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The past several years have seen dramatic progress in our
understanding of the reactions taking place in the early events
of photosynthesis. This has been in large part due to research
involving purple photosynthetic bacteria (16, 28, 34, 35, 46, 56).
These anaerobic photosynthetic prokaryotes have been and
continue to be excellent model organisms in which to investi-
gate the basic mechanisms of photosynthetic light-harvesting
and reaction center (RC) photochemistry.

In this minireview, we describe what is currently known
about the structure of the bacterial photosynthetic unit (PSU)
and then outline the series of reactions which take place be-
tween the absorption of a “green” photon by the carotenoids in
the antenna system and the charge separation across the mem-
brane by the reaction centers. Much of the background to this
topic can be found in the following excellent books (5, 10, 15).

The major light-absorbing pigments in purple bacteria are
bacteriochlorophyll (bacteriochlorophyll a [Bchla] or Bchlb)
and carotenoids. These pigments are noncovalently bound to
two types of integral membrane proteins, forming either reac-
tion centers or antenna complexes (15, 70, 75, 76). All species
of purple bacteria contain “core” antenna complexes (light-
harvesting complex 1 [LH1]), which surround the reaction cen-
ters (7, 12, 24, 75). LH1 complexes typically have a single
strong near-infrared absorption band between 870 and 890 nm
(Bchla) or at 1,020 nm (Bchlb) (70, 75). Most species also
contain a second type of antenna complex (LH2), which is
arranged more peripherally (70, 75). LH2 complexes typically
have two strong absorption bands in the near-infrared, e.g., at
800 and 820 or 850 nm. The exact ratio of LH2/LH1 complexes
present in the photosynthetic membrane is controlled by a
variety of environmental factors (1) such as light intensity (for
recent reviews of this topic, see references 4 and 58). The
structure of the PSU is, therefore, very variable.

Antenna complexes have evolved to increase the effective
cross-sectional area for light absorption of each reaction cen-
ter. Mutant photosynthetic bacteria which lack antenna com-
plexes have been made (30). These mutants will still grow
photosynthetically but only at very high, incident light intensi-
ties. Antenna complexes supply each reaction center with
enough photons to allow photosynthesis to occur at reasonable
rates over a wide range of incident light intensities. They also
absorb light over a broader spectral range than the reaction
centers alone and so allow more of the incident solar spectrum
to be used productively.

PRESTRUCTURAL STUDIES

Prior to the determination of the structure of the first LH2
complex in 1995 (46), purple bacterial antenna complexes had
been extensively studied by a range of biochemical and molec-
ular biological techniques (8, 9, 30, 31, 37, 72, 73). Antenna
complexes had been prepared and characterized from a range
of different species (75, 76). In addition, molecular genetic
systems were developed in the case of Rhodobacter capsulatus
and Rhodobacter sphaeroides, which allowed a wide range of
site-directed mutations to be generated (8, 9, 30, 74).

Largely due to work carried out by the research group of
Zuber (75, 76), it was established that the LH1 and LH2
complexes are constructed on the same modular principle (75).
Each complex is an oligomer of a basic unit which consists of
a pair of small, hydrophobic apoproteins (named a and b).
Hydropathy analysis of these apoproteins showed that they all
contained polar N and C termini and a central hydrophobic
region of between 20 and 24 amino acids. This then led to the
idea that these apoproteins span the photosynthetic membrane
with the central hydrophobic region folded into a single mem-
brane-spanning a-helix. This basic topology was confirmed by
experiments with proteases and inside-out and right-side-out
membrane vesicles (6, 7, 57). Comparative sequence analysis
also pinpointed the role of two conserved histidine residues
(a-His 30 and b-His 31 in Rhodopseudomonas acidophila
10050) as being likely fifth ligands to the Mg21 at the center of
the bacteriochlorin rings of the 850- and 875-nm-wavelength-
absorbing Bchlas in LH2 and LH1, respectively (75, 76). This
was confirmed by resonance Raman spectroscopy (64). Based
on these considerations, together with a range of other spec-
troscopic observations, several structural models of both LH1
and LH2 were proposed (37, 54, 75).

The energy transfer reactions occurring within isolated an-
tenna complexes and intact photosynthetic membranes were
studied by picosecond flash photolysis (for reviews, see refer-
ences 31 and 72). The time of energy transfer for the
B8003B850 step in LH2 was put at less than 1 ps, while
transfer from LH2 to LH1 was rather multiexponential with
the main time being 3 to 5 ps, but with some slower compo-
nents also visible. The energy transfer step from LH1 to the
reaction center took 30 to 50 ps. Once the excitation energy
reaches the reaction center, the primary photochemical redox
reactions are initiated. As a result of this, cyclic electron trans-
port occurs, a transmembrane proton motive force is gener-
ated, and ATP is synthesized.

STRUCTURE OF LH2
Spurred on by the success of Deisenhofer et al. in crystal-

lizing the purple bacterial reaction center from Rhodopseudo-
monas viridis (16), we set about trying to crystallize and deter-
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mine the structure of an LH2 complex. A long struggle then
ensued, which finally, after 12 years, was successful, and in
1995, we reported the structure of the LH2 complex from
Rhodopseudomonas acidophila 10050 (46). The original struc-
ture was described at a resolution of 2.5 Å, but we have now
improved this to 2.0 Å with cryocooling (59a). The overall
structure is a a9b9 nonamer (Fig. 1). It is rather like an elon-
gated, hollow cylinder (readers should note this is not a pore,
as the hole in the middle is filled with lipids). The inner walls
of the cylinder are formed from the transmembrane a-helices
of the a-apoproteins, and the outer walls are formed from the
a-helices of the b-apoproteins. The pigments are all located
within these walls of protein. The structure is “capped” top and
bottom by the N and C termini of the apoproteins which fold
over and interact with each other. For the purposes of this
minireview, we will discuss only the detailed arrangement of
the pigments. Readers wishing to have more details of the
structure of the apoproteins should refer to Prince et al. (59).

Beginning at the N-terminal (cytoplasmic) side of the com-
plex, the first pigments encountered are a group of monomeric
Bchla molecules (Fig. 2). There are nine of these, one per
ab-apoprotein pair. They lie flat, parallel to the putative mem-
brane surface, between the b-apoprotein a-helices. They are
separated by 21.2 Å from center to center, and their central
Mg21 ions are complexed to an extension of the N-terminal
methionine residue of the a-apoproteins. In the original de-
scription of the structure, this extension was modelled as an
N-formyl group. With the improved resolution of 2 Å, how-
ever, this is clearly seen to be incorrect (Fig. 3). At present we
do not know what this extension is. These Bchla molecules
have been assigned to those which give rise to the 800-nm-
wavelength absorption band (B800). Their binding site is
rather polar, which probably explains why their Qy transition
(Qy is the Bchla absorption band at 800 or 850 nm) is only
slightly redshifted from that of free, monomeric Bchla in or-
ganic solvent (;770 nm). Moving on, further down through the
structure toward the C-terminal side, a second group of Bchla
molecules are encountered about two-thirds of the way across
the transmembrane domain. There are 18 Bchlas in this group
(2 per ab-apoprotein pair), and they are liganded via their
central Mg21 ions to the two conserved histidine residues
described above. Their bacteriochlorin rings lie perpendicular
to the putative plane of the membrane, parallel to the trans-
membrane a-helices. They form a closely interacting ring and
have a center-to-center separation of 9.5 Å within a ab pair
and 8.9 Å between the next one in the neighboring ab-apo-
protein pairs (Fig. 4). Going round this “ring” of Bchlas, the
Mg21 ions are complexed alternately to the a-apoprotein and
then the b-apoprotein. These Bchlas have been assigned as
those which give rise to the 850-nm-wavelength absorption
band (B850).

Apart from the overall very hydrophobic binding pocket of
the 850-nm-wavelength-absorbing Bchlas, it is also worthwhile
pointing out certain of the most important residues which are
hydrogen bonded to the Bchla macrocycles. In the intact PSU,
energy transfer proceeds down an energy gradient because
LH2 absorbs to the blue (high energy) of the LH1 (low ener-
gy). This energy gradient results in energy transfer being di-
rected or funnelled toward the reaction center. Indeed, this

funnelling is essential for efficient energy transfer from the
periphery of the PSU to the reaction center. It is important,
therefore, to try to understand the structural factors which
control the position of the Qy absorption band of the Bchlas in
antenna complexes. Some species of purple bacteria contain
naturally occurring wild-type spectral variants of LH2 in which
the 850-nm-wavelength absorption band is shifted to 820 nm
(11, 75). Careful comparison of their LH2 sequences identified
several key, C-terminally located, aromatic residues, the pres-
ence or absence of which strongly correlated with this shift in
absorbance (76). In Rhodopseudomonas acidophila, for exam-
ple, residues at positions a44 and a45 were shown to be critical
in determining the position of the B850 Qy absorption band.
When these residues are Tyr and Typ, the Qy band is at 863
nm, while when they are replaced by Phe and Leu, respectively,
the Qy band is blueshifted to 820 nm. Resonance Raman spec-
troscopy suggested that these residues in the B800-850 com-
plex were hydrogen bonded to the C-9 acetyl group of Bchla,
while in the B800-820 complex, these hydrogen bonds were
absent (17, 18, 64). The crystallographic structure shows that
the B850 C-9 acetyl groups are indeed, hydrogen bonded to
a-Tyr 44 and a-Trp 45. Very recently, we have succeeded in
determining the three-dimensional (3-D) structure of the
B800-B820 complex from Rhodopseudomonas acidophila 7050
(49). The initial indications are that the loss of these hydrogen
bonds results in a reorientation of the C-9 acetyl group which
twists out of the plane of the bacteriochlorin ring and which
may explain the majority of the spectral shift (49). Gudowska-
Nowak and coworkers (25) have carried out a detailed analysis
of the structure and the absorption properties of the different
Bchla molecules present in the water-soluble, FMO antenna
complex. They showed that as the C-9 acetyl group twists out
of the plane of the bacteriochlorin ring (i.e., moves the car-
bonyl group out of conjugation with the bacteriochlorin ring),
the Qy absorption band is blueshifted compared with its posi-
tion when the C-9 acetyl group is parallel to the bacteriochlorin
ring (i.e., adds another double band into the conjugated system
of the macrocycle).

Each ab-apoprotein pair also contains a single well-resolved
carotenoid molecule (rhodopin-glucoside). It has an extended
S-shaped conformation (' all trans) and spans the whole
depth of the complex. The glucosyl ring is located in a polar
pocket on the N-terminal side of the complex. The conjugated
chain then runs perpendicular to the edge of the B800 bacte-
riochlorin ring (closest approach, 3.4 Å) and then crosses over
into the next ab-apoprotein pair before running over the face
of the a-bound B850 bacteriochlorin ring (closest approach,
3.68 Å). It is important to point out here that this carotenoid
interlinks two ab-apoprotein pairs and appears to play an
important structural role. This may explain why carotenoid
deletion mutants fail to assemble LH2 (40, 77) and why in the
absence of carotenoids the LH2 apoproteins are synthesized
but rapidly degraded (40).

In 1996, the structure of a second LH2 complex from Rho-
dospirillum molischianum was described by Koepke et al. (35).
Its structure is very similar to that from Rhodopseudomonas
acidophila, but its oligomerization state differs. It is an octamer
rather than a nonamer. The other major difference is the
organization of the B800 Bchlas. In the Rhodospirillum molis-

FIG. 1. Schematic representation of the LH2 holocomplex from Rhodopseudomonas acidophila. (Top) View from the cytoplasmic side of the membrane, looking
down the central ninefold axis of symmetry. (Bottom) View from within the membrane. The organization of the two rings of Bchla molecules, arranged between the
transmembrane a-helices, are shown; the 9 B800 Bchla molecules parallel to the plane of the membrane and the second ring of 18 B850 Bchla molecules, with their
bacteriochlorin rings perpendicular to the plane of the membrane. The bottom view also shows the carotenoid (rhodopin-glucoside) which spans the membrane and
comes into van der Waal’s contact with both groups of Bchla. Only the chromophoric portions of the pigments are shown. This and most of the other figures in this
minireview were produced with the Molscript program (38).
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chianum complex, the Mg21 ions from these Bchlas are ligan-
ded to the g oxygen atom of a-Asp 6. This change results in the
plane of the bacteriochlorin ring being dipped into the mem-
brane at an angle of about 20°, and the orientation of the ring
being rotated by 90° relative to that of the B800 Bchlas in
Rhodopseudomonas acidophila. A more-extensive comparison
of the two structures can be found in Cogdell et al. (13).
Low-resolution two-dimensional (2D) projection maps of
LH2 complexes from Rhodopseudomonas sulphidophilus and
Rhodobacter sphaeroides have also been reported (53, 73).
These are both nonamers. What controls the size of the ring
remains to be determined. It has also been suggested that the

ring size may vary in certain species (51a). These are still open
questions.

STRUCTURE OF LH1

LH1-RC “core” complexes were first clearly visualized in
electron microscopy studies on membranes from Rhodopseu-
domonas viridis (52, 68). This Bchlb-containing species has only
LH1 complexes. It lacks LH2. Its intracytoplasmic membranes
are lamellar and contain large regions of quasicrystalline 2D
arrays of LH1-RC core complexes. These core structures are
circular with a diameter of ;120 Å. Image processing of these

FIG. 2. Location and organization of the B800 Bchlas in the LH2 from Rhodopseudomonas acidophila. The B800 Bchlas (nine Bchla molecules) can be seen
arranged peripherally between the b-apoprotein a-helices.
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structures suggested that they had sixfold symmetry. Early de-
terminations of stochiometry indicated a Bchla/reaction center
ratio of 24:1 (52, 68). Together, this suggested that the reaction
center was surrounded by an a12b12 LH1 ring. This idea was
given further strong support by Meckenstock et al. (50, 51).
These workers produced 2D crystals of LH1-RC cores from
Rhodobium marinum with and without the reaction center.
Their electron microscopy images showed that removal of the
reaction center resulted in a loss of the electron density in the

middle of the LH1 ring. Very recently, Karrasch et al. (34)
produced 2D crystals of reconstituted LH1 complexes from
Rhodospirillum rubrum. These crystals were well enough or-
dered to be studied by electron diffraction, and a 2D projection
map of LH1 at a resolution of 8.5 Å was produced. This map
showed a ring structure consisting of 16 ab pairs, very similar
to that for LH2. When the data were processed at lower res-
olution, it appeared to have sixfold symmetry. However, at
higher resolution this pseudo sixfold symmetry broke down to

FIG. 3. Comparison of the electron density in the region of the B800 Bchla binding pocket of LH2 from Rhodopseudomonas acidophila at a resolution of 2.5 Å (top)
and 2.0 Å (bottom). (Top) With a resolution of 2.5 Å, the extension of the N-terminal methionine residue of the a-apoprotein is clearly seen in the electron density
map, together with the “modelled” formyl group. (Bottom) At this improved resolution of 2.0 Å, the N-terminal extension is also clearly seen. Now, however, it can
be seen to bifurcate. The modelled formyl group no longer gives a satisfactory fit to this higher-resolution data. The electron density is shown as the white or blue cage.
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reveal eightfold symmetry. These workers also showed that
with the larger ring structure the hole in the middle (diameter,
68 Å) was just big enough to accommodate the reaction center.
It is also worth pointing out that the diameter of the LH1 ring
seen by Karrasch et al. (34) is very similar to the size of the
core complexes seen previously both in Rhodopseudomonas
viridis (52, 68) and Rhodobium marinum (50, 51). This new
model of the LH1-reaction center core complex as a 16-mer
conflicts with the previous measurements of the Bchla/reaction
center stochiometry of 24:1 (68, 76). The new model would
imply a ratio of 32:1 rather than 24:1. Two more recent at-

tempts to measure this stochiometry have been made (19, 24).
Gall (24) measured this ratio for core complexes isolated from
seven different species of purple bacteria. The data did show
some variability but had an average value of 33 (64):1. In
contrast, Francke and Amesz (19) determined the ratio for
core complexes from six different species and found ratios of
24 (62):1 to 28 (64):1. Clearly, more work is required to sort
out the current ambiguity. It is obvious though that an a12b12
ring is not big enough to enclose the reaction center.

This story is potentially even more complicated. Some spe-
cies of purple bacteria such as Rhodobacter sphaeroides and

FIG. 4. Organization of B850 Bchlas in the LH2 from Rhodopseudomonas acidophila. The 18 Bchla molecules, which from the B850 ring can be seen, edge on, are
arranged between the transmembrane a-helices of the a-apoprotein (inner) and b-apoprotein (outer).
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Rhodobacter capsulatus contain a gene called pufX (2, 3, 44,
47). This gene encodes a protein which is intimately associated
with LH1 (23, 44, 47, 48, 60, 62). In Rhodobacter sphaeroides,
deletion of the pufX gene prevents photosynthetic growth but
only when LH1 is present (2, 47). A double deletion mutant,
PufX2 LH12, still grows photosynthetically (2, 47). This
PufX2 phenotype appears to result from an inability of the
secondary electron acceptor ubiquinone to escape from the
reaction center and interact with the cytochrome b-c1 complex.
This then blocks photosynthetic electron transport. It has been
suggested that the PufX protein resides in the LH1 ring and
provides a gate which allows the diffusion of ubiquinone in and
out of the reaction center (12). Indeed it has recently been
shown in Rhodobacter sphaeroides that deletion of the PufX
protein results in an increase in the Bchla/reaction center ratio
in the LH1-RC core complex (47, 48, 60).

There have also been some very recent studies which have
suggested that in Rhodobacter sphaeroides, the LH1 rings in
vivo may not be complete (33). It is now essential, therefore,
that a high-resolution structure of an LH1-RC core is deter-
mined. We have recently been trying very hard to produce 3D
crystals of such complexes (24, 41). We have obtained crystals
from four different species of purple bacteria but so far they do
not diffract X-rays sufficiently well to allow determination of a
high-resolution structure. Watch this space.

Over a number of years Loach and coworkers (45), have
developed an in vitro system for reconstituting LH1 complexes
from their individual purified components. This approach is
now allowing the important structural features required for
successful assembly of LH1 complexes to be determined. They
are even able to study the effects of reconstituting with mixed
apoproteins when the a- and b-apoproteins come from differ-
ent species.

A MODEL OF THE WHOLE PSU
In order to fully describe the purple bacterial light-harvest-

ing systems, we need to have a complete picture of the orga-
nization of the antenna complexes in vivo. This is not yet
possible. However, if for the purposes of this minireview, we
take the Karrasch et al. (34) structure for LH1 at face value,
then it is possible to model a high-resolution generic LH1-RC
core complex (27, 56). Two groups have done this, by using the
structures of the two LH2 complexes and recognizing the
strong structural homology of the LH1 and LH2 apoproteins
especially in the transmembrane a-helical regions. The LH1-
reaction center core structure can then be put together with
the known structure of LH2 to produce a model of the whole
PSU (Fig. 5). One striking feature of this model is the way in
which the macrocycles of tightly coupled rings of Bchla (the
B850 ring in LH2 and the B875 ring in LH1) line up at the
same depth in the membrane. This also corresponds very
closely to the transmembrane location of the special pair of
Bchlas in the reaction center. This minimizes the distance
between the rings of Bchl, which in turn maximizes the rate of
energy transfer from LH23LH1 and from LH1 to the reaction
center (since distance is one of the major factors that controls
the rate of singlet-singlet energy transfer). This model is very
useful since it focuses attention on the different types of pig-
ment-pigment interactions which are involved in each of the
different energy transfer reactions that occur in the light-har-
vesting system.

The situation in vivo, however, is clearly more heteroge-
neous than these simple models suggest. The composition of
the purple bacterial PSU is dynamic and changes depending on
the growth conditions as described above. Moreover, previous
studies on energy migration in the photosynthetic membranes

from a range of different species of purple bacteria have shown
that the precise supramolecular organization of the LH2 and
LH1-RC cores is also species dependent (14). There is a now
an urgent need to examine the architecture of the PSU in
intact photosynthetic membranes.

ENERGY TRANSFER WITHIN THE PSU

The purple bacterial PSU has proved to be a very attractive
system for physical chemists interested in the study of light-
harvesting process. There are two reasons for this: first, there
is atomic-resolution, structural information, and second, unlike
in plants, there is excellent spectral separation between the
different pigment groups in the energy transfer processes.
Progress in this area has also been greatly assisted by parallel
advances in laser technology which now allow energy transfer
events to be probed with femtosecond time resolution (61, 69).

Figure 6 shows the structural context in which the discussion
of energy transfer within LH2 should begin (22). The interpig-
ment distances and the relative orientation of the transition
dipole moments of the major electronic states are shown.

For many years now, it has been well documented that light
absorbed by the light-harvesting carotenoids can be used to
drive the light reactions in purple bacterial photosynthesis (20,
21, 36). The efficiency of carotenoid3Bchla energy transfer
varies from species to species and from LH complex to LH
complex, from 30 up to 100% (20). The exact mechanism(s)
involved here has (have) not yet been well defined. The basic
problem is as follows. For many years, carotenoids were
thought to be nonfluorescent (21, 36), implying that their flu-
orescence lifetimes must very be short indeed. If this were true,
then how can there be enough time for such efficient singlet-
singlet energy transfer (i.e., light harvesting) to occur before
the carotenoid’s excited singlet state is lost by other competing
processes? The answer to this question is twofold. First, caro-
tenoids do fluoresce (36), and second, they have a rather un-
usual photochemistry. In particular, the allowed singlet state
transition from the ground state goes to the S2 state rather
than the S1 state (29). The direct one-photon-induced transi-
tion from the ground state to the S1 state cannot occur because
it is symmetry forbidden. Following excitation, the carotenoid
S2 state lasts only for a few hundred femtoseconds before it
then relaxes into the S1 state. S1 then decays back to the
ground state in a few picoseconds (Fig. 7).

In the LH2 complex from Rhodopseudomonas acidophila
10050, the efficiency of carotenoid (in this case rhodopin-glu-
coside) to Bchla singlet-singlet energy transfer is about 55%
(21). We can therefore ask two questions: which excited state
of the carotenoid is acting as the energy donor and which
group of Bchlas (i.e., B800 or B850) receive this energy? If the
carotenoid rhodopin-glucoside is excited with a 60-fs excitation
pulse, the measured lifetime of the S2 state depends upon
where that carotenoid is (45a). In benzylalcohol, its lifetime is
;130 fs. In LH2, this lifetime is shortened to ;61 fs. This
reduction in lifetime is due to energy transfer to the Bchlas.
This can be seen directly by exciting the carotenoid and mea-
suring the kinetics of the arrival of that energy in the B800 or
B850 manifolds. Measuring at 851 nm the kinetics of the in-
crease in B850 fluorescence is biphasic. About 70% of the
fluorescence rises with a time constant of ;63 fs. The other
30% rises with a time constant of ;900 fs. Clearly, the fast
phase of this energy transfer event corresponds to direct sin-
glet-singlet energy transfer from the S2 state of rhodopin-
glucoside to the B850 manifold. However, what is the slower
rise due to? Excitation of LH2 at 800 nm (into B800) has
allowed the time course for the B8003B850 singlet-singlet
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FIG. 5. Two views of a model of the purple bacterial PSU. (Top) A top view, looking perpendicular to the assumed plane of the membrane. This section is taken
at a point in the LH complexes where the tightly coupled rings of Bchlas are located. This figure was adapted from reference 56 with permission from Elsevier Science.
The reaction center is located in the center of the LH1 complex. The smaller LH2 sits outside the large LH1 complex. (Bottom) A side view, looking from within the
assumed plane of the membrane (blue, LH2; green, LH1; yellow, RC). This section is taken exactly perpendicular to the view shown in the top panel. The distances
shown between the different pigment groups (shown in orange) are calculated assuming a space-filling model and the closest possible organization. The times shown
are energy transfer times as measured in intact membranes (31, 61, 69, 72).
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energy transfer to be determined (65, 69). The rate constant
for this process is about 900 fs. The slower phase in the carot-
enoid-to-B850 energy transfer, therefore, reflects that energy
which has gone via the B800 Bchls. We have recently been able
to confirm this by selectively removing the B800 Bchls from
LH2 (45a). In this case, with a B800-less LH2 complex, all of
the carotenoid-to-B850 energy transfer is fast. The kinetics of
the carotenoid to B800 energy transfer also indicate that the S2

state of rhodopin-glucoside is the major energy donor. On the
basis of the energy levels of the carotenoid’s two excited singlet
states, it has been suggested that energy transfer from S2 goes
by way of the Qx transition (Qx is the Bchla absorption band at
;590 nm) of Bchla and that from S1 goes by way of the
lower-energy Qy transition (69). In the case of LH2 from Rho-
dopseudomonas acidophila, it appears that nearly all of the
carotenoid to Bchla singlet-singlet energy transfer comes from
the S2 state (21). In contrast, other antenna complexes, such as
LH2 from Rhodobacter sphaeroides (where the efficiency of
carotenoid-to-Bchla energy transfer is nearly 100% [20]), are
also able to harvest energy from the carotenoid’s S1 state (36).

Once the excited state has reached the B850 manifold, it is
very rapidly depolarized (61, 69). This means that it hops very
rapidly around the B850 ring. This hopping time has been
estimated to be on the order of a few tens of femtoseconds. If
there are no other LH complexes nearby which can accept the
excitation energy, the excited state will decay in 1 ns. Conse-
quently, the excited state visits each B850 Bchla many times
during its lifetime and is, therefore, available for energy trans-
fer out of any site in the ring with equal probability. This is very
important because it means that there does not have to be a
fixed supramolecular arrangement of LH2 and LH1 complexes
in the PSU for efficient energy transfer to occur. As long as the
next antenna complex is sufficiently close, energy transfer will
occur with equal high efficiency from anywhere in the LH2
ring.

Following fs excitation of LH2, the times of energy transfer
for the LH23LH1 and LH13reaction center steps can also be
measured (61, 69). The kinetics of energy transfer from LH2 to

FIG. 6. Relative orientations of the Qx and Qy transition dipoles in the B800 and B850 Bchlas and the carotenoid in the LH2 complex from Rhodopseudomonas
acidophila. (A) Alignment of the Qx dipoles (yellow-green). (B) Alignment of the Qy dipoles (red-white). (C) Alignment of the carotenoid to the Qx dipoles (the
transition dipole movement of the S2 state of the carotenoid runs up and down the long axis of the conjugated double bands). (D) Alignment of the carotenoid with
respect to the Qy dipoles. The figure was adapted from reference 22 with permission from Elsevier Science and produced with O (32). The distances between the center
of a B800 Bchla and the a-bound and b-bound B850 Bchlas in the same ab-apoprotein pair are 17.4 and 18.2 Å, respectively. Qx and Qy are labels for the two Bchla
absorption bands at ;590 nm and 800 or 850 nm, respectively. The transition dipoles, which correspond to these absorption bands, lie within the plane of the
bacteriochlorin rings, at right angles to each other, diagonally between the nitrogen atoms, which coordinate the central Mg21. One of the factors which controls the
rate of excitation energy transfer between two molecules is the angle between the transition dipoles involved. When the dipoles are parallel, energy transfer is favorable;
when they are orthoganal, energy transfer is much less favorable.

FIG. 7. Schematic representation of the two low-lying excited singlet states of
S1 and S2 carotenoids. The approximate positions of the S1 and S2 excited singlet
states are shown. The S03S2 represents the optically allowed (one-photon)
transition that gives rise to the carotenoid’s well-known, strong absorption spec-
trum. The approximate times for the S23S1 and S13S0 transitions are also shown.
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LH1 are somewhat multiexponential. The major and fastest
phase takes 3 to 4 ps. The slower phases probably arise from a
rather heterogeneous arrangement of the LH complexes in the
membrane so that there are several LH23LH2 steps before an
LH1 complex is encountered. The final energy transfer step
from LH1 to the reaction center is the slowest and takes 30 to
50 ps. This is clearly due to the larger distance involved com-
pared to LH23LH1 (Fig. 5). Even though most, if not all, of
the times of the energy transfer steps between the absorption
of a green photon by an LH2 carotenoid and the arrival of that
energy at the reaction center have been resolved, the details of
the exact molecular mechanisms involved remain to be pre-
cisely defined. A detailed discussion of this and of the extensive
range of biophysical techniques currently being employed to
tackle this problem are beyond the scope of this minireview.
An excellent recent review by Sundström et al. (69), however,
can be consulted by those readers who wish to explore this
subject in greater detail.

FINAL REMARKS
This is a golden time for those people interested in trying to

understand the detailed mechanisms of energy transfer in pho-
tosynthetic light-harvesting systems. Apart from the high-res-
olution structures of the two LH2 complexes described above,
detailed structural information is also available for the LHC2
complex from higher plants (39), two water-soluble Bchla-
protein complexes (FMO [43, 71]), the water-soluble peri-
dinin-chlorophyll a complex from a dinoflagellate (26), and a
whole clutch of phycobiliproteins (e.g., reference 67). As these
are subjected to detailed functional studies over the next few
years, we can expect the general principles of photosynthetic
light harvesting to be established. Current progress in our
understanding of purple bacterial light harvesting has been
largely led by the acquisition of detailed high-resolution struc-
tural information, coupled with a highly multidisciplinary ap-
proach to its subsequent exploitation. We expect similar advances
will occur in our detailed understanding of the light-harvesting
reactions in oxygen-evolving photosynthetic organisms as high-
resolution structures of their integral membrane photosystems
become available (63, 66). Readers who wish to see more-
detailed pictures of LH2 should visit the following two web
sites (59a and 71a).
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