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The pioneering experiments of Emer-
son and Arnold (1) gave rise to the

concept of a photosynthetic unit in which
many antenna pigments could efficiently
pass excited state energy on to a reaction
center (RC) where the first photochemis-
try occurred. The experimental data indi-
cated that the antenna must contain a
large set of chlorophyll molecules relative
to the reaction center and implied a close
geometric relationship between the an-
tenna molecules and the RC that would
allow for efficient delivery of excited state
energy resulting from a quantum of light
absorbed anywhere in the antenna chlo-
rophyll. With the development of mem-
brane biochemistry came the realization
that all chlorophyll and bacteriochloro-
phyll molecules were specifically bound to
proteins that held them in a fixed relation-
ship to each other (2–4). In photosynthetic
bacteria, the antenna pigments were
found to be specifically bound in protein
complexes referred to as light-harvesting
(LH) complexes whereas the RC cofactors
were bound to a separate protein. The
isolation and crystallization of these com-
plexes has led to the determination of the
structure of the bacterial RC at high res-
olution (5–7), of a bacterial light-harvest-
ing complex (LH2) at high resolution (8,
9), and of Photosystem I of Synechococcus
elongatus (which contains the RC and core
LH) at intermediate resolution (10). In
addition, electron cryomicroscopy has
provided lower resolution structures for a
major light-harvesting complex (LHCII)
of oxygenic organisms (11), the core light-
harvesting complex of Rhodospirillum
rubrum (12), and Photosystem II RC of
spinach, which also contained part of the
core LH (13). As a result of these studies,
the early concept of a photosynthetic unit
consisting of a kind of ‘‘funnel’’ of antenna
pigments that could pass excitation energy
to an RC has been transformed into the
framework of specific integral membrane
protein complexes that form a two-
dimensional mosaic in which the RC is at
the center and is surrounded by LH com-
plexes. A ‘‘core’’ complex contains the RC
and a set of light-harvesting pigments
(LH1) that are intimately and specifically
associated with each other and the RC.
Among the challenges now being ad-
dressed in photosynthetic bacteria re-

search is to describe the structure of this
supramolecular photosynthetic core com-
plex and its relationship to the bc1 com-
plex, and to determine the structure-
function relationships that are critical for
the capture of light energy.

A variety of geometries have been pro-
posed for core complexes. These models
are mostly based on the concept of an RC
surrounded by LH1, and, if present, more
peripheral LH complexes are placed out-
side the core complex. In addition to
satisfying low resolution electron
microscopic images (12, 14), such cyclic
arrangement of LH1 would also explain
the circular degeneracy observed in fluo-
rescence polarization experiments and
other spectral properties (15). However, a
complication arises in models that pro-
pose a ring of LH1 around RC (Fig. 1A).
Since it has been well established that
reducing equivalents that accumulate at
the QB site of the RC must reach the bc1
complex to complete cyclic electron trans-
port and to complete the generation of an
electrochemical gradient of protons (16),
a ring of LH1 encircling the RC would
block the transfer of reducing equivalents
to the bc1 complex assumed to be else-
where in the membrane (Fig. 1 A). At this
juncture, a protein found in Rhodobacter
species, referred to as PufX (encoded by
the pufx gene), has been shown to facili-
tate the necessary transport of reducing
equivalents from QBH2 of the RC to the
bc1 complex (17–19). It has been specu-
lated that the PufX protein interacts with
LH1 andyor the RC to provide a pathway
for QBH2 to diffuse from the RC and to be
replaced by an oxidized ubiquinone from
the Q-pool in the membrane (20, 21).
However, experimental evidence to show
that PufX has an effect on LH1 andyor
RC structure has been lacking. In new
experimental work, Frese et al. in this
issue of PNAS (22) report measurements
of polarized absorption spectra of ori-
ented photosynthetic membranes ob-
tained from two mutants of Rhodobacter
sphaeroides, one containing a functional
PufX gene and one not. A striking differ-
ence in LD spectra was found in the region
of 800 nm. In membranes of the pufx-

mutant, the orientation of the RC about
an axis normal to the membrane appeared
to be random while a high degree of

orientation was observed in membranes
containing Puf X. These data provide the
first evidence that PufX induces the for-
mation of a long-range regular array of
RC. When the electron microscopic data
of Jungas et al. (23) and the biochemical
studies of Recchia et al. (24) and Francia
et al. (25) are also taken into account, a
direct involvement of PufX in the
LH1yRC structure is implied that results
in a specific orientation of the RC in an
LH1 ring. Thus, PufX is thought to play a
key structural role not only in the organi-
zation of LH1 about the RC, but also in
the long-distance arrangement of these
core complexes in the membrane, at least
in the case of this LH22 mutant of Rb.
sphaeroides.

A criticism might be raised that the
mutants studied by Jungas et al. (23) and
Frese et al. (22) are unique in that they
exhibit an unusual membranous tube
showing long-range organized structures,
that they were grown under dark, partial
aerobic conditions rather than photosyn-
thetically, and that they do not contain
LH2. Even so, the experimental results,
along with those of Francia et al. (25),
implicate PufX as intimately involved in
the organization of LH1 and the RC. And
since structure-function relationships of
core complexes of photosynthetic bacteria
seem highly conserved across species, it is
likely that these results will be of general
importance. It would be of great interest if
similar linear absorption measurements
were extended to other photosynthetic
bacteria such as Rs. rubrum and Rhodo-
pseudomonas viridis since a puf x gene has
not been found in these species.

In the experiments of Recchia et al.
(24), the PufX proteins from Rhodobacter
capsulatus and Rb. sphaeroides were iso-
lated and examined for their effect on in
vitro reconstitution of LH1. Each protein
inhibited LH1 formation in proportion to
its ratio to the LH1 a-polypeptide. To
explain these results, it was proposed that
PufX binds to the a-polypeptide, perhaps
in the presence of bacteriochlorophyll
(Bchl), and prevents its participation in
further oligomerization. In the association
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of LH1 with the RC, it is likely that the
a-polypeptide is on the inside of the ring
as in LH2 (8, 9). Thus, PufX may interact
with both an a-polypeptide of LH1 and
with the RC presumably at a location near
the QB site, thus playing the dual role of a
linker and causing interruption of a homo-
oligomeric ring of LH1.

One might think that ring formation
requires specificity in the a- and
b-polypeptides of the B820 subunit of
LH1 and LH2. However, it should be
noted that B850- and B870-type com-
plexes can be readily formed with a single
a- or b-polypeptide that has been sub-
stantially shortened at its N terminus (26,
27). These complexes exhibited both the
absorption and CD properties similar to
those of LH2yLH1 complexes. Thus,
from these observations, it can be con-
cluded that it is the specific geometry of
the two Bchl bound in a dimeric structure
that drives circular oligomerization to
achieve the overlapping ring of Bchl.
Small changes in the relative orientation
of some of the Bchl pairs in a ring might

be expected to give rise to somewhat
ellipsoidal, rather than strictly circular
geometries without sacrificing the en-
ergy transfer function of the complex.
This would perhaps allow a more inti-
mate fit of LH1 around the RC than is
indicated in the models of Fig. 1 A, C,
and D.

A dimeric structure for the bacterial
RC has been suggested to explain several
experimental results, first based on elec-
trochemical and quinone extraction ex-
periments (28, 29), then on the basis of
cytochrome c interaction with the RC
(30) and more recently on the basis of
isolation of RC dimers apparently re-
quiring PufX to be formed (25) and the
electron microscopic results of Jungas et
al. (23). In each of these cases, the
interaction between two RC in the dimer
was considered to be more intimate (see
Fig. B and C) than in the model sug-
gested by Frese et al. (22). In the latter
case, an LH1 ring surrounds each RC
and contains one PufX that interfaces
with a single shared bc1 complex (also

represented in Fig. 1D). The results ob-
tained by Francia et al. are of particular
interest because they have provided ev-
idence for in vivo dimerization of RC in
the presence of PufX and because they
determined the mole ratio of PufXyRC
to be one (25). In their work, no dimeric
RC were observed in preparations from
PufX2 mutant membranes.

Many questions remain to be addressed
regarding the structure of the core com-
plexes of photosynthetic bacteria. For ex-
ample, why has a pufx gene been found
only in the puf operon of Rhodobacter
species and not in the puf operon of other
bacteria such as Rs. rubrum and Rs. viridis?
Since the role of PufX seems crucial for
function in Rb. capsulatus and Rb. spha-
eroides, is an x-type gene located else-
where in other bacteria, or does some
other protein fulfill this role? Are there
other proteins that are part of the core
structure but have not yet been identified
(e.g., Fig. 1B)? It should be kept in mind
that the structure-function relationships
for core complexes of all known photo-

Fig. 1. (A) Model of the core complex in which each RC (Rasmol structure of the Rb. sphaeroides RC, Protein Data Bank (RCSB) accession no. 1aij) is surrounded
by a closed ring of LH1 (pink) interrupted by PufX (black) and interacting with the RC at the QB site (orange space-fill tail of QB). The bc1 complex (gray) is elsewhere
in the membrane. In the Rasmol presentation, the RC is viewed from the extracellular side of the membrane, the H-polypeptide is yellow, the L-polypeptide is
cyan, the M-polypeptide is green, bacteriochlorophyll are blue, bacteriopheophytin are magenta, and QA and QB are orange. (B) Model of an intimate RC dimer
(light blue) in which PufX and another possible component (red) link LH1 with the RC and cytochrome b (28, 29). Other color assignments are as for A. (C) Model
of an RC-cytochrome b-RC complex in which two RC are intimately associated with a bc1 complex linked by PufX (23). Colors are as in A. (D) Model of a core
complex-cytochrome b-core complex in which the linkage to cytochrome b is through PufX (22). Colors are as in A.
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synthetic bacteria are highly homologous.
As indicated above, the RC are highly
similar, all have a core LH with highly
similar biochemical and spectral proper-
ties, all exhibit very nearly the same ratio
of Bchl of LH1:RC, and all RC are tightly
coupled to the bc1 complex to achieve
cyclic electron transport and develop an
electrochemical gradient of protons. Isn’t
it compelling to expect that all will also
share a similar mechanism for the funda-

mentally important process of moving re-
ducing equivalents from QBH2 of the RC
to the bc1 complex?

Other questions might also be raised.
Does the PufX protein play a regulatory as
well as a structural role such that it controls
the expression of another protein? Does
PufX interact with the bc1 complex to es-
tablish an even larger supramolecular struc-
ture, as is implied by three of the four
models shown in Fig. 1? When considering

the very high structural similarity between
bacterial RC and PSII and PSI RC, why do
the core LH complexes appear to be so
different (10, 13)?

It may be safely concluded that the grow-
ing knowledge of structure and the many
experimental tools now in place will enable
these supramolecular structures to be care-
fully probed. Future research in this area
should be able to elucidate how these re-
markable converters of solar energy work.
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