike elements.) This situation produces at least
three allowed bandheads. The most intense bandhead
typically lies to the blue of several secondary band-
heads. For the choices of b; and b, in Fig. 8, the lowest
exciton component is forbidden. Very similar spectra
are obtained for 2¢ = 12.

Further symmetry-breaking is illustrated in Figure
9 for aggregates with 2¢ = 12 and r = 20. Here the
diagonal matrix elements are +0.25lal for the pigments
in columns 1-2, +0.5lal in columns 3—4, +0.25lal in
columns 5-6, —-0.5lal in columns 7-8, —lal in columns
9-10, and —0.5lal in columns 11-12. (This is a varia-
tion on the symmetry-breaking in Figure 8, with a more
gradual transition from positive to negative diagonal
energies.) In some cases (depending on by and by),
the reduced symmetry increases the number of major
bandheads; in others, the principal effect is intensity
redistribution. In the models of Figs. 8-9, the lowest
(forbidden) exciton component lies 0.025a to 0.050a
below the lowest allowed bandhead. For a ~ 700
cm™! (following Section), this corresponds to an ener-
gy separation of ~15-30 cm~!. The existence of this
lowest level would have little effect on the energy trans-
fer function at physiological temperatures, but it would
begin to influence the kinetics at temperatures in the
low tens of K.

We comment briefly on the effects of including
non-nearest neighbor interactions between pigments
on adjacent columns. The only cross-couplings consid-

B_
x = 05
0
0 12
1-
a x=1
H
+
ot
oo
o 2z 4
0.1 x=2
0 \/’f
o0 5 10

Figure 10. Cross-couplings H; i1 -4 between pigments on adjacent
columns and displaced by n disks, plotted versus n for d, = 1 and
i - g4 = 1. Bullets along the horizontal axis mark integral n, and
emphasize that many cross-coupling terms need to be included when
x =dy/dy > 1 (see text).

ered above are the matrix elements H; ;1 r connecting
pigments on the same disk (Figure 1). From Equation
(1), the dipole-dipole coupling H; ;+i+, of pigment i to
pigment (r + i & n) , which is located on the adjacent
column, but displaced by n disks along that column, is

2
Hi - 1 (1 - 3:2"1‘;2)
d3(n? + z2)3/2

Hiyrin = &)

Here, x is the ratio of spacings dp/d, between nearest-
neighbor pigments on adjacent columns and on adja-
cent disks, respectively. This coupling is plotted ver-
sus n for x = 0.5, 1, and 2 in Figure 10. By the nature
of the dipole-dipole orientational factor, this coupling
switches sign as n increases from 0. It is clear from Fig-
ure 10 that when the column spacing is comparable to
or shorter than the disk spacing (x < 1), H; 4+ nfalls
off rapidly with ». In this limit, including non-nearest
neighbor interactions alters the numerical levels and
intensities, but does not affect the gross spectral fea-
tures. When x becomes appreciably larger than 1 (i.e.
when the column spacing is considerably larger than



the disk spacing), many non-nearest neighbor interac-
tions gain importance, and many of these interactions
for larger n exhibit sign opposite to that for n = 0. In
this limit of wide column spacings, the inclusion of
non-nearest neighbor interactions can thus change the
physical spectrum significantly.

The BChl ¢ spectrum in Cf. aurantiacus

In the absence of diagonal and/or off-diagonal energy
disorder, the absorption spectra derived from our most
symmetric (D, 5 or Dp) tubular exciton models with
2c pigments per disk (Figure 4) clearly fail to explain
the gross features of the BChl ¢ Qy antenna spectrum
(Fetisova and Mauring 1992). Introducing sufficient
random diagonal or off-diagonal disorder (but other-
wise retaining at least D, symmetry) yields spectra
which superficially resemble the empirical spectrum,
in that transitions to the lowest-energy exciton compo-
nent lie significantly to the red of the most intense exci-
ton component (Figures 5-6). However, the extent of
energy disorder required to produce observable inten-
sities in the lowest-energy component (e.g. Figure 6)
would be comparable to the ~170 cm™! separation
between the 752 nm zero-phonon hole (ZPH) and
the 742 nm band maximum. This would produce a
commensurate spread in the ZPH location (i.e. in the
sense that different random number sets yield different
positions for the lowest-energy component), and this
appears to be contradicted by the observation that the
ZPH inhomogenous broadening is minor (< 90 cm™!
according to Fetisova and Mauring (1992).

More realistic spectra are generated when the sym-
metry is reduced. For appropriate combinations of b,
and b,, alternation of the diagonal energies between
+lal and -lal from column to column (Figure 7) pro-
duces a weak but observable transition to the lowest-
energy bandhead, lying considerably to the blue of the
strongest bandhead. The separation between these two
components would need to be ~170 cm ™! to model the
experimental spectrum. The ~90 cm™! spectral width
of the lowest-energy exciton component stems from
a combination of inhomogeneous and lifetime broad-
ening. The higher-energy components are likely to be
somewhat broader, due to relaxation between BChl ¢
exciton components.The expected lifetime broadening
corresponding to a 100 fs relaxation process is ~100
cm™~'fwhm. Photobleaching and stimulated emission
decay components have been found with ~70-100 fs
lifetime in the BChl ¢ pump-probe spectroscopy of
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intact chlorosomes from Cf aurantiacus (Savikhin
et al. 1994). Empirical 10-20 fs processes appear
in pump-probe profiles for certain wavelength com-
binations in chlorosomes from Cf aurantiacus and
Chlorobium tepidum (Savikhin et al. 1995b). However,
these likely arise from optical coherences at early times
where the pump and probe pulses overlap, rather than
from true one-exciton state evolution (Chachisvilis et
al. 1995). Hence, we set an upper limit of ~150 cm™!
for the total fwhm in the higher-energy exciton compo-
nents. The featureless BChl ¢ Qy spectrum in chloro-
somes cannot be simulated using only two bandheads
separated by ~170 cm™!, with widths bounded from
above by 90 and 150 cm™!, Hence, the exciton stick
spectra in Figure 7 appear to be far too sparse to ratio-
nalize the experimental spectrum. Further symmetry-
breaking (by assigning the diagonal energies +al and
—lal to pigments in columns 1 through ¢ and (¢ +
1) through 2c, respectively) produces more congest-
ed spectra (Figure 8), but the bandhead distributions
between the lowest-energy and the most intense com-
ponents are still marginally dense (average spacing
90-100cm™!, for three bandheads distributed over ~a
170 cm™~! span) for simulating the observed featureless
spectrum. The least symmetric case considered (Figure
9) does appear to yield suitable bandhead spacings.
Thus, realistic BChl ¢ spectra may readily be sim-
ulated using the models in Figure 9. However, the
required extent of symmetry-breaking in the diago-
nal energies is quite large, on the order of lal itself. For
example, if all of the diagonal energies H;; for by = by =
0.5a in Figure 9 were reduced by a factor of 2, the ratio
of intensities for the lowest and the most intense exci-
ton components would decrease from ~0.1 to ~0.01.
In this case, the spectrum would more closely resemble
the one where all of the H; = 0 (cf. bottom of Figure
4). Whether environmental differences between oppo-
site rod surfaces can produce such large variations in
diagonal energies is open to question. In order for the
BChl ¢ band maximum to be shifted from 670 nm (for
BChl ¢ monomers in solution) to 740 nm (for BChl ¢
aggregates), a would need to be on the order of 700
cm™!. The diagonal energies for the spectra simulat-
ed in Figure 9 would then range over 1050 cm™! (i.e.
from +lalf2 = 350 cm™! to —lal = =700 cm™"). Lu and
Pearlstein (1993) showed that the absorption spectrum
of FMO trimers from the green bacterium Prosthe-
cochloris aestuarii is consistent with BChl a diagonal
energies dispersed over ~600 cm™! in the protein envi-
ronment. Earlier calculations by Gudowska-Novak et
al. (1991) suggested that the BChl a conformational
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differences among the 7 non-equivalent pigments in
FMO trimers (Tronrud et al. 1986) would of them-
selves produce diagonal disorder on the order of 500
cm~!. As an alternative to the models in Figure 9, we
considered an aggregate with 2¢ = 12 and r = 20, in
which the diagonal energies H;; alternated between +lal
and —lal from column to column, but in which the cou-
plings H; ;4 , varied in a geometric series from lal/2 to
lal/4 between opposite faces of the rod. In particular,
the (repulsive) couplings were lal/2 between columns 1
and 2; lal/27/6 between columns 2, 3 and 1, 12; lal/2*/3
between columns 3, 4 and 11, 12; lal/2%/? between
columns 4, 5 and 10, 11; lal/25/3 between columns 5, 6
and 9, 10; lal 211/6 petween columns 6,7and8§, 9; and
lal/4 between columns 7, 8 (which are on the opposite
side of the rod from columns 1, 2). In the dipole-dipole
approximation, these couplings would result from sys-
tematic variation in column spacings around the rod
perimeter, in such a way that adjacent column spac-
ings differ by a factor of 2!/2. The resulting spectrum
(not shown) strongly resembles the simulations in Fig-
ure 7; this type of symmetry-breaking in the couplings
thus appears to have little effect.

With their rudimentary transition moment geome-
tries (Figure 2), our models do not explain why
BChl ¢ antennae in chlorosomes exhibit wavelength-
dependent linear and circular dichroism (van Ameron-
gen et al. 1988; Griebenow et al. 1991; Matsuura et
al. 1993; Chiefari et al. 1995). These features may
be addressed by introducing some chirality into the
transition moment orientations, as suggested by Lin
et al. (1991). In aggregate models with noncollinear
pigments, different exciton components will general-
ly exhibit contrasting linear dichroism. Finally, since
our model only considers vibrationless electronic tran-
sitions with lifetime and inhomogeneous broadening,
it will underestimate the absorption coefficient on the
blue side of the BChl ¢ Qy spectrum, where vibronic
features become important.

Summary

Our primary goal was to find the simplest homoge-
neous exciton models that could rationalize the elec-
tronic spectroscopy of BChl ¢ antennae in chlorosomes
from Cf. aurantiacus. For the class of models in Fig-
ures 1-2, the required properties are:
(i) The transition moments must be oriented at <54.7°
from the aggregate axis, in order for the aggregate
spectrum to concentrate dipole strength to the red

of the monomeric BChl ¢ Q, transition at ~670
nm. In this respect, the BChl ¢ oligomer spectrum is
analogous to a J-aggregate, rather than H-aggregate
spectrum.

(i1) Significant symmetry-breaking is required in order
to yield a multiplet of dipole-allowed bandheads
with a realistic intensity distribution (Figures 7-9).
Tubular exciton models with D, j and D, sym-
metry are inconsistent with the observed spectrum.

(iii) The energy spacings between major bandheads
must be appreciably less than ~100 cm™! (e.g.
as in Figure 9), in order to reproduce the broad,
featureless nonresonant hole observed by Fetisova
and Mauring (1992).

(iv) The simulated absorption spectra are relatively
insensitive to the aggregate length » when r is large,
since in this limit the satellite bands merge with the
bandhead (Figure 3).

Aside from introducing transition moment chirali-
ty, further refinements of this model may require con-
sideration of spectral heterogeneity. In particular, the
diagonal energy distribution in H;; for pigments around
the periphery of a cylindrical rodlike element may may
depend on whether the rod is adjacent or nonadjacent to
the baseplate. Thus, while a particular rod may exhib-
it a homogeneously broadened spectrum with ~200
cm~! fwhm (cf. Fetisova and Mauring 1992), other
rods may exhibit shifted (but similarly broad) spectra.
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Note

1. This is correct for a J-aggregate with parallel tran-
sition moments (as in Figure 2). For a J-aggregate in
which neighbouring moments are antiparallel, this is
correct when a>0. In either case, the moments must
form an angle <54.7° with respect to the aggregate
axis.
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