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ABSTRACT Photosynthetic chromatophore vesicles found in some purple bacteria constitute one of the simplest light-harvest-
ing systems in nature. The overall architecture of chromatophore vesicles and the structural integration of vesicle function remain
poorly understood despite structural information being available on individual constituent proteins. An all-atom structural model
for an entire chromatophore vesicle is presented, which improves upon earlier models by taking into account the stoichiometry of
core and antenna complexes determined by the absorption spectrum of intact vesicles in Rhodobacter sphaeroides, as well as
the well-established curvature-inducing properties of the dimeric core complex. The absorption spectrum of low-light-adapted
vesicles is shown to correspond to a light-harvesting-complex 2 to reaction center ratio of 3:1. A structural model for a vesicle
consistent with this stoichiometry is developed and used in the computation of excitonic properties. Considered also is the
packing density of antenna and core complexes that is high enough for efficient energy transfer and low enough for quinone
diffusion from reaction centers to cytochrome bc1 complexes.
INTRODUCTION
Photosynthesis provides energy for nearly all life on Earth,

converting short-lived electronic excitation resulting from

absorbing solar energy into increasingly more stable forms

of energy, culminating in the production of ATP (1–7). In

purple bacteria, this conversion process is performed by

(pseudo-) organelles consisting of up to hundreds of proteins

cooperating in a multistep process of light absorption, energy

transfer (8–12), charge separation (13), quinone diffusion

(14,15), and ATP synthesis (16,17).

The molecular assembly that performs light-harvesting is

significantly simpler in the primitive purple bacteria than

in their cyanobacterial or plant counterparts (1,18,19). In

the purple bacterium Rhodobacter (Rba.) sphaeroides the

photosynthetic apparatus is organized into chromatophore

vesicles of nearly spherical shape of ~60 nm diameter.

Membrane proteins that constitute most of a chromatophore

vesicle are the reaction center-light-harvesting complex

1-PufX (RC-LH1-PufX) dimeric core complex, light-

harvesting complex 2 (LH2), cytochrome bc1 complex, and

the ATP synthase. Structural models for these complexes

have been known for some time for several species (20–33).

The relative spatial arrangement of light-harvesting com-

plexes in several bacterial photosynthetic membrane patches

have been determined by atomic force microscopy (34–40)

(AFM). In particular, the organization of Rba. sphaeroides
chromatophores has been determined, in this case by a

combination of fluorescence yield (41,42), linear dichroism,

AFM (34,35), and cryo-electron microscopy (33,43,44)

studies.
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The aforementioned structural data have been combined

recently into a comprehensive all-atom model of chromato-

phore vesicles (3,45). This model reveals the basis of effi-

cient light-harvesting and energy transfer across an entire

vesicle. However, recent developments necessitate a revision

of this vesicle model. Determination of the overall molecular

shape of the RC-LH1-PufX dimer showed that the two halves

of the dimer are inclined toward each other at an angle of

146� on the periplasmic side of the complex (46). A detailed

modeling study has explored the membrane-bending effects

of this complex (47). Finally, a recent AFM study of

membranes composed solely of the LH2 antenna has re-

vealed the intercomplex spacings and membrane packing

for this membrane protein (48). Taken together, one can

now construct a model of the intracytoplasmic membrane

(ICM) vesicle that takes into account the long-range

membrane-bending effect of arrays of core dimers as well

as the LH2-LH2 associations.

The results of this study are twofold. First, a new all-atom

structural model for a chromatophore vesicle is presented

based on the stoichiometry of core and antenna complexes

determined by the absorption spectrum of intact low-light-

adapted (< 100 mE m�2 s�1) vesicles from Rba. sphaeroides.

The stated light intensity and the associated stoichiometry

correspond to physiologically relevant growth conditions.

The resulting all-atom vesicle model improves upon our

earlier models (45), incorporating also a recent structural

model for the membrane-bending core dimer complex based

on a molecular dynamics-flexible fitting study (47,49). The

resulting vesicle model is subsequently used to compute the

overall excitation migration characteristics (45). Second,

consistent with spatial constraints posed on the chromato-

phore vesicle architecture by the condition of efficient energy
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FIGURE 1 Absorption spectrum of chromatophores grown under low-

light intensity (black line). Shown as a red solid area is an absorption

spectrum of RC-LH1-PufX complexes adjusted under the absorption

contour of chromatophores. The difference between the spectra for the entire

chromatophore and for the RC-LH1-PufX complexes corresponds to the

spectrum of LH2 complexes (green line). The ratio of absorbance maxima

(indicated by vertical line segments) for the deconvoluted B850 and B875

components of LH2 and RC-LH1-PufX, respectively, is 2.73, from which

68 Sxener et al.
transfer, a family of chromatophore models is generated from

the aforementioned new vesicle model. The resulting energy

transfer rates determine the limits posed on intercomplex

separation that need to be wide enough to facilitate diffusion

of quinones (48,50,51) on the one hand and narrow enough

to maintain efficient light-harvesting on the other hand.

Physics-based design constraints on the spatial arrangement

of constituent components have been suggested earlier to be

responsible in shaping the evolution of photosynthetic

systems (19,52,53).

The organization of this article is as follows. In the next

section the growth and spectroscopy of intact Rba. sphaer-
oides chromatophore vesicles are outlined, followed by the

computation of energy transfer characteristics of the vesicles.

Next, the stoichiometry of core and antenna complexes is

determined from the absorption spectrum of vesicles grown

under low light conditions. Then, excitation transfer rates

between individual pairs of LH1-LH1, LH2-LH1, and

LH2-LH2 complexes are presented as a function of spatial

arrangement. Finally, the all-atom structural model for a

new vesicle model is introduced along with the dependence

of light-harvesting efficiency on the protein packing density.

an LH2:RC stoichiometry of 3:1 can be estimated (see Methods).
METHODS

In this section, a brief summary is presented: first, for the growth and

subsequent spectroscopy of chromatophore vesicles, and second, for the

computation of energy transfer rates between light-harvesting complexes

according to an effective Hamiltonian formulation.
Growth and spectroscopy of chromatophore
vesicles

Cell cultures of Rba. sphaeroides 2.4.1 were grown photosynthetically

under low light illumination (100 mE m�2 s�1) in M22þ liquid medium

(54). Cells were subsequently lysed by French pressing at 18,000 psi.

ICM vesicles were isolated from the resulting lysate by rate-zonal sucrose

density gradient centrifugation (55). Membranes were harvested from the

gradients and homogenized in 20 mM Tris buffer and 20% sucrose at pH 8.

Absorption spectra in buffer solutions of low light chromatophores and

RC-LH1 complexes were measured at ambient temperature using a model

No. V-530 spectrophotometer with spectral resolution of 0.5 nm (JASCO,

Tokyo, Japan). Spectral adjustment involved a red shift and an intensity

variation of the RC-LH1 spectrum with respect to the low-light-vesicle

spectrum.

To determine the LH2:RC stoichiometry, the absorbance values at 850 nm

for the deconvoluted LH2 spectrum (green in Fig. 1) and at 875 nm for the

LH1 spectrum (red in Fig. 1) were used. The LH2-850:LH1-875 nm absor-

bance ratio (indicated by vertical line segments in Fig. 1) is 2.73. The absor-

bance values, divided by the appropriate extinction coefficients for the LH2

and LH1 complexes, reported as 170 5 5 and 118 5 5 mM�1 cm�1, respec-

tively (56), yield in this membrane sample a ratio for the B850 (LH2):B875

(LH1) bacteriochlorophylls (BChls) of 1.9.

One dimeric RC-LH1-PufX complex contains 56 BChls absorbing in

the 875-nm band and an LH2 complex contains 18 BChls absorbing in

the 850-nm band; thus, a 1:1 LH2: RC-LH1-PufX dimer ratio (and therefore

a 0.5 LH2:RC ratio) corresponds to a B850:B875 BChl ratio of 18:56, i.e., of

0.32, and a B850:B875 absorbance ratio of 0.46, once the higher extinction

coefficient of B850 BChls is taken into account. The observed B850:B875

absorbance ratio of 2.73 taken from the deconvoluted absorbance spectrum
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in Fig. 1, therefore, is equivalent to an LH2:RC ratio of (2.73/0.46) � 0.5,

i.e., of 3.
Intercomplex energy transfer based on an
effective Hamiltonian

The migration of energy across an entire chromatophore vesicle is described

in terms of a sequence of transfer events between pairs of pigment clusters.

The computation of energy transfer rates between two pigment clusters is

based on an effective Hamiltonian formulation in the Förster formalism as

recently reviewed in Sxener and Schulten (3). We follow the formulation

presented therein and, for the sake of completeness, present here a brief

summary.

Single exciton-based effective Hamiltonians are defined in the basis set of

the Qy-excited states of BChls (57),��i� ¼ ��f1 f2 . f�i . fN

�
; (1)

where the ith BChl is in the electronically excited Qy-state (3) and all other

N–1 BChls are in the ground state. In this basis set, the effective Hamiltonian

is (6,58,59)

H ¼
X

i

eiji
��

ij þ
X
isj

Vijji
��

jj; (2)

where ei values are the BChl site energies and Vij values account for the elec-

tronic coupling between sites. These quantities are usually determined to

reproduce the observed spectral properties of the complex described in the

literature (58,60). Effective Hamiltonians were successfully employed for

the energy spectrum of purple bacterial light harvesting complexes

(45,59,61–63).

Coupling Vij between sufficiently separated BChls can be approximated

by an induced dipole-induced dipole interaction (3)

Vij ¼ C

 �
di$dj

�
r3

ij

� 3

�
rij$di

��
rij$dj

�
r5

ij

!
; (3)
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where di values are the BChl (ground-Qy) transition dipole unit vectors and

C denotes the coupling strength depending on the complex to which the

BChls belong (49,58–60).

The dipolar approximation (3) cannot be employed for closely spaced

(<20 Å Mg-Mg distance) BChls such as the nearest neighbors in LH2

and LH1 or the special pair in the reaction center (RC). For such closely

spaced BChls, couplings are determined typically through quantum chem-

istry calculations (64). In the following, we adopt site-energy and coupling

parameters suggested in Sxener and Schulten (3) and Sxener et al. (49).

The rate of excitation transfer between two spatially separated BChl

clusters can be approximated by the generalized Förster formula (2,3), which

assumes that the donor cluster is thermodynamically equilibrated. i.e., trans-

fer between acceptor and donor is followed by immediate thermal relaxation

before subsequent transfer. A recent stochastic quantum mechanics study

has revealed that LH2 exciton systems do indeed equilibrate within ~1 ps

(65). Accordingly, the rate of transfer between a donor cluster D and an

acceptor cluster A is

T DA ¼
2p

Z

X
m˛D

X
n˛A

e�ED
m=kBTP

l˛D

e�ED
l
=kBT
jVDA

mn j
2

Z
dE SD

mðEÞSA
n ðEÞ:

(4)

Here ED
m, m¼ 1, 2, $$$, are the donor energy levels, and SD

mðEÞ and SA
n ðEÞ are

the donor and acceptor lineshapes, respectively. The coupling

VDA
mn ¼

X
ij

cD
m;i cA

n; j Vij (5)

between donor state m and acceptor state n depends on the donor eigenvector

cD
m;i and the acceptor eigenvector cA

n;j of the respective Hamiltonians defined

in Kosztin and Schulten (2), where i and j span the BChls in the donor D and

the acceptor A clusters, respectively. Lee et al. (66) recently reported obser-

vation of quantum coherence within a core complex of Rba. sphaeroides at

cryogenic temperatures. At room temperature and for well-partitioned

pigment aggregates such as the core and antenna complexes constituting

a chromatophore vesicle, the generalized Förster formulation from Govind-

jee (4) yields results that compare closely with results from a more detailed

stochastic quantum mechanics description (65) based on the hierarchy

equation method originally proposed by Tanimura and Kubo (67).

The transition dipole moments of Qy-excited states obey the sum rule of

excitons (68)

XN

n¼ 1

j
�
0
��D��~n���2¼ XN

j¼ 1

jh0jDjjij2 ¼ NSBChl; (6)

where n and j span exciton states and BChl sites, respectively, and SBChl ¼
jh jjDj0ij2 is the oscillator strength of a single BChl, assumed to be

uniform for all j, and j0i denotes the ground state in which no BChl is

excited.

Equation 4 permits computation of energy transfer rates across a network

of hundreds of light harvesting proteins (45). To expedite this computation,

lookup tables were constructed for pairwise transfer between core and

antenna complexes within a cutoff distance of 300 Å. Tables were con-

structed for vesicle radii of 250 Å, 375 Å, and 500 Å; vesicles with interme-

diate radii were described through interpolation. The lookup tables enable

rapid computation of excitonic properties based on the list of protein center

positions and orientations.

The quantum yield q and average excitation lifetime t for a chromatophore

vesicle are defined according to Sxener and Schulten (3) in terms of the tran-

sition rates (4)

q ¼ �kCS

�
RC
��K�1

��pð0Þ�; (7)

t ¼ �
�
1
��K�1

��pð0Þ�; (8)
where kCS is the charge separation rate, jRC
�
¼
P

i di;RCji
�

is given

by a sum over all RCs, j1
�
¼
P

i j i
�
; jpð0Þ

�
is the initial state at t ¼ 0,

and the matrix K is defined in terms of the transition rates Kij ¼
Tji � dijð

P
k Tik þ kdiss þ di;RCkCSÞ; where T is the matrix of transition rates

(4) with i and j denoting specific donors and acceptors, and kdiss is the rate of

dissipation (due to fluorescence and internal conversion) for excitons.
RESULTS AND DISCUSSION

In this section, first, the absorption spectrum of chromato-

phore vesicles grown under low light conditions is presented.

The absorption spectrum is used to determine the stoichiom-

etry of LH2 and RC-LH1 complexes. Second, the dependence

of energy transfer rates between pairs of pigment-protein

complexes on their relative geometry is examined. Third,

a novel model of chromatophore vesicle architecture is

presented based on available data. The excitonic properties

of vesicles with various packing densities are examined to

determine geometry-based constraints on efficient energy

harvesting.
Absorption spectrum and stoichiometry
of vesicles grown at low light intensity

The absorptionspectrum of low-light-adapted (100 mE m�2 s�1)

chromatophores is shown in Fig. 1 in comparison to the

absorption spectrum of pure RC-LH1 complexes. The differ-

ence between the spectra for the entire chromatophore and for

the RC-LH1-PufX complexes corresponds to the spectrum

contributed by LH2 complexes. (The dimeric RC-LH1-

PufX contains 64 BChls: 4 BChls in each RC and 56 BChls

absorbing in the 875-nm band; the LH2 complex contains

27 BChls: 18 BChls absorbing in the 850-nm band and 9

BChls absorbing at 800 nm.) A comparison of the spectral

intensities for the LH2 complexes with those of the RC-

LH1-PufX complexes in the spectral range between 700

and 950 nm can be used to identify the LH2:RC stoichiom-

etry. Taking into account the sum rule for exciton spectra

(6), the absorption spectrum in Fig. 1 yields a ratio of

maximum absorbance values for the deconvoluted B850

and B875 components of 2.73, corresponding to an

LH2:RC stoichiometry of ~3:1 (see Methods). Under high

light conditions (1100 mE m�2 s�1) a similar analysis of the

absorption spectrum (not shown) reveals an LH2:RC stoichi-

ometry of ~1:1.

Two earlier vesicle models presented in Sxener et al. (45)

correspond to LH2:RC stoichiometries of 2.8:1 and 8:1, sug-

gested then for high light and low light conditions, res-

pectively. Thus, we observe that the earlier all-atom model

intended for high light in Sxener et al. (45) actually corre-

sponds approximately to low-light-grown vesicles in terms

of stoichiometry, whereas the low-light-vesicle model (8:1

LH2:RC stoichiometry) presented in that same article (45)

does not correspond to the growth conditions used in our

laboratory cultures. It is possible that such a high LH2:RC

stoichiometry may be realized by extreme low-light
Biophysical Journal 99(1) 67–75
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conditions where extended LH2-only regions are beneficial.

Even though the inclusion of such LH2-only regions in

a chromatophore vesicle would decrease the overall quantum

yield slightly due to increased average path length to RCs,

the increased overall absorption cross section of the vesicle

would more than compensate the lowering of the quantum

yield.

In the following, the observed LH2:RC stoichiometry of

3:1 for low-light vesicles is assumed in the construction

of a new all-atom model for a chromatophore vesicle based

on the global structural motifs discussed in Sxener et al. (45)

as determined by AFM, electron microscopy, and linear

dichroism studies (31–35,43,44,69), (such as the vertical

North-South stacking (34,35) of RC-LH1 dimers). Further-

more, an average LH2-LH2 center-to-center distance of

85 Å (as measured between the cylindrical symmetry axes

of the LH2 complexes) is adopted using the method of Olsen

et al. (48), taking into account overpacking artifacts of the

LH2 lattice during the preparation of vesicle samples for

AFM imaging.
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FIGURE 2 Excitation transfer time as a function of intercomplex separa-

tion. (a) Shown are LH2-LH2 (red), LH2-LH1 (green), and LH1-LH1 (blue)

excitation transfer times as a function of edge-to-edge distance between

proteins. (b) LH2-LH1 transfer times as a function of LH2 center position

with respect to the dimerization axis of the RC-LH1-PufX complex. (White

area at the center). Sterically excluded region for the placement of the LH2

center.
Energy transfer rates between light-harvesting
complexes as a function of geometry

The energy transfer between individual pigments over

distances >10–20 Å is dominated by the induced dipole-

induced dipole coupling (3), which results in a 1/r6 decay

of transfer rates (11) (see Methods). The Förster radius

between two pigments, defined as the distance over which

the transfer efficiency is 0.5, is ~90 Å for BChls. This

permits a rather wide separation between two BChls before

the probability of dissipation (rate ~1/ns) becomes signifi-

cant during excitation transfer. Over a network of thousands

of BChls as found in a chromatophore vesicle (45), the

migration of excitation is a Markovian process. The path

length of an excitation within an antenna complex located

peripherally with respect to a RC may be long enough to

bring about a significant dissipation probability. Therefore,

each light harvesting complex is required to be efficiently

coupled to at least some neighboring complexes for rapid

transfer of excitation to a RC. Furthermore, any photosyn-

thetic species is under selective evolutionary pressure to

achieve high efficiency of light harvesting (70), which may

further constrain the permitted range of energy loss due to

slow transfer between complexes in a vesicle. In the

following, we examine how intercomplex separation affects

energy transfer efficiency between pairs of core and antenna

complexes.

The energy transfer times among the LH2-LH2, LH2-

LH1, and LH1-LH1 pairs are shown in Fig. 2 a as a function

of edge-to-edge distance between proteins (as measured

from closest steric contact). The LH2 orientation in the plane

of the membrane is found to be largely immaterial for energy

transfer and, therefore, the LH2 complexes are treated as

isotropic in their placement. This orientation-insensitivity
Biophysical Journal 99(1) 67–75
of transfer times may be an important structural theme for

chromatophore vesicles because it permits the building of

large excitation energy transfer arrays using repeated circular

units without the need for a specific fit among the complexes.

For LH2-LH1 and LH1-LH1 transfer a particular orientation

of proteins (along the core dimer axis) is adopted in Fig. 2 a.

The rates of transfer are notably similar for all pairings

regardless of the type of complex when viewed as a function

of edge-to-edge separation between proteins (for two LH2

proteins, steric contact corresponds to a center-to-center

separation of ~80 Å). Transfer times start at %10 ps for

direct contact (corresponding to a nearest BChl-BChl separa-

tion of ~25 Å), increasing quickly as complexes separate.

Edge separation is defined through the closest sterically

permitted placement of the corresponding proteins. It has

been reported that excitation transfer in LH2-membranes

exhibits also fast components down to 1-ps timescales

(71). These fast transfer events are likely the result of the

spectral inhomogeneity of the LH2 complexes across the

membrane. To account for this spectral inhomogeneity and

its effect on excitation transfer, thermal disorder effects

(59) need to be modeled on the scale of an entire chromato-

phore vesicle, which is beyond the scope of this study.
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The transfer times more than double to 20 ps already at a

separation of 10 Å. However, this does not immediately

imply a significant loss of transfer efficiency as the dissipa-

tion timescale of 1 ns is significantly longer. Only through

the collective effect of excitation transfer over many com-

plexes does a significant loss due to dissipation accrue and

lower the overall quantum-yield.

The energy transfer rate between LH2 and LH1 complexes

for a planar arrangement is shown in Fig. 2 b as a function of

the LH2 center location around an RC-LH1-PufX dimer. As

can be seen by the contours of equal transfer rates, the trans-

fer rate depends almost solely on the edge-to-edge separation

and not on the relative placement of LH2 with respect to

LH1. Steric hindrance between the two proteins limits the

closest distance permitted for interprotein BChl separation.

For such separated BChl clusters, the dipolar approximation

is sufficiently accurate for interprotein pigment couplings.

Furthermore, interprotein excitation transfer is slow enough

compared to the thermal equilibration of exciton states deter-

mined in Strümpfer and Schulten (65) that the generalized

Förster approximation (4) remains relevant.

The transfer efficiency between two complexes remains

high (>0.9) even across a 25 Å separation. The results pre-

sented in the following section illustrate that, when a network

of many complexes is considered, the demand of high trans-

fer efficiency permits a much smaller average separation

between proteins than demanded only by a single pair of

proteins.
All-atom structural model for a low-light-adapted
chromatophore vesicle

The construction of atomistic models for the chromatophore

vesicles of Rba. sphaeroides presented in Sxener et al. (45)

contained shortcomings that we address below. First, the

vesicle models in Sxener et al. (45), in the absence of accurate

structural data, were constructed using planar RC-LH1-PufX

dimer core models. Such a flat (as opposed to membrane-

bending) core model distorts the curvature inherent in the

pseudo-spherical vesicles of Rba. sphaeroides. Second, the

assumed stoichiometry values for the LH2:RC ratios were

inappropriate as mentioned above. Third, the packing

density of LH2 units inaccurately reflected the overpacking

during sample preparation for AFM imaging as discussed

in Olsen et al. (48). We improve here upon the models in

Sxener et al. (45) by building a chromatophore vesicle that,

on the one hand, replaces the earlier flat models of the core

dimer with the recent membrane-bending structural model

(49) and, on the other hand, adopts a stoichiometry consis-

tent with the absorption spectrum of low-light-adapted vesi-

cles (compare to Fig. 1), while maintaining a realistic LH2

packing density. Fourth, we assume a vesicle inner diameter

of 55 nm as opposed to the diameter of 60 nm used in Sxener

et al. (45). Fifth, the current vesicle adopts the slanted

vertical stacking of core dimers suggested in Qian et al.
(46) and Hsin et al. (47). The other structural motifs in Sxener

et al. (45) for core and antenna complex placement have been

preserved in this study.

The chromatophore vesicle model thus constructed is

shown in Fig. 3. The vesicle shown forms a closed sphere,

i.e., not open at the South Pole corresponding to an attach-

ment to the ICM as considered in Sxener et al. (45). The

topology of vesicles (i.e., closed spheres versus open invag-

inations of the ICM) is currently under debate and likely

varies between species. It was recently reported that in

Phaeospirillum molischianum ICM vesicles are continu-

ously attached to the cell membrane (72). Furthermore, early

studies of Rba. sphaeroides membranes (73) showed that the

ICM in whole cells is accessible to the external environment

(without determining the extent of accessibility). Cryo-elec-

tron tomography studies of Rba. sphaeroides ICM vesicles

indicate the presence of both closed and open vesicles

concurrently (74). We note that the excitonic properties

considered in this study are largely independent of the

vesicle topology.

No attempt has been made to model the location of an

ATP synthase or of bc1 complexes associated with the chro-

matophore as our current focus is on excitation migration

properties. The vesicle model shown in Fig. 3 consists of

13 RC-LH1-PufX core dimers and 82 LH2 antenna

complexes, corresponding to an LH2:RC stoichiometry of

3.15:1, close to the stoichiometry of 3:1 determined from

the absorption spectrum given in Fig. 1.

The spherical shape of the vesicle necessitates the pres-

ence of gaps between the constituent proteins due to shape

and curvature mismatch, the gaps facilitating quinone diffu-

sion. Frese et al. (75) pointed out that such a mismatch of the

local curvature profiles causes domain separation between

different constituent proteins. In planar membranes, regular

hexagonal lattices of LH2 complexes supposedly hinder

quinone diffusion due to percolation effects (39). Such

regular LH2 lattices are necessarily absent in a spherical

vesicle geometry as a spherical region cannot be tiled by a

regular hexagonal lattice. It was reported in Liu et al. (51)

for Rhodospirillum photometricum membranes that size

mismatch between core and antenna complexes contributes

significantly to the presence of long-range diffusion

networks for quinones; a protein concentration near the

percolation threshold disrupts such networks (50).

The energy migration properties of a vesicle containing

3046 BChls, namely the one shown in Fig. 3, a and b,

have been determined following the procedure in Sxener

et al. (45,49). The overall light-harvesting quantum yield of

the vesicle is strongly dependent on the forward (LH1/
RC) transfer rate of excitations in the core complex (45).

We choose this rate to be 1/(35 ps) to reproduce the observed

average excitation lifetime (8) of 50 ps for core complexes

(76). (In (45) a forward transfer rate of 1/(20 ps) was em-

ployed corresponding to slightly lower lifetimes and

a slightly higher quantum yield.) The resulting quantum yield
Biophysical Journal 99(1) 67–75
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FIGURE 3 Chromatophore vesicle.

(a) The low-light-adapted chromato-

phore vesicle is displayed in terms of

BChls represented by their porphyrin

rings and in terms of the constituent

proteins in surface representation. The

LH2:RC stoichiometry of 3.15 corre-

sponds approximately to that determined

by the absorption spectrum shown in

Fig. 1. (b) The planar projection of core

and antenna complexes based on the

area preserving inverse-Mollweide map

(45) (S-shaped RC-LH1 core dimers

are represented as two overlapping red
circles). (c) Quantum yield (7) of vesi-

cles as a function of expansion factor l

(see text).
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for the entire vesicle is computed to be 90%, corresponding

to an average excitation lifetime of 101 ps. This computed

lifetime overestimates reported values of 60–80 ps (76–82).

The difference may be partially due to the inaccuracy of

the model and of the associated parameters outlined above

as well as differences in vesicle composition. The low-

light-vesicle model presented herein is likely to have a greater

average excitation lifetime and a slightly lower correspond-

ing quantum yield than a high-light-adapted vesicle.
Light-harvesting efficiency and protein packing
density

To examine the effects of intercomplex separation on the

overall quantum yield, we consider an ensemble of vesicles

of different radii from that shown in Fig. 3 a. For the purpose

of generating respective vesicles, each core and antenna

complex is translated along the vector connecting the vesicle

center to the center of mass of the protein. In other words, for

each complex i the center of mass position ri of each protein

is multiplied by an expansion factor l (i.e., ri / lri), where

l R 1. Individual proteins are not enlarged or distorted

during this process of translation. The relative orientation

of each protein is also left unchanged. We note that the

expansion of the vesicle by l, as described, does not repre-

sent a biologically realistic process, but serves solely to

enable a theoretical study of the role of protein density on

light harvesting efficiency.

The excitonic properties and the quantum yield of the

vesicles in the ensemble, corresponding to different expan-

sion factors l, were computed with the use of lookup tables

for the generalized Förster transfer formula (4) introduced in

Methods. As seen in Fig. 3 c, the quantum yield of excita-

tions originating in antenna (LH2) complexes drops rapidly

(<0.5) as the expansion factor l exceeds 1.8. Compared to

the transfer of energy between a pair of complexes, the over-

all energy transfer efficiency of an entire vesicle is more
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sensitive to intercomplex separation, i.e., to the packing

density of the light-harvesting complexes.

For the stoichiometries considered in this study, most LH2

units neighbor RC-LH1 core complexes (only 32 of the 82

LH2 complexes did not have a core complex as an immediate

neighbor; under higher light conditions this ratio becomes

smaller as the density of core complexes increases). There-

fore, efficiency loss in such a vesicle is dominated more

strongly by LH2/LH1 transfers than by LH2/LH2 trans-

fers. Thus, under corresponding light conditions, overall

efficiency of the vesicle is dependent less on the average

LH2-LH2 separation than on the average LH2-LH1 separa-

tion. Under extreme low-light conditions where there are large

LH2-only domains, this argument is likely no longer valid.
CONCLUSIONS

Purple bacterial chromatophore vesicles display remarkable

simplicity in their architecture utilizing modularity both in

the assembly of individual light-harvesting complexes from

identical subunits and in the formation of vesicles from iden-

tical proteins. Light-harvesting complexes display a dual

function, facilitating, in addition to their function of energy

absorption and transfer, a curvature-induced clustering and

subsequent invagination of vesicles (75). The theoretical

basis for this kind of membrane sculpting via curvature-

mediated interactions between proteins has been investigated

in Reynwar et al. (83) and Cooke and Deserno (84).

The photosynthetic function involves a set of biophysical

processes to be performed in parallel: light absorption, exci-

tation transfer, charge separation, electron transfer from

RCs to the bc1 complex by quinone diffusion, formation of

a proton gradient, and utilization of the proton gradient for

ATP synthesis. Some of these processes compete against

one another for optimization of the vesicle geometry. For

example, energy transfer is more efficient with closely

packed light-harvesting complexes whereas quinone
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diffusion is difficult in a tight lattice of LH2s (39). Also, the

constituent proteins of a vesicle other than light-harvesting

complexes (i.e., proteins not modeled in this study) likely

induce gaps that lower energy transfer efficiency. However,

as long as light-harvesting proteins are not spatially segre-

gated from RC complexes by non-light-harvesting proteins,

the overall reduction in light-harvesting efficiency is likely

small enough not to be rate-limiting.

It is not fully understood how the competing demands of

tight packing for efficient light-harvesting and loose packing

for quinone diffusion are balanced in a functional vesicle,

which furthermore must maintain its effectiveness under

varying growth-conditions, i.e., for different protein stoichi-

ometries. Chromatophore vesicles likely have lifetimes that

are comparable to the lifetime of an individual bacterium.

During the lifetime of a vesicle its components may need

to be maintained and repaired. For example, radiation likely

damages LH1 and LH2; their modular architectures would

permit replacement of subunits, but the repair mechanism

is not known. In addition, a closed spherical vesicle with

only one ATP synthase will become defunct if its ATP syn-

thase is degraded. A closed vesicle without an ATP synthase

will be nonfunctional from its inception. Given that an

average cell has hundreds of vesicles, there is likely some

tolerance for defunct vesicles, but efficiency and optimality

pressures of evolution would require mechanisms for the

control of stoichiometry of vesicles during their assembly

as well as mechanisms for repair and maintenance during

their lifetime.

In this study we examined a key constraint acting upon

photosynthetic vesicle architecture: efficient energy harvest-

ing. The separation permitted between neighboring com-

plexes to achieve sufficiently efficient energy transfer grants a

wide enough gap between proteins for quinone diffusion. For

efficient energy harvesting, it is not necessary that all light-

harvesting complexes are tightly coupled to many neighbors,

but rather it is sufficient that there exists at least one

unbroken chain of excitonic couplings from any peripheral

light-harvesting complex to a RC (i.e., the light-harvesting

complex is not isolated amid non-light-harvesting proteins).

The spherical geometry along with size mismatches of the

proteins demand geometry irregularities, which may be

a welcome feature in facilitating quinone diffusion (51).

LH2-minus mutants form vesicles in the form of tubules

consisting of regular cylindrical arrays of RC-LH1 dimers

with no gap for a possible bc1 complex in-between (47). If

functional, these elongated vesicles would require quinones

to travel large distances to bc1 complexes that are likely

located at the membrane junction between vesicles and the

bacterial inner membrane, although the requirement is

alleviated by use of a quinone pool. If such long-distance

diffusion takes place, then RC-LH1 dimer stacks (shown in

Fig. 3) should permit a diffusion of quinones along their

vertical axis. Future models of chromatophore vesicles

need to identify the location of bc1 complexes that are
missing in the current models, to accurately account for the

needed quinone diffusion process.

The challenge posed for this article’s focus on the photo-

synthetic vesicles is to grasp how nature learned to reconcile

the competing demands of overall vesicle function, the

demands of effective assembly, repair, and light-harvesting

efficiency, as well as quinone traffic and the propagation of

the proton motive force to the ATP synthase. Past efforts

have focused mostly on individual proteins and their separate

functions. The application of biochemical, structural, and

computational methods can now be used to investigate the

assembly, architecture, and concerted function of the purple

bacterial photosynthetic apparatus as a whole.
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