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ABSTRACT

The light-harvesting apparatus of the purple bacterial photosynthetic unit consists of a pool of peripheral
light-harvesting complexes that transfer excitation energy to a reaction center (RC) via the surrounding
pigment-protein complex LH1. Recent electron microscopy and atomic force microscopy studies have
revealed that RC-LH1 units of Rhodobacter (Rba.) sphaeroides form membrane-bending dimeric com-
plexes together with the polypeptide PufX. We present a structural model for these RC-LH1-PufX dimeric
complexes constructed using the molecular dynamics flexible fitting method based on an EM density
map. The arrangement of the LH1 BChls displays a distortion near the proposed location of the PufX poly-
peptide. The resulting atomic model for BChl arrays is used to compute the excitonic properties of the
dimeric RC-LH1 complex. A comparison is presented between the structural and excitonic features of
the S-shaped dimeric BChl array of Rba. sphaeroides and the circular BChl arrangement found in other pur-
ple bacteria.

© 20009 Elsevier B.V. All rights reserved.

1. Introduction

Photosynthetic light harvesting is achieved by the cooperation
of up to hundreds of proteins containing thousands of pigments
capturing and transferring light energy for subsequent conversion
to stable chemical energy [1-6]. This conversion is initiated at a
reaction center (RC) that utilizes the electronic excitations received
from the surrounding pigment pool for transmembrane electron
transfer (for reviews see Refs. [7-14]). The charge gradient thus
created is converted to chemical energy in either oxygenic or
anoxygenic photosynthetic processes, the latter being governed
by evolutionarily more primitive systems [15]. The anoxygenic
purple bacterial photosynthetic unit (PSU) constitutes a remark-
ably simpler light-harvesting system than those found in cyano-
bacteria and plants. The atomic structure of purple bacterial RCs
[16-20] and their surrounding light-harvesting antennae [21-27]
permitted the elucidation of the light-harvesting process down to
a quantum mechanical level [28-49,9,50]. Furthermore, the
supramolecular organization of the participating photosynthetic
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proteins has been investigated in experimental [51-56,20,57-59]
and theoretical [60-63,50] studies.

The purple bacterial PSU from Rhodobacter (Rba.) sphaeroides
consists mainly of a peripheral pool of light-harvesting complex
Il (LH2) units that surrounds arrays of reaction center-light-har-
vesting complex I[-PufX (RC-LH1-PufX) dimers which induce
membrane curvature [64]. The dimeric architecture of RC-LH1-
PufX units of Rba. sphaeroides [59] is not realized in other purple
bacteria, such as Rhodospirillum rubrum [52], that involve only
monomeric RC-LH1 complexes. Further constituents of the PSU
are the bc; complex [65-68], cytochrome c,, and ATP synthase
[69-71], which jointly convert the charge gradient, created after
light harvesting by the LH2 and RC-LH1-PufX units, into stable
chemical energy in the form of ATP.

The PSU is spatially organized into lamellar or spherical pseu-
do-organelles. The respective membrane curvature induced by the
constituent pigment-protein complexes of the PSU is essential for
photosynthetic function. A recent molecular dynamics (MD) study
of the photosynthetic membranes in Rba. sphaeroides revealed that
intrinsic curvature is spontaneously induced by an array of mem-
brane-embedded LH2 units, whereas an initially flat RC-LH1-PufX
dimer spontaneously bends at the dimerization junction [64].
Single-particle electron microscopy (EM) analysis of negatively
stained RC-LH1-PufX dimeric complexes in Rba. sphaeroides dis-
played bending between RC-LH1 monomers [59]. The curvature
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of the photosynthetic membrane induced by these pigment-pro-
tein complexes increases the effective surface area per unit vol-
ume available for light harvesting and likely optimizes the
electrostatic and chemiosmotic potentials governing energy con-
version as suggested recently in view of the observed curvature
around ATP synthase dimers [72]. As a result of the induced cur-
vature, the PSU of Rba. sphaeroides forms pseudo-spherical invag-
inations of the inner membrane with a diameter of approximately
70 nm [50]. The resulting volume of the vesicle ensures the neces-
sary cytochrome c, concentration to reduce the RCs and the pro-
ton concentration to drive the ATP synthase.

Recent coarse-grained Monte Carlo studies modeled the sponta-
neous generation of photosynthetic vesicles due to the accumula-
tion of curvature by its constituents [73]. An atomic level
description of such a photosynthetic vesicle for Rba. sphaeroides
was presented in [50], based on atomic force microscopy (AFM)
[53,54,56,20,58], cryo-EM [51,52,55,57], and linear dichroism
[56] data as well as on available atomic structures of the constitu-
ent proteins. This description elucidated the quantum mechanical
basis of efficient light harvesting across an entire photosynthetic
membrane entailing about 200 proteins and 4000 bacteriochloro-
phylls (BChls) [50].

The aforementioned theoretical studies [60-63,50,73,64] con-
stitute the first steps toward a comprehensive biology of the PSU
by combining spectroscopy, structure, and energy transfer dynam-
ics data with a multitude of simulation techniques, bridging length
scales of 10°-10* A (atomic to vesicular sizes) and time scales of
10715-10"3 s (inter-pigment excitation hopping to vesicle curva-
ture formation times).

Accurate vesicle-scale structural models of the PSU require the
availability of the atomic structures of the constituent molecules.
Unfortunately, no atomic structure is currently available for the
membrane-bending dimeric S-shaped RC-LH1-PufX complex of
Rba. sphaeroides. In an earlier study of Rba. sphaeroides vesicles
[50] a planar model of the dimeric RC-LH1-PufX BChl array was
constructed based on single-particle EM analysis [57] available at
the time. However, recent data collected from electron micro-
graphs of over 4000 negatively stained dimer particles enabled
the reconstruction of a 3D map of the dimer complex at 25 A res-
olution. This map [59] indicates that the RC-LH1-PufX dimer
exhibits a bending angle of 146° at the dimerization junction.

In the current study as well as in a complimentary study [74],
we present an atomic structural model for the Rba. sphaeroides
RC-LH1-PufX complex based on single-particle EM analysis [59].
The structural model is obtained using the molecular dynamics
flexible fitting (MDFF) method [75] already successfully applied
to the ribosome, but under vacuum conditions [76]. The MDFF
methodology combines in the present case the MD simulation of
an earlier planar model of the RC-LH1-PufX complex [50,64] in a
membrane-water environment with the observed 3D cryo-EM
map [59], introducing the latter into the MD force field [75]. The
resulting all-atom model not only elucidates the structural basis
of the membrane-bending curvature of the complex, but also pro-
vides information on the spatial arrangement of the BChl array of
RC-LH1-PufX dimers. The geometry of the BChl array thus estab-
lished permits on the one hand the calculation of the excitonic
properties of the complex following the effective Hamiltonian ap-
proach [37-40,77,45,42-44,78,79,48,49,9,80,81,50] and on the
other hand description of RC-LH1-PufX dimers forming vesicles
and tubes [74]. Altogether the broad purpose of the current study
is then twofold: first, to explore the geometry of the BChl array in
the dimeric RC-LH1-PufX complex; second, to determine compu-
tationally the ramifications of this geometry for the quantum bio-
logical characteristics of the system.

The organization of this paper is as follows. First, the MDFF pro-
tocol employed for the generation of the atomic structural model

for the RC-LH1-PufX dimer is described in detail. Then the effec-
tive Hamiltonian formulation for the BChls of the RC-LH1-PufX di-
mer is introduced as the basis of the excitonic structure
computations for the BChl array obtained by the MDFF study and
applied to determine the spectral properties and excitation trans-
fer dynamics of the complex.

2. Methods
2.1. Molecular dynamics flexible fitting of the RC-LH1-PufX dimer

MDFF is a modeling technique which uses a MD simulation to
flexibly fit atomic structures into electron microscopy maps [75].
In an MDFF simulation, two external potentials (Ugy, Uss) are ap-
plied to the system in addition to the usual MD potential (Uyp).
Thus, the total energy of the simulated system is

Utotal = Ump + Ugm + Uss, (1)

where Uyp refers to the molecular dynamics force field, Ury is
derived from the EM density map to steer the atoms toward fill-
ing the regions with high observed density, and Uss is a harmonic
potential that preserves the secondary structure to prevent
overfitting.

The MDFF method requires a starting atomic model for the con-
stituents that are being fitted to the target EM density map. A pla-
nar atomic model for the RC-LH1-PufX dimer of Rba. sphaeroides
was provided in [64] based on available solution structures and
2D EM projection data [57]. As described in [64], an NMR solution
structure (PDB id: 1DX7) [25] was used for the LH1 B-apoprotein.
For the LH1 a-apoprotein a homology model was built in the ab-
sence of an available structure based on the Rhodospirillum rubrum
LH1 a-apoprotein reported in [82]. The bacteriochlorophyll and
carotenoid molecules were then placed in between the ao/B-apo-
protein pair to form an LH1 subunit, their positions chosen to be
similar to those in Rhodospirillum molischianum LH2 [24]. This step
was followed by energy minimization to ensure proper ligation.
The LH1 o/B subunit was then replicated into 28 copies and ar-
ranged into an S-shaped dimer based on the cryo-EM data reported
in [57]. Two RCs (PDB id: 1PCR [18]) and two PufX proteins [83]
were finally placed within the LH1 dimer based on EM data [57]
(see [64] for further details of the modeling effort).

The atomic structural model for the RC-LH1-PufX dimer thus
constructed in [64] was fitted into the 25 A resolution 3D EM den-
sity map reported in [59] as follows. Rigid-body docking was first
performed to place the dimer model inside the EM density using
the Situs package [84]. A 320 A x 170 A lipid patch composed of
50% POPE and 50% POPG was then positioned around the dimer.
The lipid-protein system was solvated in a 350 A x 200 Ax
140 A water box. Ions were added at 0.3 M to mimic the physiolog-
ical environment. The entire solvated and membrane-embedded
RC-LH1-PufX dimer system consists of 890,307 atoms. The simu-
lation setup is shown in Fig. 1.

The MDFF simulation was performed using NAMD [85-88].
Parameters for the MD potential (Uyp) were taken from the
CHARMM27 force field [89] with the CMAP correction [90], water
being described by the TIP3P model [91]. Long-range electrostatic
forces were evaluated using the particle-mesh Ewald (PME) sum-
mation method with a grid size of < 1A. An integration time step
of 1fs was used with a multiple time-stepping algorithm [92].
Bonded terms were evaluated every time step, with short-range
non-bonded terms evaluated every fourth time step. Constant tem-
perature (T=300K) was maintained using Langevin dynamics,
with a damping coefficient of 1ps~'. A constant pressure of
1 atm was enforced using a Nosé-Hoover Langevin piston with a
decay period of 100 fs and time constant of 50 fs.
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Fig. 1. Structure determination for the dimeric RC-LH1-PufX complex from Rba. sphaeroides. The MDFF simulation setup is shown in (A): LH1 in blue, RC in green, PufX in red,
dimer density in orange mesh, lipids in purple with the phosphorous atoms shown as yellow spheres, and the water box in transparent blue. (B) Shown is the dimeric
complex and its BChls in the initial structure (t = O; for clarity each BChl is represented only by its porphyrin ring). The EM density map is displayed as a transparent surface.
(C) Shown is the BChl arrangement after a 17 ns MDFF calculation. The BChl positions, obtained by averaging the last 3 ns of the MDFF trajectory, are shown in (D). The BChl
array thus obtained by trajectory averaging was divided into two groups corresponding to each monomer and superimposed over each other (rendered opaque and
transparent for the two monomers, respectively). A distortion of the BChl array near the proposed location of PufX can be discerned (cf. Fig. 2E and F). The BChl arrangement
used in subsequent calculations was obtained by further averaging the positions and the orientations of BChls from both monomers, resulting in an array with exact

C,-symmetry (cf. Fig. 2).

Only the atoms belonging to the RC-LH1-PufX dimer were cou-
pled to the additional MDFF potentials Ugy and Uss. The rest of the
system, i.e., lipids, water, and ions, were only subjected to the MD
potential Uyp. The MDFF potentials Ugy and Uss contain adjustable
parameters as described in [75]. In the present study, the scaling
factor of Ugy determining the magnitude of forces applied to the
atoms, &, was chosen to be 0.3 kcal mol~!, following [75]. The other
parameter, k,, which is the spring constant of the harmonic re-
straints applied in Uss, was chosen to be k, = 200 kcal mol~! A
[75]. The dimer was moved into the EM map [59] within few nano-
seconds of the MDFF simulation. The global cross-correlation coef-
ficient improved from 0.75 to 0.80, and the local cross-correlation
coefficient, with threshold of 0.1¢ above the mean, improved from
0.37 to 0.69.

We note that at a 25 A resolution of the EM map the accuracy of
the final structure is rather limited. For accurate structures an EM
map resolution of 7 A or better is desirable [75]. However, in the
present case the main property following from the MDFF analysis
of the EM maps is the overall bending of the protein which is a
low resolution property that does not require local rearrangement
within the protein. Furthermore, the stability of the membrane-
protein system obtained by the MDFF method was verified by a
subsequent 20 ns equilibrium MD simulation. The resulting
membrane curvature observed in the equilibrium MD simulation

is consistent with the observed radius of curvature of the chro-
matophore vesicle in which the dimer complex resides [74]. Given
the large scale of the bending effect for the dimer complex, small
structural alterations in the initial RC-LH1-PufX model will likely
have little effect on the final structure obtained using MDFF.

2.2. Effective Hamiltonian and excitonic properties

Effective Hamiltonian formulations have been successfully em-
ployed for a long time to account for the excitonic properties of
pigment arrays in purple bacterial as well as other light-harvesting
complexes [37-40,77,45,42-44,78,79,48,49,9,80,81,50]. The effec-
tive Hamiltonian is typically defined in the basis of the lowest ex-
cited state of the BChl molecule, namely the Q,-excited state [93].
A basis set of local excitations is |i) = [¢p ¢, -+ - ¢; - - - ), Where only
the ith BChl is Q,-excited and all the other BChls are in their
ground states. In this basis the effective Hamiltonian is [37-
39,77,44,45,78,48 9]

H= Ze.ll i+ viyliil, (2)
i#]

where ¢; is the Q,-excitation energy of BChl i, the values being as-

signed so as to reproduce observed exciton spectra [94-96,45,78],

and Vj is the electronic coupling between BChls i and j. Over large
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(>20 A) BChl distances, V;; can be evaluated accurately through the
induced dipole-induced dipole approximation

Vi = (d; - dy)/r} = 3(r; - di)(ry - dy) /15, 3)

where d; is the transition dipole moment vector for BChl i [97]. For
nearest neighbor BChls of LH1, the dipolar approximation (Eq. (3))
yields poor results [12]. Instead, alternating nearest neighbor cou-
plings of 806 cm~! and 377 cm~! are adopted following [45],
wherein the couplings were determined based on a fit of the result-
ing exciton spectrum to quantum chemistry calculations [98]. The
coupling between the special pair BChls in the RC is taken to be
500 cm~! [94,45]. All other BChl couplings are computed according
to Eq. (3).

The effective Hamiltonian (Eq. (2)) determines both spectral
properties and excitation transfer dynamics of the BChl assembly
[4,37,42,44,78,79,48,9,80,81,12]. It was demonstrated already over
half a century ago by Duysens [6] that an approximate account of
excitation transfer dynamics can be achieved in the framework of
Forster energy transfer [4] using simply the correct concentration
of pigments without specific knowledge of the geometry of the pig-
ment assembly. In fact, already the first treatment of exciton
migration among chlorophylls in photosynthesis by Arnold and
Oppenheimer was based on chlorophyll concentration as a key
parameter (publication [3] stems from a much earlier conference
lecture [2]).

The BChls belonging to LH1 and the RC are weakly coupled due
to the large distance between them. This spatial separation be-
tween the antenna BChl and the BChl of the electron transfer chain
is required for ‘safe’ charge separation at the RC [11,12], i.e., for
securing that electrons are transferred towards the quinone bind-
ing site, and not towards the light-harvesting chlorophylls. Be-
tween two such weakly coupled BChl groups excitation transfer
can be described by a generalization of the Forster formula.
Accordingly, the total rate of transfer between a donor cluster D
of BChls and an acceptor cluster A is [37,99,78,9,100,101,14,13]

Tm= Y Ty [ deshipsice). (4)

ED K T
meD neA Zl e Tk

where E2 are the donor energy levels; SP (E) and SA(E) denote the
appropriately normalized donor and acceptor spectral lineshapes,
respectively; the coupling

Vr% Z C?n,icﬁ,jvij (5)
i

between the donor state m and the acceptor state n depends on the
donor eigenvector c2, and the acceptor eigenvector c" of the
respective Hamlltomans a Boltzmann population of donor states
is assumed. The generalized Forster formulation becomes increas-
ingly less accurate in strong coupling regimes (~10?cm™') where
it should be superseded by the modified Redfield theory
[102,79,103,80,81]. The computational complexity of Redfield
theory-based approaches limits their usefulness to small pigment
arrays (for a survey of these methods see [81]). With the aim of
eventually utilizing the current framework for vesicle-scale simula-
tions [50], we adopt in the following the generalized Forster model
(Eq. (4)) for excitation transfer computations.

The magnitude of the dipole strengths adopted in Eq. (3)
strongly influences excitation transfer rates. In the vesicle-scale
PSU study [50] a value of 8.3 Debye was adopted for the effective
dipole strengths of BChls uniformly across all LH2, LH1, and RC
BChls without differentiating between BChls in different proteins
(LH1, RC, LH2). This oversimplification, adopted at the time due
to the large system size of nearly 4000 BChls, resulted in an over-
estimate of both the forward and backward transfer rates between
LH1 and RC exciton states [50]. The transfer rates are dependent

approximately on the fourth power of individual dipole strengths.
In the following, we adopt a value of 5.4 Debye for the effective di-
pole strength between LH1 and RC BChls. This value reproduces the
observed (8 ps)~! RC — LH1 back transfer rate and is within 15% of
the corresponding 6.3 Debye dipole strength reported earlier [32].
The resulting effective Hamiltonian successfully reproduces also
the LH1 — RC forward transfer rate and the observed excitonic
spectra, as discussed below.

3. Results

In the following, the geometry of the BChl array for the dimeric
RC-LH1-PufX complex obtained by the MDFF method and the cor-
responding excitonic properties of the resulting structure are
discussed.

3.1. Geometry of the dimeric RC-LH1-PufX complex

The finite temperature disorder effects, arising naturally in MD
simulations, imply that the structural models obtained at the end
of an MDFF calculation correspond not to an ordered system such
as in crystallography data, but to a particular instance of the pro-
tein in its native membrane-water environment subject to thermal
disorder. Before a comparison can be made between the MDFF-
generated structural model of the RC-LH1-PufX dimer and the
atomic structures available for similar pigment-protein com-
plexes, the thermal disorder effects should be minimized.

The geometry of the BChl array can be determined readily since
the relevant geometrical quantities are only the center position
and the orientation of the BChl porphyrin ring as given by the loca-
tion of the corresponding central Mg atom and the direction of the
Np-Np unit vector, respectively. The averages of these quantities,
considered to represent the low temperature structure, were taken
over the final three nanoseconds of the 17 ns MDFF trajectory that
represents an equilibrated structure, as tested through the RMSD
of the atomic model (relative to the initial structure) and through
cross-correlation to the cryo-EM map (see [75] for a discussion of
MDFF convergence). First, the position of the central Mg atom
and the orientation vector of the porphyrin ring for each LH1 BChl
were averaged. After the averaging of BChl conformations over the
trajectory, the two LH1 monomers constituting the S-shaped dimer
were superimposed over each other via a least square fit between
their BChls as shown in Fig. 1D. The lack of significant deviation of
the BChl geometry between the two LH1 monomers is a successful
consistency check for the MDFF method as shown in Fig. 1D. The
positions and orientations of the BChl arrays from the two mono-
mers were superimposed through the appropriate symmetry oper-
ation and averaged. The resulting BChl array was duplicated into
two monomers by reflection along the dimer symmetry axis to
generate a dimeric LH1 BChl array with an exact C,-symmetry
(cf. Fig. 2). The four RC BChl positions in each monomer were trea-
ted separately by fitting the BChl conformations obtained from the
crystal structure of Rba. sphaeroides RC (PDB id: 1PCR [18]) onto the
trajectory-averaged RC BChl conformations described above. This
was done in order to minimize the disorder effects of RC BChl
placements on the excitonic properties. The excitonic properties
display a stronger sensitivity to the conformations of the RC BChls
than to the conformations of the antenna BChls. The overall BChl
array thus generated was subsequently used for the computation
of excitonic properties.

The BChl array that results from MDFF and subsequent averag-
ing exhibits the same bending angle, namely 146°, as seen in the
EM density [59]. It had been observed already in an earlier all-atom
MD simulation of the Rba. sphaeroides RC-LH1-PufX dimer that an
initially flat dimer spontaneously bends at the LH1 dimerization
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Fig. 2. Detailed views of the BChl array in a dimeric RC-LH1-PufX complex. (A) Shown is the array obtained through MDFF [75] and an EM density map [59] including
averaging. The arrows indicate the two BChls in the vicinity of the PufX polypeptides (see also (E) and (F)). Top (B) and side (C) views reveal the relative arrangement of the
RC-LH1 monomers in a membrane-bending S-shape. The arrangement of the four BChls at the LH1 dimerization junction is shown in greater detail in (D). As seen in the side
view of the membrane plane (E) and the top view (F), the BChl next to the PufX polypeptide (indicated in (A) with arrows) is displaced with respect to the rest of the BChl
array (shown as an arc obtained by an elliptical fit). This distortion of the BChl array is likely due to the steric effects of the PufX polypeptide, as suggested in [104-106].

junction [64]. This computationally observed bending is in the
same direction as that observed in the cryo-EM map [59]. However,
the 146° bending seen in the EM map is more prominent than the
one resulting in the MD simulation which measured only 172° [64]
(180° corresponds to no bending), the discrepancy being likely due
to the short (20 ns) simulation time employed in [64].

A notable feature of the dimeric BChl array resulting from the
present MDFF analysis is a distortion in the vicinity of the PufX
polypeptide. The BChls closest to the PufX polypeptide (indicated
by arrows in Fig. 2A and shown enlarged in Fig. 2E and F) appear
to be displaced by approximately 5 A with respect to the neighbor-
ing BChls both in the plane of the BChl array and along its normal.
This displacement is consistent with earlier suggestions [104-106]
that the interaction between PufX and its nearby BChl distorts the
BChl array.

The BChls at the dimerization junction (defined in Fig. 2D) link
the LH1 BChls of the two monomers into an S-shaped band. This

inter-monomer link as well as the intra-monomer links between
BChls lead to a sharing of excitations between the LH1 monomers
(and the two RCs) as reported in [50]. Excitation sharing between
the two RCs of one dimer as well as between the RCs of neighbor-
ing dimers may be responsible for maintaining a high efficiency
under high-light conditions. The excitonic properties of the BChl
array are discussed in detail in the following section.

3.2. Excitonic structure of the bacteriochlorophyll array

Energy transfer dynamics in the BChl array is closely related to
the spectral properties of the excitonic states, both determined by
the effective Hamiltonian (Eq. (2)). Specifically, the rate of energy
transfer (Eq. (4)) between the RC and the LH1 BChls is dominated
by resonant transfer between donor states m and acceptor states
n that have the strongest couplings V24 (as defined in Eq. (5))
and the best spectral overlaps [45]. Therefore, in order to deter-
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mine the energy transfer characteristics of the BChl array the exci-
tonic states must be examined in detail.

In this section, we first present the excitonic spectrum of the
BChl array shown in Fig. 3. Then the optical properties (such as
oscillator strength) and the delocalization character (such as in-
verse participation ratio and coherence length, defined below) of
the excitonic states presented in Fig. 4 are discussed along with
the donor-acceptor excitonic couplings V24 relevant for the com-
putation of energy transfer between RC and LH1 BChls as presented
in Fig. 5. A comparison is then made between the excitonic proper-
ties of monomeric circular and dimeric S-shaped BChl assemblies
(cf. Figs. 3 and 5).

The S-shaped dimeric BChl array presented in Fig. 2A displays
excitonic properties that are notably different from those of the cir-
cularly symmetric RC-LH1 monomeric complexes studied previ-
ously [38,39,77,45,78,9]. For a comparison of the excitonic
properties of circular and S-shaped BChl arrays, effective Hamilto-
nians were constructed according to Eq. (2) with identical param-
eters for inter-BChl couplings and site energies. The range of the
resulting excitation energy levels are similar for circular and
S-shaped BChl arrays as seen in Fig. 3 (for clarity only the lower
half of the exciton band is shown). Notably, the doubly-degenerate
energy levels present in the spectrum of the circular RC-LH1 com-
plexes [39,45] lose their degeneracy in the case of the S-shaped
complex as a consequence of the lost circular symmetry.

The spread of excitonic states over the dimeric BChl array is
shown in Fig. 4, illustrating the significant delocalization of exci-
tons. The number of pigments over which an excitonic state is
delocalized at a finite temperature is given by the coherence length
[107,49] (see Appendix; Eq. (8)). For room temperature, one ob-
tains a coherence length of 6.5 BChls for the dimeric LH1 BChl
aggregate which is similar to the coherence length of LH2 BChls re-
ported in [49]. Thus, thermal effects limit the delocalization of the
excitation to only a few BChls rather than to the entire array as
seen at zero temperature.

The contribution of each excitonic state m to the absorption
spectrum of the BChl array is given by its oscillator strength

Om = ‘ Zcm,kdk|2 (6)
k

as displayed in Fig. 4. Here ¢, are the eigenvectors of the Hamilto-
nian (Eq. (2)). A comparison of Figs. 4 and 5 shows that the states m
with the strongest couplings V24 between LH1 and RC (for the RC,

n > 1 states contribute minimally to couplings and energy transfer)
also exhibit the strongest oscillator strength. For the circular
complex the largest oscillator strength is carried by the doubly-
degenerate levels m = 2, 3, whereas the lowest level m = 1, due to
symmetry, carries almost no oscillator strength [45]. However, for
the S-shaped dimeric complex, symmetry-induced energy degener-
acies are broken (cf. Fig. 3) and the lowest level m = 1 accrues non-
zero oscillator strength, whereas the highest oscillator strength is
carried by the non-degenerate m = 3 state shown in Fig. 3B; this
behavior holds for both the flat dimeric complex considered earlier
[50] and the membrane-bending complex shown in Fig. 2. For both
circular and S-shaped complexes, the highest oscillator strength
stems from the 875 nm (11430 cm~!) state.

The couplings V24 between the LH1 excitonic states m and the
lowest (n = 1) RC excitonic state are shown in Fig. 5. For both the
circular and the S-shaped complexes the strongest RC-LH1 cou-
plings measure [V24|=7cm™' and arise between the lowest
(n=1) RC state and LH1 states m = 2,3 for the circular and
m = 3 for the S-shaped complexes, respectively. Thus, the room
temperature excitation energy transfer rate (Eq. (4)) between
LH1 and RC is dominated largely by the coupling term V24
[45,78,50]. The transfer times computed with the effective Hamil-
tonian parameters discussed above are 41 ps and 7.4 ps for forward
(LH1 — RC) and backward (RC — LH1) transfer, respectively, for
the monomeric circular complex, and 51 ps and 8.1 ps for the di-
meric S-shaped complex. Both forward and backward excitation
transfer rates are similar between the monomeric circular and di-
meric S-shaped complexes, since the couplings between the most
dominant exciton states are nearly identical between the circular
and S-shaped pigment arrays as seen in Fig. 5. The stated transfer
times compare favorably with the ‘trapping’ lifetime of 30-50 ps
reported for RC-LH1 complexes [108-111,12] as well as the
‘detrapping’ probability of about 20% [112-114]. The detrapping
probability pgeyap = Tes/(Tes + Tre—inny) = 0.27 s defined as the
probability for an excitation that reaches the RC to ‘detrap’, i.e.,
transfer back from the RC to LH1, which happens with a time con-
stant Tre_n1) = 8.1 ps as opposed to causing a charge separation
at the RC which happens with a time constant tcs = 3 ps.

From the comparison between circular and S-shaped RC-LH1
complexes presented above we conclude that the presence of PufX,
which is responsible for the gap in the BChl ring of each monomer
as well as for the dimerization of the RC-LH1 units, has little effect
on the spectral properties of RC-LH1 complexes at room tempera-

(1/cm)
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12000

11800

11600

11400

Fig. 3. Exciton bands for monomeric/circular (left) and dimeric/S-shaped (right) LH1 BChl arrays (only the lower half of the bands are shown for clarity). Identical coupling
terms and site energies were used for BChls in both effective Hamiltonians. The breaking of circular symmetry lifts the degeneracies (indicated by double lines) of the
monomer eigenstates. The highest oscillator strength is carried by the 875 nm states in both cases, which are the doubly degenerate n = 2, 3 states for the circular monomer
and the non-degenerate n = 3 state for the S-shaped dimer (indicated by arrows; see also Fig. 4).
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Fig. 4. Spread of the lowest exciton states over the BChl array of the dimeric RC-LH1-PufX complex (cf. Fig. 2). Shown are the occupation probabilities |c,|* for each BChl k
for eigenstatesn=1,..., 16 (higher states not shown). The area of each circle at a BChl site k is proportional to the occupation probability |c,._k\2 for the state n. Also indicated
for each state is the corresponding absorption wavelength /, the inverse participation ratio I, which is a measure of excitonic delocalization (see Appendix), and the oscillator
strength o.. The maximum oscillator strength is carried by state n = 3 which absorbs at 875 nm.

ture. The resonant energy transfer between peripheral antennae
and RCs is mostly unaffected by the dimerization and the out-
of-plane distortion of the BChl array. This is reminiscent of the
observation that distortions of pigment geometry away from the
RC has little effect on excitation transfer characteristics at room
temperature [115]. Accordingly, evolutionary adaptation to the
presence of the PufX polypeptide, which likely facilitates efficient
quinone transport, was easily realized without counter-balancing
spectral tuning of light-harvesting proteins, a tuning that would
have required structural changes to the constituent o/f-
apoproteins.

4. Discussion

The membrane curvature induced spontaneously by the con-
stituent pigment-protein complexes of the PSU seems to have
two related functions. Firstly, curved photosynthetic membranes
can accommodate a greater number of pigments within a given
volume. In fact, the thylakoid membrane of the evolutionarily
more complex plants and cyanobacteria shows a much more elab-
orate organization of curvature with an even more efficient use of
available volume. Secondly, the induced curvature of the constitu-
ent complexes can facilitate the assembly of the photosynthetic
vesicles by enforcing co-location of equally curved building blocks
as a recent Monte Carlo study has shown [73] and as had been ar-
gued in [64]; co-location is entropically unfavorable but comple-
mentary curvature can be favored energetically such that the
overall free energy balance for co-location becomes favorable.

The membrane-bending curvature induced by proteins effec-
tively attracts them toward one another in the membrane, causing
in the present case pigment-protein complexes to assemble into
clusters as opposed to being scattered in the membrane. The clus-
ter formation is crucial for maintaining high efficiency of the light-
harvesting process [11]. Gaps greater than 3-4nm between
pigment-protein complexes, e.g., LH2s, would lead to a significant
drop of efficiency in the transfer of excitation due to internal con-
version or fluorescence that occur on a nanosecond timescale.

The rationale for the bending of S-shaped dimers in Rba. sph-
aeroides is not fully understood. A bending angle of 146° is consis-
tent with the 70 nm average vesicle size and contributes to the
aforementioned vesicle formation process through induced curva-
ture. The dimeric RC-LH1-PufX complexes further organize into
linear arrays [53]. This linear arrangement of dimers may be
guided by direct surface interactions between neighboring LH1
units or through indirect interactions due to the lipid environment
[50,64]. Two possible reasons for the formation of the linear dimer
arrays of RC-LH1-PufX complexes have been proposed in [50].
First, significant excitation sharing between RCs was observed
computationally which may increase light-harvesting efficiency
under high-light conditions. Second, the linear dimer arrays sur-
rounded by a layer of lipids may provide ‘highways’ for fast qui-
none transport to the bc; complexes located at the edge of the
vesicle [50]. This role could be supported by the opening in the
LH1 BChl ‘ring’ caused by the presence of PufX. The PufX polypep-
tide is reported to be essential for photosynthetic growth as well as
for the formation of dimeric core complexes [55,59].
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Fig. 5. Excitonic couplings V2 (Eq. (5)) between the excitonic states n of the LH1
BChl array and the lowest RC excitonic state for monomeric (left) and dimeric
(right) complexes. The contribution of each LH1 BChl is indicated by the area of the
respective circle. Positive contributions are shown in dark gray, negative ones in
light gray. The states with high oscillator strength (cf. Fig. 4) are most strongly
coupled to the lowest RC state.

Neither the bending of the BChl array nor the structural discon-
tinuity that results from the gap caused by PufX has a significant
effect on the excitonic properties of the RC-LH1 complex as com-
pared to excitonic properties of monomeric circular units as found
in other purple bacteria. This suggests that effective excitation
transfer can be accommodated amid other essential processes such
as vesicle assembly and quinone diffusion. Therefore, the role of
PufX and dimer bending is very likely structural, and not for opti-
mizing the excitation transfer aspect of chromatophore function. It
might, in fact, be true that optimization of assembly comes at the
price of lowered harvesting efficiency as the monomeric circular
LH1-RC complex has a slightly faster transfer rate (1/41 ps) than
the dimeric S-shaped complex (1/51 ps). In comparison, photosys-
tem I of oxygenic photosynthesis is also robust against deforma-
tions of pigment geometry while also displaying limited
optimization of architecture [115-117]. However, the modular
architecture of the purple bacterial photosynthetic unit requires
that comparisons of efficiency should be made not on the scale

of individual proteins but instead on the scale of an entire chro-
matophore vesicle taking into account cooperation between multi-
ple proteins. Such a comparison is beyond the scope of the current
study. Light-harvesting optimality at a system level is not yet well
understood in purple bacteria.

Beyond a high packing density of the constituent pigment-clus-
ters and the spectral tuning of the excitonic levels needed for res-
onant energy transfer, the excitation transfer process shows
robustness and insensitivity to geometric detail. This conclusion
is in agreement with very early work of Oppenheimer [2], Arnold
and Oppenheimer [3] and Duysens [6].
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Appendix

In this appendix, we define the inverse participation ratio and
the coherence length as measures of delocalization of excitonic
states [107,49].

The lowest 16 eigenstates of the effective Hamiltonian given by
Eq. (2) for the entire dimeric complex (consisting of a total of 64
BChls: 56 LH1 BChls and four BChls for each of the two RCs) are
shown in Fig. 4. For each eigenstate n the occupation probabilities
|c,1.k|2 for each BChl k are shown together with the absorption
wavelength A corresponding to that state. The occupation probabil-
ities directly determine the inverse participation ratio [107,49]

In = 1/2 |Cn.k‘4 (7)
k

of the state n which is a measure of excitonic delocalization for that
state, corresponding approximately to the number of BChls over
which an excitonic state is distributed. The inverse participation ra-
tio is larger for eigenstates that display larger delocalization over
pigments. The low lying excitonic states all have significant delocal-
ization with the exception of the two degenerate states at 865 nm
(n=28,9) corresponding to the special pair absorption at each
monomer.

Thermal disorder effects reduce the number of pigments an
excitation is distributed over. Taking into account the effects of dis-
order, a measure of excitonic delocalization is provided by the
coherence length

L= (213;))2 / <N§Ujpi,-|2>, ®)

where

P = Y ChiCnj €XP(—(En — Ev)/(ksT)) 9
n

is the reduced exciton density matrix [107,49].
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