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I. Introduction

Life as we know it today exists largely because of photosynthesis, the process through which
light energy is converted into chemical energy by plants, algae, and photosynthetic bacteria
(Priestley, 1772; Barnes, 1893; Wurmser, 1925; Van Niel, 1941; Clayton & Sistrom, 1978;
Blankenship e a/. 1995; Ort & Yocum, 1996). Historically, photosynthetic organisms are
grouped into two classes. When photosynthesis is carried out in the presence of air it is called
oxygenic photosynthesis (Ort & Yocum, 1996). Otherwise, it is anoxygenic (Blankenship ez
al. 1995). Higher plants, algae and cyanobacteria perform oxygenic photosynthesis, which
involves reduction of carbon dioxide to carbohydrate and oxidation of water to produce
molecular oxygen. Some photosynthetic bacteria, such as purple bacteria, carry out
anoxygenic photosynthesis that involves oxidation of molecules other than water. In spite of
these differences, the general principles of energy transduction are the same in anoxygenic and
oxygenic photosynthesis (Van Niel, 1931, 1941; Stanier, 1961; Wraight, 1982; Gest, 1993).
The primary processes of photosynthesis involve absorption of photons by light-harvesting
complexes (LHs), transfer of excitation energy from LHs to the photosynthetic reaction
centers (RCs), and the primary charge separation across the photosynthetic membrane (Sauer,
1975; Knox, 1977; Fleming & van Grondelle, 1994; van Grondelle ez a/. 1994). In this article,
we will focus on the anoxygenic photosynthetic process in purple bacteria, since its
photosynthetic system is the most studied and best characterized during the past 50 years.

The photosynthetic apparatus of purple bacteria is a nanometric assembly in the
intracytoplasmic membranes and consists of two types of pigment—protein complexes, the
photosynthetic RC and LHs (Kaplan & Arntzen, 1982; Zuber & Brunisholz, 1991). The
function of LHs is to capture sunlight and to transfer the excitation energy to the RC where
it serves to initiate a charge separation process (Fleming & van Grondelle, 1994; Lancaster
et al. 1995; Parson & Warshel, 1995; Woodbury & Allen, 1995; Hu ez a/. 1998). Depicted in
Fig. 1 schematically is the intracytoplasmic membrane of purple bacteria with its primary
photosynthetic apparatus. This apparatus, one of the simplest of its kind, feeds through
excitation by sunlight a cyclic flow of electrons and protons that leads to synthesis of ATP.

Over the past few decades, extensive biochemical and spectroscopic studies of bacterial
photosynthetic systems have revealed the following structural and dynamical principles for

bacterial light harvesting:

(1) Bacterial photosynthetic membranes contain thousands of pigment molecules
(bacteriochlorophylls and carotenoids) that are non-covalently bound to proteins to form
well organized pigment—protein complexes (Stoll, 1936; Smith, 1938; Rees & Clayton,
1968 ; Thornber et al. 1983 ; Zuber, 1986; Scheer, 1988 ; Zuber & Brunisholz, 1991 ; Zuber
& Cogdell, 1995). Out of all these pigments, only very few bacteriochlorophylls (BChls)
in the primary reaction site, termed the photosynthetic RC, directly take part in

photochemical reactions; most BChls serve as light-harvesting antennae capturing the
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Fig. 1. Schematic representation of the photosynthetic apparatus in the intracytoplasmic membrane of
purple bacteria. The reaction center (RC, red) is surrounded by the light-harvesting complex I (LH-I,
green) to form the LH-I-RC complex, which is surrounded by multiple light-harvesting complexes
(LH-IIs) (green), forming altogether the photosynthetic unit (PSU). Photons are absorbed by LHs and
excitation is transferred to the RC initiating a charge (electron-hole) separation. Electrons are shuttled
back by the cytochrome ¢, complex (blue) from the ubiquinone-cytochrome b¢, complex (yellow) to the
RC. The electron transfer across the membrane produces a large proton gradient that drives the
synthesis of ATP from ADP by the ATPase (orange). Electron flow is represented in blue, proton flow
in red, quinone flow, likely confined to the intramembrane space, in black.

@

sunlight and funneling electronic excitation towards the RC (Emerson & Arnold, 1932;
Arnold & Kohn, 1934; Duysens, 1952, 1964). By convention, the photosynthetic RC and
the associated LHs are collectively named the photosynthetic unit (PSU) (Mauzerall
& Greenbaum, 1989; Francke & Amesz, 1995; Freiberg, 1995; Cogdell ef a/. 1996). As a
matter of fact, the organization of pigments into PSUs in which multiple light-harvesting
antennae serve the RC has been adopted by all photosynthetic organisms (Duysens,
1988 ; Mauzerall & Greenbaum, 1989 ; Grossman ¢/ a/. 1995; Fromme, 1996 ; Gantt, 1996;
Green & Durnford, 1996; Hankamer ¢/ a/. 1997). With it they can collect light from a
broader spectral range and use energy much more efficiently. Light-harvesting antennae
enlarge the cross-section for capturing sunlight by the RC. The latter possesses light-
absorbing chlorophylls itself, but photons absorbed by the RC chlorophylls are not
sufficient to saturate its maximum turnover rate. When exposed to direct sunlight,
chlorophylls absorb at a rate of at most 10 Hz and, in dim light, at a rate of 0-1 Hz
(Borisov & Godik, 1973). However, the chemical reaction of the RC can ‘turn over’ at
1000 Hz. LHs fuel excitation energy to the RC, which keeps the RC running at an optimal
rate.

The light-harvesting antenna is composed of multiple LHs with varying spectral
characteristics and a particular structural organization in the whole antenna. In most
purple bacteria, the PSUs contain two types of LHs, commonly referred to as B875 (LH-
I) and B800-850 (LH-II) complexes according to their iz vivo absorption maxima in the
near-infrared (Thornber ef a/. 1983; Zuber & Brunisholz, 1991; Hawthornthwaite &
Cogdell, 1991). LH-I is found surrounding directly the RCs (Miller, 1982; Walz &
Ghosh, 1997), while LH-II is not in direct contact with the RC, but transfers energy to
it via LH-I (Monger & Parson, 1977; Sundstrtém & van Grondelle, 1991, 1995; van
Grondelle e# al. 1994). For some bacteria, such as Rbodopsendomonas (Rps.) acidophila and
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Fig. 2. Energy levels of the electronic excitations in the PSU of BChl # containing purple bacteria. The
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Rbodospirillum (Rs.) molischianum strain DSM 120 (Germeroth ez al. 1993), there exists a
third type of light-harvesting complex, LH-III. The number of LH-IIs and LH-IIIs in the
PSU varies according to growth conditions such as light intensity and temperature
(Aagaard & Sistrom, 1972).

Photosynthetic bacteria evolved a pronounced energetic hierarchy in the light-harvesting
system. Purple bacteria absorb light in a spectral region complementary to that of plants
and algae, mainly at wavelengths of approximately 500 nm through carotenoids and
above 800 nm through BChls. Shown in Fig. 2 are the energy levels for the key electronic
excitations in the PSU. Pigments of outer LHs absorb at a higher energy than do the inner
ones. For example, the LH-II, which surrounds LH-I, absorbs maximally at 800 and
850 nm; LH-I, which in turn surrounds the RC, absorbs at a lower energy (875 nm)
(Thornber ef al. 1983; Zuber & Brunisholz, 1991; van Grondelle ef a/. 1994 ; Sundstréom
& van Grondelle, 1995). The energy cascade serves to funnel electronic excitations from
the LH-IIs through LH-I to the RC.

Time-resolved picosecond and femtosecond spectroscopy revealed that excitation energy
transfer within the PSU occurs on an ultrafast timescale and at near unit (95 %) efficiency
(Pullerits & Sundstrém, 1996; Fleming & van Grondelle, 1997). It takes less than 100 ps
for the energy of the excited LHs to reach the RC. Timescales for elementary energy

transfer steps range from femtoseconds to picoseconds.

Tremendous progress in our understanding of bacterial photosynthesis has been achieved
ring the last 15 years with the determination of the atomic structures of the bacterial

otosynthetic RC, followed by two high-resolution crystal structures of LH-II. Structures
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of the RC for Rps. viridis (Deisenhofer et al. 1985) as well as for Rhodobacter (Rb.) sphaeroides
(Allen ez al. 1987; Ermler ef al. 1994) were determined by X-ray crystallography. Recently,
high-resolution crystal structures of LH-IIs from two species (Rps. acidophila and Rs.
molischianum) have been determined (McDermott ef al. 1995; Koepke ef al. 1996). The
structure of LH-I is not yet known to atomic resolution, although an 8.5 A resolution
projection map observed by electron microscopy was reported for LH-I of Rs. rubrum
(Karrasch ez al. 1995).

The structures mentioned provide detailed knowledge of the organization of chro-
mophores in the photosynthetic membrane and stimulated a new wave of more focused
theoretical and experimental investigations of bacterial photosynthesis in an already active
field of research (Clayton, 1973; Clayton & Sistrom, 1978; Govindjee, 1982; Scheer, 1991;
Deisenhofer & Norris, 1993 ; Fleming & van Grondelle, 1994; Blankenship e a/. 1995; Fyfe
& Cogdell, 1996; Hu & Schulten, 1997; Hu ef a/. 1998; Sundstrom ez al. 1999; Krueger ef
al. 1999a; Cogdell ez al. 1999). In this review, we will look at our current understanding of
structure and dynamics of bacterial light harvesting and highlight some pressing issues that
merit further investigation. The scope of this review will be limited to the molecular model
of the bacterial PSU and structure-based theoretical studies of excitation energy transfer
mechanisms. Spectroscopic probe of the excitation transfer dynamics in the PSU, when
relevant, will be discussed, but will not be emphasized. Readers interested in the subject are
referred to other reviews (Sauer, 1975; Borisov, 1978; Hunter ¢/ a/. 1989; Sundstréom & van
Grondelle, 1991; van Grondelle ef a/. 1994; Pullerits & Sundstrém, 1996; Fleming & van
Grondelle, 1997; Sundstrom e al. 1999 ; Krueger ef al. 1999a: van Amerongen e# al. 2000).

2. Structure of the bacterial PSU

The PSU combines in the intracytoplasmic membrane of purple bacteria a nanometric
assembly of the photosynthetic RC and an array of LHs. During the last 15 years, structural
details of many of these individual pigment—protein complexes have emerged, albeit not from
the same species. All the known crystal structures of RCs and LH-IIs are from BChl «-
containing purple bacteria except that of RC from Rps. viridis (Deisenhofer ez al. 1985) which
contains BChl 4 as the major pigment. Consequently, we will describe the structural
organization of PSU based on BChl a-containing purple bacteria. At first, we will introduce
the overall organization of the bacterial PSU. We will then describe structural features of
individual pigment—protein complexes. In particular, we will present the crystal structure of
the RC from Rb. sphaeroides (Allen ef al. 1987; Ermler et al. 1994), the modeled structure of
LH-I from Rb. sphaeroides, and the crystal structure of LH-II from Rs. molischianum with
a comparison to the crystal structure of LH-II from Rps. acidophila.

2.1 Organization of the bacterial PSU

It has been firmly established that the bacterial PSU consists of multiple pigment—protein
complexes, including the RCs, LH-Is and LH-IIs. However, the inter-complex organization
of RCs, LH-Is and LH-IIs inside the PSU is currently a matter of hot debate (Papiz e a/l. 1996;
Nagarajan & Parson, 1997; Westerhuis ¢z a/. 1998). Figure 3 depicts two proposed models
for the bacterial PSU, denoted model A and model B, that are based on low-resolution
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(a)

Fig. 3. Proposed models of the bacterial PSU. () Model A: PSU according to Niederman (Westerhuis
et al. 1998) and Parson (Monger & Parson, 1977; Nagarajan & Parson, 1997). A pair of RCs, each
surrounded by an open circle LH-I, associate with the cytochrome b¢; complex (be;) to form the core
of the PSU. The core is in turn surrounded by peripheral antenna complexes (LH-IIs). The small circles
represent transmembrane helices with BChls sandwiched in between. Also shown is the PufX protein
(solid dot) located between RC and be¢,. (b)) Model B: PSU as proposed by Cogdell and colleagues (Papiz
et al. 1996). An isolated RC is surrounded by a closed-circle LH-I complex to form the core of the PSU
that is in a pool of LH-IIs. Also shown is the cytochrome be; complex (be,).
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Fig. 4. Projection map of negatively stained native tubular flat membrane from Rb. sphaeroides at 20 A
resolution after processing and averaging (adapted from fig. 4B of Jungas e a/. 1999). The unit cell
(a=198 A, b =120 A and v = 103°) is outlined in black. Positive density representing the protein
is shown as solid lines and negative density as dotted lines.

electron microscopic projection maps and spectroscopic analyses (Papiz et a/. 1996 ; Nagarajan
& Parson, 1997; Westerhuis ez a/. 1998). The two models of bacterial PSU in the figure
display significant differences in two major aspects: (1) the monomeric LH-I-RC complex is
completely surrounded by LH-IIs in model B, whereas in model A pairs of RCs are clustered
together; (2) in model A, LH-I forms an open-ring structure that allows shuffling of quinone
between the RC and the cytochrome b¢; complex, while in model B LH-I forms a closed
circular structure.

Model A is based on fluorescence yield and singlet—singlet annihilation measurements of
phospholipid-enriched Ré. sphaeroides chromatophores (Westerhuis ez a/. 1998). This model is
in apparent agreement with the supercomplex model of the photosynthetic electron transfer
chain in terms of the dimeric association of the RCs (Joliot ¢ a/. 1989). Evidence in favor of
Model A appeared in newly reported electron micrographs of purified tubular membranes
from Rb. sphaeroides (Jungas et al. 1999; Vermeglio & Joliot, 1999). It was found that the
tubular membrane contains all the components of the photosynthetic apparatus, with a
relative ratio of one cytochrome b¢; complex: two RCs: ~ 48 LH-I BChls (Jungas ez a/. 1999).
Shown in Fig. 4 is the 20 A resolution electron microscopic projection map of a negatively
stained native tubular membrane from Rb. sphaeroides as reported in Jungas et al. (1999). The
unit cell contains an elongated S-shaped supercomplex with a pseudo-twofold symmetry.
Jungas ez al. (1999) interpreted the map to mean that each supercomplex is composed of LH-
Is that take the form of two C-shaped structures of ~ 112 A in external diameter, facing each
other on the open side and enclosing the two RCs. Such a model allows shuffling of quinone
between the RC and cytochrome b¢; complex. Unfortunately, the location of the be; complex

can not be positively identified in this projection map due to a weak signal arising from a
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Fig. 5. The measured 85 A electron microscopic projection map (black) of LH-I of Rs. rubrum
(reproduced from Karrasch ef al. 1995). Contours are in steps of 0-3 X r.m.s. density; scale bar represents
20 A. The overall dimension of the cell is 120 x 120 A.

technical difficulty: the stain used does not penetrate to the periplasmic side of the membrane
where most of the extramembranous parts (Rieske protein and cyt C;) of the be; complex are
located (Jungas ez al. 1999).

Model B is based on spectroscopic observations (Deinum ef a/. 1991) and an 8.5 A
resolution electron micrograph for LH-I, which has been determined from a two dimensional
(2D) crystal of the reconstituted LH-I of Rs. rubrum by Karrasch and colleagues (Karrasch
et al. 1995; Papiz et al. 1996; Pullerits & Sundstrém, 1996; Hu ez al. 1997). The electron
microscopic electron density projection map, reproduced in Fig. 5, showed LH-I as a ring of
16 subunits. The ring has a diameter of 116 A with 2 68 A hole in the center which, as pointed
out by Karrasch ez al. (1995), is large enough to incorporate a RC 7n vivo. A recent report of
an electron micrograph of a 2D crystal of the LH-I-RC complex from Rs. rubrum further
confirms the location of the RC in the center of LH-I (Walz & Ghosh, 1997). Questions have
been raised as to whether the dissociation and reconstitution process employed, e.g. in
Karrasch ez al. (1995), introduces artifacts that render the reconstituted LH-Is of Rus. rubrum
(Karrasch e a/l. 1995) an artificial variant of native LH-Is. These concerns were alleviated by
the observation that the 2D crystal of the LH-I-RC complex, formed under much milder
crystallization conditions under which no dissociation of the LH-I-RC complex can be
detected, displayed the same LH-I ring size as the reconstituted LH-I (Walz & Ghosh, 1997).

Furthermore, the gross morphology of the core PSU, which consists of a central core RC
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surrounded by an LH-I ring, is consistent with earlier models of the PSU for both BChl &-
and BChl a-containing bacteria based upon electron microscopy and image processing
(Miller, 1982; Stark ez al. 1984; Engelhardt ez al. 1986; Meckenstock ez al. 1992; Boonstra ez
al. 1994). Recently reported electron micrographs of the LH-I-RC complex from Rp. viridis
and Rb. sphaeroides also indicated a single RC inside a closed ring of the LH-I (Ikeda-Yamasaki
et al. 1998; Walz ez al. 1998). However, the latest analysis of electron microscopic projection
maps of 2D crystals of the LH-I-RC complex from Rs. rubrum by the Ghosh group suggested
that, in carotenoid-less mutants, the LH-I-RC complex may have a non-circular symmetry
(Stahlberg ez al. 1998).

2.2 The crystal structure of the RC

The best known structural components of the bacterial PSU are LH-1I and the RC. We will
briefly outline the crystal structure of the RC from Rb. sphaeroides which is the only BChl a-
containing species for which a high-resolution crystal structure of the RC is known (Chang
et al. 1986; Allen et al. 1987; Ermler ef al. 1994). The other known bacterial RC structure is
from a BChl b-containing species Rps. viridis (Deisenhofer ef al. 1985). As shown in Fig. 6,
the RC from Rb. sphaeroides contains three protein subunits, known as L (light), M (medium),
and H (heavy), respectively. The L- and M-subunits are homologous and are related by a
pseudo-twofold circular symmetry. Multiple pigment molecules (cofactors) are bound to the
L- and M-subunits, and are arranged accordingly in two symmetric branches, commonly
referred to as A branch and B branch: two BChls which form a strongly interacting dimer
constituting the so-called special pair (P,, Py), two accessory BChls in close proximity to the
special pair (B,, By), two bacteriopheophytins (H,, Hy), and a pair of quinones (Q,, Qy)
(Chang ef al. 1986; Allen ef al. 1987; Ermler et al. 1994).

Upon excitation of the RC special pair, a multi-step charge separation process is initiated.
Since we are mainly concerned with the light-harvesting process and no further explanation
of the electron transfer process will be attempted, we see it fit here to give a brief description
of the electron transfer process. For readers interested in the subject, this primary process of
charge separation has been studied extensively and was the subject of numerous review
articles (Clayton, 1966, 1973; Deisenhofer & Michel, 1991; Breton & Verméglio, 1992;
Deisenhofer & Norris, 1993; Fleming & van Grondelle, 1994; Lancaster e a/. 1995; Parson
& Warshel, 1995; Woodbury & Allen, 1995; Michel-Beyerle, 1996; Hoff & Deisenhofer,
1997; Bixon & Jortner, 1999).

It has been determined through X-ray crystallographic analysis and spectroscopic
measurement that electron flow in the photosynthetic bacteria is cyclic. In addition to the
photosynthetic RC, other electron carriers are involved in the cyclic flow, including a mobile
quinone pool, a cytochrome b¢; oxidoreductase, and a mobile cytochrome ¢ molecule. Upon
excitation, an electron within the special pair (P,, P};) is promoted to an excited state. This
electron is transferred, through the accessory BChl (B,), to the bacteriopheophytin (H,) in
2-3 ps. The reduced bacteriopheophytin (H;') donates an electron to the adjacent quinone
molecule (Q,) in about 200 ps. The Q, in turn passes an electron to the Qg molecule in
200 ps, converting Qy to a semiquinone radical. In the mean time, the positively charged
special pair is neutralized by the transfer of an electron from a reduced cytochrome ¢,
molecule on the periplasmic side of the membrane. A second photon is then absorbed by the

special pair, and the flow of a second electron to Qg takes place. With the acceptance of two
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(b)

Fig. 6. Structure of the photosynthetic RC of Rb. sphaeroides (Exmler ez al. 1994). (a) The protein
subunits are represented as C, traces with the L.-, M- and H-subunits of the RC in yellow, red and gray,
respectively. (b)) Chromophores are represented in a licorice representation with the following label and
color coding: RC special pair (P, Py, green), accessory BChls (B,, By, green), bacteriopheophytins (H,,
Hg, cyan), quinones (Q,, Qg, white), and a carotenoid molecule (magenta). The van der Waals spheres
show the position of the central Mg®* atoms of BChls. The phytol tails of BChls and bacteriopheophytin
are omitted for clarity.

electrons by Qy, the quinone molecule is reduced to the quinol form (H,Q) by the
simultaneous uptake of two protons from the cytoplasmic side of the membrane. This H,Q

molecule is then released from the RC into a mobile pool of quinones. The electron transfer
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cycle is completed by the oxidation of quinol by the cytochrome b¢; oxydoreductase, which
results in the release of protons on the periplasmic side of the membrane and production
of a reduced cytochrome ¢,. Translocation of protons from the cytoplasmic side to the
periplasmic side produces a proton gradient (proton-motive force) that drives ATP synthesis
at the ATP synthase (Frenkel, 1954; Abrahams e a/. 1994). These processes are also

summarized in Fig. 1.

2.3 The crystal structures of LH-II

All the bacterial LHs are constructed in a remarkably similar fashion (Zuber, 1985; Zuber &
Brunisholz, 1991). The basic structural unit is a heterodimer of two short peptides (trans-
membrane helices), commonly referred to as a-apoprotein and f-apoprotein; the two helices,
in aggregating into the heterodimer, bind non-covalently BChls and carotenoids. Several
heterodimers form the LHs in the form of large oligomers. The size of the complexes differs
for LH-I and LH-II and is species dependent. LH-IIs from Rps. acidophila and Rbhodovulum
sulfidophilum were determined by electron microscopy (Savage ef al. 1996) and X-ray
crystallography (McDermott ¢ a/. 1995) to be nonamers of the af-heterodimers. The latest
electron microscopy data suggest that LH-II from Rb. sphaeroides is also a nonamer (Walz ez
al. 1998). Sedimentation equilibrium experiments indicated that the LH-II complex from Rs.
molischianum is an octamer (Kleinekofort e/ a/. 1992), which is consistent with its crystal
structure (Koepke ef a/l. 1990).

The structures of LH-1Is from Rps. acidophila and Rs. molischianum had been determined by
means of X-ray crystallography (Koepke ez a/. 1996) to 2-5 and 24 A resolution, respectively.
We will first describe the crystal structure of LH-II from Rs. molischianum, followed by a brief
discussion of major differences between the two crystal structures. As shown in Fig. 7, the
LH-II complex from Rs. molischianum is an octameric aggregate of af-heterodimers; the latter
contains a pair of short peptides (- and f-apoproteins) non-covalently binding three BChl a
molecules and one lycopene (a specific type of carotenoid). Presumably, there exists a second
lycopene for each af-heterodimer. The electron density map indeed contains a stretch of
assignable density, but not long enough to positively resolve the entire lycopene (Koepke
et al. 1996). Two concentric cylinders of a-helices, with the a-apoproteins inside and the
f-apoproteins outside, form a scaffold for BChls and lycopenes.

Figure 8 depicts the arrangement of 24 BChl molecules in LH-II with all other components
stripped away. Sixteen B850 BChl molecules form a continuous ovetlapping ring of 23 A
radius (based on central Mg?" atoms of BChls) with each BChl oriented perpendicular to the
membrane plane. Eight B800 BChls, forming another ring of 28 A radius, are arranged with
their tetrapyrrol rings nearly parallel to the membrane plane. The ligation sites for the B850
BChl are a-His34 and f-His35, while the BS00 BChls ligate to a-Asp6.

The LH-II from Rps. acidophilia displays a similar ring shape aggregate of the af-
heterodimers as that of Ru. molischianum, but differs in size of the ring. The LH-II from Rps.
acidophilia contains nine of-heterodimers instead of eight as in the LH-II from Ru.
molischiannm. Essential differences are observed in the orientation of B800 BChl 4. The Q,-
transition moment of B800 BChl a of Rs. molischianum is in an orientation parallel to the
respective transition moment of the B850 BChl # attached to the same apoproteins, whereas
the corresponding transition dipole moments are nearly perpendicular in Rps. acidophila.
Binding sites of B800 BChl « in both LH-IIs are unique. Most frequently, the Mg*" atoms
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Fig. 7. The LH-II octameric complex from Rs. molischianum. (a) Top view with N-termini pointing
upward, the apoproteins are represented as C, tracing tubes with the a-apoproteins (inside) in blue and
the f-apoprotein (outside) in magenta. The BChl « molecules are in green with phytyl tails truncated



Photosynthetic apparatus of purple bacteria I3

of chlorophyll molecules are ligated by histidine residues. However, the B800 BChl # of LH-
1T from Ry. molischianum is ligated to Oy of a-Asp6; in proximity (2:74 A) to Oy, a water
molecule is located. In the LH-II of Rps. acidophila the ligand of B800 BChl @ was originally
assigned to a formyl-methionine, but its final assignment awaits more analysis based on higher
resolution data. Although two LH-IIs contain different carotenoid molecules (lycopene in K.
molischianum versus rhodopin glucoside in Rps. acidophila), the overall arrangement of
carotenoid molecules (orientation and position) in the respective crystal structures is very
similar.

It is remarkable that LH-II, as an aggregate of multiple identical of-heterodimers, can
adopt different ring sizes to fulfill its light-harvesting function in nearly the same manner. The
absorption spectra of both LH-II of Rps. acidophila and LH-11 of Rs. molischianum display
similar characteristic B800 and B850 bands (Germeroth e# al. 1993; Leguijt e/ al. 1992).
Spectroscopic measurements suggest similar time constants for energy transfers involving
LH-IIs of both Rps. acidophila and Rs. molischianum (Reddy et al. 1991; Wu et al. 1996; Ma ez
al. 1997). With its simple, symmetric architecture, LH-II constitutes an ideal model system
for studying aggregate formation and adhesive interactions of proteins. Mechanical models
reveal perfect self-complementarity of the of-heterodimers which interlock with each other

forming a circular aggregate (Bailey ez a/. 1998).

2.4 Bacteriochlorophyll pairs in LH-Il and the RC

BChls tend to form closely coupled aggregates in nature. The size of the aggregate varies,
ranging from two in the RC special pair to 16 and 18 in the B850 BChl ring of the LH-IIs
from Rs. molischianum and Rps. acidophila, respectively. The fundamental unit of the
bacteriochlorophyll aggregate is the nearest-neighbor BChl pair. Given the circular aggregate
of B850 BChls in LH-II, there are two types of BChl pairings, i.e. a intra-dimer BChl pair and
a inter-dimer BChl pair. As shown in Fig. 8, each af-heterodimer contains three BChls: B800,
B850a and B850b (in the ellipse enclosed by a solid line). We denote by B850a the B850 BChl
binding to the a-apoprotein, and by B850b the B850 BChl binding to the f-apoprotein (see
Fig. 8). BChl 850a” is bound to the a-apoprotein of the (left) neighboring heterodimer. For
the intra-dimer BChl pair (B850a and B850b) in the LH-II from Rs. molischianum, the
Mg?*-Mg?* distances measure 9-2 A. For the inter-dimer BChl pair (B850a’ and B850b),
the Mg Mg?* distances measure 89 A.

Figure 9 compares the structural arrangement of the intra-dimer B850 BChl pair (top) with
the inter-dimer B850 BChl pair of LH-II from Rs. molischianum (middle), as well as the RC
special pair from Rb. sphaeroides (bottom). The three BChl pairs display distinctively different
conformations. In the intra-dimer B850 BChl pair, ring III and ring V (see Fig. 84) of one
BChl overlap with those of the other BChl in the opposite direction. The tetrapyrrol planes
of the two BChls are nearly parallel to each other with a crossing angle of 167-:0° between the
plane normals. The positive direction of the plane normal (white arrow in Fig. 9) is defined
according to Fig. 8 such that the arrow of the plane normal points downwards in the direction
perpendicular to the plane of paper. In the inter-dimer B850 BChl pair, ring I of one BChl

for clarity. The lycopenes are in yellow. (4) Side view, same color as in (2) with the o helical segments
represented as cylinders. [Produced with the program VMD (Humphrey ¢z a/. 1996) and then rendered
with Rayshade.]
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Fig. 8. For legend see opposite.
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overlaps with that of the other BChl in the opposite direction. The tetrapyrrol planes of the
two BChls are much more tilted against each other, with a crossing angle of 147-9° between
the plane normals.

In the RC special pair, the tetrapyrrol planes of the two BChls are nearly parallel to each
other with a crossing angle of 175:9°. Rings I of the two BChls ovetlap with each other with
a much closer atom to atom distance in comparison with the ring I overlap of the inter-dimer
B850 BChl pair. Furthermore, a careful examination of Fig. 9 indicates that binding of
histidine residues to the central Mg** atoms of BChls in the RC special pair is totally different
from the B850 BChls. Again, we use Fig. 84 as a reference. In the RC special pair, the histidine
residues bind the BChl molecules from down under the plane of figure whereas in the B850
BChls the histidine residues bind the BChl molecules from on top of the plane of figure. The
significance of this difference is not clear at the moment. One consequence of this difference
in BChl ligand binding is that the hydrogen-bonding of the histidine residues in the RC
special pair is sterically hindered. As noted before (Hu & Schulten, 1998), in LH-II from
Rs. molischianum the two histidine residues a-His34 and #-His35, which bind the central Mg**
atoms of the B850 BChls, can actually be involved in hydrogen bonding of the 13'-keto group
(see Fig. 80) of the B850 BChls. As illustrated in Fig. 9, the distance between the Ny; atom
of f-His35 and the 9-keto oxygen of B850a BChl measures 3-6 A and the distance between
the N, atom of a-His34 and the 13'-keto oxygen of B850b BChl is also 36 A.

2.5 Models of LH-I and the LH-I-RC complex

The current inability of the photosynthetic research community to resolve the differences
between the two PSU models (see above) stems from the limitation of low-resolution electron
microscopic data in resolving atomic level details (Karrasch ef a/. 1995; Walz & Ghosh, 1997;
Walz ez al. 1998 ; Tkeda-Yamasaki ez a/. 1998 ; Walz & Grigorief, 1998). Although tremendous
progress has been made in advancing the electron microscopy technique for macromolecular
imaging in recent years (Walz & Grigorieff, 1998), this difficulty of limited resolution may
not be easily overcome for many years to come.

Molecular modeling has proven to be a valuable tool in bridging this gap in structural
resolution (Schlick ez al. 1999; Hu et al. 1998). Modeling of the 3D structure of the
photosynthetic membrane has complemented X-ray crystallography and electron microscopy
in providing the structural organization of the pigment—protein complexes.

According to Model B, LH-I of Rb. sphaeroides has been modeled in Hu & Schulten (1998)
as a hexadecamer of af-heterodimers; the modeling exploited a close homology of these
heterodimers to those of LH-II from Rs. molischianum. The resulting LH-I structure yields an
electron density projection map that is in agreement with an 85 A resolution electron

Fig. 8. Arrangement of BChls in LH-II of Rys. molischiannm (Koepke et al. 1996). BChls are represented
as squares; 16 B850 BChls (gray) are arranged in the inner ring and 8 B800 BChls (black) in the outer
ring. Bars connected with the BChls represent the Q, transition dipole moments of individual BChls,
and the van der Waals spheres show the position of the central Mg?* atoms of BChls. Representative
distances between central Mg®" atoms of B800 BChl and B850 BChl are indicated (in A). The Cartesian
coordinate system is set up such that the eightfold symmetrical axis of the LH-II complex coincides with
the 7 axis, and the x, y axes are in the plane of the paper. (b)) Schematic drawing of BChl @ with the phytyl
tail (R) truncated for clarity. The carbon numbering system is that approved by IUPAC-IUB [TUPAC-
IUB Joint Commission on Biochemical Nomenclature (JCBN), 1986]. [This figure has been produced
with the program VMD (Humphrey e a/. 1996).]
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BSS0h

Fig. 9. Stereographic images of BChl a pairs based on the crystal structure of LH-II from Ruy.
molischianum and the crystal structure of the RC from Rb. sphaeroides. BChls are represented in a licorice
representation with an atomic color coding scheme of C (cyan), N (Blue) and O (red). Green spheres
represent the central Mg®" atoms. Red dashed lines represent the metal ligation bond between Mg®* and
the N atom of histidine, and white dashed lines represent potential hydrogen bonds (see text). Also
shown are histidine residues that are ligands of the central Mg®" atoms of BChl 4. The white arrow
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LH-II

Fig. 10. Arrangement of pigment—protein complexes in the modeled bacterial photosynthetic unit
(PSU) of Rb. sphaeroides. o- Apoproteins of both LH-I and LH-II are colored in blue and f-apoproteins
in magenta, and the L-, M-, H-subunits of RC in yellow, red, gray, respectively. All the BChls are shown
in green, and carotenoids in yellow. [Produced with the program VMD (Humphrey ez a/. 1996).]

microscopy projection map for the highly homologous LH-I of Rs. rubrum (Karrasch es al.
1995). The LH-I contains a ring of 32 BChls referred to as B875 BChls according to their main
absorption band. The Mg®*—Mg®" distance between neighboring B875 BChls is 9-2 A within
the aff-heterodimer and 9-3 A between neighboring heterodimers.

The modeled LH-I has been docked to the photosynthetic RC of Rb. sphaeroides by means
of a constrained conformational search (Hu & Schulten, 1998), employing for the latter the
structure reported in (Ermler e al. 1994).

2.6 Model for the PSU

Figure 10 presents a model of the PSU for Rb. sphaeroides. Only eight LH-1Is are shown. The
actual photosynthetic apparatus can contain up to about ten LH-IIs around each LH-I, with
the number of LH-IIs varying according to growth conditions such as light intensity and

represents the normal of the BChl plane; the positive direction of the plane normal is defined according
to Fig. 8 such that the arrow of the plane normal points downwards in the direction perpendicular to
the plane of figure. Top: intra-dimer BChl a pair; middle: inter-dimer BChl a pair; botton: RC special
pair.
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temperature. The unit has been constructed using the modeled LH-I-RC complex from Ré.
sphaeroides (Hu & Schulten, 1997; Hu ef a/l. 1997), and a model structure of LH-II from Rbé.
sphaeroides. Since electron microscopy observations suggest that the LH-II of Rb. sphaeroides
contains nine af-heterodimers (Walz ef a/. 1998), instead of eight as in the LH-II of Rs.
molischianum, LH-11 of Rb. sphaeroides, as shown in Fig. 10, has been constructed as a nanomer
of aff-heterodimers by means of homology modeling using the of-heterodimer of LH-II
from Rp. acidophila as a template. For this purpose, the modeling protocol developed and
successfully applied previously (Hu ez a/. 1995a; Koepke e7 al. 1996; Hu & Schulten, 1998)
was utilized.

3. Excitation transfer in the PSU

The PSU is a protein aggregate of overwhelming complexity. The task of connecting its
structure to the light-harvesting /excitation funneling function, as depicted in Fig. 2, appears
formidable. However, it is the chromophores that carry out the function of photon fueling
and excitation transfer; the proteins in the PSU serve mainly a structural role, as a scaffold
for the chlorophyll and carotenoid chromophores. In Fig. 11, the arrangement of
chromophores without the surrounding protein components is shown for a minimal PSU,
which contains the LH-I-RC complex and only three of the surrounding LH-IIs in the PSU.
One can discern a hierarchical aggregate of the BChls, organized into rings of 18 closely
coupled (B850) and nine loosely coupled (B800) BChls in the peripheral LH-IIs surrounding
a large ring of 32 closely coupled (B875) BChls of LH-I which in turn surrounds four
chlorophylls of the RC. Close proximity of carotenoids with BChls in LHs can also be
recognized.

The two most prominent features of the pigment organization are the ring-like architecture
of the BChl aggregate within individual pigment—protein complexes LH-II and LH-I, and the
coplanar arrangement of the B850 BChls of LH-II, the B875 BChls of LH-I, as well as the
RC special pair and the accessory BChls. An analysis of the LH-I and LH-II structures as
reported in (Hu ¢z a/. 1997; Hu & Schulten, 1998) indicates that each BChl of the B850 ring
of LH-II and of the B875 ring of LH-I is non-covalently bound to three side-chain atoms of
the a- or f-apoprotein such that the BChls are held in a rigid orientation, underscoring the
relevance of the arrangement shown in Fig. 11.

One may want to conclude at this point that the structural model implies an obvious
answer to the question how photons are fueled into the BChl system and electronic excitation
is funneled to the RC. The coplanar arrangement of the BChls and, consequently, of their
transition dipole moments is optimal for excitation transfer between BChls. Pigments with
higher excitation energies are located at the periphery of the system, thus ensuring the desired
flow of electronic excitation LH-II - LH-I-RC. However, the intuitive appeal of the
aggregate architecture in Fig. 11 can not be confused with a sound understanding, which
requires that one applies the laws of physics to the chromophore aggregate shown, and
investigates the emergent properties as well as their relationship to the function of the PSU.
The efficient transfer of electronic excitation from the periphery to the center is hardly a
foregone conclusion. The steps necessary to describe migration of excitation and to determine
the overall efficiency of excitation trapping in the PSU are outlined in the following.

First, one must concede that the system of 200-300 BChls and about 100 carotenoids is too
large to be described ab initio on the basis of quantum physics. The system needs to be divided
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Fig. 11. Pigment organization in a minimum photosynthetic unit consisting of RC, LH-I and LH-II.
BChls are represented as squares. LH-II contains two types of BChls, commonly referred to as B800
(dark blue) and B850 (green) which absorb at 800 and 850 nm, respectively. BChls in LH-I absorb at
875 nm and are labeled as B875 (green). P, and Py refer to the RC special pair, and B,, B, to the
accessory BChls in the RC. The figure demonstrates the co-planar arrangement of the B850 BChl ring
in LH-II, the B875 BChl ring of LH-I, and the RC BChls P,, Py, B,, B, [Produced with the program
VMD (Humphrey e al. 1996).]

A A

into components, with proper justification that the necessary division does not essentially
alter relevant properties. Fortunately, the aggregate shown exhibits a distinct hierarchy of
spatial and interaction energy scales. Chromophores within the individual LH-II, LH-I and
RC units are spatially closer and likely more tightly coupled than are chromophores
belonging to different units. If the latter assertion holds true, it allows one to separate
excitation transfer between chromophores within one pigment—protein complex from
excitation transfer between chromophores from different pigment—protein complexes. Thus,
the individual pigment—protein complexes are natural components for a first division of the
PSU. To divide these components into further subcomponents, one has to analyze the spatial
arrangement of chromophores with a finer measure. In fact, only a part of the chromophores,
the conjugated m-electron system, is directly involved in light absorption and excitation
transfer. The relative arrangement of the conjugated systems, rather than that of the complete
chromophores, is shown in Fig. 12 for the chromophores in LH-II.

One can discern that an individual pigment—protein complex can be divided in up to three
types of subcomponents, namely B800 BChls (only present in LH-II), rings of BChls and
carotenoids. The conjugated systems of B800 BChls are well separated from each other and
from the ring of BChls and are likely well described as individual BChls. In contrast, the
conjugated systems of BChls within the ring are in very close contact, as indicated by the
overlapping surfaces in Fig. 12, suggesting that the entire ring of BChls should be described
as a single system. The conjugated systems of carotenoids appear to be spatially separated far
enough from BChls to justify their description as individual systems rather than as parts of
a combined BChl-Car system. However, because of their close contact with several BChls,
the resulting interaction requires a detailed description and the assumed separation of
carotenoids from BChls requires special scrutinization. On the basis of the spatial arrangement
depicted in Fig. 12, one can identify individual BChls, rings of BChls, and carotenoids as
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Fig. 12. Spatial arrangement of the conjugated mt-electron systems of the chromophores within the LH-
II complex from Rs. molischianum. The conjugated systems are represented in MSMS surface
representation, generated with the program VMD (Humphrey e# a/. 1996). For clarity, only 4 of the 8
B800 BChls (blue) and 1 of the 8 carotenoids (yellow) present in LH-II are shown. The conjugated
systems within the ring of B850 BChls (green) appear to be connected to each other. Conjugated systems
of carotenoids are in close contact with B800 BChls and the B850 BChl ring. The spatial arrangement
suggests that individual (B800) BChls, rings of BChls, and carotenoids can serve as three fundamental
building blocks into which the PSU can be divided.

fundamental building blocks for the PSU. In the RC, the system of closely connected special
pair BChls and accessory BChls can be considered to be a fourth kind of building block.

Having divided the PSU into the above-mentioned building blocks, one needs to describe
their respective electronic excitations. However, even these building blocks are too large for
a truly fundamental description. Rather, so-called semi-empirical descriptions need to be
evoked or so-called ab-initio methods with a high degree of simplification, the choice of which
implies also a strong empirical component. Since chlorophylls and carotenoids have been
investigated intensely for decades by means of semi-empirical methods (Gouterman, 1961;
Thompson & Zerner, 1991), one treads here on fairly safe ground. The most intriguing
building blocks of the PSU are the rings of BChls. To understand the primary processes of
light absorption and excitation transfer in the PSU, it is important to characterize the
electronic and optical properties of the BChl rings upon electronic excitation. However, even
the most extensive semi-empirical calculations can only describe excitations of the smaller
B850 BChls rings in the PSU due to computational limitations. To overcome this limitation,
one has to develop a less expensive description which recovers the essential features of
electronic excitations in circular BChl aggregates. This can be achieved through a simple and
intuitive effective Hamiltonian description (Hu ez a/. 1997).

With the knowledge of electronic excitations, the next step towards an understanding of
the PSU is to describe the excitation transfer processes between the building blocks. An
immediate problem arises. Radiationless excitation transfer processes, as they occur in the
PSU, are mediated through the vibrational states of the participating molecules and thus
require a description of the vibrational states associated with the respective electronic

transitions. The computational and conceptual challenges involved in a description of the
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vibrational states render a purely theoretical description difficult and such a description has
been achieved only very recently (A. Damjanovic e a/. In Press). However, the application
of the needed theory is very cumbersome. Fortunately, the theory of radiationless excitation
transfer points to a way to circumvent the problem of describing the vibrational states. In
determining the rate for an excitation transfer processes, one can separate the effect of the
purely electronic transitions, described by an electronic coupling term, from the effect of the
vibrational states, described by a spectral overlap integral. As shown by Forster (1965), the
spectral overlap integral can be determined through measurement of the absorption and
emission spectra of the participating molecules, which are both experimentally readily
accessible quantities for chromophores. Such treatment assumes implicitly that excitation
transfer processes are slow enough for the vibrational degrees of freedom to be in thermal
equilibrium.

Theory can provide an estimate of the electronic coupling between chromophore moieties
(chlorophylls, carotenoids), which is the essential quantity to describe the effect of geometries
on the excitation transfer rates. The size of the couplings will also be a crucial test to
determine whether the above division of the PSU into building blocks, based solely on
observation of the structure, can be justified on theoretical grounds. As in the description of
electronic excitations, the level of detail of the theory has to be adjusted to the size and spatial
relation of the molecules involved. The most detailed theoretical description of electronic
couplings is required for excitation transfer between the closely spaced carotenoids and
BChls. For transfer between individual B800 BChls, the comparatively large distance between
the chromophores allows one to evoke a multipolar approximation, leading to a much
simplified description of electronic couplings. This description can then be extended to
describe electronic couplings between rings of BChls.

With the theory to describe excitation transfer between all building blocks in the PSU, the
description of their electronic excitations, the knowledge of the geometry, and spectroscopic
information on absorption and emission, the rates for all excitation transfer steps in the PSU
can be calculated (Damjanovié ez a/. 1999). By combining the rates for all individual transfer
steps into a Master equation, one can formulate a kinetic model of excitation migration in the
PSU (Ritz et al. 2001). This kinetic model allows one to predict systemic properties of the
complete PSU, such as the average time and the quantum yield of excitation trapping in the
RC. The computational task involved in the suggested theoretical investigations is formidable
and the results necessarily complex, but the investigations reported in (Damjanovié ez al.
1999; Ritz et al. 2001) have overcome the main obstacles. A further caveat lies in the fact that
the structure shown in Figs 11 and 12 is a static, stroboscopic view, and a highly idealized
one in regard to the symmetry of the individual units. The actual system may vary greatly
from the crystal structures. For example, the LH-I ring surrounding the RC may actually be
severely distorted in its shape by the RC or exhibit a C-shaped instead of a ring structure in
some species (Jungas et al. 1999). Since LHs are most likely assembled in the membrane, a
fraction of LHs may exhibit incomplete ring structures. Even complete rings may show static
distortions from the idealized ring symmetry due to interactions with the membrane or
neighboring LHs. The effect of static disorder on spectral properties of LHs has been
described in (Sener & Schulten, In Press) and in the work referenced therein. Furthermore,
the systems are subject to thermal motion which distort the imposed symmetries. The
physical description achieved must be subjected to the above-mentioned distortions in order

to discern what features of the description are robust against thermal motion and shape
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changes. In a ground-breaking investigation (A. Damjanovic¢ e a/. In Press) combining
molecular dynamics simulations, quantum chemistry calculations, and an analysis in the
framework of the polaron model with input from the afore-mentioned calculations, the
spectral properties of a thermalized system of B850 BChls in LH-II from Rs. molischianum was
successfully described.

3.1 Electronic excitations of BChls
3.1.1 Individual BChls

Electronic excitations of individual BChls have been determined through INDO-CIS
calculations (Cory et a/. 1998). The two lowest excitations are labeled Q, and Q, and are
calculated to lie at 751 and 551 nm, respectively. The Q,, excitation is characterized by a strong
transition dipole moment approximately along the so-called long y-axis which passes through
the pyrrol rings I and IIT (cf. Fig. 8). A complete analysis of the INDO-CIS results reveals
higher energy excitations corresponding to the Soret or B band. However, these states should
not play a role for excitation migration since they are out of resonance with other relevant
electronic excitations, but these states may absorb light and fuel its energy into the light-
harvesting system. The INDO-CIS method had proved earlier to be satisfactory for the
description of electronic excitations of chlorophylls (Thompson & Zerner, 1991). The
energies of the QQ-band excitations agree within 20 nm with those measured through
absorption spectroscopy of BChls in solution. However, a shortfall of CIS methods is that
they generally overestimate the size of Q, transition dipole moments. For BChl 4, the
experimentally determined values of Q, transition dipole moments range from 6'1 to 7:7 D
(Sauer et al. 1966; Visscher ef al. 1991; Pearlstein, 1992), the calculated value is 11 D (Cory
et al. 1998). This error has to be taken into account when deriving conclusions about coupling
strengths on the basis of CIS results, since coupling strengths are closely related to the

transition dipole moments.

3.1.2 Rings of BChls

3.1.2.1 Exciton states

The B850 BChls of LH-II and the B875 BChls of LH-I can be represented as circular
aggregates of 2NN BChls where N = 8 for LH-II from Rs. molischianum, N =9 for LH-II
from Rps. acidophila, and N = 16 for LH-I from various species. Due to the dimerization of
the BChls, reflected in the structures (McDermott ez a/. 1995; Koepke et al. 1996; Hu &
Schulten, 1998) and interactions between electronic excitations of the individual BChls the
BChl aggregates in LH-II exhibit only an N-fold symmetry.

Quantum chemical treatments of the B850 aggregate based on the coordinates of LH-II
crystal structures have been carried out by several groups (Sauer ez al. 1996; Alden ez al. 1997;
Cory et al. 1998; A. Damjanovic et al. In Press). For the most extensive calculation up to date,
the semi-empirical INDO-CIS method (Cory ez a/. 1998) has been employed to describe the
B850 hexadecamer from Rs. molischianum (Cory et al. 1998). Starting from the crystal structure,
the phytyl tails of the BChls have been truncated to limit each BChl to 44 atoms. The B850
hexadecamer studied included 704 atoms and over 2000 electrons, the CI expansion included

4096 configurations.
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Fig. 13. (a) Low-energy part of the spectrum of the circular hexadecameric B850 BChl aggregate
according to INDO-CIS calculations (Cory e7 a/. 1998). (b) Spectrum of the same aggregate according
to the effective Hamiltonian description (Hu ez a/. 1997).

The low energy part of the spectrum resulting for the ring of 16 B850 BChls is presented
in Fig. 13(a). The energy levels are coherent superpositions of individual BChl excitations,
so-called excitons (Knox, 1977). One can discern that the spectrum presented in Fig. 13
exhibits two bands of different width. The existence of two bands is due to the above
mentioned dimerization of BChls, the difference in width is due to the influence of long-range
interactions between non-neighboring BChls. The INDO-CIS calculation incorporated the
influence of Q,, Q, and Soret excitations of individual BChls as well as of so-called charge
resonance states. An analysis of the CI expansion of the states shows that the Q, excitations
of individual BChls have the dominating influence on the shape of the low-energy part of the
spectrum displayed in Fig. 13. However, the interaction of Q, excitations with the high-lying
charge resonance states results in a noticeable depression of the lowest exciton state due to
level repulsion.

The most significant characteristic of the exciton spectrum shown in Fig. 13 is the splitting
of energy levels over a range of more than 2500 cm™'. The presence of this so-called exciton
splitting has far reaching implications for the excitation transfer properties of BChl rings. It
enhances the spectral overlap of higher lying carotenoid or B800 excitations with the B850
or B875 BChl aggregates, and, thus, speeds up excitation transfer towards the BChl rings. The
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excitation energies of individual BChls of the B850 system of LH-II from Rs. molischianum
were calculated for every 2 fs time window of a molecular dynamics run (A. Damjanovic¢
et al. In Press). The resulting excitation energies and coupling energies were then used in a
subsequent linear response theory as well as a polaron model description of the exciton

system.

3.1.3 Effective Hamiltonian

Since the B850 BChl spectrum in Fig. 13(#) arises mainly from interactions between the BChl
Q, excitations of individual BChls, one may ask in how far a reduced description in terms of
just these excitations would reproduce the INDO-CIS results in which thousands of other
excitations have been accounted for. Such reduced description (Hu e al. 1997; Ritz et al.
1998b, 2001; Damjanovi¢ ef a/. 2000a; Sener & Schulten, In Press; A. Damjanovié ef al.

In Press) can be formulated in terms of Q, excitations of individual BChls,
/> = [BChl, BChl, -+ BChI* -~ BChl,\> (j=1,2, ..., 2N), 1)

Here, BChI}" describes the jth BChl being in the Q, excited state, whereas all other BChls are
in the electronic ground states.
An exciton state |z is then expressed as a linear superposition of the individual Q,

excitations |/,

|”> = [nj |/> (2)

The expansion coefficients ¢,; are obtained by solving the eigenvalue problem of a 2N X 21N
effective Hamiltonian < j|F1|£). The diagonal elements < j|H|/» = € account for the excitation
energy of the Q, state. For non-nearest-neighbor BChls ; and £, associated interactions
(jIF|£Y should be well approximated by dipole-dipole coupling terms

(iHEY = €

d, .ﬁ{d,c_3<rjk.dj) Ged) ) oy, 5

rj,c rjlc

where d; are unit vectors describing the direction of the transition dipole moments of the
ground state - Q, state transition of the jth BChl and r;; is the vector connecting the centers
of BChl j and BChl 4. C is a parameter, yet unspecified, related to the dipole strength of the
ground state - Q, transition. The induced dipole-induced dipole coupling does not account
well for interactions between neighboring BChls because the dipolar term is not the leading
term for cases in which the extension of the molecules (5 A) is only slightly smaller than the
distance between the molecules (9 A). Due to the N-fold symmetry of BChl aggregates, the
respective matrix elements {/|H|/j+ 1) assume only two different values, namely, », (v,) for
odd (even) ;. The Hamiltonian is then specified through four parameters, €, vy, v,, C. For the
B850 hexadecamer of LH-II from Rs. molischianum, these parameters can be chosen such that
the spectrum resulting from the matrix {j|H|&) reproduces exactly the bandwidths, defined
through the levels |N1§, |73§, ES, and Tl\GS, from the spectrum of the full INDO-CIS
calculation. The spectrum is shown in Fig. 134. The corresponding parameters are € =
13242 cm™, v, =790 cm™, », = 369 cm™! and C = 505644 A% em™,

> 5
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It is not surprising that the effective Hamiltonian description does not reproduce the
energy gap A between the lowest exciton state ﬁ; and the pair of degenerate exciton states
T2$, |~3~> well, since charge resonance states were not included in the description. The energy
gap A measures only 225 cm™! in the effective Hamiltonian picture, compared to 422 cm™" in
the INDO-CIS calculation. Apart from this feature, the spectrum from the INDO-CIS
calculation is reproduced remarkably well by the effective Hamiltonian, especially if one takes
into account that the effective Hamiltonian operates with a basis set which is almost three
orders of magnitude smaller than that of the INDO-CIS Hamiltonian. It should be noted that
the effective Hamiltonian description presented here is the minimal description which is
required to reproduce the band widths from the INDO-CIS description. Effective Hamiltonian
descriptions, in which the dimerization or non-nearest-neighbor interactions are neglected
(Pearlstein & Zuber, 1985; Novoderezhkin & Razjivin, 1995; Hu ez a/. 1995b, Dracheva ez
al. 1996) will result in spectra with significant qualitative differences, such as the occurrence
of only one band or of two symmetric bands. The effective Hamiltonian as described reflects
the ideal symmetry of the B850 system of an LH-II ring at equilibrium. The effective
Hamiltonian description can be naturally extended to account for non-symmetric LH-IIs. For
example, one can assume an ensemble of LH-IIs, each described by effective Hamiltonians
with different local excitation energies €; as done in Hu ez a/. (1997). One can assume random
Hamiltonians in all matrix elements as studied systematically in Sener & Schulten (In Press).
The latter study demonstrated that the spectral properties of random ensembles of effective
Hamiltonians show universal properties, e.g. the resulting spectra depend only on the r.m.s.

value of matrix elements, not on the type of randomness.

3.1.4 Optical properties

A key feature of the electronic excitations connected with the B850 BChl spectrum in Fig. 13
is the distribution of oscillator strength of the exciton states. The dipole strength is
proportional to the square of the transition dipole moment of a state. The transition dipole

moment associated with the exciton state |7 is
D,=) ¢,d )

where d; denotes the transition dipole moment of the single BChl transition |/, and ¢,; are
the expansion coefficients as defined in Eq. (2). It can be shown that in aggregates of 2N BChls
with perfect 2N-fold circular symmetry and coplanar arrangement of BChl transition dipole
moments, only the energetically degenerate pair of exciton states |F2‘>, |P3N> carry non-zero
dipole strength. FEach of these two states carries equal dipole strength, namely N times the
dipole strength of an individual BChl Q, transition. The latter property reflects the sum rule
that the sum of all dipole strengths of the exciton band system must be equal to the sum
of dipole strength of the individual Q, transitions (Hu e a/. 1997).

The distribution of dipole strength can have important functional implications: excitation
of the B850 BChl system would result, after thermal relaxation, in the preferential population
of the energetically lowest exciton stateTl\S which is optically forbidden due to its vanishing
dipole strength and, hence, is prevented from wasteful fluorescence. One may, however,
argue that this property is of lesser importance in the native photosynthetic unit because all

excitation transfer processes (< 10 ps) are fast compared to the lifetime of the BChl Q, state
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(1 ns), so that fluorescence does not lead to a significant loss of energy. Nevertheless, the
generation of an energy trap is a remarkable property of circular BChl aggregates and can be
of importance under conditions in which excitation is not quenched efficiently.

We note that the theoretically predicted super-radiance, i.e., the enhancement of the dipole
strength due to exciton delocalization, has been observed in recent measurements of the
nonlinear absorption and of the differential optical density spectrum of LH-II from several
species (Leupold ez al. 1996, 2000; Stiel ez al. 1997). Most notably, the B850 band of LH-II
from Rs. molischianum has been shown to exhibit two perpendicular transition dipole
moments, each of 17-8 £ 0-9 D (Leupold ¢# a/. 2000). For exciton delocalization over the entire
circular aggregate of 16 B850 BChls, theory predicts that the transition dipole moments of
the exciton states |7>, F} are perpendicular to each other and have a value of \/§|d].|.
Assuming a value for the individual transition dipole moments of 6-3 D, this would
correspond to a value of 17-8 D for the exciton states, in perfect agreement with the
experiment. Exciton delocalization over a large part of the BChl aggregate is also consistent
with results of single-molecule fluorescence-excitation spectroscopy of isolated single LH-II
complexes (van Oijen ez al. 1999). Two broad and intense bands of the B850 BChl ring were
observed in all fluorescence-excitation spectra. The transition dipole moments of these two
bands were mutually orthogonal, as expected for exciton delocalization over a significant part
of the aggregate. However, the extent of super-radiance found in the above-mentioned
experiments could not be reproduced in all other experiments. Time-resolved nonlinear
absorption spectroscopy measurements suggest considerably smaller super-radiance values

(Monshouwer ef al. 1997). The reason for this discrepancy is not clear.

3.1.5 The effect of disorder

The properties of the B850 BChl system outlined above hinge on the ideal eightfold symmetry
axis of LH-II of Rs. molischianum. Distortions would alter the dipole strength distributions as
well as the distribution of exciton levels. In particular, one expects that the degeneracy of the
strongly allowed exciton states |~2~>, T?B will be lifted when the ring symmetry is broken.
Furthermore, some of the dipole strength of these states will be redistributed to other,
originally optically forbidden transitions, in particular the lowest exciton state, and the
exciton states T(;S, T7> In fact, a splitting of the states TT}, TT} by (on average) 110 cm™* has
been observed in single molecule spectroscopy experiments (van Oijen ef a/. 1999; Ketelars
et al. 2001) at low temperatures. The higher energetic of the two states has a weaker intensity
with the intensity ratio between respective transitions ranging from 0-3-0-7 (Ketelars ez al.
2001). Similarly, the results of nonlinear polarization spectroscopy in bacteria other than Rs.
molischianum show a splitting between the dominating transitions, e.g., by 140 cm™" in LH-II
from Rb. sphaeroides. The intensity of the two respective bands is clearly different (Leupold
et al. 2000).

The effect of breaking of the circular symmetry is also manifested in the exciton
delocalization length; for ideal circular complexes this length would cover the entire
aggregate (i.e. 16 BChls in case of Rs. molischianum). The effect of disorder is to reduce this
delocalization length to smaller number of BChls, i.e. distribute dipole strength more equally
among various excitonic levels. There have been vastly different estimates of exciton
coherence length in LH-II reported in literature (Leupold e a/. 1996; Pullerits ez al. 1996;
Chachisvilis ez a/. 1997; Jimenez et al. 1997; Kennis et al. 1997; Monshouwer ¢t al. 1997,
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Novoderezhkin ez a/. 1999), ranging from two BChls (Jimenez ¢/ al. 1997) to the full length
of the ring (Leupold ez a/. 1996). A natural explanation for some of the different estimates of
delocalization length is the temperature at which the experiment is performed, but no
consensus on this problem has been reached yet.

One needs to ask which type of distortions can result in the observed intensity and energy
differences of the dominating transitions, and explain the observed delocalization lengths. We
will distinguish four types of distortions and describe their effects on the optical properties
of BChl aggregates, in particular, on the distribution of dipole strength and energies of the
originally degenerate and strongly allowed states TZS, TBS

First, the native system can have a structure which deviates principally from the crystal
structure. For some species of purple bacteria, e.g., Rb. sphaeroides, LH-1 complexes in native,
LH-II-less membranes are C-shaped and not ring-shaped (Jungas ez a/. 1999). Furthermore,
the LHs in the membrane may be in a dynamical equilibrium between complete, ring-shaped,
LHs and complexes in the process of being built, which consequently lack one or more of
their subunits, or, while already containing all of their subunits, are not closed yet, i.e., that
the distance between two of their subunits may be considerably larger than that between other
subunits. In all of the latter cases as well as in the case of the C-shaped LH-Is, the respective
BChl aggregates do not exhibit a full circular symmetry, but retain only one symmetry axis.
One can easily adopt the effective Hamiltonian description to such cases. For example, if one
assumes that the LH-I ring in Rb. sphaeroides consists of 24 BChls arranged on three quarters
of a circle, as suggested in (Jungas ez al. (1999), the effective Hamiltonian predicts a split of
122 cm™ between the exciton levels TZS, BS and dipole strengths differing by a factor of 4.
Details of the energy and dipole splitting vary, depending on the number of missing BChls
(Hu et al. 1997), but the important fact is that disruptions of the nature described here result
in a significant splitting of energies and dipole strengths of the originally degenerate and
allowed exciton states which is consistent with the above-mentioned experimental
observations.

The authors of the first single molecule spectroscopy experiments on LHs (Bopp ¢7 a/.
1997, 1999; van Oijen e al. 1999) have proposed that BChl aggregates may be deformed into
ellipses, i.e. a C, symmetrical deformation. Group theory shows that in BChl aggregates with
a C, symmetry there will always be pairs of exciton states with identical intensity. Only a
further breaking of the C, symmetry, so that not more than one symmetry axis is retained,
will lead to the observed splittings in intensity of the TZS, BS levels. It is important to notice
that the effect of an elliptical deformation will be different depending on the initial symmetry
of the BChl aggregate. In a BChl aggregate with C, symmetry, such as the B850 BChl
aggregate in LH-II from Rps. acidophila, the elliptically deformed aggregate will only retain
one symmetry axis. However, for a BChl aggregate with Cg symmetry, such as in LH-II from
Rs. molischianum, the elliptically deformed aggregate will still be C, symmetric. If an elliptical
deformation is the cause of the disorder, a difference in intensity of the allowed bands should
therefore only be observed in Rps. acidophila, but not in Rs. molischianum, where the intensity
of the respective bands should be the same. Single molecule spectroscopy experiments at low
temperatures on LH-II from Rs. molischianum could shed light on the type of large-scale
distortions present in LHs.

Calculations suggest that the size of the elliptical deformation must be at least d7/ry = 7 %
in order to explain the observed splittings in energy and intensity in LH-II from Rps.
acidophila (Matsushita ez a/. 2001). While electron microscopy suggests that LH-Is can be
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deformed into shapes with C, symmetry (Stahlberg e a/. 1998), it yet remains to be seen
whether the much more compact LH-IIs can be deformed into ellipses to the degree required
by theory. Likewise, it remains to be seen whether an opening of LH-II rings can occur in
the membrane.

The two types of distortions discussed above are static in nature and include a considerable
rearrangement of the protein scaffold holding the chromophores. In contrast to these large-
scale distortions, smaller distortions of the circular symmetry occur due to interaction of
the molecular system with its environment, in this case the thermally agitated protein. These
variations will result in a change of the BChl binding energies, positions and orientations,
while retaining an approximate circular symmetry. A variation of binding energies results in
variations of the effective Hamiltonian diagonal elements (diagonal disorder), a variation of
BChl positions and orientations results in variations of the off-diagonal elements (off-diagonal
disorder).

The effect of the environment on absorption properties and exciton dynamics depends on
the timescale of protein motions and chromophore vibrations compared to the characteristic
times for an observed dynamical process (absorption, fluotescence, excitation transfer). The
slow modulating processes can be modeled as static. The static disorder has been modeled in
Hu ¢t al. (1997) by randomizing the diagonal elements of an effective Hamiltonian and
carrying out an effective Hamiltonian description numerically for a large ensemble of
randomized Hamiltonians. With increasing disorder, the energetic splitting of the exciton
levels T2§,T3§ becomes significant. However, only for very large disorder is significant dipole
strength redistributed to other exciton levels. In all cases, the dipole strength of the exciton
levels |7>, T?; is identical. Using a distribution consistent with the inhomogeneous
broadening measured by hole-burning spectroscopy (Reddy e# a/. 1992), the effect of diagonal
disorder on exciton delocalization and dipole strength distribution was found to be
noticeable, but small. Static off-diagonal disorder shows similar effects (Wu ez a/. 1997, Wu
& Small, 1998; Jang ez al. 2001).

The picture presented so far treated the slowly changing, or static distortions, and is
expected to hold at low temperatures. The dynamic (or often called thermal) disorder, due
to its rapidly modulating nature requires a conceptually different and technically extremely
difficult treatment. In addition to knowledge of the magnitude of variation of diagonal and
off-diagonal matrix elements of effective Hamiltonian, the timescales of their fluctuations need
to be determined. The modulation of the diagonal matrix elements of the Hamiltonian can
be thought of as originating from several high-frequency intramolecular vibrational modes,
as well as low-frequency modes which arise through the coupling to the protein surrounding.
Here, each mode is characterized with its own coupling strength and timescale.

Due to extreme difficulties in parameterization of all of the vibrational modes, several
approximate methods have been invoked; by representing the dynamic fluctuations as
dichotomic Markov processes, Barvik ez a/. (1999) and Bakalis ¢/ a/. (1999) have studied the
combined effect of dynamic and static disorder on absorption line-shapes of circular molecular
aggregates, for various model parameters describing coupling strengths and timescales of the
disorder. A path integral approach (Ray & Makri, 1999), modeling the dynamic disorder as
an Ohmic bath, suggested that the excitonic delocalization over the entire aggregate (and
therefore distribution of dipole strength into only two excitonic levels) is lost, and that the
excitons in LH-II are delocalized over 2-3 BChls.

Recently, a combined molecular dynamics/quantum chemistry approach (A. Damjanovié
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et al. In Press) has been used to identify the timescales and amplitudes of the fluctuations of
the matrix elements of the Hamiltonian. Fluctuations of the off-diagonal matrix elements were
modeled directly from molecular dynamics data. To describe variation of excitation energies
of individual BChls (diagonal matrix elements), quantum chemistry calculations were
performed, based on the structures emerging from molecular dynamics. The results showed
that the fluctuations of diagonal matrix elements are two orders of magnitude larger than the
largest fluctuations of the off-diagonal elements. The combined molecular dynamics/quantum
chemistry approach allows one to directly determine coupling strengths and frequencies of
all the chromophotre and protein vibrational modes that are coupled to an electronic
transition, without invoking any approximations. The obtained information is contained in
a physical quantity called the spectral density. The authors in Damjanovié¢ ef a/. (In Press)
have calculated the spectral density from molecular dynamics and quantum chemistry data,
and in the framework of a polaron model determined the absorption spectrum of the B850
system in LH-II of Rs. molischianum. Furthermore, the authors found that the excitons are
delocalized over 5 BChls.

3.2 Theory of excitation transfer
3.2.1 General theory

Excitation transfer between an initially excited donor D* and an initially unexcited acceptor
A, D*+A—>D+ A*, is a radiationless transition process (Forster, 1948). The excitation
transfer occurs from a manifold of vibrational and bath states, associated with the excited
electronic state of the donor, into a manifold of vibrational and bath states associated with
the electronic ground state of the acceptor. The wavefunctions of the initial and the final
states can be expressed, in the Born-Oppenheimer approximation, as a product of the

electronic wavefuncion ¢ and of the vibrational wavefunction y,
Vo Wy =Y yaxwp) x(my), Q)

W = Y e x () X (). (6)

Figure 14 presents a scheme of energy levels of a donor and of an acceptor molecule. The
parameters w, and wy, describe the continuum of vibrational and bath states associated with
the donor ground and excited state, respectively. Similarly, », and w¥ describe the continuum
of vibrational and bath states associated with the acceptor ground and excited state,
respectively. The energy E is transferred between the donor and the acceptor whose
zero—zero transition energies are E(0-0) and E,(0-0) respectively.

In the case that the electronic coupling 17}, is so weak that inter- and intramolecular
relaxation processes occur on a timescale faster than excitation transfer, the rate of excitation

transfer can be described according to the Golden Rule rate expression
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Fig. 14. Energy level scheme of a donor and of an acceptor molecule. The enetgies wy,, w} w, and w¥
describe the continuum vibrational and bath states associated with the ground and the excited states of
donor and acceptor, respectively. The energy that is transferred between the donor and the acceptor is
denoted by E, while E,(0-0) and E,(0-0) label the zero—zero transition energies of donor and of
acceptor respectively.

Here, gh(w}) and g,(»,) denote the multiplicity of the vibrational levels. It is assumed that
the vibrational states are in thermal equilibrium, which is made explicit in Eq. (8) by
weighting the vibrational state densities with Boltzmann factors and employing the partition

functions Z%, 7., defined as

7= j A g () exp(— % T),

i|)=u (8)
Z,= J dw,g\(w,) exp(—w, [k T).
The interaction matrix Uy, in Eq. (8) can be expressed as
UT)A G S NI % JOO2 )

Here, as above, 17}, represents the Coulomb interaction that causes the transition. The
wavefunctions of the initial and the final states can be expressed, in the Born-Oppenheimer
approximation, as a product of the electronic wavefunction ¥ and of the vibrational

wavefunction Y,
Y,.Y, = wD*WAX@/J’E)X(”/A)a (10)
Y,¥Y,. = tzf/fA*X<wD>X<wj\<)' (1)

The interaction matrix Uy, can in turn be approximated by a product of the purely electronic

transition matrix element and two vibrational overlap terms, the Franck—Condon factors,

UYT)AQ’/LTT)A<X<W?)|X(WD)> <X(”/A|X<”/f)>, (12)
where
Upa = <1f//T)*1//A|VT)A|¢D1/,A*> (13)

denotes the purely electronic part of the coupling. This simplification is known as the Condon
approximation. It is possible whenever the electronic transition matrix elements depend only

weakly on the nuclear degrees of freedom.
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The rate for excitation transfer &y, can now be rewritten as

27
kps = ? |UDA|2 Jpas (14

where all parameters related to the vibrational states are combined in the integral [}, defined

as

Joa= r dEGL(E) G \(B). (15)

E=

Gp(E) and G,(E) are defined as

Go(E) = J " At [g%")(w}'i)CXP(—WE/éBT)I<x(w§)|X(wD)>|2}’

Z*
LV ’ 16)
e [F g [80esp(—r DI I EP (
A(B) = W\ 7% s
wpa=0 ~ A
where
wy, = Ep(0-0)+wi—E,
17
W% = — E,(0-0)+w, +E. a7

By virtue of definition, G, (E) and G, (E) are normalized to unity on an energy scale. G, (E)
and G, (E) are lineshape functions that can be understood as densities of states which
combine the respective ground and excited states. They are often called the Franck—Condon
weighted and thermally averaged combined densities of states.

Forster (1965) showed that the lineshape functions G, (E) and G, (E) can be related to the

molar extinction coefficient €, (E) and the fluorescence spectrum f;, (E) according to

21N,

(E)=—"—|D,|PEG,(E
6A< ) 3 lnlth”[ | A| A( )’
. 18
3T, b (18)
oB) = = 2 D PE G(B).

Here, N, = 6:022 x 10** is the number of molecules per cm® per mol, # denotes the refractive
index of the molecule sample, ¢ is the speed of light in vacuum, and 7, is the radiative lifetime
of the donor excited state. D), D, denote the transition dipole moments for the transition
between ground and excited state of the donor and acceptor molecule, respectively. The
occurrence of the factors E, E? in Eq. (18) derives from the condition that excited and ground
state of a molecule must be populated such that the rate of transitions from ground to excited
state induced by the radiation field (absorption) equals the rate of transitions from excited to
ground state (spontaneous emission). Assumption of a blackbody radiation law leads to the
functional form of the expressions in Eq. (18) (Einstein, 1917). With the normalized spectral

functions
éA(E):%s
f dEe,(E)/E
e (19)
N E
Sl = 22
j dEfy(E)/E?
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one can rewrite the integral [, in Eq. (14) as
” f (E)és(E)

]DA = f = E: . (20)
E=0

Apart from the factor E™*, the integral here represents the overlap of the normalized
fluorescence spectrum of the initially excited donor D with the absotrption spectrum of the
finally excited acceptor A. The spectral overlap integral [, can thus be determined from

spectroscopic measurements, whenever absorption and fluorescence can be observed.

3.2.2 Mechanisms of excitation transfer

The electronic coupling Uy, in Eq. (14) arises from the Coulomb interaction in the

donor—acceptor pair. This interaction can be expressed

1
VL)A = 5 Z Z (¢m¢n | ¢ ¢q> fm«r pn’ Coo' Cne> (21)
mn..a oo
EIT)UIA
where ¢f, , ¢, denote the fermion creation and annihilation operators which create and

annihilate, respectively, electrons with spins ¢ and ¢’ in the mutually orthogonal atomic
orbitals ¢,, and ¢,. I;,, I, denote the set of atomic orbital indices of the donor and acceptor
molecules, and (¢,,¢,|¢,$,) denotes the Coulomb integral

2
e

Bub ) = | [amdngtien 6,00 - a1 e @)
170

The intramolecular contributions to Eq. (21), arising from the sums X and

Emn.p,qelA
excitations; the intermolecular contributions, e.g. X

m,n,p,qelp
are accounted for in determining the intramolecular (donor, acceptor) electronic
m,pelp,n,qel and ZmA,qETD,n,peIA are the
perturbations which induce the electronic excitation transfer as described by Eq. (14). These
contributions can be written, exploiting the anti-commutation properties of fermion

operators,

Z Z [(¢1¢] | ¢R¢s)dﬁmﬁ Csg (¢ ¢q | ¢R¢])€m— jo' f}w ‘sl (23)

i,j,ElD l{,S,EIA

o o

From Eq. (23) follows immediately that the purely electronic Coulomb coupling Uy, =
Yol AV p Al asy can be split into two contributions,

Ups = Ug+Usy, (24)

where

= L X (Bgloapy) <YE IZfLQgI‘I’D> <‘P«ZIR¢ Sk 3V (25)

i,jelp R,Sel,

describes the direct Coulomb interaction and where
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Fig. 15. Mechanisms of excitation transfer. (¢) Coulomb mechanism; () electron exchange mechanism.

Ux=— 2 X Z N INHES SN TN SYRE INEWEE S0 (26)
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describes the exchange interaction which is well-known in multi-electron systems.

Depicted in the following drawing (Fig. 15) are the transfer mechanisms () due to the
Coulomb term, as suggested by Oppenheimer (1941) and Forster (1948) (Coulomb
mechanism), and (%) due to the electron exchange term, suggested by Dexter (1953) (Dexter
mechanism). In case of the Coulomb mechanism, multipole-multipole Coulomb interaction
de-excites an initially excited electron on the donor molecule D and simultaneously excites
an electron on the acceptor molecule A. In case of the Dexter mechanism, excitation is
transferred between a donor D and an acceptor A when an excited electron, initially
belonging to D, is exchanged for a non-excited electron initially belonging to A.

As a consequence of selection rules, the Coulomb mechanism applies only to transfer of
singlet excitations (assuming singlet ground states D and A), whereas the electron exchange
mechanism is applicable also to transfer of triplet excitations. The Coulomb and electron
exchange mechanisms for excitation transfer differ significantly in their operative range.
While the Coulomb mechanism can be effective over distances of up to 50 A, the exchange
mechanism is effective only in case of sufficient overlap of the wavefunctions D* and A, i.e.
for distances of a few A.

Equations (25) and (26) describe Coulomb and exchange interaction exactly.
Approximations are introduced in the description of the electronic excitations. As stated in
the previous section, semi-empirical methods are required for a description of the excitations
in case of Car-BChl transfer, while effective Hamiltonian descriptions can be applied to
evaluate electronic excitations for BChl-BChl transfers involving BChl aggregates. Further
approximations are required to evaluate the Coulomb integrals in Eqs. (25) and (26). The
details and justification of these approximations are beyond the scope of this review and can
be found in (Damjanovi¢ et al. 1999).
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Equations (25) and (26) together with the spectral overlap integral allow one to evaluate

the rate of excitation transfer through the Coulomb mechanism

2 fn<E)FA(E)
’éC - h |UC| J;o E4 > (27)

where /,,(E), €, denotes the normalized spectral functions as defined in Eq. (19).

Analogously, the excitation transfer rate through electron exchange coupling is

o[ ERE)
o= W[ apBESD) 2

It should be noted that the original Dexter rate expression (Dexter, 1953) is an approximation
to the electron exchange rate in Eq. (28), lacking the factor E™* in the spectral overlap
integral. This omission has been transferred to several other articles. However, a correct
representation of transition moments requires the use of the factor E~* which is evident from

the above derivation.

3.2.3 Approximation for long-range transfer

In case that the distance between the edges of D and A is much larger than the overall size
of the molecules themselves, the Coulomb term U, can be expanded into a multipole series.
The first non-vanishing term in the multipole-multipole expansion of U, is a dipole-dipole
term, representing the interaction between the transition dipole moments D,, D of
molecules D and A. If these transitions are allowed and the intermolecular distance r, is
much larger than the overall size of the molecules, higher multipole contributions may be

neglected and the Coulomb term in Eq. (25) can be approximated by

D;D 3 K
UrUpp= ];)3 A_? Dirpy) Dirp,) = 5 Dy||Dy. (29)
DA DA DA

The orientation factor « is defined by
K = cosaa—3 cos i, cosf,, (30)

where o is the angle between the two transition moments of D and A, i.e. Dy and D,; £y,
is the angle between the position vector ry,, (connecting the centers of D and A) and D), and
[ is the angle between 1y, and D,.

Inserting the expression for the dipole—dipole coupling [Eq. (29)] into the rate equation
[Eq. (14)], and identifying the spectral functions in Eq. (18), results in the famous Forster rate
formula for excitation transfer through purely dipolar coupling (Forster, 1948)

9 1n10A%* J fD(E) eA(E)

8nt,

DD (1)
One realizes that the rate of transfer between two optically allowed states has a R™® distance
dependence in the limit of large distances.
For calculations of the dipolar coupling Uy, , between BChls, we assume a size of 6:3 D
for the O, transition dipole moments |Dy|, D |. When the geometries of the molecules allows
one to approximate the Coulomb coupling by the purely dipolar term Uy, ,, one arrives at

very accurate predictions of transfer rates with Forster’s formula.
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When the stated geometrical criterium is not met, non-vanishing [Dy,| and [D,| values are
not a precondition for excitation transfer and even optically forbidden transitions can be
effective participants in the process. For a general description one cannot, therefore, rely on
a multipole expansion, but rather needs to account in a numerical calculation for the complete
Coulomb coupling between donor and acceptor electronic states according to Eqs. (25) and

(26).

3.2.4 Transfer to exciton states

So far, excitation transfer has been considered to occur from an individual donor
chromophore to an individual acceptor chromophore. This description can be extended to
the case that either acceptor or donor, or both, are BChl exciton states. As described above,
an exciton state% can be approximated well as a linear superposition of single excited BChl
states | /) with expansion coefficients ¢,; [cf. Eqs. (2), (3)]. The electronic coupling from a
single donor molecule D =/ to an exciton state % of the BChl ring as acceptor, i.e.

A =7, can then be expressed as

O =Y ¢ U, 32
in nj ~i,j

where U, ; denotes the coupling between the individual donor molecules D =/ and the
individual acceptor molecule A =; and 2N is number of exciton states in the respective
aggregate.

In case that the geometrical criterium for the application of the dipolar approximation is

met, U, ; can be calculated according to Eq. (29). In the PSU, this is the case for transfer

j
between B800 BChls and the B850 exciton. In case that the stated criterium is not met, one
has to evaluate U, ; according to Eq. (25). In the PSU, this applies to transfer between
carotenoids and B850 or B875 excitons.

For energetically degenerate exciton states T;Z}, T;Z}, excitation can be absorbed into any
linear combination cos’y%}ﬁ-siny%} of these two states. We choose that combination

which renders the resulting coupling

= cosyf]i_n1 + sinyUM2 (33)

i,(ny.ny)

maximal. This combination is defined through the angle y specified through

2[71',111(71’.",2

In the following we introduce a single index 7 to enumerate the degenerate exciton states
’|71?> and |71;> and replace Ui,ml,w by (:Em In this manner we will relabel the states such that
only one index labels a linear combination [with y as defined in Eq. (34)] of two degenerate
states, i.e. we will count subsequently only states with different energy. For the B850 exciton
in LH-II from Rs. molischianum, the 2IN = 16 exciton states would thus be reduced to M =
10 states with different energies.

The rate of excitation transfer from an individual donor D = 7 into exciton state A = 7

as acceptor is

b = %Ui.mﬁfwmsm(mdﬁ, (33)
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Fig. 16. Singlet excitation energies of carotenoid and BChl states. The carotenoid states are labeled
according to their approximate C,, and alternancy symmetry. Next to the carotenoid states, the location
of the B800 BChl states and of the exciton states of the B850 band are shown. Solid lines represent
spectroscopically measured energy levels for neurosporene (7 = 9), spheroidene (# = 10), and lycopene
(n = 11) (Zhang et al. 2000); dashed lines indicate the excitation energies of the symmetry forbidden
exciton states of the B850 band calculated according to the effective Hamiltonian description.

while the total excitation transfer rate is a sum
’éDA = Z ’éi,m' (36)

In complete analogy, the electronic coupling for transfer between a donor exciton state, D

= 71, and an acceptor exciton state, A = 7z, is
m n Z Z Cmi 7Lj (37)
i

with expansion coefficients ¢,,; defined by Eq. (2). The rate of excitation transfer between the

donor exciton state, D = 7, and acceptor exciton state, A = 7, is

B = Zf—f Jemi f Sn(B)S (B)AE, (38)

To calculate the total excitation transfer rate, it is assumed that equilibrium between the
donor exciton states E, | has been established, so that the donor exciton states are populated
according to the Boltzmann distribution. The total excitation transfer rate between two ring

aggregates is then

m/lcT

(39)

m
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3.3 Rates for transfer processes in the PSU
3.3.1 Car—BChl transfer

Carotenoids absorb radiation in the visible region inaccessible to (bacterio-)chlorophylls and
transfer the absorbed energy in the form of electronic excitations to (bacterio-)chlorophylls.
Figure 16 compares the energy levels of the carotenoid and BChl states involved in excitation
transfer in various purple bactetria. The absorbing S,(1B}) state energy decreases with an
increase in the number of conjugated double bonds 7 The indicated energies have been
determined through fluorescence spectroscopy of neurosporene (7 =9) in LH-II from Rbé.
sphaeroides GIC, of spheroidene (# = 10) in LH-II from Rb. sphaeroides 2.4.1, and of lycopene
of LH-II from Ry. molischianum (Zhang et al. 2000). The S, (1B}) state relaxes via internal
conversion within 130 fs (# = 11) to 320 fs (# = 9) into a low-lying, optically forbidden S,
(2A}) state. The discovery of the latter state dates back 30 years (Hudson & Kohler, 1972;
Schulten & Karplus, 1972), however only very recently did several experimental groups
succeed in measuring the 2A state energy of carotenoids with # > 9 directly (Fujii e a/. 1998;
Sashima ez al. 1998; Krueger ef al. 1999b, Polivka ez al. 1999 ; Frank e al. 2000). The energies
indicated in Fig. 16 stem from a steady-state fluorescence measurement of neurosporene,
spheroidene, and lycopene in an #-hexane solution (Zhang e a/. 2000). Theory had suggested
the existence of a further optically forbidden 1B, state between the 1B and 2A] state for
carotenoids with six or more conjugated double bonds (Tavan & Schulten, 1987), which has
very recently been observed in experiments (Sashima ez a/. 1999, 2000). It has been suggested
that the 1B}, state plays a role in speeding up 1B} —2A internal conversion (Sashima ez a/.
1999; Ritz ez al. 2000), but for lack of adequate spectroscopic information the role of the 1B,
state remains obscure and we will not consider it here.

Noting that the carotenoid S, (1B}) state is absorbing at a similar wavelength as the Q,
BChl state and that the S; (2A,) state is close in energy to the Q,, state of BChl, two natural
pathways of excitation transfer arise: excitation transfer S,—Q, and excitation transfer
S;—~Q,, the latter preceded by the internal conversion S,—S;. Excitation transfer from
lycopene could proceed to both B800 and B850 BChls. In the latter case, any of the exciton
states of the B850 band ranging in energy from 710 to 865 nm can act as the accepting state
for excitation transfer.

The S, Q, transfer time has been measured directly or estimated from lifetime
measurements to lie between 57 fs (# = 11) and 300 fs (# = 9) (Shreve ef al. 1991 ; Macpherson
et al. 2001). In estimating transfer times from lifetime measurements, one measures the S, state

lifetime in solution (7.,,) and in the protein environment (Ti.p). Assuming that the

solv
difference in lifetimes is only due to excitation transfer one can then estimate the transfer time
(Tgr) according to 1/7yp = 1/71 4 —1/7,,,. Analogously, the S; — Q, transfer time has
been estimated to lie between 1-4 ps (# = 9) and 12-3 ps (# = 11) (Zhang et al. 2000). The
questions arise by which mechanisms the excitation transfers can be mediated and how one
can explain the differences in excitation transfer times between different species and
carotenoids. These questions can be addressed through calculations of the transition density
matrix elements of the carotenoid and BChl singlet states and of the electronic couplings
between carotenoids and BChls. The results of these calculations are very sensitive to
geometrical changes and thus require atomic resolution structural information of the Car—Chl
system. Currently, three Car—Chl systems are resolved to atomic resolution, the lycopene
(n = 11) — BChl a system of LH-II from Rs. molischianum (Koepke et al. 1996), the rhodopin
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Fig. 17. Arrangement of lycopene and its neighboring BChls in LH-II from Rys. molischianum with
coordinates taken from the X-ray crystallographic structure (Koepke e¢f a/. 1996). Lycopene, B800,
B850a, and B850b belong to one monomer subunit as defined in Koepke e a/. (1996). The structure of
a monomer subunit is repeated with eightfold symmetry. BChls from other monomer subunits are
indexed with reference to the subunit containing the lycopene depicted. Center-to-center distances ate
indicated in j\ngstroms. [The figure has been produced with the program VMD (Humphrey e a/. 1996).]

glucoside (# = 11) — BChl @ system of LH-1I from Rps. acidophila (McDermott e a/. 1995), and
the peridinin (# = 9) — Chl a system of PCP from .A. carterac (Hofmann et al. 1990).
Investigating the geometry of the Car-BChl systems in these LHs reveals that the geometrical
criterion for the application of the dipolar approximation [Eq. (29)] is not met. The extension
of the molecules (approximately 20 A for carotenoids) is about as large as the distance
between the molecule centers (approximately 15 A) and larger than the distance between
the closest atoms (cf. Fig. 17) for the center-to-center distances between lycopene and BChls
in LH-1II from Res. molischianum. One needs to evaluate the electronic couplings including all
orders of multipoles, according to Eqs. (25) and (20).

Several groups have developed methods to calculate the full Coulomb coupling; e.g. in
Nagae e# al. (1993). The transition density cube method of the Fleming group (Krueger e al.
1998a, b; Scholes e al. 1999) and the evaluation of transition density matrix elements
developed independently by the Schulten group (Ritz e a/. 1998a; Damjanovic ez al. 1999) are
both recent methods that follow the spirit of the work of Nagae ¢z a/. (1993). With these
methods it is now possible to evaluate the geometry dependence of the electronic coupling
without the approximations inherent in Forster theory.

The full Coulomb coupling theory is less intuitive than the Forster theory since one has
to take into account many different transition matrix elements that partly cancel each other.
Even in the case of transfer between optically allowed states, the orientation of transition
dipole moments does not allow any predictions about the strength of the coupling, since the
dipole—dipole term does not necessarily give the leading contribution to the couplings. As an
analysis in Krueger ez a/. (1998 b) shows, the full Coulomb coupling can differ by up to a factor
of 4 from the Forster dipole—dipole coupling term, i.e. an estimate of the transfer rate based
solely on the transition dipole contribution would differ up to 16 times from the correct

transfer rate evaluated on the basis of the full Coulomb coupling.
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Fig. 18. Scheme of singlet excitation transfer and energy funneling in LH-II from Rs. molischianum.
Shown are lycopene and representative BChls. The S, and S, lifetimes are experimental values. All
lycopene — BChl transfer times are calculated with a full Coulomb coupling method (Ritz, 2001).
B800 BChl - B850 BChl times are calculated as described below. Excitation transfer from S, competes
with internal S, — S, conversion, which occurs on the same timescale. Transfer via B800 BChls is the
major pathway of S, =B850 Q, transfer. Only a very small portion of S, excitation is transferred to
BChI Q, states, most of the S, excitation relaxes into the ground state. Due to the inefficiency of the
S, = Q, pathway, the overall lycopene — BChl excitation transfer occurs with an efficiency of only about
50 %.

3.3.1.1 Mechanism of Car—BChl transfer

Transfer from the optically forbidden S, state cannot occur via the Forster mechanism which
requires the participating states to be allowed. It had been suggested that excitation transfer
from this state can occur via the Coulomb mechanism (Thrash e a/. 1979). Alternatively, the
electron exchange (Dexter) mechanism (Dexter, 1953) had been suggested to mediate transfer
through the S; state (Naqvi, 1980; Gillbro ez a/. 1988). The relative sizes of the couplings
through the electron exchange and through the Coulomb interaction term have been
evaluated with all of the above-mentioned full Coulomb coupling methods. These calculations
show that the Dexter mechanism depends sensitively on edge-to-edge chromophore distances
and is inefficient compared to the full Coulomb coupling mechanism even if the forbidden S;
state is involved. This result has been ascertained for Car—Chl contacts in the range found in
light harvesting, regardless of the details of the calculation method and has been found valid
not only for a systematic study of hypothetical Car—Chl arrangements (Nagae ef a/. 1993), but
also for the calculations based on the crystal structures of LH-II from Rps. acidophila (Krueger
et al. 1998b), of LH-1I from Rs. molischianum (Damjanovié ez al. 1999), and PCP from A.
carterae (Damjanovié¢ et al. 2000b). The Dexter coupling describes a simultaneous exchange
of electrons. An alternative to the Dexter exchange coupling is an exchange coupling that is
mediated through successive virtual one-electron transfers to and from an intermediate ionic
configuration. It has been suggested by several authors (Scholes ez a/. 1995, 1997, 1999) that
the latter exchange coupling is larger than the Dexter exchange coupling; however, it was

still found to be smaller than the Coulomb coupling.
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3.3.1.2 Pathways of Car—BChl transfer

The arrangement of a carotenoid with its closest B800 and B850 BChls is shown in Figure 17
for the lycopene-BChl system of LH-II from Rs. molischianum. On the basis of the geometry
and employing a full Coulomb coupling method (Damjanovi¢ ez al. 1999), Car— BChl
transfer rates for all possible pathways have been evaluated (Damjanovié¢ e al. 1999;
Ritz, 2001). The latest calculations (Ritz, 2001), which include the effect of symmetry
breaking through polar sidegroups as well as the effect of exciton delocalization in the B850
BChl system, show that about half of the excitation from the S, state of carotenoids relaxes
into the S; state, while the other half is transferred within 150 fs to BChls. As shown in Fig.
18, most of the excitation is transferred within 150 fs to BChls. As shown in Fig. 18, most
of the excitation is transferred to the B800 — BChl (29 %) and the B850a+ BChl (13 %). It is
worth noting that the center-to-center distance between carotenoids and BChls shown in Fig.
17 does not correlate well with the strength of the coupling. B800 BChl or B850b BChl, which
both exhibit shorter center-to-center distances to lycopene than B800— BChl and
B850a+ BChl, are both coupled much more weakly (Ritz ez a/. 2001). This property reflects
the breakdown of the dipolar approximation in case of the closely spaced Car—BChl system
and corroborates the necessity of a full Coulomb coupling evaluation for a reliable prediction
of transfer rates.

Transfer from the S, state is largely ineffective; the major part of excitation is lost through
dissipation, resulting in a low overall Car - BChl transfer efficiency of about 50 % in LH-II
from Rs. molischianum.

In LH-II from Rps. acidophila, thodopin glucoside, a carotenoid which is structurally very
similar to lycopene, is employed. Calculations of Car —BChl show that transfer from the S,
state of rthodopin glucoside is also inefficient, and, thus, the overall Car — BChl efficiency is
low in LH-II from Rps. acidophila as well. An interesting difference occurs in the pathways
of excitation transfer from the S, state. In LH-II from Rps. acidophila, the major part of the
excitation is transferred directly to B850 BChls (35 %), only about 8 % are transferred to B800
BChls. Thus the removal of B800 BChls should have little effect on the Car — BChl transfer
kinetics in LH-1I from Rps. acidophila whereas the calculations predict a change on the transfer
kinetics in LH-II from Rs. molischianum when B800 BChls are removed (Ritz, 2001).

3.3.2 Efficiency of Car— BChl transfer

The transfer steps discussed above reveal how purple bacteria can control the flow of
excitation through variations in excitation energies and geometries of the BChl systems.
Purple bacteria show also a great variability in the use of carotenoids, which fuel excitation
energy with different efficiency to BChl, depending on the species and LH involved. The
overall Car - BChl transfer efficiency has been measured to be close to 100 % in Rb. sphaeroides
(Cogdell ez al. 1981; van Grondelle ez al. 1982; Kramer e al. 1984; Trautmann et a/. 1990),
between 38 and 75 % in Rps. acidophila (Angerhofer e al. 1986 ; Chadwick e al. 1987; Cogdell
et al. 1992), and as low as 30 % in LH-I of Rs. rubrum (Frank, 1993).

The calculations on the three structurally solved systems suggest an explanation for the
observed variations. Excitation transfer from the S, state occurs at best on the same timescale
as internal conversion from the S, to the S, state, which means that the overall Car— Chl
transfer efficiency can not exceed 30-70 % if it were solely based on S, = Q,, transfer. Species

near unit transfer efficiencies will have to utilize the S; — Q,, transfer pathway in addition. The
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Table 1. Electronic conplings Uy, (in em™ ), spectral overlaps (in 107 cm), and lifetimes for

carotenoid S, states, Tgy, (in [5), and for carotenoid S, states, Ty (in ps)

(JDA ]DA TSZ
Szfo
Neurosporene (7 = 9) 118 27 320
Spheroidene (# = 10) 150 76 250
Lycopene (7 = 11) 242 145 130
Sny
Neurosporene (7 = 9) 41 189 212
Spheroidene (# = 10) 16 293 93
Lycopene (# = 11) 14 210 47

These factors determine the transfer efficiencies for the three Car—BChl systems investigated, the
neurosporene—BChl system of LH-II from Rb. sphaeroides G1C, the spheroidene—BChl system of LH-
11 from Rb. sphaeroides 2.4.1, and the lycopene-BChl system of LH-II from Rs. molischianum. The
carotenoids in these systems have an increasing number of conjugated double bonds 7.

question arises why transfer through the optically forbidden S; state is efficient in some
species but not in others.

There are, in principle, three factors that can account for the differences in transfer
efficiencies for different Car—Chl systems: the electronic coupling Uy, between the donor
carotenoid and acceptor Chl state, the spectral overlap [;,, of donor emission and acceptor
absorption spectra, and the lifetime of the donor state in the absence of energy transfer. The
first two factors determine the energy transfer rate £, according to Eq. (14), which depends
quadratically on the electronic coupling and linearly on the spectral overlap. The third factor,
the lifetime of a state S, influences the transfer efficiency according to

Ts
= (40)
where 7 is the lifetime of state S in the absence of excitation transfer and 7, = 1/4;,, is the
time constant of excitation transfer.

In (Ritz et al. 2000) have been considered all three factors that determine excitation transfer
efficiencies for three Car—BChl systems of purple bacteria, the neurosporene (7 = 9)-BChl
system of LH-II from Rb. Sphaeroides G1C, the spheroidene (# = 10 )~BChl system of LH-
II from Rb. Sphaeroides, and the lycopene (7= 11)-BChl system of LH-II from Ruy.
molischianum. Spectral overlaps (with B850 BChls) and lifetimes have been measured through
fluorescence spectroscopy of the respective pigment—protein complexes and are listed in
Table 1. To evaluate electronic couplings we employed perfect polyenes with » = 9-11 as
carotenoid analogs and treated all carbon atoms with identical parameters (‘symmetric’
carotenoid model). Carotenoid wavefunctions were evaluated with a self-consistent
configuration interaction calculation including all single and double excited configurations.
A symmetric analog has been employed for BChl as in the previous sections. Since the
structure of Rb. sphaeroides G1C and Rb. sphaeroides are not known, we choose to arrange the
polyenes such that their center of mass matches the center of mass of lycopene in LH-II from
Ry, molischianum and their axis is aligned at the same angle as the axis of lycopene. Obviously,
the placement of the shorter carotenoid analogs may result in geometries that are different

from the actual Car-BChl geometries in the respective native systems. The couplings listed
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in Table 1 correspond to couplings between the respective carotenoid analog and B850a
BChl. No scaling of the couplings has been employed.

The results presented in Table 1 allow a comprehensive discussion of the efficiencies of
Car — BChl transfer processes involved in light harvesting through carotenoids.

The light-harvesting process through carotenoids is initiated through absorption into the
S, (1B}) state. In this state, direct excitation transfer to the Q, state competes with internal
conversion to the S, (2A]) state, involving likely the S, (1B}) state. The S, - Q, excitation
transfer speeds up considerably with an increase in the number of conjugated double bonds.
From our calculations, we predict a transfer time ratio of 20:5:1 for » =9:10:11. The
shortening in transfer times is controlled mainly by the increase in spectral overlaps and,
secondarily, by the increase in electronic couplings.

Once energy has relaxed to the S, state, again two processes compete, excitation transfer
to the Q,, state of BChls, and internal conversion to the ground state. Unlike for the transfer
from the S, state, no clear trend for the transfer rates with an increase in 7 can be established.
The results of the above presented Coulomb coupling calculations for peridinin and lycopene,
based on the crystal structures and including the effect of sidegroup variations, suggest that
the controlling factor for the §,-Q, electronic couplings is not the length of conjugated
system, but the degree of symmetry breaking. The effect of symmetry breaking is to increase
the electronic coupling. This effect can be induced either by the use of an asymmetric
carotenoid, such as peridinin, in which case the effect is strong, or by geometric distortion
of a symmetric carotenoid, such as lycopene, in the protein environment, in which case the
effect is weaker. A strong effect of symmetry breaking has been suggested to result from a
non-C,,-symmetrical arrangement of the functional (methyl, carbonyl) groups in peridinin
(Damjanovi¢ e a/. 2000b). Although the calculated S, - Q, couplings for peridinin may be
an overestimate, because of the uncertainties in parameterization, the large differences in
electronic couplings for the asymmetric peridinin compared to the symmetric lycopene
suggest nevertheless that the different symmetries with their effect on the electronic couplings
are a dominant factor in explaining why transfer from the S; state is highly efficient for
peridinin, and not efficient for lycopene.

Compared to the effects of symmetry breaking on electronic couplings which have a
quadratic effect on the transfer rates, the effect of spectral overlaps on the S, —Q, transfer
rates is very small and cannot be considered as a dominant factor. It is interesting to note,
though, that the spectral overlap is maximized for carotenoids with #» between 9 and 11, the
range in which most carotenoids in light harvesting can be found.

A second factor contributing to the efficiencies of S; - Q, transfer is the strong decrease
of S, lifetimes with increase in #. The S, lifetime for neurosporene (7 = 9), 21-2 ps, is almost
five times longer than the S, lifetime for lycopene (# = 11), 47 ps. This in itself is a sufficient
difference to explain why transfer from the S; state in neurosporene is efficient, while it is
inefficient in lycopene.

Summarizing this discussion, we note that the experimentally observed overall Car — Chl
transfer efficiencies can be explained in systems for which theoretical and experimental data
are available. The overall transfer efficiency is determined mainly by the efficiency of transfer
through the S, state. Light-harvesting systems with a low overall efficiency, such as LH-II
from Rs. molischianum and Rps. acidophila, employ long, symmetric carotenoids (lycopene,
rhodopin glucoside). Their resulting small S;—Q, electronic couplings and short S, lifetimes

render transfer through the S, state inefficient. Excitation transfer in these light-harvesting
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Fig. 19. Structure of conjugated systems with methyl side groups of neurosporene, spheroidene, and
lycopene. The C,, symmetry is broken for neurosporene and spheroidene, since 5 methyl side groups
cannot be arranged such that the structure is invariant under rotation by 180°. In contrast, the 6 methyl
side groups on lycopene are arranged in C,, symmetric fashion. Symmetry breaking enhances couplings
to the S, state, and, thus, excitation transfer rates. The structures suggest that transfer through the
lycopene S, is slower than through the neurosporene or spheroidene S, state, which is consistent with
experimental data.

systems occurs through the S, - Q_ pathway. Because of the short S, lifetime, the efficiency
of this transfer is low.

In contrast, systems with near unit transfer efficiencies, such as PCP from _A. carterae and
LH-II from Rb. Sphaeroides G1C, employ short (7 = 9) carotenoids (peridinin, neurosporene).
In case of the symmetric neurosporene, the long S; lifetime renders transfer through the
S, state efficient. In peridinin, the effect of symmetry breaking, through asymmetrical
arrangement of methyl side groups and the presence of a carbonyl group, vastly increases
S,—Q, electronic couplings. This increase, in conjunction with an additional effect of the
carbonyl group on the spectroscopic properties of peridinin renders transfer through the S;
state efficient.

A particular interesting system is LH-II from Rb. sphaeroides 2.4.1, which employs the
carotenoid spheroidene (7 = 10). Its §; lifetime is only a factor 2 longer than the lycopene S,
lifetime in Rs. molischianum and therefore not sufficient as an explanation for the near unit
efficiency observed in Rb. sphaeroides 2.4.1 as opposed to the 50% efficiency in the
lycopene-BChl system in Rs. molischianum. The conjugated systems of neurosporene,
spheroidene and lycopene are shown in Fig. 19. An inspection of the spheroidene structure
shows that spheroidene (as well as neurosporene) exhibits a non C,,-symmetrical arrangement
of its methyl side groups, unlike lycopene, in which the methyl groups are arranged in a C,,-
symmetrical fashion. On the basis of the electronic coupling calculations reviewed here, we
suggest that this difference in symmetries can be a dominant factor in explaining why transfer
through the S, state is efficient in spheroidene, but not in lycopene. We note the symmetry
properties can provide an explanation for the experimentally estimated S, Q,, transfer times,
which atre very similar for the equally asymmetrical neurosporene and spheroidene (1-4 and
2'1 ps, respectively), but significantly longer for lycopene (12-1 ps). Additional support for
this suggestion comes from a reconstitution study (Noguchi ez a/. 1990), in which the
efficiency for Car — Chl transfer was found to drop from 72 to 43 % when spheroidene (# =
10) was replaced by rhodopin (7 = 11) in LH-I from Rb. sphaeroides, whereas a substitution
by neurosporene (# =9) had no effect on the efficiency. Since the conjugated system of
rhodopin is identical to that of lycopene and thus exhibits C,, symmetry, the above-

mentioned symmetry breaking effect can account for the observed differences in efficiencies.
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However, we caution against conclusions in the absence of structural information. The
above calculations of electronic couplings for LH-II from Rs. molischianum in comparison to
LH-II from Rps. acidophila (Ritz, 2001) show that the exact geometrical arrangement has
a significant effect on the coupling. While the strong dependence of electronic couplings on
the geometries may invalidate some of our conclusions and suggestions for the effect of
electronic couplings, it also means that nature can employ this dependence to control energy
transfer efficiencies. To say the least, it can be misleading to analyze excitation transfer
efficiencies solely on the basis of spectral overlap and lifetimes, assuming that electronic

couplings are similar between different species of light-harvesting systems.

3.3.3 B800-B850 transfer

B800 BChls play a role in enhancing the absorption cross-section of the PSU. They are
oriented such that they absorb light in a direction perpendicular to that of the B850 BChls
and the B875 BChls. The individual B800 BChls can transfer the resulting excitation energy
to the B850 ring through the Forster mechanism (Oppenheimer, 1941; Forster, 1948). The
experimentally determined transfer rate is 700 fs at room temperature (Shreve ez a/. 1991).
Quantum chemical calculations in Cory ef a/. (1998) have demonstrated that the B800 BChls
are only weakly coupled with each other and with the B850 BChls. If one assumes that B850
BChls are only weakly coupled among each other and do not form exciton states, Forster
theory would predict a B800 — B850 BChl transfer time of 6:6 ps. This value, as do the
following transfer rate values, assumes a size of 6:3 D for the transition dipole moment of
BChls. If one takes the exciton nature of the B850 BChl states into account, the exciton
splitting will result in a shortening of transfer times due to improved spectral overlap
(Damjanovi¢ ef al. 1999). Employing the effective Hamiltonian model and evaluating the
transfer rate according to Eq. (36) then predicts a transfer time of 2-3 ps, which is closer to
the experimentally observed value, but still more than a factor of 3 too long. In the case of
B800 — B850 transfer, one would expect the best agreement between theory and experiment,
because the geometry allows the use of the dipolar approximation and the description of B800
is unproblematic, it being a single molecule. One reason for the remaining discrepancy may
lie in an underestimation of the transition dipole moments in the protein environment. The

transfer time scales with the factor (|D,,,|/6:3)*. Another reason may lie in the still unexplained

real
influence of the carotenoids which are in close contact with both B800 and B850 BChls. It
has been shown that changes in carotenoid absorption correlate with the dynamics of B800
— B850 BChl excitation transfer (Herek ez a/. 1998), indicating a considerable interaction
between carotenoids and BChls. Scholes & Fleming, (2000) have estimated through quantum
chemical calculations that the perturbation of BChl transition dipole moments through the
presence of the carotenoids results in a speed-up of B800 — B850 BChl transfer by a factor of
1-7, which would indeed result in a close agreement of experimental and predicted transfer

times.

3.34 LH-Il—LH-Il transfer

Excitation transfer from B800 BChls and carotenoids fuels the delocalized ring systems of
LH-IIs (in case of carotenoids also of LH-I) with photons. Due to the use of high-lying
exciton states in case of B800 — B850 transfer and due to the large energy gap in case of Car

— BChl transfer, excitation transfer from these auxiliary pigments to the B850 system occurs
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only forward ; back-transfer is negligible. In case of transfer between the BChl systems of LH-
11, LH-I, and the RC, excitation energies are very similar, resulting in similar transfer rates
for forward and back-transfer between these BChls systems. In the following sections, we will
investigate in which way the excitation energy landscape of the BChl systems can allow a
purple bacterium to control the flow of excitation and to adapt to different light conditions.

Transfer rates between LH-IIs have not been observed experimentally. We evaluate a
transfer time of 10-0 ps. This time is longer than the calculated transfer time for LH-II - LH-
I transfer (see below). If the number of LH-IIs is significantly larger than the number of
LH-Is in the native membrane, back-and-forth transfer processes within a ‘lake’ of LH-IIs
may slow down transfer towards the RC. In this regard it is interesting to note (see also
below) that under low-light conditions, LH-1Is are replaced by structurally very similar
LH-IIIs, with a BChl aggregate absorbing at 820 nm instead of 850 nm (Gardiner ez al.
1993). The introduction of LH-IIIs creates an energy funnel instead of the lake of LH-IIs

and can thus enhance excitation trapping.
3.3.5 LH-Il—LH-I transfer

The time constant for LH-1I — LH-I excitation transfer has been measured to be 3:3 ps in Rb.
sphaeroides (Hess et al. 1995). Calculations show (Ritz, 2001; Ritz e/ a/. 2001) that excitation
transfer originates from several B850 exciton states, mostly from the degenerate pair of
second and third B850 exciton states, but also from the lowest B850 exciton state and the
degenerate pair of fourth and fifth B850 exciton states. The calculated transfer time is 7-7 ps,
which is a factor of 2 longer than the measured time. It should be noted that the population
of the donor exciton states depends on the calculated energy gap between the lowest exciton
levels, which is not predicted well by the effective Hamiltonian description. The low-lying
exciton states couple with very different strength to the acceptor states, so that an error in the
evaluation of the population will result in a considerable error in the transfer time. Given the
simplicity of the effective Hamiltonian used, the theoretical result is in remarkable agreement
with the experimental value, suggesting that the effective Hamiltonian captures the essential
physics of the transfer process.

Forward LH-II = LH-I transfer has to compete with backwards LH-I - LH-II transfer. In
the absence of an exciton, the ratio K between forward and backward transfer would relate
to the energy difference of individual donor and acceptor BChl molecules according to
e o EAETI T this two-level description one would obtain a value of K =54 when
considering E;; = 850 nm and E, = 875 nm. This ratio would correspond to a back-transfer
time of 42 ps. However, due to the formation of an exciton involving multiple BChls, the
calculated back transfer time from LH-I to LH-II is considerably shorter than the one
estimated from the simplistic two-level description, namely 15-5 ps. This fast back transfer
may be of advantage under high-light conditions when an RC cannot turn over the excitation
provided. Then, excitation could be transferred back to LH-1Is and from there transferred on
to other LH-Is with open RCs. As discussed above, the introduction of higher-energetic LH-
I1Is can act as a control mechanism to increase forward transfer to LH-I under low-light
conditions.

3.3.6 LH-I—=RC transfer

The time-determining step in the excitation funnel is transfer from the LH-I ring to the RC.
Because of the ring symmetry, the lowest lying, optically forbidden B875 exciton state is only



46 X Hu et al.

very weakly coupled to the RC BChls. Symmetry breaking through the accessory BChls in
the RC leads to an increase in coupling (Hu ez a/. 1997), but the coupling remains small
compatred to the strongly coupled second and third B875 exciton states. Transfer originates
therefore from this degenerate pair of exciton states (Damjanovié ez a/. 2000a). The calculated
transfer time of 16 ps (Damjanovic ¢z a/. 2000a) is in excellent agreement with measured LH-
I-RC transfer times of 35-37 ps at 77 K (Bergstrom ef al. 1989 ; Visscher e al. 1989), from
which one can estimate a transfer time of about 25 ps at room temperature (van Grondelle
et al. 1994).

The use of the higher-lying LH-I exciton states as a main transfer pathway leads to an
interesting phenomenon. In forward (LH-I—RC) transfer, only about 42% (Boltzmann
population of the TZS,T:’; LH-I exciton states) of the excitation is transferred from the higher-
lying LH-I exciton states to the lowest exciton state of the RC, whereas 58 % of excitation
is transferred between the weakly coupled lowest exciton states of LH-I and RC. In contrast,
back (RC— LH-I) transfer occurs from the almost 100 % populated, lowest exciton state of
the RC to the higher-lying LLH-I exciton states. Therefore back transfer is always faster than
forward transfer. This design can have a photoprotective role. Excitation that is not used
towards the initial electron transfer step will be transferred back towards the LH-I ring rather
than being dissipated in the RC which might result in an overheating of the RC. The
calculated time for back transfer is 8-1 ps (Damjanovi¢ ef a/. 2000a). A back-transfer time of
7-9 ps has been estimated from the experimentally measured decay kinetics after excitation
of the RC (Timpmann e/ al. 1993). The back-transfer time is slower than the initial electron
transfer step occurring in 3 ps, which means that excitation energy trapping by the RC is
efficient. However the calculated back-transfer time constant has the same order of magnitude
as the initial electron transfer step, suggesting that the geometrical arrangement with a
distance of about 40 A between RC and LH-I BChl may be necessary in order to balance the
transfer-time constants. If the LH-I BChls were closer to the RC, back transfer would be
faster than the initial electron-transfer step in the RC; if the LH-I BChls were more distant,

the forward-transfer step would become slower, resulting in a decrease of efficiency.
3.3.7 Excitation migration in the PSU

We summarize the previous sections within Fig. 20. Figure 20, presenting the complete set
of transfer rates, demonstrates a remarkable conceptional achievement, as it shows that a
complex molecular machinery involving hundreds of pigments and tens of thousands of
atoms can be described with high accuracy through the application of the laws of quantum
physics. The calculated rates agree well, although not perfectly, with experimental results,
indicated in parentheses in Fig. 20. Likely reasons for the remaining discrepancy include, as
discussed above, an underestimation of the BChl # Q, transition dipole moment in the protein
environment of purple bacteria and an overestimation of the exciton delocalization, in
particular for LH-I.

Figure 20 reveals an important principle in the organization of the PSU. Forward- and
back-transfer rates between the different pigment—protein complexes are very similar, and
thus the transfer reactions are not biased strongly in any particular direction. In particular
there exists no strong bias of excitation transfer towards the RC. It is therefore inappropriate
to describe the BChl aggregates as forming an excitation funnel with the RC at the center.
Only the accessory pigments, carotenoids and B800 BChls funnel their excitation energy into
the respective BChl aggregates. The system of BChl aggregates is better described as a
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1 2 ps

Fig. 20. Excitation transfer times in the photosynthetic unit of purple bacteria. Times for all possible
excitation transfer steps have been calculated as indicated in the figure. Experimental times, if available,
are shown in parentheses. [Produced with the program VMD (Humphrey ez a/. 1996).]

reservoir in which excitation is distributed more or less evenly throughout the whole system.
The organization appears to be rather inefficient. However, kinetic calculations based on the
rates shown in Fig. 20 show that excitation is trapped within 200 ps or less at the RC, for a
large variety of PSU architectures (Ritz ez a/. 2001). This trapping time is small compared to
the BChl decay time of 1000 ps, so that the yield of the PSU remains high, i.e. above 85 %.

The rationale for this organization becomes clear when one considers that RCs exist in two
spectral forms. In the ‘open’ form, the RC special pair is neutral and can utilize excitation
towards an electron transfer. After the electron transfer, the RC is in the closed form with
the active special pair BChl being in a cation state and unable to utilize further excitation until
it is reduced by the uptake of an electron. If the BChl aggregates in LH-Is and LH-IIs were
forming an excitation funnel towards the RC, all of the excess excitation arriving while the
RC is closed would be dissipated in the RC special pair which could result in an overheating
of the special pair. By lifting the energy of the RC above that of the B875 BChl aggregate in
LH-I, the back-transfer rate from the RC to LH-I becomes faster than the forward-transfer
rate from LH-I to the RC. If the RC is closed, excitation is returned to LH-I, and, thus
dissipation can be spread over a much larger area. Dissipation is spread over an even larger
area due to transfer from LH-Is to LH-IIs and subsequent transfer between LH-IIs. As the
calculations in Ritz ef a/. (2001) show, the dissipation is effectively spread out over the entire
BChl system. Under normal light conditions, it appears to be more important for a purple
bacterium to protect its PSU against damage from overheating by spreading out dissipation
than to achieve a higher efficiency. However, under low-light conditions, the purple
bacterium Rps. acidophila changes the organization of its PSU. LH-IIs are replaced gradually
by LH-I1Is which absorb at a higher energy. Under continuous low irradiation, all LH-IIs are
replaced by LH-IIIs (Gardiner ez a/. 1993; McLuskey ef a/. 2001). The insertion of LH-III
changes the excitation reservoir to an excitation funnel towards LH-I. This change results in
a reduction of the trapping time by approximately a factor of 2, and, consequently in a higher
quantum yield. The price for the rise in yield is a more uneven distribution of dissipation with
most of the excitation being dissipated in LH-I and RC. It is worth noting that replacing LH-
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Fig. 21. Schematic figures of the model architectures described in the text. (@) Stripe architecture;
(b) circular architecture.

II by LH-III molecules increases the yield by not more than 3-6%, depending on the
architecture of the PSU (Ritz et a/. 2001).

As discussed above, it is still unknown how the LHs are organized within the
photosynthetic membrane. However, the availability of all rates for intra- and inter-complex
transfer processes allows one to address the question of how much the functionality of the
photosynthetic apparatus is influenced, and possibly controlled by the large-scale organization
of the PSU. Two extreme model architectures of the PSU, as displayed in Fig. 21, have been
considered.

In the circular architecture, the distance from any LH-II to the RC is minimized, since each
LH-IT is in direct contact with LH-I. In the stripe architecture, a similar number of LH-IIs
are arranged in such a fashion that LH-IIs extend as far as possible away from the LH-I-RC
complex. One requires that the architecture is densely filling the membrane. Thus, LH-IIs
were arranged (Ritz ez a/. 2001), not in a single file but in a file of pairs extending up to five
steps away from the LH-I-RC complex. The trapping time in the circular architecture of
about 110 ps is approximately a factor of 2 smaller than the trapping time in the stripe
architecture. Consequently, the yield in the circular architecture is about 6-8 % higher than
in the stripe architecture. On the other hand, excitation is dissipated more evenly in the stripe
architecture (Ritz ez a/. 2001).

The changes observed from the stripe to the circular architecture are similar in quality and
size as the changes that occur when LH-IIs are replaced by LH-IIIs in any of the two
architectures. Since the latter changes are important enough to be coded in the genome,
we must conclude that the changes observed due to differences in architectures are also
functionally important to the bacterium.

This conclusion immediately raises the question of how a bacterium can control the
organization of the PSU. To answer this question, one must understand how a bacterium
controls the generation of the various pigment—protein complexes in the desired

stoichoimetry and by which mechanism the pigment-protein complexes are assembled into
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the multi-protein machinery of the PSU. It is at this point that structural information alone
is no longer sufficient to understand the biological function, but that genetic and structural

information need to be considered together.

3.3.8 Genetic basis of PSU assembly

The PSUs of purple bacteria need to achieve a high enough efficiency to provide sufficient
energy for the bacteria to survive while at the same time the PSUs need to be protected
against photooxidative damage. This precarious balance is maintained for a large range of
environmental conditions. Bacteria adapt to changes in environmental conditions by
rebuilding the complete photosynthetic apparatus on a timescale of minutes to at most a few
hours.

Two environmental factors, oxygen tension and light intensity, have been shown to
regulate the synthesis of PSU proteins (Cohen-Bazire e/ a/. 1957). Oxygen at atmospheric
levels (21 %) represses the photopigment production almost completely and the cell obtains
its energy from respiration and substrate-level phosphorylation. In contrast, under anaerobic
conditions (< 1%) intracytoplasmatic membrane invaginations are formed which house the
photosynthetic apparatus for the conversion of light energy into chemical energy. Light
regulates synthesis of the antenna light-harvesting complexes, LH-II, which are synthesized
at a rate inversely proportional to environmental light intensity.

Most of the factors responsible for the expression of the photosynthetic apparatus of
purple bacteria have been characterized genetically, leading to the discovery of several
proteins of unknown function and structure that play a role in controlling and supporting
PSU assembly (Farchaus & Oesterhelt, 1989; Wong ¢ a/. 1996; Young e/ al. 1998; Young
& Beatty, 1998; Aklujkar ez a/. 2000; Frese ez al. 2000).

The structural genes required for PSU synthesis in Rb. capsulatus (Bauer et al. 1993) are
located in a 46 kb region of the chromosome termed the photosynthesis gene cluster
(GeneBank accession no. Z11165) which is shown in Fig. 22.

The central region contains a clustering of BChl and carotenoid biosynthesis genes flanked
by the LH-I and RC structural genes. The latter are organized in the pufand pub operons. The
puf operon encodes the LH-I apoproteins (« and f) and the L- and M-subunit of the RC (cf.
Fig. 6 for the structure of the RC). In addition to these there are two further genes, p#fQ and
pufX, the structural roles of which are not clear. The protein PufX has been best characterized
for Rb. sphaeroides where it is essential for photosynthetic growth and required for
ubiquinone/ubiquinol shuttling between the RC quinone-binding site and the cytochrome
be, complex (Farchaus & Oesterhelt, 1989). PufX is either closely associated with or
integrated into the LH-I ring and might be responsible for the long-range supraorganization
of the photosynthetic unit (Frese ef a/. 2000). Puf(Q) has been suggested to act as a regulator
for BChl a synthesis levels (Bauer ez a/. 1993).

The pub operon contains the gene puh.A encoding the H-subunit of the RC and five open
reading frames (ORFs) located downstream of the pubh.A gene (Alberti et al. 1995). Recently,
it has been shown in both Rb. capsulatus (Wong et al. 1996) and R. rubrum (Cheng et al. 2000;
Lupo & Ghosh, unpublished observations) pub.A that H-subunit deletion mutants were
incapable of photosynthetic growth. The mutants in both studies contain no photosynthetic
apparatus in the membrane, despite normal expression of the RC L. and M proteins and LH-
I polypeptides on the puf operon. These experimental results suggest that RC-H is required
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Fig. 22. Schematic overview of the photosynthesis gene cluster of Rb. capsulatus containing the genes
for BChl 2 metabolism (red) and carotenoid metabolism (yellow) flanked by the paf and pub operons
(green). The structurally characterized gene products are depicted as green fields and the non-
characterized gene products as white fields (ORFs, open reading frames). The transcripts arising from
the superoperons are depicted as red arrows. The paf and puh operon transcripts are depicted as green
arrows. The longer transcripts are weakly repressed by oxygen, whereas the puf and pubh operons ate
under control of strong oxygen-regulated promoters and are expressed at high levels under anaerobic
conditions.

for the normal formation of the PSU in the photosynthetic membrane and that the assembly
process is unstable or inefficient in the absence of RC-H. H-subunit deletion mutants of
R. rubrum are still capable of forming LLH-1 complexes in certain growth media (Lupo and
Ghosh, unpublished observations), but can not assemble L. and M subunits. Furthermore, in
Rb. capsulatus the first two ORFs (ORF214 and ORF162b) transcribed after pu#h.A possess a
crucial role for photosynthetic growth and have been proposed to be assembly factors (Wong
et al. 1996; Aklujkar ef a/. 2000). The more downstream located ORFs (ORF274, ORF55 and
ORF162a) have not been genetically characterized at present.

Immediately upstream of the puh operon, a large gene encoding a protein that consists of
477 residues is located on the photosynthesis gene cluster of Rb. capsulatus (Young et al. 1998;
Young & Beatty, 1998). This gene product is termed LhaA, for light-harvesting complex
assembly, and is a major factor in LH-I assembly. Gene disruptions in /baA lead to mutant
strains deficient in LH-I. A theoretical 2D LhaA membrane topology model has been
presented and it has been proposed that this protein might interact with LH components to
enhance membrane insertion and stabilization of these complexes in the intracytoplasmic
membrane (Young & Beatty, 1998).

The LH-II apoproteins (o and f) are encoded by the pu#e operon, which is unlinked to other
parts of the photosynthesis gene cluster (cf. Fig. 22). In Rb. capsulatus, the puc operon contains
a further gene, pucC, and two additional genes. P#cC deletion mutants which completely lack
the LH-II complex have been described in Rb. capsulatus. Due to its high degree of amino-
acid conservation compared to LhaA (47 %) a similar functional role of PucC for the assembly
of LH-II has been proposed (Young & Beatty, 1998).

In addition to these interesting features, which can be observed by single gene approach
studies, regulation patterns for PSU synthesis on the transcriptional and post-transcriptional

level have been investigated. The most intriguing feature of the photosynthesis gene cluster
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Fig. 23. Schematic overview of the mRNA processing events of the paf primary transcript. The
PpufOBALMX gets rapidly 5" degraded to puf BALMX which gets degraded to pufB.A. Further 3" =5’

degradation is halted by a hairpin region between puf.4 and pufl.. The shorter pufB.A message exhibits
a longer half-life leading to an accumulation of pufB.A.

is that its genes are organized into superoperons (Alberti e a/. 1995). The superoperon
organization produces several overlapping transcripts extending from the pigment
biosynthesis genes into the puf and puh operons. Of these, the biosynthesis genes are weakly
repressed by oxygen, whereas puf and pub operons are strongly repressed by oxygen. The
advantage of this transcriptional system is that the synthesis of enzymes involved in
photopigment biosynthesis is tightly coupled to synthesis of the structural polypeptides that
bind the photopigments. The second advantage is that this floppy superoperon control allows
aerobically grown cells a rapid adaption to photosynthetic growth conditions because a basic
level of structural components for the PSU is always present in the cell. Under anaerobic
conditions the puf and pub operons are expressed at high levels providing the high protein
levels necessary for PSU formation. Recently it has been shown (Cheng ¢7 a/. 2000) that the
pub promoter can be expressed under semi-aerobic conditions and is more tolerant to oxygen
than the puf promoter. Under anaerobic conditions RC-H is therefore present at high levels
prior to the expression of RC-L, RC-M and LH-I polypeptides suggesting that the gene
products can serve as foundation proteins for RC-LH-I assembly.

A further feature in expression of the photosynthetic gene cluster is that each of the
different operons are encoded by one mRNA transcript. This so-called polycistronic
organization allows the coordinated expression of all puf and pub genes for PSU formation.
However an immediate problem arises when considering the expression of the puf gene. The
stoichiometry of pufAB genes, encoding LH-I apoproteins, to p#fI.M genes, encoding the RC
L- and M-subunits, is 1:1, but building of the RC-LH-I supercomplex requires 16 times more
LH-I apoproteins than RC proteins. Nature has solved this problem by a post-transcriptional
mRNA-processing event, illustrated in Fig. 23, which has been characterized for Rb.
capsulatus in Klug (1995).

The complete pufBALMX message of Rb. capsulatus consisting of the RC L- and M-
subunit, PufX and the LH-I apoproteins (« and /) is shortened by partial 3’ — 5" degradation
to a puf BA message consisting only of the LH-I apoproteins (o and f). The degradation only
affects the pufI.MX genes because of a hairpin sequence between pu#fA and pufl.. Removal
of the hairpin sequence results in severe changes of LH-I:RC stoichoimetries. Both mRNAs
lack pufQ due to a rapid 5” processing event of the primary transcript pufOBALMX. An
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Fig. 24. Conservation of the paf and puh operons in various purple bacteria. The structurally
characterized gene products are depicted as green fields and the structurally non-characterized genes as
white fields.

important difference between the two mRNAs is their stability against further degradation.
The pufBALMX message has a half-life of 8 min and the shorter pu#fB.A message possesses
a half-life greater than 20 min. As a consequence of the different stabilities p#fB.A accumulates
compared to puf BALMX, leading to a 10- to 20-fold excess of LH-I synthesis relative to RC
protein synthesis. This intriguing explanation of how nature achieves the needed
stoichoimetry of LH-I and RC proteins underscores the necessity of adopting a systemic view
when studying cellular machineries. The structure of the RC-LH-I supercomplex is
determined by many factors, including the transcription mechanism of the photosynthesis
gene cluster, the post-transcription processes leading to various mRNA segments, the
different stability of these mRINA segments, the assembly mechanism of the expressed protein
components in the membrane, and possibly further, yet unidentified, factors. Only the correct
interplay of these many factors will result in the creation of a PSU capable of carrying out
its essential functions.
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The photosynthesis gene cluster has been best studied in Rb. capsulatus (Bauer et al. 1993;
Alberti et al. 1995; Klug, 1995) but it is remarkable how the overall organization, the
regulation patterns and even the homology of individual proteins and ORFs are conserved
among many different species of purple bacteria.

In Fig. 24, we compare the gene organization of the puf operon and the puh operon of four
different species, namely Rb. capsulatus, R. rubrum, Rb. sphaeroides and R. gelatinosus, exhibiting
a high degree of conservation. Two possibilities for achieving this high degree of
conservation can be discussed. Either the purple bacteria have acquired the photosynthesis
genes recently by lateral gene transfer or selective pressure forced various species to retain
these organizational patterns. The latter appears more likely as suggested by sequence
comparative studies in which phylogenetic trees constructed from RC sequences mirror the
phylogeny from 16S rRNA of the same species (Blankenship, 1992). According to this result
it seems to be very likely that the photosynthesis gene cluster of purple bacteria is a very

ancient gene organization form retained by selective pressure.

4. Concluding remarks

The pigment—protein complexes in the bacterial PSU are responsible for the absorption of
light energy and its conversion to electronic excitation that drives the primary charge
separation process. All the pigment—protein complexes bind both BChls and carotenoids;
with a typical number of 10 LH-IIs, 1 LH-I and 1 RC the PSU contains approximately 300
BChls. The observed stoichiometric ratio BChl:Car of 3:2 implies the presence of 200
carotenoids. Out of all these pigments, only very few BChls in the RC directly take part in
photochemical reactions; most BChls serve as light-harvesting antennae capturing the
sunlight and funneling electronic excitation towards the RC. A wealth of evidence has
accumulated now which proves that the organization of PSUs, to surround an RC with
aggregates of chlorophylls and associated carotenoids, is universal in photosynthetic bacteria,
higher plants and other photosynthetic organisms (Cogdell e a/. 1996; Fromme, 1996;
Hankamer ez a/. 1997; Hu & Schulten, 1997).

The flow of excitation from the outer antenna complexes to the RC is controlled by
differences in excitation energies between the various chromophores in the PSU. Each of the
antenna systems contains accessory chromophores with high excitation energies, e.g.
carotenoids and B800 BChls (in LH-II). These accessory chromophores collect high-energy
light, thereby extending the spectral cross-section of the PSU and funnel the light energy, in
form of electronic excitation, to the BChl ring systems in the antenna complexes. Once
excitation has reached one of the BChl ring systems, it flows more or less undirected between
the BChl ring systems and is thereby spread over a large area of the PSU. In this architecture,
an excitation reservoir is created, from which the RC drains excitation as needed, and in which
excess excitation is dissipated over a large area. The flow of excitation in this reservoir can
be regulated by fine-tuning the relative excitation energies of the BChl ring systems, e.g. by
replacing LH-II with LH-III. During billions of years of evolution, nature has adopted a
variety of ways to shift the spectral maxima for light absorption. A direct way of shifting the
spectrum is to use different kinds of pigments that absorb maximally at different wavelength
(Scheer, 1991). A more elegant way of doing this is achieved in the bacterial PSU. LH-II, LH-
I and RC all contain BChl # as the major pigment. Absorption spectra of monomeric BChl 4
peaks at 772 nm in organic solvent. In the PSU, the peak positions red-shift to various
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extents (i.e. 800 ~ 900 nm), yielding absorption maxima of 800 and 850 nm for LH-II and
875 nm for LH-I, respectively. The observed spectral shifts result mainly from intrinsic
properties of BChls and excitonic interactions (Hu ez al. 1997; Cory ez al. 1998). Excitonic
coupling splits the excited state energies, thus improving the overlap between donor and
acceptor spectra in the excitation cascade (Hu ez a/. 1997; Cory et al. 1998 ; Damjanovic ef al.
1999). It has also been suggested that the spectra of BChls are tuned to a limited degree
through interaction with the protein environment, e.g. through formylmethionine-Mg?**
ligation in case of B800 of LH-II from Rps. acidophila (McDermott ef al. 1995) or through an
Asp—Mg?®" ligation in case of B800 of LH-II from Rs. molischianum (Koepke et al. 1996).

The efficient flow of excitation through the chromophore system requires highly ordered
aggregates, the geometry of which is adapted to the needed interactions; carotenoids must
be in close (van der Waals) contact with BChls for triplet quenching and must be proximate
within a few Angstroms for transfer of optically forbidden excitations. Chlorophylls, in order
to achieve significant exciton splitting, must have Mg?*—Mg?* distances of about 10 A; for
energy transfer on a picosecond timescale, Mg**—Mg*" distances must be of the order of 20 A.
Exciton splitting facilitate photon fueling into the BChl funnel due to an inctrease in spectral
overlap with higher-energetic chromophores. It is possible that BChls form aggregates to
achieve coherence over many chromophores, and thus, significant exciton splitting.

A multi-protein architecture displayed by the bacterial PSU is necessary to provide a large
enough scaffold for the number of chromophores employed in light harvesting. Due to this
architecture, antenna systems employ a hierarchy of chromophore aggregates; the
chromophores are closer and more tightly coupled in the individual pigment—protein
complex, e.g. in LH-II, and more loosely coupled between different pigment—protein
complexes. The control of the overall aggregation of the multi-protein system is in itself an
impressive achievement worthy of study (Bailey ez a/. 1998).

In summary, the bacterial PSU constitutes an ideal model system of the photosynthetic
apparatus which, due to its smaller size, is more amenable to study (Clayton & Sistrom, 1978;
Blankenship ¢z a/. 1995). The properties of the antenna systems of purple bacteria discussed
here may potentially serve an understanding of a broader class of photosynthetic life forms
since the underlying physical principles governing the light-harvesting and electron-transfer
processes are most likely similar for all the photosynthetic organisms (Borisov, 1978;
Grossman e al. 1995; Green & Durnford, 1996; Gantt, 1996; Nugent, 1996; Larkum &
Howe, 1997; Hu & Schulten 1997). In this regard, it is worth mentioning that momentous
progress has been achieved recently in structural determination of pigment—protein complexes
of other photosynthetic organisms. Among others, Photosystem I (PS I) of cyanobacterium
Synechococcns  elongatus has very recently been resolved at 2-5 A resolution by X-ray
crystallography (Jordan ez a/. 2001). PS II from higher plants (spinach), green alga
Chlamydomonas reinbardtii and cyanobacterium Synechococcus elongatus have been imaged by
electron microscopy (Rhee e7 al. 1998; Nield ef al. 2000), and a 3-8 A structure for PS 11 of
the cyanobacterium  Synechococcus  elongatus has recently been determined by X-ray
crystallography (Zouni e al/. 2001); the structure of the plant light-harvesting complex
LHCII, located within the thylakoid membrane in the vicinity of PS II, was resolved at 3-4 A
(Kdhlbrandt, 1994); and the peridinin—chlorophyll-protein (PCP), an extra-membrane LH in
the photosynthetic unit of dinoflagellates, has been resolved at 20 A resolution (Hofmann ez
al. 1996). Also, the structure of the water-soluble BChl # protein (BChl protein) from the

green photosynthetic bacterium Prosthecochloris aestuarii has been determined at 1:9 A
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resolution in 1986 (Tronrud e a/. 1986). The availability of more integrated light-harvesting

systems from various photosynthetic organisms furnishes the unique opportunity for a

comparative study of the light harvesting process.
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