
Model for the Light-Harvesting Complex I (B875) of
Rhodobacter sphaeroides

Xiche Hu and Klaus Schulten
Beckman Institute and Department of Physics, University of Illinois at Urbana-Champaign, Urbana, Illinois 61801 USA

ABSTRACT The light-harvesting complex I (LH-I) of Rhodobacter sphaeroides has been modeled computationally as a
hexadecamer of ab-heterodimers, based on a close homology of the heterodimer to that of light-harvesting complex II (LH-II)
of Rhodospirillum molischianum. The resulting LH-I structure yields an electron density projection map that is in agreement
with an 8.5-Å resolution electron microscopic projection map for the highly homologous LH-I of Rs. rubrum. A complex of the
modeled LH-I with the photosynthetic reaction center of the same species has been obtained by a constrained conforma-
tional search. This complex and the available structures of LH-II from Rs. molischianum and Rhodopseudomonas acidophila
furnish a complete model of the pigment organization in the photosynthetic membrane of purple bacteria.

INTRODUCTION

The photosynthetic unit (PSU) of purple bacteria is a nano-
metric assembly in the intracytoplasmic membranes and
consists of two types of pigment-protein complexes, the
photosynthetic reaction center (RC) and light-harvesting
complexes (LHs). The LHs capture sunlight and transfer the
excitation energy to the RC where it serves to initiate a
charge separation process (Fleming and van Grondelle,
1994; Lancaster et al., 1995; Parson and Warshel, 1995;
Woodbury and Allen, 1995; Hu et al., 1998). In most purple
bacteria, the PSUs contain two types of LHs, commonly
referred to as B875 (LH-I) and B800-850 (LH-II) com-
plexes according to their in vivo absorption maxima in the
near-infrared (Zuber and Brunisholz, 1991). Electron mi-
crographs have shown that LH-I surrounds directly the RC
(Miller, 1982; Stark et al., 1984; Engelhardt et al., 1986;
Meckenstock et al., 1992; Boonstra et al., 1994; Walz and
Ghosh, 1997), forming the core of the PSU. In some spe-
cies, such asRhodospirillum(Rs.) molischianum, the asso-
ciation of LH-I and RC is so strong that LH-I cannot be
separated from the RC without losing its spectral properties
(Boonstra et al., 1994); in other species, such as
Rhodobacter(Rb.) sphaeroides, pure and homogeneous
LH-I complexes can be isolated (Boonstra et al., 1993).
LH-II complexes surround the LH-I complex and transfer
energy to the RC via LH-I (Monger and Parson, 1977; van
Grondelle et al., 1994). There exist multiple LH-IIs in the
PSU; the number of LH-IIs varies according to growth
conditions such as light intensity and temperature (Aagaard
and Sistrom, 1972; Drews and Golecki, 1995).

Excitation energy migration from light-harvesting com-
plexes to the RC involves the chromophores, bacteriochlo-

rophylls (BChls) and carotenoids, of all the pigment protein
complexes (van Grondelle et al., 1994; Hu and Schulten,
1997a). To understand the mechanisms underlying the ef-
ficient excitation energy transfer in the bacterial PSU, struc-
tural information of each component and of the overall
assembly of all the components is needed. Structures of the
RC are known forRhodopseudomonas(Rps.) viridis (De-
isenhofer et al., 1985) as well as forRb. sphaeroides(Allen
et al., 1987; Ermler et al., 1994). Recently, high-resolution
crystal structures of LH-II complexes from two species
(Rps. acidophilaand Rs. molischianum) have been deter-
mined (McDermott et al., 1995; Koepke et al., 1996). How-
ever, the structure of LH-I, the key intermediary for exci-
tation transfer between the LH-IIs and the RC, has been
lacking. We report in this article a computationally modeled
structure of LH-I ofRb. sphaeroidesand its complex with
the photosynthetic reaction center. This structure provides
the missing element for a complete model of the pigment
organization in the bacterial PSU and opens the door to a
systematic interpretation of spectroscopic observations of
light harvesting in bacterial photosynthesis (van Grondelle
et al., 1994; Pullerits and Sundstrom, 1996). A full account
on electronic excitation transfer in the bacterial PSU is
given in Hu et al., 1998.

All light-harvesting complexes of purple bacteria display
a remarkably similar architecture (Zuber, 1985; Zuber and
Brunisholz, 1991). The basic structural unit is a heterodimer
of two short peptides, commonly referred to asa-apoprotein
andb-apoprotein, noncovalently binding BChls, and caro-
tenoids. These heterodimers form ring-shaped functional
light-harvesting complexes. For LH-Is, the complex can be
reversibly dissociated into the constituting subunits by ad-
dition of detergents (Ghosh et al., 1988). These structural
subunits can be isolated and subsequently reconstituted
back to an oligomeric LH-I (Karrasch et al., 1995; Loach
and Parkes-Loach, 1995). The size of the complexes differs
for LH-I and LH-II and is species dependent. LH-IIs from
Rps. acidophilaandRhodovulum sulfidophilumwere deter-
mined by electron microscopy (Savage et al., 1996) and
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x-ray crystallography (McDermott et al., 1995) to be
nonamers of theab-heterodimers. The crystal structure of
LH-II from Rs. molischianumdisplayed an octamer (Ko-
epke et al., 1996). An 8.5-Å resolution electron microscopy
projection map has been determined from a two-dimen-
sional crystal of reconstituted LH-I ofRs. rubrumby Kar-
rasch et al. (1995). The projection map showed LH-I as a
ring of 16 subunits; each subunit apparently corresponds to
an ab-heterodimer (Karrasch et al., 1995). The ring has a
diameter of 116 Å with a 68-Å hole in the center that, as
pointed out by Karrasch et al., is large enough to incorporate
a reaction center in vivo. A recent report of an electron
micrograph of a two-dimensional crystal of the LH-IORC
complex fromRs. rubrumfurther confirms the location of
the RC in the center of LH-I (Walz and Ghosh, 1997).

Based on the 8.5-Å resolution projection map (Karrasch
et al., 1995), several researchers constructed illustrative
models of LH-I by replicating theab-heterodimer of LH-II
16 times geometrically to fill the contour peaks of the
observed projection map (Papiz et al., 1996; Pullerits and
Sundstrom, 1996). In this article, we present instead an
all-atom model of LH-I fromRb. sphaeroidesbased on
established structure prediction tools. The tools employed
are the same as what we have used to predict the structure
of LH-II from Rs. molischianumand to determine subse-
quently the crystal structure for the protein by means of the
molecular replacement method (Hu et al., 1995; Koepke et
al., 1996). We are obligated to caution the readers that our
structure of LH-I represents only a model verified by low-
resolution electron microscopic data. In the case of LH-II of
Rs. molischianum(Hu et al., 1995; Koepke et al., 1996), the
modeled structure served as the starting point of the analysis
of x-ray diffraction data, whereas in the present case it is the
final result. The ultimate test of the correctness of our LH-I
model rests upon availability of high-resolution x-ray or
electron microscopic data. The models of LH-I and the
LH-IORC complex presented here has been briefly out-
lined previously (Hu et al., 1997; Hu and Schulten,
1997a,b).

The organization of LH-I complexes around the RC is
still a matter of debate. Questions have been raised as to
whether the dissociation and reconstitution process em-
ployed (e.g., in Karrasch et al., 1995) introduces artifacts
that render the reconstituted LH-I complexes ofRs. rubrum
(Karrasch et al., 1995) a variant of native LH-I complexes.
These concerns were alleviated by the observation that the
two-dimensional crystal of the LH-IORC complex, formed
under mild crystallization conditions under which no disso-
ciation of the LH-IORC complex can be detected, dis-
played the same LH-I ring size as the reconstituted LH-I
(Walz and Ghosh, 1997). Furthermore, the gross morphol-
ogy of the core photosynthetic unit, which consists of a
central core RC surrounded by an LH-I ring, is consistent
with earlier models of the PSU for both BChl-b- and BChl-
a-containing bacteria based upon electron microscopy and
image processing (Miller, 1982; Stark et al., 1984; En-
gelhardt et al., 1986; Meckenstock et al., 1992; Boonstra et

al., 1994). However, earlier models differ from the LH-I
model ofRs. rubrumby Karrasch et al. in both number and
arrangement of LH-I subunits in the ring. LH-IORC com-
plexes from bothRps. viridis (Miller, 1982; Stark et al.,
1984) andRps. marina(Meckenstock et al., 1992), for
example, were proposed to contain 12 subunits with six-fold
symmetry. However, the low resolution (40–50 Å) of im-
ages in earlier models might not be sufficient to unambig-
uously resolve the symmetry of the ring.

In this work, we assume that LH-I ofRb. sphaeroides,
like LH-I of Rs. rubrum, is a circular aggregate of 16
subunits. The reason for choosingRb. sphaeroidesfor our
modeling work is that it is the only BChl-a-containing
species for which a high-resolution crystal structure of the
RC is known (Allen et al., 1987; Ermler et al., 1994). The
other known bacterial RC structure is from a BChl-b-con-
taining species,Rps. viridis (Deisenhofer et al., 1985),
which contains an additionalg-polypeptide in the LH-I
subunit (Brunisholz et al., 1985).

LH-I of Rb. sphaeroidescontains BChl-a (Zuber and
Brunisholz, 1991) as well as the carotenoids spheroidene
and spheroidenone (Hunter et al., 1988) as pigments. It had
been determined that the ratio of BChl to carotenoid is 1:1
in LH-I (Hunter et al., 1988). Thus, eachab-heterodimer
binds two BChls and two carotenoids (Zuber and Brunish-
olz, 1991). Thea- and theb-apoprotein of LH-I fromRb.
sphaeroidesconsist of 58 and 49 residues, respectively
(Kiley et al., 1987; Theiler et al., 1984).

We modeled LH-I ofRb. sphaeroidesas a hexadecamer
of ab-heterodimers utilizing a two-stage protocol as de-
tailed in Materials and Methods. There are two factors that
ensure validity of our approach. First, a sequence homology
of theab-heterodimer of LH-I fromRb. sphaeroidesto that
of LH-II of Rs. molischianum(Germeroth et al., 1993)
provides an opportunity to accurately model the structure of
the ab-heterodimer by means of homology modeling. The
sequence of LH-II fromRs. molischianumis aligned to that
of LH-I from Rb. sphaeroidesin Fig. 1, along with se-
quences of other light-harvesting complexes. Thea-apopro-
tein of the LH-II complex fromRs. molischianumis aligned
with LH-II complexes and LH-I complexes from other
photosynthetic bacteria, respectively. Theb-apoproteins of
both LH-Is and LH-IIs are aligned altogether. Sequence
similarity of the LH-II complex fromRs. molischianumto
both LH-IIs and LH-Is clearly demonstrates the dual char-
acteristics of the LH-II complex fromRs. molischianumas
first pointed out in Germeroth et al., 1993. Additional se-
quence analysis revealed that LH-II ofRs. molischianum
has the highest sequence similarity to LH-Is among all the
LH-IIs for which sequences are available. Second, the pro-
tocol for aggregating theab-heterodimers into a 16-fold
symmetrical hexadecamer had proven successful in model-
ing the octameric LH-II ofRs. molischianum; the modeled
LH-II was accurate enough to serve successfully as a probe
model in the molecular replacement method (Koepke et al.,
1996; Hu et al., 1995).
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MATERIALS AND METHODS

LH-I of Rb. sphaeroideshad been modeled as a hexadecamer ofab-
heterodimers utilizing a two-stage protocol as described previously (Hu et
al., 1995, 1996; Koepke et al., 1996). In a first step, theab-heterodimer
was constructed by means of homology modeling using theab-het-
erodimer of LH-II of Rs. molischianumas a template. Our protocol em-
phasizes both sequence homology and secondary structure identity as
search criteria in choosing templates for homology modeling. As shown in
Fig. 2, the sequence of LH-I ofRb. sphaeroidesis homologous to that of

LH-II of Rs. molischianum. For the aligned LH-I core segmenta-Tyr-5 to
a-Lys-50, thea-apoproteins are 30% identical and 56% homologous; for
the aligned LH-I core segmentb-Thr-10 tob-Phe-49, theb-apoproteins are
40% identical and 67% homologous. A consensus assignment for the
secondary structure of thea- andb-apoprotein of LH-I ofRb. sphaeroides,
listed in Fig. 2, was derived by means of multiple secondary structure
prediction methods (Engelman et al., 1986; Persson and Argos, 1994;
Geourjon and Deleage, 1994; Holley and Karplus, 1991) as had been done
in the case of LH-II ofRs. molischianum(Koepke et al., 1996; Hu et al.,
1995, 1996). Also listed in Fig. 2 are the secondary structure identities of

FIGURE 1 Sequence alignment of thea- andb-apoproteins of the LH-II complex ofRs. molischianumwith a- andb-apoproteins of LH-II and LH-I
complexes from other photosynthetic bacteria. Bold and shadow fonts indicate highly and nearly conserved residues, respectively. For thea-apoprotein,
the LH-II complex fromRs. molischianumis aligned with LH-II complexes from other photosynthetic bacteria on the top panel and with LH-I complexes
on the bottom panel. Alignment was done using the program MACAW (multiple alignment construction and analysis workbench) (Schuler et al., 1991).

FIGURE 2 Sequence alignment ofa- andb-apoproteins of LH-I fromRb. sphaeroidesand of LH-II from Rs. molischianumbased on BLAST (Altschul
et al., 1990), along with secondary structure information.aSecondary structure derived from consensus assignment for LH-I employing hydropathy analysis
(Engelman et al., 1986), multiple sequence alignment propensity analysis (Persson and Argos, 1994), SOPM (Geourjon and Deleage, 1994), and
Holley-Karplus analysis (Holley and Karplus, 1991). H, helix; E,b-sheet; C, coil; 3, three-turn helix.bSecondary structure of LH-II ofRs. molischianum
as determined by the method of Kabsch and Sander (1983) from the coordinates of LH-II ofRs. molischianum(Koepke et al., 1996).
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the crystal structure of LH-II ofRs. molischianum(Koepke et al., 1996).
The secondary structure identities of the two proteins are in agreement. We
concluded then that theab-heterodimer of LH-II ofRs. molischianumis a
good template for LH-I ofRb. sphaeroides.

Consequently, theb-apoprotein of LH-I was modeled as a single
membrane-spanning helix as in LH-II. Thea-apoprotein of LH-I was
modeled as a membrane-spanning helix linked to a short helical segment at
the amino terminus and to an interfacial amphiphilic helix at the carboxy
terminus. The carboxyl-terminal sequence of thea-apoprotein of LH-I
from Rb. sphaeroidesis longer than that of LH-II fromRs. molischianum.
Secondary structure analysis indicates that the extra residues have a high
propensity to form ana-helix (see Fig. 2) and should extend the interfacial
amphiphilic helix.

The two conserved histidines near the carboxy termini of thea- and
b-apoprotein were widely considered as ligands of the two B875 BChls
(Zuber and Brunisholz, 1991; Olsen and Hunter, 1994). Despite a large
difference in absorption maxima (875 versus 850 nm), LH-I ofRb. spha-
eroidesand LH-II of Rs. molischianumshow strikingly similar resonance
Raman spectra (Germeroth et al., 1993), which are known to be sensitive
to hydrogen bond patterns of the 2-acetyl and the 9-keto groups of BChl-a
(Robert and Lutz, 1985; Germeroth et al., 1993). Accordingly, the BChl-a
binding site of LH-I ofRb. sphaeroidesshould be similar to that of LH-II
from Rs. molischianum. The BChls were placed into theab-heterodimer of
LH-I at positions analogous to those in LH-II fromRs. molischianum, and
so was the spheroidene. Only one spheroidene perab-heterodimer was
included in the model.

In a second step, theab-heterodimers were aggregated into a circular
hexadecameric complex by means of molecular dynamics simulations and
energy minimization under the constraint of a 16-fold symmetry axis. An
iterative protocol consisting of multiple dynamics and minimization cycles,
shown in Fig. 3, was employed to optimize the hexadecamer structure.
Each cycle started with a 200-step rigid body minimization (with the entire
protomer as a rigid body), followed by a 2.5-ps rigid body dynamics run at
600 K, then a 5-ps constrained molecular dynamics run at 300 K, ending
with a 200-step constrained Powell minimization. The positions of all Ca

atoms were fixed (constrained) during the last two steps of the cycle. The
radius of the hexadecamer was monitored to detect convergence. The

iterative process was terminated when the final radii at the end of two
consecutive runs differed by less than 0.10 Å. At the end, the hexadecamer
was minimized again with the Powell algorithm until it converged or until
a limit of 700 cycles was reached. This protocol, energy minimizations
perturbed by successive molecular dynamics equilibration, constitutes a
simulated annealing procedure.

The molecular dynamics simulations and energy minimizations were
carried out using the program X-PLOR (Bru¨nger, 1996). In all simulations,
LH-I was placed in a vacuum as the vacuum environment is believed to be
similar to a lipid bilayer in terms of hydrophobicity. The Engh and Huber
parameter set (Engh and Huber, 1991) was used for the protein. The
parameter file used for BChl-a is the same as in Koepke et al., 1996; the
parameter set for the spheroidene was constructed with the program
QUANTA (MSI, 1994) using the CHARMm (Brooks et al., 1983) force
field.

In the above, we placed thea-apoprotein on the inside and theb-apo-
protein on the outside of the LH-I ring in analogy to LH-IIs (McDermott
et al., 1995; Koepke et al., 1996). This is apparently consistent with
surface-specific iodination of both the photosynthetic membranes and the
isolated PSU (Jay et al., 1984); the work indicated thatb-apoprotein of
Rps. viridisis situated on the outside of the LH-I ring.

Five initial structures for the hexadecamer were built, with initial radii
of 51, 53, 55, 59, and 81 Å. All five hexadecamers converged in the
optimization procedure (see Fig. 3) to a radius of 54 Å as defined through
the central axes of the outer helical ring. The root mean square (rms)
deviation of Ca atoms among all five optimized models ranged from 0.3 to
0.7 Å. The structure with the lowest conformational energy was chosen as
the final model. We note that all five models can be considered essentially
the same as they show rms deviations in a range (0.3–0.7 Å) compatible
with that of high-resolution crystal structures of proteins determined at
different laboratories (Flores et al., 1993).

The modeled LH-I complex was subsequently docked to the photosyn-
thetic reaction center to form the LH-IORC complex. Coordinates of RC
were taken from the 2.65-Å resolution structure of the photosynthetic
reaction center ofRb. sphaeroides[Protein Data Bank accession number
1PCR] as published previously (Ermler et al., 1994). Two approaches had
been attempted in searching for the minimal energy conformation of the
LH-IORC complex, i.e., a rigid body minimal energy search and a con-
strained conformational search. In the former approach, the RC structure
was placed inside the LH-I ring and was allowed to rotate and translate as
a rigid body. In the latter approach, both LH-I and RC were treated as rigid
bodies and two constraints were enforced in the search: first, the planes of
tryptophan residues in both the RC and LH-I (see Results) were con-
strained to be parallel to the plane of the membrane, i.e., thex, y plane;
second, the pseudo 2-fold symmetry axis of the RC was aligned with the
16-fold symmetry axis of LH-I. As a result, only two degrees of freedom
for the rigid body movement of the RC inside the LH-I ring remained:
translation along thez axis (Z) and rotation around the symmetry axis (u).
Shown in Fig. 4 is the energy landscape governing the constrained con-
formational search. The interaction energy between LH-I and RC is a
sensitive function ofZ and u. A unique minimum, actually shown as a
maximum in Fig. 4a, exists for the LH-IORC complex atZ 5 0 andu 5
4.6°. For the statedZ value (0), the planes of tryptophans of LH-I and RC
are co-planar. None of the rigid-body minimal energy searches initiated at
various initial configurations yielded a minimum as low as the one deter-
mined by the constrained conformational search.

RESULTS

LH-I of Rb. sphaeroides

The modeled structure of LH-I ofRb. sphaeroidesis pre-
sented in Fig. 5. Sixteenab-heterodimers form a hollow
cylinder with thea-apoprotein positioned to the inside and
the b-apoprotein to the outside. The diameter of the inner
helical ring is 78 Å as defined through the central axes of

FIGURE 3 Optimization protocol for aggregating the hexadecameric
LH-I complex. A 16-fold rotational symmetry was enforced throughout the
simulation.
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the helices, and that of the outer helical ring measures 108
Å. The overall diameter of the LH-I complex is 118 Å.

An x-ray projection map of the modeled hexadecameric
complex was generated utilizing the program X-PLOR
(Brünger, 1996) and the program NPO in the CCP4 package
(CCP4, 1994). The calculated x-ray projection map of LH-I
of Rb. sphaeroideswas superimposed onto the measured
8.5-Å electron microscopy projection map of LH-I ofRs.
rubrumas published previously (Karrasch et al., 1995). The
two independently determined maps are presented in Fig. 5
c and exhibit good agreement. Peaks of the contours display
a perfect match, which indicates that the membrane-span-
ning helices in the model are positioned correctly. We note
that the calculated map displays a denser projection density
for the outer helices than the experimentally measured map.
It is important to realize that the experimental projection

map that we used for comparison is a rotationally filtered
map (Fig. 6a in Karrasch et al., 1995) arrived at by imposing
16-fold rotational symmetry. The unfiltered map (Fig. 4 in
Karrasch et al., 1995) displayed densities for the inner and
outer helices with approximately the same number of con-
tours in a way that is quite similar to our calculated projec-
tion map. The minor difference in density in the region
between the inner and outer helices may be attributed to
differences in the length of the two termini of thea-apo-
protein of LH-I of Rb. sphaeroidesand ofRs. rubrum(see
Fig. 1).

Shown in Fig. 6a is a stereo diagram of the modeled
structure of a singleab-heterodimer of LH-I, which consists
of thea- and theb-apoprotein binding a pair of B875 BChls
and a carotenoid molecule, spheroidene. Residuesa-Asp12
to a-Thr38 of thea-apoprotein form a straighta-helix that
spans the photosynthetic membrane and is oriented perpen-
dicular to the membrane within 1°. In addition to this helix,
the a-apoprotein possesses also two short helical segments
at both the amino and the carboxy terminus. The carboxyl-
terminal interfaciala-helix is 16 residues long (a-Asn42 to
a-Ala57) and amphiphilic. Residuesb-Thr13 tob-Arg46 of
theb-apoprotein also form a trans-membranea-helix, how-
ever, with a tilt of ;8°. We note that there exists an
uncertainty in the amino-terminal region of thea-apopro-
tein in our LH-I model, which arises from the fact that the
amino-terminal region of thea-apoprotein in LH-I is no
longer the ligation site of a BChl molecule due to lack of the
B800 BChl in LH-I in comparison with LH-II. Also,
spheroidene is simply placed in a binding pocket in analogy
to the binding site of lycopene in LH-II ofRs. molischianum
(Koepke et al., 1996).

The B875 BChls are sandwiched between the helices of
thea- andb-apoproteins; they are oriented perpendicular to
the plane of the membrane. The Mg–Mg distance between
neighboring B875 BChls is 9.2 Å within theab-het-
erodimer and 9.3 Å between neighboring heterodimers. We
denote by B875a the B875 BChl ligated to thea-apoprotein
and by B875b the B875 BChl ligated to theb-apoprotein.

The binding site for the B875 BChls in oneab-het-
erodimer is depicted in Fig. 6b. The central Mg atoms of
the BChls are ligated to two conserved histidines,a-His32
andb-His39. The distance between the Mg atom of B875a
and the Ne2 atom ofa-His32 is 2.4 Å and that between the
Mg atom of B875b and the Ne2 atom ofb-His39 measures
also 2.4 Å. The 2-acetyl carboxyl oxygen (OBB) atoms of
the two BChl molecules are hydrogen bonded to the Ne1

atom ofa-Trp43 and the Ne1 atom ofb-Trp48, respectively.
The hydrogen bond distance measures 2.9 Å for the former
and 2.7 Å for the latter. The suggested hydrogen bonds are
consistent with resonance Raman spectra and the observed
absorption spectra shift of LH-I ofRb. sphaeroidesand its
mutants (Olsen et al., 1994; Sturgis et al., 1997).

In analogy to LH-II ofRs. molischianum(Koepke et al.,
1996; Hu et al., 1997), the two histidine residuesa-His32
andb-His39, which bind the central Mg atoms of the B875
BChls, appear to be involved also in hydrogen bonding of

FIGURE 4 Energy diagrams for the constrained conformational search
of the LH-I–RC complex. (a) Interaction energy between LH-I and RC as
a function ofZ andu. Z represents translation of the RC along thez axis,
andu stands for rotation of the RC along its pseudo 2-fold symmetry axis.
Due to the 16-fold symmetry of LH-I,u is limited to the interval [0°,
22.5°]. The sign of the interaction energyE is reversed in the plot for a
better view.Z is in angstroms andu is in degrees. (b) Interaction energy
between LH-I and RC as a function ofu for Z 5 0.
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the 9-keto group of the B875 BChls. As depicted in Fig. 6
b, the distance between the Nd1 atom of a-His32 and the
9-keto oxygen of B875b BChl is 3.6 Å, and the distance
between the Nd1 atom ofb-His39 and the 9-keto oxygen of
B875a BChl is 3.5 Å. We note that a distance of 3.5 Å
between donor and acceptor is not favorable for formation
of a strong hydrogen bond.

The suggested hydrogen bonds, however, are supported
by the observed resonance Raman spectra of different mu-
tants of LH-I of Rb. sphaeroides(Olsen et al., 1997).
Vibrations in the 1600–1700 cm21 region are known to be
associated with the stretching modes of the conjugated
carbonyl group, i.e., the 2-acetyl and the 9-keto groups of
BChl-a (Robert and Lutz, 1985). The peak frequency for the
unbounded 9-keto group is;1700 cm21. The peak shifts by
240 cm21 upon hydrogen bonding. This characteristic peak
for the hydrogen-bonded 9-keto group has been observed in
the resonance Raman spectra of LH-I fromRb. sphaeroides
(Olsen et al., 1994, 1997). When all of the potential hydro-
gen-bonding side chains, except the Mg-binding histidines,
in the immediate surroundings of the 9-keto group were
mutated, the characteristic hydrogen-bonded 9-keto Raman
peak was not affected. However, when the central Mg-
binding histidine residue of theb-apoprotein was mutated,
the characteristic Raman peak was attenuated substantially
(Olsen et al., 1997), which suggests that the central Mg-
binding histidine residues also formed hydrogen bonds with
the 9-keto groups of the B875 BChls in LH-I. Each B875
BChl is then noncovalently bound to three side-chain atoms
of the a- or b-apoprotein such that the orientation of the
B875 BChls is spatially well defined. This spatial stability
may contribute to an overall geometrical rigidity of the
circular form of LH-I and may have implications for the
mechanism of light energy transfer in that the transition
dipole moments of the BChls are maintained in a well
ordered arrangement.

LH-IORC complex

A constrained rigid-body minimal energy search was car-
ried out (see Materials and Methods) to place the photosyn-
thetic reaction center inside the LH-I ring. A unique, ener-
getically optimal configuration was reached. Fig. 7a
presents the LH-IORC complex in van der Waals repre-
sentation demonstrating a tight fit of RC inside LH-I.

FIGURE 5 Modeled structure of LH-I ofRb. sphaeroides. (a) Side view.
a-Helical segments are represented as cylinders witha-apoproteins in blue
and b-apoproteins in magenta. The BChl-a molecules are in green with
their phytyl tails truncated for clarity and with Mg atoms as white spheres.

Spheroidenes are in yellow. (b) Top view with carboxy termini pointing
upward; the apoproteins are represented as Ca tracing tubes. Same color
coding as ina. (Produced with the program VMD (Humphrey et al.,
1996).) (c) Superposition of simulated x-ray projection map (cyan) of LH-I
of Rb. sphaeroidesonto the measured 8.5-Å electron microscopic projec-
tion map (black) of LH-I ofRs. rubrum(Karrasch et al., 1995). The x-ray
projection map was calculated from structure factors generated from the
coordinates of the modeled LH-I structure ofRb. sphaeroides, with car-
boxy termini at top, to 8.5-Å resolution. Contours are in steps of 0.33 rms
density; scale bar represents 20 Å. The overall dimension of the cell is
120 3 120 Å.

688 Biophysical Journal Volume 75 August 1998



A striking feature of the LH-IORC complex is the ar-
rangement of tryptophans situated on the periplasmic side.
Fig. 7 b shows the tryptophan residues in the LH-IORC
complex. A plane of tryptophans common to both RC and
LH-I can be recognized. The presence of aromatic residues
(mainly tryptophan and tyrosine) flanking membrane-span-
ning segments has been well documented for bacterial por-
ins (Cowan et al., 1992; Weiss and Schulz, 1992), the
bacterial reaction centers (Schiffer et al., 1992), and eukary-
otic membrane proteins (Landolt-Marticorena et al., 1993).
Such a plane of tryptophans is also found in the crystal
structure of LH-II of Rs. molischianum(Koepke et al.,
1996).

Depicted in Fig. 7c is the arrangement of BChls in the
LH-IORC complex. The plane of the ring of BChls in LH-I
encompasses also the reaction center special pair (PA and
PB) and the so-called accessory bacteriochlorophylls (BA

and BB). Table 1 lists coordinates (x, y, z) of the central Mg
atoms of BChls, along with unit vectors (Ux, Uy, Uz) for the

Qy transition dipole moments of BChls as defined by the
longYaxis of BChl that connects the N atom of pyrrol I and
the N atom of pyrrol III (Gouterman, 1961). The closest
distance between the central Mg atom of the RC special pair
(bacteriochlorophylls PA and PB) and the Mg atom of the
BChls in LH-I is 42.6 Å. The distance between the Mg atom
of the accessory BChl (bacteriochlorophylls BA and BB) and
the LH-I BChls is shorter, the nearest distance measuring
35.7 Å.

Pigment organization in the PSU

As discussed above, the planes of tryptophans in both the
LH-IORC complex and the LH-II complex are located in
the lipid-water interfacial region and, thereby, align the
pigment-protein complexes of the PSUs. Fig. 8 presents
LH-II in contact with the LH-IORC complex as aligned by
the planes of tryptophans: the LH-IORC complex ofRb.

FIGURE 6 (a) Stereo view of theab-
heterodimer of LH-I of Rb. sphaeroides.
Apoproteins are drawn as Ca tracing with
a-apoprotein in cyan andb-apoprotein in
magenta. BChls are in green, and
spheroidene is in yellow. (b) Stereo view of
the B875 bacteriochlorophylls and their
binding partners in anab-heterodimer. The
a- and b-apoproteins (blue and magenta,
respectively) in the nearby region are shown
in tube representation. Dashed lines repre-
sent metal and hydrogen bonds; numbers
indicate distances in angstroms. Produced
with the program VMD (Humphrey et al.,
1996).
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sphaeroidesshown has been modeled in this work, and
LH-II is from Rs. molischianumas described previously
(Koepke et al., 1996). As there exists, currently, no direct
evidence that indicates LH-II ofRb. sphaeroidesis an
octamer or nonamer, we simply substitute the crystal struc-
ture of LH-II of Rs. molischianum(Koepke et al., 1996) for
LH-II of Rb. sphaeroidesfor the purpose of illustration.
Such an assembly can be viewed as the most basic PSU.
Both LH-I and LH-II rings of BChls are positioned near the
periplasmic side of the photosynthetic apparatus. More im-
portantly, the B850 BChls of LH-II and the B875 BChls of
LH-I are all exactly co-planar. The shortest Mg–Mg dis-
tance between B875 BChls of LH-I and B850 BChls of
LH-II measures;22 Å.

DISCUSSION

In this article, we modeled an atomic structure for LH-I of
Rb. sphaeroidesby means of homology modeling, molec-
ular dynamics simulations, and energy minimization. Our
goal was to establish an atomic model of the pigment
organization in the bacterial PSU to guide and stimulate
further spectroscopic and biochemical experiments (Wu et
al., 1997; Pullerits and Sundstrom, 1996; van Grondelle et
al., 1994; Olsen et al., 1997). To better achieve this goal, we
provide readers with an assessment of the quality of the
model.

The correctness of LH-I model ofRb. sphaeroidesde-
pends on two key factors, i.e., the assumption of LH-I as a
hexadecamer ofab-heterodimers and the suitability of the
modeling protocol. The former assumption is based on the
observation that the reconstituted LH-I complex ofRs.
rubrum is a hexadecamer. As shown in Fig. 1, thea- and
b-apoproteins of LH-I ofRb. sphaeroidesare highly ho-
mologous to those of LH-I ofRs. rubrum. More impor-
tantly, our modeling work demonstrated that 16 is the small-
est number ofab-heterodimers that can form a circular
aggregate around the RC. There exist, however, certain
differences between the bacteriumRb. sphaeroidesandRs.
rubrum. Rhodospirillum rubrumcontains, for example, only
an LH-I complex in the PSU whereasRb. sphaeroides
possesses both LH-I and LH-II complexes.Rhodobacter
sphaeroidescontains an additional PufX protein (Farchaus
and Oesterhelt, 1989; Lee et al., 1989) that is absent inRs.
rubrum. A number of studies have shown that strains ofRb.
sphaeroidesthat lack thePufX gene are incapable of pho-
tosynthetic growth (Farchaus et al., 1990; McGlynn et al.,
1994). It has been demonstrated that the PufX protein is
involved, directly or indirectly, in ubiquinone/ubiquinol ex-
change between the RC and the cytochrome bc1 complex
(Barz et al., 1995). However,PufX2 mutants inRb. spha-
eroidesstill produce intact LH-I complexes with a normal
absorption maximum at 875 nm (McGlynn et al., 1994),
which is an indication that PufX is not essential for LH-I
formation and justifies a model of LH-I lacking PufX.

The applicability of the modeling protocol to the circular
aggregate has been tested by the successful modeling of the

FIGURE 7 Structure of the LH-IORC complex. (a) van der Waals
representations of the complex with the periplasmic side on top. The L, M,
and H subunits of the RC are shown in yellow, red, and gray; the
a-apoprotein and theb-apoprotein of the LH-I are in blue and magenta,
and the BChls are in green. (b) Distribution of tryptophan residues in the
LH-IORC complex. All tryptophans of the RC (yellow) and LH-I (ma-
genta) are shown. The planes of the cylinder are parallel to the plane of the
membrane. (c) Arrangement of BChls in the LH-IORC complex. The
BChls are represented as squares with B875 BChls of LH-I in green and the
special pair (PA and PB) and the accessory bacteriochlorophylls (BA and
BB) of the RC in red and blue, respectively; cyan bars represent Qy

transition moments of bacteriochlorophylls as defined by the vector con-
necting the N atom of pyrrol I and the N atom of pyrrol III (Gouterman,
1961). Produced with the program VMD (Humphrey et al., 1996).
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LH-II complex fromRs. molischianumto produce a tertiary
structure for the protein that served as a probe model in the
molecular replacement method (Koepke et al., 1996; Hu et
al., 1995). In modeling the structure of LH-I fromRb.
sphaeroides, no input was taken from the electron density
projection map of LH-I fromRs. rubrum. The fact that the
modeled structure yielded a calculated electron density pro-
jection map that agreed with the measured electron density
projection map of LH-I fromRs. rubrumwithout adjust-
ment is an indication that the helical segments in the mod-
eled structure are positioned properly.

The modeling of LH-I and the LH-IORC complex es-
tablishes an atomic model of pigment organization of the
bacterial PSU. Two significant features of the pigment
organization, as depicted in Fig. 8, are 1) the ring-like BChl
aggregates within LH-II and LH-I and 2) the co-planar
arrangement of these aggregates and the BChls in RC. Such
planar pigment organization appears to be optimal for the
function of the light-harvesting complexes, i.e., to transfer
excitation energy to the RC.

A combination of spatial and energetic order supports this
function: the peripheral components absorb at higher en-
ergy, and the core components absorb at lower energy. The
LH-II complex, which surrounds LH-I, absorbs light at the
highest energy (at 500 nm by carotenoids and at 800 nm and
850 nm by BChls). The electronic excitation of carotenoids
and B800 BChls is transferred rapidly (,1 ps) in LH-II to
a circular aggregate of 16 BChls absorbing at 850 nm
(Shreve et al., 1991; Joo et al., 1996). The circular aggregate
of B875 BChls in LH-I, which surrounds the RC, absorbs at
875 nm and, thereby, can trap the electronic excitation of
LH-II. The energy cascade described naturally funnels en-
ergy from the outer regions of the antenna complex to the
RC. The RC accepts excitation energy through two BChls
that form a strongly interacting dimer, the so-called special
pair. The special pair are in close proximity to two addi-
tional BChls named accessory BChls (see Fig. 7c). Inter-
estingly, the RC BChls absorb at slightly higher energies (at
865 nm for the special pair and at 802 nm for accessory
BChls) than the B875 BChls of LH-I (Woodbury and Allen,

TABLE 1 Structural data for the LH-I–RC complex

x y z Ux Uy Uz

LH-I 1 44.706 212.591 71.986 0.634 0.760 0.147
2 47.167 23.677 72.184 20.452 20.886 0.098
3 46.122 5.475 71.986 0.295 0.944 0.147
4 44.984 14.653 72.184 20.079 20.992 0.098
5 40.515 22.709 71.986 20.089 0.985 0.147
6 35.952 30.752 72.184 0.307 20.947 0.098
7 28.741 36.485 71.986 20.459 0.876 0.147
8 21.448 42.169 72.184 0.646 20.757 0.098
9 12.591 44.706 71.986 20.760 0.634 0.147

10 3.677 47.167 72.184 0.886 20.452 0.098
11 25.475 46.122 71.986 20.944 0.295 0.147
12 214.653 44.984 72.184 0.992 20.079 0.098
13 222.709 40.515 71.986 20.985 20.089 0.147
14 230.752 35.952 72.184 0.947 0.307 0.098
15 236.485 28.741 71.986 20.876 20.459 0.147
16 242.169 21.448 72.184 0.757 0.646 0.098
17 244.706 12.591 71.986 20.634 20.760 0.147
18 247.167 3.677 72.184 0.452 0.886 0.098
19 246.122 25.475 71.986 20.295 20.944 0.147
20 244.984 214.653 72.184 0.079 0.992 0.098
21 240.515 222.709 71.986 0.089 20.985 0.147
22 235.952 230.752 72.184 20.307 0.947 0.098
23 228.741 236.485 71.986 0.459 20.876 0.147
24 221.448 242.169 72.184 20.646 0.757 0.098
25 212.591 244.706 71.986 0.760 20.634 0.147
26 23.677 247.167 72.184 20.886 0.452 0.098
27 5.475 246.122 71.986 0.944 20.295 0.147
28 14.653 244.984 72.184 20.992 0.079 0.098
29 22.709 240.515 71.986 0.985 0.089 0.147
30 30.752 235.952 72.184 20.947 20.307 0.098
31 36.485 228.741 71.986 0.876 0.459 0.147
32 42.169 221.448 72.184 20.757 20.646 0.098

RC PA 23.402 22.049 68.512 20.379 20.860 20.342
PB 3.317 2.301 68.262 0.371 0.871 20.321
BA 3.369 29.909 72.059 0.208 0.854 20.476
BB 22.852 10.539 70.886 20.300 20.870 20.391

Coordinates (x, y, z) of the central Mg atoms of BChls and unit vectors (Ux, Uy, Uz) for theQy transition dipole moments of BChls as defined by the long
Y axis of BChl that connects the N atom of pyrrol I and the N atom of pyrrol III (Gouterman, 1961).
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1995). Energy transfer from light-harvesting complexes II
and I to the RC occurs within 100 ps and with high effi-
ciency (near 95%) (Fleming and van Grondelle, 1994; Pul-
lerits and Sundstrom, 1996). Knowledge of the pigment
organization established here provides a basis for studies of
the pathways of excitation transfer and the underlying trans-
fer mechanisms (Hu et al., 1997; Ritz et al., 1998; Dam-
janović et al., 1998; Zerner et al., 1998).

The BChls in the ring-like aggregates are in close prox-
imity; their Mg–Mg distances of 8.9–9.2 Å approach the
small value (8.0 Å) of the BChls in the RC special pair
(Ermler et al., 1994). The resulting strong interaction be-
tween the Qy excited states of individual BChls is likely to
overcome thermal disorder and give rise to delocalized
coherent excitations, so-called excitons (Frenkel, 1931;
Franck and Teller, 1938; Dracheva et al., 1996; Sauer et al.,
1996). Quantum chemical calculations of the circular ag-
gregate of 16 BChls in LH-II (Zerner et al., 1998; Hu et al.,
1997; Ritz et al., 1998) revealed that the lowest-energy
exciton is optically forbidden, and hence, one expects that in
LH-II and, by analogy, in LH-I, the thermally relaxed ex-
citations in the PSU conserve light energy rather than en-
gage in fluorescence. Despite their lack of oscillator
strength, the lowest-energy exciton state couples effectively
to excitons of other light-harvesting complexes and to the
RC bacteriochlorophylls (Hu et al., 1997). In fact, an effec-
tive Hamiltonian description for the BChl aggregates in the
PSU based on the geometry of the complex shown in Fig. 8
yields close agreement with the extremely fast excitation
energy transfer rates observed (Fleming and van Grondelle,
1994; Pullerits and Sundstrom, 1996; Hu et al., 1997). An
important factor in this description is a co-planar alignment
of the transition dipole moments of the BChl Qy transition
fixed through hydrogen bonds with the histidine side groups
as described above. We note that such a co-planar arrange-
ment of BChls was not observed in plant light-harvesting
complex LHC-II (Kühlbrandt et al., 1994), nor in the re-
cently determined 4-Å x-ray structure of photosystem I of

cyanobacteriumSynechococcus elongatus(Krauss et al.,
1996).

A most interesting aspect of the pigment organization in
the LH-IORC complex shown in Fig. 7c is the relative
arrangement of the BChls of LH-I, of the special pair (PA

and PB), and of the accessory bacteriochlorophylls (BA and
BB). The latter are spatially more proximate to BChls of
LH-I. This suggests that the accessory bacteriochlorophylls
mediate the energy transfer from LH-I to the RC special
pair. Indeed, the effective Hamiltonian approach in Hu et
al., 1997, suggests that the energy transfer rate from LH-I to
the special pair is enhanced by an order of magnitude
through the accessory bacteriochlorophylls arranged as sug-
gested in the present study.

The coordinates of the modeled LH-I complex and the
entire bacterial PSU model can be obtained from the authors
upon request.
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