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and Institut de Microbiologie de la Méditerrannée, Centre Nationale de la Recherche Scientifique, Aix-Marseille Université, Marseille, France;
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ABSTRACT In bacterial photosynthesis light-harvesting complexes, LH2 and LH1 absorb sunlight energy and deliver it to reac-
tion centers (RCs) with extraordinarily high efficiency. Submolecular resolution images have revealed that both the LH2:LH1
ratio, and the architecture of the photosynthetic membrane itself, adapt to light intensity. We investigate the functional implica-
tions of structural adaptations in the energy transfer performance in natural in vivo low- and high-light-adapted membrane archi-
tectures of Rhodospirillum photometricum. A model is presented to describe excitation migration across the full range of light
intensities that cover states from active photosynthesis, where all RCs are available for charge separation, to saturated photo-
synthesis where all RCs are unavailable. Our study outlines three key findings. First, there is a critical light-energy density, below
which the low-light adapted membrane is more efficient at absorbing photons and generating a charge separation at RCs, than
the high-light-adapted membrane. Second, connectivity of core complexes is similar in both membranes, suggesting that, despite
different growth conditions, a preferred transfer pathway is through core-core contacts. Third, there may be minimal subareas
on the membrane which, containing the same LH2:LH1 ratio, behave as minimal functional units as far as excitation transfer
efficiency is concerned.
INTRODUCTION

Pigment-protein light-harvesting (LH) complexes, LH2 and

LH1, transfer energy from photons to electronic excitations

in the reaction centers (RCs) of purple bacteria (1–4). The

special pair of bacteriochlorophylls (BChls) in the RC (5)

becomes excited to its first excited singlet state, and in ~3 ps

(6,7) the electron is transferred to the successive charge

carriers, leading to ATP synthesis (2,8).

The issue of excitation transfer and trapping in photosyn-

thesis has been extensively studied and modeled in the last

50 years (9–16). However, it is only until recently that sub-

molecular-resolution images of various photosynthetic

membranes have become available, revealing the structure

and organization of the pigment-protein aggregates on a large

spatial scale (17–21). These images show that the architec-

ture of the photosynthetic membrane adapts to different light

intensities by increasing the relative stoichiometry between

the LH2 and LH1 complexes and by the appearance of

LH2 paracrystalline domains under low-light conditions

(19). Interestingly, despite different growth-conditions, the

local arrangement of core complexes (an LH1 plus an RC)

is identical in both cases, presenting two LH1s that are either

adjacent or separated, at most, by one LH2.

Light adaptations are believed to increase photon capture

under low light conditions and prevent burnout under high

light conditions. However, their exact role in the energy

transfer efficiency is not fully understood. First, very few
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studies have attempted to connect different membrane archi-

tectures to excitation transfer dynamics (22,23). Secondly,

they have only focused on a single excitation present in

the system and the regime of active photosynthesis with all

RCs available for a charge separation (open state). As we

show later, under continuous illumination and even under

relatively high light intensities, the rate of photon capture

is low enough to guarantee that there is, at most, one excita-

tion present on the membrane. However, once there is charge

separation within an RC, the special pair is in an oxidized

state and/or a successive electron carrier is reduced. Depend-

ing on how fast photons arrive at the membrane, it is then

plausible that some RCs are in a closed state and thus unable

to perform a new charge separation (24). Therefore, an

understanding of the effects of light adaptations on the

dynamics of excitation transfer in photosynthetic membranes

requires going beyond the active photosynthesis assumption.

In this work, we present a mathematical model to describe

the energy transfer in photosynthetic membranes under

continuous illumination at a given light intensity. The model

allows us to explore intensity values for which photosyn-

thesis goes from an active to a saturated regime with all

RCs in their closed state. Here it is assumed that the

membranes are illuminated during a time sufficiently short

such that their architecture does not change in response to

light. We apply our theory to natural, in vivo, low-light

(LL) and high-light (HL) adapted membranes (Fig. 1) of

purple bacteria Rhodospirillum photometricum, revealed

by atomic force microscopy, which are representative

membrane regions. We investigate the effects on the energy
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transfer of the light intensity and RC reopening time, i.e., the

time taken for an RC to pass from its closed to open state. We

first focus on the quantum yield, which is the efficiency of

excitation trapping at the RC, and we introduce the quantifi-

cation of the overall efficiency of capturing a photon and

delivering it to the RC for charge separation. Then, we in-

vestigate the connectivity of core complexes. Finally, we

compare the membrane’s performance to that of a subarea

with the same LH2:LH1 ratio.

Relevant timescales under continuous
illumination

We start by discussing the timescales for energy capture, the

excitation lifetime, and the reopening of the RC. The rate at

which an LH2 or LH1 gets excited by absorption of incident

photons depends upon their wavelength-dependent absorp-

tion cross-section and the frequency spectrum. The rate R
of photon capture in a membrane is given by R ¼R

dl nðlÞ sðlÞ, where n(l) is the spectral photon density

and s(l) is the membrane’s total absorption cross section at

wavelength l. In Rsp. photometricum, each LH2 has nine

subunits consisting of two carotenoids, one BChl B800, and

two BChls B850, whereas the LH1 has 16 subunits with

one carotenoid and two BChls B875 (19,25,26). For

simplicity, we assume that the membrane is illuminated by

a monochromatic source of 850 nm. The only relevant absorp-

HL LL

FIGURE 1 (Top) AFM images of the light harvesting LH1 (large ring)

and LH2 (small ring) photosynthetic complexes, in a high-light (HL) and

a low-light (LL) adapted membrane of Rsp. photometricum (originally pub-

lished in (19)). Scale bar is 10 nm. (Bottom left) LH network based on AFM

images of HL-adapted membrane grown at an intensity I ¼ 100 W/m2, with

LH2:LH1 ¼ 4.64. (Bottom right) LH network of a LL-adapted membrane

grown at an intensity I ¼ 10 W/m2, with LH2:LH1 ¼ 7.04. Notice that in

the LL membrane there is an area containing LH2-only arrays.
tion cross section at this wavelength is that of the BChls B850

and B875. The extinction coefficients of B850 and B875 at

850 nm are 170 and 55 (mM cm)�1 (27), respectively, which

translate into an absorption cross section (28) of s2¼ 117 Å2

for the LH2 and s1¼ 67.29 Å2 for the LH1. Therefore, the rate

of photon capture at an intensity I reduces to R ¼ Is=hn,

where s¼N1s1þN2s2 and N1(2) is the total number of LH1(2)

complexes. For example, at an intensity of I¼ 100 W/m2, the

HL- and LL-adapted membranes (Fig. 1, bottom) capture

photons at a rate of RH ¼ 73,050 photons/s and RL ¼ 91,400

photons/s, respectively, which gives a mean period of excita-

tion of ~R�1 ~10�5 s. As the average excitation lifetime is

hundreds of picoseconds, there is, at most, one excitation at

a time on the membrane.

The second relevant timescale is the reopening time of the

RC, which depends on the ambient redox potential (electron

availability), and thus will be modified by environmental

conditions such as oxygen concentration (29–33). Estimates

of the RC turnover time under continuous illumination in

Rhodopseudomonas sphaeroides vary considerably, depend-

ing on the ambient redox potential, but is ~1 ms/e under

oxidizing conditions (30,31). However, in Phaeospirillum
molischianum, which has a similar membrane architecture

to Rsp. photometricum, the turnover rate is much slower

than in R. sphaeroides and limited to ~40 e/s (34). This gives

an average RC reopening time of 25 ms. Hence depending

on light intensity, some RCs will still be closed from earlier

charge separations when a new excitation is created in an

LH. Borisov et al. (35) investigates experimentally the

kinetics of BChl luminescence in Rhodospirillum rubrum
and R. sphaeroides, as a function of light intensity from

active to saturated photosynthesis. Note that the RCs in

a closed state not only are unable to generate a stable charge

separation, they are also strong quenchers of excitations (24).

Although the average fluorescence lifetime in membranes

lacking RCs is ~1000 ps (24,36), the lifetime is significantly

lower in membranes where all RCs are closed, with values at

~200 ps (24,35). Moreover, the ratio between fluorescence

in saturated and active photosynthesis is only 2–3 (24,35),

supporting nonfluorescent excitation dissipation at the RC.

Energy transfer from active to saturated
photosynthesis

In active photosynthesis, the dynamics of the excitation trans-

fer on the membrane is usually described in terms of a proba-

bility master equation for a single excitation hopping from site

to site (37). We now explain how the separation of timescales

of photon capture, excitation lifetime, and RC reopening time,

allow the same formalism to be applied, hence the excitation

transfer under continuous illumination can be described in

terms of a random migration of a single excitation in

a membrane with an effective fraction of closed state RCs.

The photosynthetic membrane is modeled as a network of

N sites corresponding to an LH2, an LH1, or an RC (at the
Biophysical Journal 97(9) 2464–2473
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center of each LH1) (Fig. 1, bottom). The process of energy

capture and transfer through such LH network involves three

important steps:

1. An LH complex becomes excited with an average period

of P ¼ R�1. A given LH2(1) is chosen with probability

s2(1)/s.

2. The excitation executes a hop through an incoherent

Förster mechanism from site to site until it either dissi-

pates, or is used for charge separation at an open RC.

3. After charge separation has occurred at an RC, this RC

remains in a closed state for a time tblock, during which

it is unable to perform a new charge separation. In its

closed state, the RC becomes a strong quencher of exci-

tations, increasing its dissipation rate (24).

The number of RCs in a closed state will depend on the light

intensity and tblock, and, in principle, will vary in time.

However, as shown in Fig. 2, the system reaches the average

value of closed RCs, Nblock, in a timescale much shorter than

the total evolution time, and then fluctuates around this value.

Hence, to compute performance quantities that are averages in

time, the energy transfer on the membrane at a particular

intensity can be seen as a single excitation migrating on

a LH network with an average number of RCs unavailable.

Therefore, the energy transfer can be described by a master

equation of probability, and the energy features can be ex-

pressed as functions of Nblock.

Master equation

The excitation transfer is governed by the different proba-

bility rates. We define Wnm as the rate of excitation transfer

from sites m to n. The dissipation rate kdiss is assumed equal

at all sites, except at closed RCs where the rate is k�diss >>
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FIGURE 2 Number of RCs in a closed state as a function of time given by

the continuous illumination simulation (HL membrane). Horizontal lines

show the average number of closed RCs, Nblock, for a particular rb. These

averages indeed satisfy Eq. 5, i.e., rb� s/hn¼Nblock/h, and the performance

measures obtained through the master equation with the average Nblock, are in

very good agreement with those obtained with the continuous illumination

simulation.
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kdiss. The charge separation rate at an open RC is denoted

by kcs. Letting pm be the probability that site m is excited,

yields

dpm

dt
¼
X

n

Kmnpn; (1)

where

Kmn ¼ Wmn � dmn

�X
l

Wln þ dn;RCo kcs

�

�dmnðkdissð1� dn;RCcÞ þ kdiss�dn;RCcÞ
(2)

and RCo and RCc denote an open and closed RC, respec-

tively. In matrix form, Eq. 1 reduces to j _pðtÞi ¼ KjpðtÞi,
where jpðtÞi is an N-component vector whose mth compo-

nent is pm and K is the transfer rate matrix with elements

Kmn. The solution is simply jpðtÞi ¼ eKtjpð0Þi.
As a first approximation, we take the transfer rates Wmn as

the inverse of the excitation transfer times computed (22) or

measured (2,38,39) for purple bacteria. In particular, for the

LH2 / LH2, LH1 / LH1, and LH1 / LH2 transfer rates,

we have used the transfer times derived through quantum

chemical calculations in Ritz et al. (22) and the correspond-

ing values are (10 ps)�1, (20 ps)�1, and (15.5 ps)�1, respec-

tively. The transfer rates LH2 / LH1, LH1 / RC, and RC

/ LH1, have been taken from the experimentally measured

times and are (3.3. ps)�1 (38), (25 ps)�1 (2), and (8 ps)�1

(39), respectively. Since the Förster transfer rates between

BChls separated by a distance d decay as ~1/d6 (22), the

transfer rates between non-nearest neighbors will be

assumed negligible. The charge separation rate is taken to

be kcs ¼ (3 ps)�1 (7), and the dissipation rate is taken as the

inverse of the singlet excited state lifetime of BChl (1 ns),

kdiss ¼ 1/1000 ps�1 (24,36). For a closed RC, there has

been no precise dissipation rate reported, to our knowledge.

In Borisov et al. (35) it is shown that the average fluores-

cence lifetime for R. sphaeroides in active photosynthesis

is 50–70 ps while in the saturated regime it is ~200 ps.

The former approximates the fluorescence lifetime measured

for our HL-adapted membrane. Hence, we choose a value of

k�diss ¼ (30 ps)�1 such that the average fluorescence lifetime

of the HL-adapted membrane matches that of Borisov et al.

(35) for saturated photosynthesis.

Performance measures

The optimality and robustness of energy transfer in photosyn-

thetic systems are usually quantified through performance

measures that are integrated success probability densities

(37). We focus on four measures:

1. The quantum yield hj, which is the probability that an

excitation initially present on complex j, i.e., jp(0)i ¼ jji,
is used for charge separation.

2. The excitation lifetime, tj, which is the average time

before it is dissipated or trapped at an RC.
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3. The fluorescence yield, fj, which is given by the proba-

bility that the excitation is dissipated fluorescently by

any of the LH complexes.

4. The fluorescence lifetime, tfj
, which is the average life-

time of an excitation that is lost by fluorescence.

Measures 3 and 4 are of particular interest, as they will allow

us to compare our results with available experimental results

(35).

Define u(t) dt as the probability that in [t, t þ dt) the exci-

tation is lost from the system either by charge separation or

dissipation. Similarly, ucs(t) and uf(t) are the probability

densities that the excitation is used for charge separation

and that it is dissipated by an LH, respectively. Then our

performance measures are given by

hj ¼
RN
0

dt ucsðtÞ;fj ¼
RN
0

dt ufðtÞ

tj ¼
RN
0

dt t uðtÞ; tfj
¼ 1

fj

RN
0

dt t ufðtÞ
; (3)

where ucs(t)¼ kcshRCojp(t)i and uf(t)¼ kdisshLHjp(t)i, with

jRCoi a vector with the value 1 at a site that represents an

open RC, and the value 0 elsewhere. Similarly for jLHi.
Let now s(t) be the survival probability, i.e., the probability

that at time t the excitation remains in the system, i.e., s(t) ¼
h1jp(t)i. Then u(t) is given by –ds(t)/dt, and the integrals in

Eq. 3 become

hj ¼ �kcs

�
RCojK�1jj

�
; fj ¼ �kdiss

�
LHjK�1j j

�
tj ¼ �

�
1jK�1jj

�
; tfj

¼ �
�
LHjK�2j j

�
�
LH
��K�1

�� j�
: (4)

RESULTS AND DISCUSSION

We use both the master equation formalism described above

and a random walk simulation (see Appendix) to obtain the

excitation dynamics on the membranes represented by the

networks in Fig. 1 (bottom). Such membranes are a section

of a larger chromatophore membrane, hence to avoid border

effects we apply periodic boundary conditions. When using

a master equation, we first calculate the quantities of interest

as a function of the average number of closed RCs, Nblock. To

do this, we randomly choose an initial state jji and the Nblock

RCs in a closed state to determine the rate matrix K (Eq. 2)

and calculate from Eq. 4 the values of hj, fj, tj, and tfj
. We

repeat the process 104 times, and obtain h¼ hhji, f¼ hfji, t

¼ htji and tf ¼ htfj
i as the average over the different initial

configurations, all with the same value for Nblock.

In principle, Nblock depends on the particular value chosen

for the RC reopening time and the light intensity. However,

tblock may well vary from membrane to membrane and with

intensity. To avoid our results being dependent on a partic-

ular value assumed for this time, we express the performance

measures as functions of the quantity rb h Intensity� tblock,
which is the energy density available to the membrane

during the time interval tblock. To find a quantitative relation

between Nblock and rb, note that the former is given by the

number of charge separations Ncs during the time interval

an RC remains closed, i.e., Nblock ¼ tblock � Ncs/Dt. The

number of charge separations per unit time is related to the

quantum yield as Ncs/Dt¼ R� h. Substituting the latter rela-

tion into the expression for Nblock and replacing R ¼ Is=hn

yields

rb �
s

hn
¼ Nblock

h
: (5)

From the master equation approach, we have h as a function

of Nblock, i.e., h(Nblock). By substituting h and its correspond-

ing Nblock in Eq. 5, we obtain the value of rb corresponding

to a particular choice of Nblock. The advantages of using rb

is that it shows explicitly the combined effect of different

reopening times and intensities, and makes our results

only dependent on measured transfer rates and structural

membrane parameters, that is, the total absorption cross-

section s.

Overall performance

The only available experimental measure for the types of

membranes we are considering is the LH2 fluorescence yield

f2, i.e., the probability that the excitation is dissipated in

an LH2 when all RCs are in an open state. We calculate

f2 ¼ hf2ji, with f2j ¼ –kdisshLH2jK�1jji (analogously as fj

in Eq. 4). We find fH
2 ¼ 0.034 and fL

2 ¼ 0.057 for the high-

and low-light adapted membranes, which are in good agree-

ment with approximate experimental values of fH
2 ¼ 0.020

and fL
2 ¼ 0.055 (C. Mascle-Allemand and J. N. Sturgis,

unpublished).

We now calculate the quantum yield h, fluorescence yield

f, lifetime t, and fluorescence lifetime tf for the HL- and

LL-adapted membranes as a function of rb, which is the

energy density during the time interval tblock. Results are

shown in Fig. 3. The increase in f and tf with rb compares

qualitatively with the behavior reported in Borisov et al. (35).

We find a ratio between fluorescence in saturated (fsat) and

active (fact) photosynthesis of 2.84 (HL membrane) and

2.70 (LL membrane), in good agreement with the observed

2–3 range (24,35). Comparing values for HL and LL

membranes, we find at a given rb that the HL-adapted

membrane always has a greater quantum yield than the

LL-adapted one. This is an expected result if we consider

the following. First, in the limit rb / 0 (active photosyn-

thesis), the HL membrane has a higher quantum yield than

the LL membrane, because its larger RC fraction makes it

more likely for an excitation to find an RC for charge sepa-

ration before dissipating (23). Second, for a given light inten-

sity I, the frequency at which an LH is excited is higher for

the LL membrane than for the HL membrane—hence, if re-

opening times are comparable in the two membranes, we

Biophysical Journal 97(9) 2464–2473
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expect h to decay faster in the LL membrane, reaching the

regime of saturated photosynthesis first.

How the quantum yield depends on the initial position of

the excitation is an interesting matter. In particular, it

provides insight into how the excitation diffusion is affected

by the LH2-only domains in the LL membrane. To investi-

gate this point, the quantum yield for the LL membrane in

active photosynthesis has been calculated as a function of

the initial state with the excitation initially located at an

LH2 complex. The lowest quantum yield value of 0.89 is

found when the excitation is initially at the LH2 in the

middle of the paracrystalline zone (see Fig. 1, bottom right),
and the maximum value of ~0.92 for initial states with the

excitation localized at an LH2 next to an LH1. The perfor-

mance measures shown in Fig. 3 are averages over different

initial configurations with an overall quantum yield of 0.91.

Therefore, the average quantum efficiency is not drastically

affected by the paracrystalline zone. In contrast, it has been

suggested that the presence of these quasi-static large areas

have a strong effect in the diffusion of electron carriers (40).

Optimized efficiency

We define the efficiency as the probability that an incident

photon is used for charge separation, i.e., Efficiency¼Ncs/Ng,

where Ng is the number of incident photons. Unlike the

quantum yield, which measures the probability of charge

separation conditioned on an excitation being already present

in the system, the efficiency also takes into account the prob-
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random walk) adapted membranes. Master equation results are represented
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lifetime t (bottom left), and fluorescence lifetime tf (bottom right) as a
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picoseconds. Note that fsat/fact ¼ 0.19/0.067 ¼ 2.84 for the HL membrane
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ability that a photon excites an LH aggregate. The efficiency is

a key quantity since, for a given intensity, it is directly propor-

tional to the number of charge separations per unit time per

unit area, and therefore an indicator of the system’s ability

to produce energy.

The efficiency is obtained in a straightforward way from

the quantum yield. The number of incident photons per

unit time is given by Ng/Dt ¼ R � A/s, with A the total

area of the membrane, and Ncs/Dt¼ R� h. Hence, we obtain

Efficiency ¼ h � s=A: (6)

Our results (Fig. 4) show that there is a critical energy

density rc
b below which the LL membrane is more efficient

than the HL membrane. Even if the LL membrane is always

‘‘worse’’ at converting an excitation into a charge separa-

tion (quantified by h), the key point is that the LL membrane

is ‘‘better’’ at capturing a photon, i.e., it is ‘‘better’’ at actu-

ally receiving an excitation. Assuming the same tblock for

both membranes, the crossover occurs at I ¼ 0.3 W/m2 for

tblock¼ 25 ms, and at I¼ 7.47 W/m2 for tblock ¼ 1 ms. These

calculations assume illumination by light centered at 850 nm.

To obtain the same rates of excitation with white light we

would need approximately four times such intensity values

(41), and even higher intensities when the light source is an

incandescent light (such as when the membranes were

grown). But how far can one exploit the strategy of enhancing

the effective cross-sectional area for absorption by adding

LH2 domains? In particular, will there always be a crossover

point in Fig. 4 or is the loss in quantum yield eventually too

much? A necessary condition for the crossover to exist is

that when rb / 0 the LL membrane efficiency is greater

than the efficiency of the HL membrane. Therefore, we

need to determine how the efficiency in the active
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photosynthesis regime varies with LH2:LH1. To address this

issue, we created networks of different LH2:LH1 ratios by re-

placing a number of LH1 by LH2 complexes in the original

LL membrane network. We have computed the quantum yield

and corresponding efficiency of the modified networks.

Results are shown in the inset in Fig. 4, and they indicate

that for LH2:LH1 ratios>~14, there is no longer a crossover;

that is, the HL membrane is more efficient for all intensities.

We note, however, that for native membranes the ratio values

reported in the literature are between 3 and 10 (26,42). This

may suggest that natural systems may, in general, exhibit

such crossover.

Core-core connectivity

In both high- and low-light adapted membranes of Rsp. pho-
tometricum, the local environment of core complexes is

maintained such that two LH1 complexes tend to be found

in close contact or separated by one LH2 at most. It has

been suggested that this arrangement may be of importance

when an RC is in a closed state, since it can allow an excita-

tion that has arrived to a closed core to be transferred to the

neighboring LH1, thereby increasing the chances of the exci-

tation finding an open RC (19,23). The relation between the

state of the RC and the excitation diffusion has been investi-

gated in early theoretical models for photosystem II (43–45).

Sxener et al. (23) have reported that in chromatophores of

R. sphaeroides, and in an active photosynthesis regime, an

excitation that has been detrapped from an RC is most likely

to be trapped within the same dimeric core complex. It has

also been suggested that LH1-LH1 aggregation may be

favorable for quinone diffusion (40), thus reducing the

time tblock and therefore increasing the yield as a function

of light intensity. To investigate the effect of such preferen-

tial arrangement on the energy transfer performance when

some RCs are in their closed state, we focus on two limiting

situations: 1), only a single RC is closed; and 2), all RCs are

closed. We first calculate the probability that an excitation in

the single closed RC can be detrapped from it and used for

charge separation in any given open RC. As illustrated in

Fig. 5 (top), the excitation will most likely be used for charge

separation in one of the RCs in close contact. This character-

istic remains in both HL and LL membranes, and the overall

probability of charge separation at any RC is 0.69 and 0.68,

respectively. This indicates that in both membranes,

a preferred pathway of excitation transfer is through neigh-

boring core complexes. We estimate the connectivity

between core complexes, by calculating the connectivity

parameter J (45,46).

In Fig. 5 (bottom) we plot the normalized relative fluores-

cence yield, fv ¼ (f – fact)/(fsat – fact), as a function of the

fraction of closed RCs (c), where the dotted line is a fit to the

function fv ¼ c/(1 þ J(1 – c)). We find similar connectivity

parameters for both membranes, with values of J ¼ 1.7 and

J ¼ 1.6 for the HL and LL, respectively. The significance of
J is that J þ 1 can be interpreted as the approximate number

of RCs that an excitation visits, on average, when all RCs are

in a closed state (45,46). Therefore we can estimate that in

the saturated regime, the excitation visits, on average, 2.7

and 2.6 RCs in the HL and LL membranes, respectively,

before being dissipated. We have independently computed

this average in the random walk simulation and found values

of 3.1 and 2.8 for the HL and LL membranes, respectively, in

good agreement with the aforementioned significance of J.

The value of J þ 1 ~3 for both membranes suggests again

that the local organization of core complexes (which remains

independent of the membranes’ growth condition) plays an

important role in energy transfer by providing a pathway

where excitation is more likely to be trapped. Hence, core

connectivity reduces energy loss and protects the cell from

being damaged. The RCs also quench fluorescence dissipa-

tion. Indeed, an arriving excitation at a closed RC may be

lost as heat or fluorescence and/or eventually form radicals.

Radicals in the cells may, in turn, damage the DNA and

cause mutations.

Minimal functional unit

We now investigate the effect of the membrane’s size on the

energy transfer properties. In particular, we focus on the

performance of a minimal membrane subarea containing

the fewest possible LH1s, such that both the LH2:LH1 ratio

and the typical local core environment observed in the larger

membrane are maintained. Fig. 6 compares the performance

measures between the larger membrane and the dotted

subarea for the HL and LL membranes (Fig. 1, bottom). Peri-

odic boundary conditions have been applied. Remarkably,

the quantum yield of the subarea is very similar to that of

the larger membrane. The other performance quantities,

i.e., fluorescence yield, excitation lifetime, and fluorescence
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lifetime, also compare very well—except for the latter at

intermediate intensities. The striking similarities between

the behavior of large and small membrane structures suggest

that, as far as energy transfer efficiency is concerned, the

minimal subarea could behave as a minimal functional

unit. Indeed, the quantum yield is an emergent property of

the whole molecular assembly. Hence, our finding seems

to highlight the necessary conditions under which this emer-

gent property would appear. We recognize, however, that the

long-range connectivity of the subarea with the rest of the

membrane can affect other diffusion characteristics. To illus-

trate this point, Fig. 6 (inset) shows the average charge sepa-

ration time in the HL membrane (tcs). As expected, this

average trapping time exhibits different behavior for the

large and small areas as rb increases. The reason is that tcs

tends to the limit when only one RC is available. Since the

small area has fewer RCs than the larger area, the excitation

will arrive sooner to the available open RC in the former than

in the latter. An extended study of the conditions in which

the similarity between large and small areas will break,

and in general, of the role of short- and long-range connec-

tivity in the excitation diffusion properties on the

membranes, is beyond the scope of this article, and will be

presented elsewhere.

We finally would like to discuss the validity of our results

for other species and/or as the parameters and assumptions of

the model are changed. Unlike many other strains, the chro-
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subarea (Fig. 1, bottom) for the HL and the LL membranes. Quantum yield

h, fluorescence yield f, lifetime t, and fluorescence lifetime tf as a function

of rb ¼ Intensity � tblock. (Inset) Charge separation time tcs for the HL

membrane and its corresponding subarea. The valuest, tf, and tcs are in

units of picoseconds. We only show results obtained from the random

walk simulation: In a membrane containing only a few RCs, any variation

on the number of closed RCs significantly alters the energy transfer, and

therefore the master equation formalism is not appropriate.
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matic adaptation of Rsp. photometricum does not include

producing spectrally distinct peripheral antennae (19).

However, for species in which such adaptations occur, the

model here described should be modified to include different

LH excitation and intercomplex hopping rates for the

different membranes. We have investigated the effects of

considering different transfer rates and found that our results

hold for a wide range of values in the parameter space, as

long as the separation of timescales of excitation transfer/

trapping in the RC and dissipation remain. For example,

there is no significant change in the predicted crossing point

in Fig. 4 if a faster LH1/LH1 transfer rate, of the order of

the LH2/LH2 transfer rate, is assumed. We find that the

position of such a crossing point is sensitive to the LH1/
RC rate and the dissipation rate of a closed RC. A slower

LH1/RC rate of (41 ps)�1 (as reported in (47)) implies

lower efficiency values at lower energy densities and slower

decay at higher energy densities. This results in a shift of the

crossing point of the HL and LL efficiency curves to approx-

imately twice the reported value. On the contrary, if a larger

dissipation rate at closed RCs is considered, k�diss ¼ (12 ps)�1,

the efficiency decays faster as a function of energy density

and the crossover in this case occurs at a lower energy

density of rc
b ¼ 0.0055 J/m2. The validity of our calculations

and model rely on the fact that for the intensities considered,

the separation of timescales between mean period of excita-

tion and excitation lifetime is large enough to guarantee that

the probability of finding more than one excitation at a time

is very low. However, under high enough intensities, singlet-

singlet annihilation may occur, and the triplet states of the

bacteriochlorophylls start to accumulate as well, eventually

leading to singlet-triplet annihilation. Such nonlinear effects

have not been analyzed here and are left for an extension of

our study.

Outlook

Understanding how natural photosynthetic systems make

efficient use of sunlight energy, is a fundamental step toward

the development of bio-inspired artificial photosynthetic

devices. Indeed, the lessons learned from Nature may be

general and then of crucial importance for technical applica-

tions. In this work, we have presented a model to study the

energy transfer in high- and low-light adapted membranes

of Rsp. photometricum under continuous illumination. The

differences between the two membrane architectures in terms

of efficiency as a function of the intensity of incident light

have been quantified and explained. These differences

seem to indicate that structural adaptations guarantee that

the overall efficiency of both capturing and transferring exci-

tation to an RC as a function of intensity presents a crossover,

determining the domain of intensities for which each

membrane has a better performance. Our results also suggest

the possibility that these supramolecular structures have

subregions which, containing the same LH2:LH1 ratio and



local core-core contacts as the larger membrane area, behave

as minimal functional units having the same quantum yield

as the larger molecular assembly. In general, our results

highlight relations between structural optimization and effi-

cient light-to-charge conversion, giving insight into the

open question concerning the relation between ecology and

energy capture and transfer.

The theoretical framework presented here can be applied

to a large variety of light-harvesting architectures. In partic-

ular, it is timely and relevant to the study of hybrid photosyn-

thetic units with variable LH2:LH1 ratio (48) as well as to the

recent advances in nanoscale patterning of LH2, where

spatial control in the assembly of functional LH2 complexes

has been achieved (49).

APPENDIX

Continuous illumination simulation

As explained under section Energy Transfer from Active to Saturated Photo-

synthesis, due to the separation of timescales of photon capture by the

membrane and excitation lifetime, we can safely assume that there is, at

most, one excitation on the membrane. This assumption is even valid at

the upper limit of the energy density rb¼ Intensity� tblock ~2.5 J/m2, which

for tblock ~1 ms translates into an intensity of I ¼ 2.5 kW/m2. At this inten-

sity, the average period of photon capture, P, for example in the LL

membrane, is P ~400 ns. We assume that the photon capture events are inde-

pendent of each other, and therefore the time interval T between successive

excitations is obtained through an exponential probability density function

f(T) ¼ e�T/P/P. The probability that the time interval between successive

excitations is, therefore, less than the lifetime of the excitation (t ~200 ps)

is given by
R t

0
f ðTÞdT, and for P ~400 ns this probability is only

~5� 10�4. Hence, even at high intensities, the probability of two excitations

coinciding on the membrane is negligible.

With an average period P, the membrane is excited Nexc times. We first

determine from the distribution f(T) the times {ti}, i ¼ 1.Nexc, at which

the ith excitation is created on the membrane. For good statistics we take

Nexc ¼ 105.

For each of the i ¼ 1.Nexc excitation events, the following cycle is

carried out:

Step 1. A single LH complex on the membrane is excited: the probability

that a given LH2(1) is chosen is s2(1)/s.

Step 2. A random walk simulation (under Updating Rules, below) for the

excitation created in Step 1 is performed until

1), the excitation dissipates; or

2), the excitation is used for charge separation at an open RC.

Step 3. If the excitation in Step 2 is used for charge separation, then the

corresponding RC remains blocked for a time tblock. This is imple-

mented by having the RC in the closed state for the following

excitations until the nth one is created, where n is obtained by finding

the minimum value of n such that tn > ti þ tblock. Therefore, the

states of the RCs during the random walk of the excitation on the

membrane in Step 2 remain unaltered.

Random walk simulation

First, we explain the probabilities that will govern the random walk simula-

tion of the excitation in Step 2.

During a time step, Dt, the excitation can either stay on the same site or

a jump event can happen. A jump accounts for any possible event: transfer

of the excitation to another site, dissipation, or charge separation. The prob-

ability of a jump at the site j of the excitation during a time step, pj
jumpðDtÞ, is
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obtained from pj
jumpðDtÞ ¼ 1� pj

no jumpðDtÞ. The probability of no jump is

given by

pj
no jumpðt þ DtÞ ¼ lim

dt/0

�
1� Kjdt

�Dt=dt

¼ exp
	
� KjDt


 (7)

with

Kj ¼ kdiss

�
1� dj;RCc

�
þ kdiss�dj;RCc þ kcsdj;RCo þ

X
isj

Wij;

(8)
and consequently, the jump probability is

pj
jumpðDtÞ ¼ 1� exp

	
� KjDt



: (9)

Note that as the states of the RC vary from one excitation to another, the

jump probabilities determined by Kj will vary from excitation to excitation

as well, but as mentioned earlier, will remain constant for a given excitation.

To ensure that between t and t þ Dt there is at most one event, Eq. 9 implies

that the time step Dt has to be chosen such that Dt << 1/Kj, so that the prob-

ability of jump is very small, i.e., pj
jump(tþ Dt) << 1. For this reason we use

a time step of Dt ¼ 0.01 ps.

Updating rules

The following are the updating rules for the random walk simulation in Step 2.

At each time step Dt:

Step 2.1. We find the site ‘‘j’’ at which the excitation is located.

Step 2.2. A jump occurs with probability pj
jump (Eq. 9).

Step 2.3. If the decision on Step 2.2 was that no jump occurs, we go to Step

2.1. Otherwise, we go to Step 2.4.

Step 2.4. If a jump event happens, the excitation will either:

1), dissipate with probability kdiss

2), be used in charge separation at an open RC with probability

kcs; or

3), migrate to a neighboring site ‘‘i,’’ with probability Wij normal-

ized over Kj.

Step 2.5. If the excitation migrates to a different site, we update the position

of the excitation and go to Step 2.1.

Step 2.6. If charge separation takes place, we record the site at which this

happened and the loop is broken, i.e., we go to Step 3.

Step 2.7. If the excitation is dissipated, the loop is broken, i.e., we go to

Step 3.
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