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In this study, we use the photosynthetic purple bacterium Rhodobacter sphaeroides to find out how the acclima-
tion of photosynthetic apparatus to growth conditions influences the rates of energymigration toward the reac-
tion center traps and the efficiency of charge separation at the reaction centers. To answer these questions we
measured the spectral and picosecond kinetic fluorescence responses as a function of excitation intensity in
membranes prepared from cells grown under different illumination conditions. A kinetic model analysis yielded
the microscopic rate constants that characterize the energy transfer and trapping inside the photosynthetic unit
as well as the dependence of exciton trapping efficiency on the ratio of the peripheral LH2 and core LH1 antenna
complexes, and on the wavelength of the excitation light. A high quantum efficiency of trapping over 80% was
observed inmost cases, which decreased toward shorter excitationwavelengthswithin the near infrared absorp-
tion band. At a fixed excitation wavelength the efficiency declines with the LH2/LH1 ratio. From the perspective
of the ecological habitat of the bacteria the higher population of peripheral antenna facilitates growth under
dim light even though the energy trapping is slower in low light adapted membranes. The similar values for
the trapping efficiencies in all samples imply a robust photosynthetic apparatus that functions effectively at a
variety of light intensities.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The photosynthetic unit (PSU) of purple bacteria consists of
two general types of pigment–protein complexes— the reaction center
(RC) and the light-harvesting (LH, also referred to as antenna) com-
plexes [1,2]. The main function of the LH complexes is to capture sun-
light and to transfer the excitation energy to the RCs where it serves
to initiate a charge separation process [3–7]. The LH complex thus
plays a vital role in the energy transduction process in photosynthetic
organisms, plants, algae, and bacteria, by increasing the effective cross
section for solar light absorption of each RC, and by ensuring the photo-
synthesis function over a wide range of incident light intensity [5,8,9].

In most purple bacteria, the photosynthetic membranes contain
two types of LH complexes: the core light harvesting complex 1 (LH1)
and the peripheral/distal light harvesting complex 2 (LH2). While LH1
is firmly bound to RCs, LH2 transfers the excitation energy to the RCs
via LH1. The major photoactive pigment in all these LH complexes is
bacteriochlorophyll-a (BChl). In LH2 and LH1 complexes multiple BChl
molecules are tightly packed against each other, inferring that the
ell Biology, University of Tartu,
photoexcitation transport in bacterial membranes takes place by
means of collective excitons rather than by individual excitations
hopping along arrays of molecules [6,10].

To ensure that photosynthesis is effective under vastly varying envi-
ronmental conditions such as light intensity and its spectral distribu-
tion, the structural composition and the related spectral properties of
the PSU have to be versatile. High resolution atomic force microscopy
studies of the intracytoplasmic photosynthetic membranes of bacteria
have disclosed variations of the structural organization of PSU that par-
allel growth conditions [11–13]. In membranes from the cells grown
under high light intensities (henceforth called high light (HL) adapted
membranes), the number of peripheral antenna complexes available
in a PSU is relatively small, whereas in low light (LL) adapted mem-
branes, which have been harvested from the cells grown under dim
light, the PSU is dominated by the peripheral antenna complexes
[12,14–16]. In some other species of photosynthetic purple bacteria
light adaptation involves significant modification of spectral properties
aswell as the structure of the distal antenna [13,16,17]. These structural
and spectral adaptations allow the bacteria to accommodate different
ecological niches.

It has long been observed that the fluorescence from photosynthetic
bacteria, awastewhen assessed from the point of viewof photosynthesis
efficiency, responds to the state of the photochemistry taking place
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Table 1
LH2 to LH1 ratio in the wild type chromatophore samples of R. sphaeroides.

Sample LH2/LH1 absorption ratioa LH2/LH1 ratio

HL116 0.89 ± 0.02 2.15 ± 0.05
HL133 1.21 ± 0.03 2.79 ± 0.07
LL181 2.02 ± 0.04 4.79 ± 0.10
LL196 2.56 ± 0.04 6.06 ± 0.10

a Evaluated as the ratio of integral (area) spectra of the components between 700 and
950 nm; the uncertainties here and elsewhere are the standard deviation of several
independent measurements.

1836 K. Timpmann et al. / Biochimica et Biophysica Acta 1837 (2014) 1835–1846
within the RC [18–21]. There are two well defined phases of photosyn-
thesis in purple bacteria related to the excitation light intensity. At low
excitation intensity all the RCs will be open, ready to accept excitons
from the antenna; the special pair of the RC (commonly assigned to P)
is reduced and available for charge separation upon photoexcitation.
This phase, characterized by low antenna fluorescence yield, is named
here as the “active region of photosynthesis”. At high excitation intensity
another phase termed the “saturated region of photosynthesis” is
reachedwith themajority or all of the RCs in a closed state; in the closed
state the special pair of the RC is oxidized (P+) and the antenna fluores-
cence yield is maximal. When the excitation light intensity is kept
between the active and saturated regimes, a mixed (actinic) state with
some open RCs and the remaining closed RCs is created.

The fluorescence yield from the antenna can be formally evaluated
as

φ f ¼
k f

k2
; ð1Þ

where kf is thefluorescence decay rate constant and k2= kf + kt+ kIC+
kISC+ kq is the total quenching rate constant via various decay routes in-
cluding the fluorescence, trapping at the RC (kt), internal conversion
(kIC), intersystem crossing (kISC), and quenching by still other routes
(kq). Assuming constant kIC, kISC, and kq, the variable fluorescence is
due to a change of the trapping rate kt according to the state of the
RCs (see below).

The variable fluorescence is essentially related to the antenna exci-
ton lifetime, thus providing a complementary diagnostics tool for the
different photosynthesis phases by measuring the fluorescence decay
time. The active regime of photosynthesis is expected to be character-
ized by the shortest lifetime, because of the prevailing quenching of
antenna excitons by mostly reduced RCs. Under increasing excitation
intensity the exciton lifetime will gradually rise, reaching a maximum
at saturated regime.

When the excitation intensity is increased beyond the saturating
level such that there are two or more excited states simultaneously
available in the accessible radius for energy transfer, then the excited
states may get annihilated and both the fluorescence yield and lifetime
will drop. This excitation intensity range is further called the non-linear
excitation quenching range. The first clear demonstration of this kind of
behavior using picosecond time-resolved fluorescence measurements
was published in [20,22] (reviewed in [1,23], see also [24]). Still, the
evidencewas not exhaustive, because of limited lowexcitation intensity
range covered by these early experiments. Also, the previous work did
not establish a clear, quantitative link between the fluorescence yield
and the picosecond rate of fluorescence decay.

In the present work, we revisit these issues by studyingmembranes
prepared from the Rhodobacter sphaeroides wild type strain 2.4.1 that
has different ratios of peripheral LH2 and core RC–LH1–PufX light-
harvesting complexes. As a limiting case, the set holds a mutant mem-
brane that contains just core complexes. To the best of our knowledge,
there are so far only a few and mostly theoretical studies of energy
transfer in photosynthetic purple bacteria grown under different light
intensities [25,26]. We use a much expanded excitation intensity
range that spans the active to the saturated regimes of photosynthesis,
even to the annihilation regime, with the help of different sample hold-
ing cuvettes, as detailed in Materials and methods section.

We specifically address the following fundamental question — how
does the addition of peripheral antenna under low light growth
influence the rate of delivery of excitation energy to the RCs and the
quantum efficiency of charge separation?We also exploit the expanded
excitation intensity range to explore the energy transfer time in the ac-
tive and saturated states of photosynthesis, i.e., the states corresponding
to mostly open and mostly closed RCs, respectively. Parallel monitoring
established a direct correlation between the steady-state fluorescence
yield and picosecond time-resolved fluorescence decay.
2. Materials and methods

2.1. Samples

Thewild type R. sphaeroides strain 2.4.1was used for the preparation
of intracytoplasmic photosynthetic membrane vesicles (also called
chromatophores) containing all the components of photosynthesis
machinery— the LH2, LH1, and RC chromoprotein complexes. Gene ex-
pression for photosynthesis complexes in the strain 2.4.1 is dependent
upon oxygen levels and light intensity, with full expression reached
under anaerobic conditions under low light intensity [27,28]. The wild
type chromatophore samples used in the present work (see Table 1)
were prepared from cells grown anaerobically using light intensities
between 100 μE/m2/s and 1500 μE/m2/s. The core complexes from
the wild type organisms incorporate the PufX polypeptide, i.e., they
(mostly) have dimeric structure [12,29–31]. PufX enables quinones/
quinols to cross the LH1 barrier [32,33] and diffuse to the cytochrome
bc1 complex, a key requirement for the cyclic electron transport and
for the efficient photosynthetic growth [34]. Themembranes containing
just LH2, LH1, or dimeric core RC–LH1–PufX complexes were prepared
from a series of genetically modified mutants of R. sphaeroides [35].
They are indicated by adding “-only” to the name of the complex
(e.g., LH2-only membrane). These mutants were grown under oxygen-
limited conditions in the dark, as specified in [36].

All the membranes were prepared according to the method in [36].
Following cell disruption by French pressing the cell extracts were load-
ed onto 15%/40% (w/w) sucrose step gradients and centrifuged for 10 h
at 27,000 rpm. Each intracytoplasmicmembrane fractionwas harvested
from the 15%/40% interface, concentrated by centrifugation and stored
in freezer at −78 °C until used. The defrosted, concentrated HL and LL
samples were diluted with 20 mM TRIS (pH 7.8), the LH2-only mem-
branes with 20 mM HEPES (pH 7.5), the LH1-only membranes with
10 mM TRIS–HCl (pH 7.9), and the RC–LH1–PufX-only membranes
with 20 mMHEPES (pH 7.8) buffer solutions to obtain the optical den-
sity around 0.1 or 0.3 in the cuvette. The denser samples were usually
required in fluorescence lifetime measurements to improve signal to
noise ratio. The small differences in pH are unlikely to have any effect
upon the pigments buried within a complex within the membrane. To
mimic the fluorescence decay times in the active RC condition, the
membranes weremixedwith 5mM sodium ascorbate and 25 μMphen-
azine methosulfate (PMS) along with the buffer solution. Reduced PMS
serves as an external electron donor, supporting the cytochrome bc1
complex in avoiding the accumulation of oxidized (P+) states of RCs
under intense illumination. The presence of ascorbate is required in
order to generate reduced PMS [37]. No special precaution against
environmental oxygen was taken.

Absorption spectra of the samples in buffer solution were measured
using a UV/VIS spectrometer (Model V-530, JASCO Corporation) with a
spectral resolution of 0.5 nm. All the measurements were performed at
ambient temperature, 295 ± 3 K.

2.2. Steady state and transient picosecond fluorescence measurements

The steady state fluorescence spectrometer consists of a continuous-
wave Ti: sapphire laser (3900S, Spectra Physics) pumped by aMillennia
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Fig. 1.Decomposition of the absorption spectra of theHL116 (A) and LL196 (B)membrane
samples from wild type R. sphaeroides strain 2.4.1. Shown in black and red curves are the
measured and simulated absorption spectra, respectively. The fitting sub-spectra of the
LH2-only and RC–LH1–PufX-only membranes, correspondingly, are shown in green and
blue. The difference between the measured and the simulated spectra is drawn in cyan.
The arrows indicate the selective excitations used in stationary fluorescence measure-
ments in Section 3.3.
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Prime diode pumped solid state laser (Spectra Physics) and a spectro-
graph (Shamrock 303i, Andor Technology) coupled with a CCD camera
(DV420A-OE, Andor Technology). Two excitation wavelengths were
commonly used, one at 800 nm for preferential excitation of distal
LH2 complexes and another at 915 nm, for selectively exciting core
RC–LH1–PufX complexes. The fluorescence was collected at 90° with
respect to the direction of the excitation beam and recorded with a
spectral resolution of 0.3 nm.

The picosecond time-resolved fluorescence spectrometer has been
described in detail previously [38,39]. In the present configuration the
set-up comprises a Coherent 700 continuous wave mode-locked dye
laser with pulse duration ~3 ps synchronously pumped by an Antares
76-SNd:YAG laser at a pulse repetition rate of 76MHz, a double subtrac-
tive dispersion monochromator (DTMc300, Bentham Instruments Ltd.)
and a home-built synchroscan streak camera system. The same setup
was used for the measurements of the fluorescence lifetime depen-
dence on the detection wavelength as well as of the fluorescence
lifetime dependence on the excitation intensity. In the former case,
the decay curves following excitation at 800 nm were recorded in 90°
geometry between 820 nm and 960 nm using a spectral bandwidth of
4 nm. In the latter case, an excitation at 590 nm was used. This wave-
length provides nearly equal excitation for all the BChl chromophores
in peripheral and core complexes via their overlapping Qx transitions.
The emission from the sample was directly sent to the streak camera
through a specially selected band-pass filter (F42-900 Emitter HQ
900/50, AHF Analysentechnik), which mainly transmits emission from
core complexes. To cover the complete excitation intensity range re-
quired to follow the transition from active to saturated photosynthesis
as well as its extension to non-linear quenching regime, the sample
solution was placed either into a standard stationary quartz cuvette or
into a home-built rotating cell of 5-cm diameter. The thickness of both
sample holders was 2 mm. The excitation intensity was evaluated
from the measured values of laser power and the laser beam spot size
on the sample cell. The maximum power of the excitation laser mea-
sured with the Newport 1916-C Handheld Optical Power Meter was
~30 mW, while the spot diameter of the laser beam on the entrance
surface of the cuvette was 2.0 ± 0.3 mm. The power was successively
attenuated by a proper combination of neutral density filters.

2.3. Data analysis

The measured stationary spectra were corrected for spectral sensi-
tivity of the system and processed by Origin 6.0 (OrigiLab) software.

The fluorescence decay curves were evaluated by the Spectra Solve
(Version 2.0, LASTEK Pty. Ltd) software with an experimental instru-
ment response function of ~20 ps full width at half maximum. Either a
single or a double exponential approximation was applied, depending
on a particular decay curve. In the latter case, the weighted average
lifetime was calculated as:

τav ¼
A1τ1 þ A2τ2

A1 þ A2
; ð2Þ

where A1, A2, τ1, and τ2 are the relative amplitude and decay time of
individual decay components.

3. Results

3.1. LH2 to LH1 ratio of the chromatophores adapted to different levels
of light

Fig. 1 shows the absorption spectra in the near-infrared spectral
range of the two chromatophore samples designated as HL116 and
LL196. These are the samples prepared under high (1500 μE/m2/s) and
low (100 μE/m2/s) actinic irradiations, respectively. The two samples
assigned as HL133 and LL181 in Table 1 show the spectra intermediate
to the ones in Fig. 1. The spectra in Fig. 1 consist of three major absorp-
tion bands peaking around 800 nm, 850 nm, and 880 nm. Identity of
these spectral features is well known [40]: the 800 and 850 nm peaks
(frequently called B800 and B850, respectively) arise from BChl mole-
cules arranged into two rings at opposite sides of the LH2 transmem-
brane protein cylinder. The third peak at ~880 nm (B880) belongs to
BChls in the LH1 complex.

The relative abundance of LH2 complexes in the LL196membrane is
clearly visible from these spectra, whereas in HL116 membranes the
absorption corresponding to LH1 antenna is comparatively strong. To
quantitatively evaluate the ratio of distal and core antenna complexes
(LH2 to LH1 ratio or LH2/LH1 for short) the following procedure illus-
trated in Fig. 1 was applied, see also [41]. The absorption spectra of
the chromatophore samples (shown with black line) were fitted with
the sum of the absorption spectra of the mutant membranes that
contained solely either the peripheral LH2 (green) or the core RC–
LH1–PufX (blue) complexes (the spectra of the mutant membranes
were recorded in separate experiments). For a satisfactory fit the com-
ponent spectra were allowed to shift both in intensity and wavelength
scale. The best fit shown in Fig. 1 with red line was achieved by shifting
the absorption spectrum of the LH2-only membranes toward the red
(i.e., toward longer wavelengths) by 0.5–1 nm for different samples
and the spectrum of the RC–LH1–PufX-only membranes also to the
red by 3.5–5.5 nm.

The difference (measured minus simulated) spectra drawn in cyan
show that the fit for both samples is almost perfect (within ±2%)
around the main exciton absorption bands at 825–950 nm. However,
the simulated spectrum around 800 nm, where mostly B800 BChls of
LH2 absorb light (the minor peak around 800 nm seen in the spectrum
of RC–LH1–PufX-only membranes is contributed by RCs), is slightly
lower than the measured spectrum, indicating that in the mutant LH2-
only membranes the B800/B850 ratio is somewhat reduced compared
to wild type samples. Still, compensating for this defect has little impact
to the stoichiometry number in question.
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To estimate the LH2/LH1 ratio from integral absorption spectra we
have to take into account the number of absorbing BChl molecules as
well as the possible variance of molecular extinction coefficients in
specific protein environments. As no solid experimental evidence for
the latter is available, we assume that integral absorbencies of the
BChl chromophores in LH proteins are all similar. The third column of
Table 1 presents the LH2/LH1 ratios evaluated on the bases of the
above postulate of similar molecular integral absorbencies and the
assumption that the LH2 complex includes 27 BChl molecules, whereas
the RC–LH1–PufX dimer complex, 64 BChls (56 in LH1 and 4 ∗ 2 in RC)
[31,41].

As one can see from Table 1, the LH2/LH1 ratio in the membranes
shown in Fig. 1 varies almost 3-fold.

3.2. Fluorescence yield and decay time dependence on the excitation intensity

The excitation light intensity dependence of the fluorescence life-
time and the relative fluorescence yield in HL116 membranes are
shown in Fig. 2. The fluorescence lifetime is detected in the spectral
interval of 50 nm between 875 and 925 nm where the LH1 emission
mainly contributes to the signal (see Figs. 4 and 5 for the fluorescence
spectra of the samples). All the lifetime traces measured until the
onset of the saturated regime of excitation intensity fitted well to a
single-exponential decay, although in the transition region from active
to saturated regime a mixture of open and closed states of RCs exists.
The lifetime traces measured beyond the saturated region of excitation
intensity were fitted with double-exponential approximation, and
accordingly, the average lifetime (Eq. (2)) data were plotted in Fig. 2.

The semi-logarithmic plot in Fig. 2 clearly distinguishes the three
stages of photosynthesis, A–C mentioned in the Introduction from the
hazardous over-illumination stage D that should be avoided in healthy
organisms. At low excitation intensity, below 3 × 10−6 W/cm2, where
the entire RC pool is in its open state (active regime of photosynthesis),
and effectively almost all excitons are trapped by the RCs, both the
fluorescence yield and the fluorescence lifetime reach a constant and
minimal value. Toward higher intensities from ~10−5 W/cm2, the
fluorescence yield and lifetime values increase gradually, reaching
a maximum at ~6 × 10−3 W/cm2 when all the RCs become closed
(saturated regime of photosynthesis) and the fluorescence yield and
lifetime achieve their maximal and uniform value. Further increases in
excitation intensity beyond ~10−1W/cm2will result in non-linear fluo-
rescence quenching. This kind of quenching in wild type membranes of
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Fig. 2.Dependence of the normalizedfluorescence yield (red circles) and theweighted av-
erage lifetime (black squares) on continuous wave picosecond-pulse excitation intensity
in HL116 membranes. In the kinetic measurements the fluorescence was excited at
590 nm and recorded in the 875–925 nm spectral range; in the stationary fluorescence
yield measurements the excitation was at 800 nm and the integration range was from
820 to 940 nm. The chemically reduced sample simulating the membranes with open
RCs (open-square data) was prepared by adding 5 mM of ascorbate and 25 μM of PMS.
Horizontal lines mark average fluorescence decay times in the case of mostly closed
(198 ± 4 ps) and open (68 ± 2 ps) RCs. The dashed vertical lines demark qualitatively
different ranges (A–D) of excitation light intensity discussed in the main text: A — active
photosynthesis; B — actinic photosynthesis; C — saturated photosynthesis; D — non-
linear excitation quenching.
R. sphaeroides under high repetition rate picosecond pulse excitation
was previously assigned to annihilation of singlet and triplet excitons
[23,24,42–44].

The generallymatching fluorescence lifetime and yield dependences
demonstrated in Fig. 2 are typical for all the samples studied. The
observed small discrepancies can be assigned to experimental uncer-
tainties. To double check the fluorescence lifetime corresponding to
active photosynthesis, the sample was mixed with ascorbate and PMS
conserving the RCs in open (reduced) state. Under such condition the
open-state lifetime can be safely measured using rather high intensities
equivalent to saturated photosynthesis and even beyond, as demon-
strated by open-square data in Fig. 2. The fluorescence decay time in
the presence of exogenous electron donors is 68 ps, being in reasonable
agreement with the time 62 ps measured by the low-end excitation
intensity without any chemicals added.

In top part of Fig. 3A the excitation intensity dependent fluorescence
lifetime and yield data are compared for the LH1-only mutant mem-
brane sample, i.e., the core antenna membrane sample with genetically
removed LH2, PufX and RCs. As in wild type membranes, the fluores-
cence intensity and lifetime changes are approximately parallel to
each other. However, the absence of RCs qualitatively changes the
character of the dependences at low excitation intensities. The yield
and lifetime both keep high (in comparison with native membranes)
and constant level up to the very high excitation intensity where non-
linear quenching sets in. Similar behavior was detected for the LH2-
only membrane sample, explicitly presented only for the fluorescence
lifetime. These data convincingly prove that the change of the fluores-
cence response observed inwild typemembranes upon increasing exci-
tation intensity in the low intensity range is related to the availability
of RCs. It is also interesting to notice that in mutant antenna-only
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Fig. 3. (A) Dependence of the averaged lifetime of the spectrally integrated fluorescence
on excitation intensity for the LH1-only (black squares) and LH2-only (green triangles)
membranes, for the LL196 (orange stars) and HL116 (pink diamonds) wild type
membranes, and for the mutant RC–LH1–PufX-only membrane (blue triangles). Open
data points correspond to the lifetimes of respective chemically reduced samples.
Shown in red dots is the normalized fluorescence yield for the LH1-only membranes.
(B) The dependence of the integrated fluorescence lifetime corresponds to active (green)
and saturated (red) ranges of photosynthesis on the LH2 to LH1 protein ratio. Lines
represent linear fits of the data. In all cases the fluorescence was excited at 590 nm. Arrows
indicate the points corresponding to the RC–LH1–PufX-only membrane.
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membranes the threshold for the non-linear quenching is ~1.5 orders of
magnitude lower than it is in wild type samples. This observation most
probably reflects important variances in the structure and size of wild
type and mutant membranes. For example, electron microscopy and
atomic force microscopy of membranes from LH2-minus mutant re-
vealed flattened membrane sheets and extended hexagonally packed
RC–LH1 complexes [29,45]. LH2-only membranes on the other hand
form spherical vesicular structures 50–60 nm in diameter [46]. Finally,
membranes from a mutant that assembles only dimeric RC–LH1–PufX
complexes tend to form tubular structures [29,30].

The lower part of Fig. 3A shows dependences of the spectrally
integrated fluorescence lifetime on excitation light intensity for the
two wild type membrane samples with the smallest (HL116) and the
greatest (LL196) LH2 to LH1 ratio. The compared traces are fairly paral-
lel to each other, the lifetimes of LL196 being at all times greater than
those of HL116. The dependences for the rest two wild type samples
with intermediate LH2/LH1 values conveniently dwell between these
limiting cases. As seen in thefigure, qualitatively very similar dependen-
cy was as well achieved for the RC–LH1–PufX-only membrane.

Fig. 3B implies that average lifetimes corresponding to low (open
RCs) and high (closed RCs) excitation intensity limits in wild type and
mutant membrane samples increase in linear fashion with the LH2 to
LH1 ratio. From Table 2 it appears that despite the systematic increase
of the lifetimes corresponding to closed and open states, their ratio is
within the experimental uncertainty constant and close to 3. A similar
change of the fluorescence yield upon closing RCs was obtained for
the M21 mutant membrane of R. sphaeroides [21].

These observations can be rationalized as follows. The peripheral
antenna network found in LL adapted membranes is more extended in
comparisonwithHL adaptedmembranes. Under low excitation light in-
tensity almost all RCs are active, the explored membrane region before
trapping is minimal, and correspondingly, average exciton lifetime is
short. At high excitation intensity most of the RCs are closed, allowing
larger portions of the membrane to be explored before trapping which
increases the average lifetimeof excitons. TheRC–LH1–PufX-onlymem-
brane has no distal antenna [29,30] resulting in the shortest possible
fluorescence lifetimes. The fact that the saturated state lifetime in
RC–LH1–PufX-only membranes appears significantly shorter than in
LH1-only membranes speaks for quenching of excitons by closed RCs,
as explained in [29,30].

3.3. Steady-state fluorescence spectroscopy upon preferential excitation
into the LH2 and LH1 antenna compartments

The previous section established the dependence of integral fluores-
cence lifetime and yield on excitation intensity in HL and LL adapted
samples. The present section investigates the shapes of the station-
ary fluorescence spectra of these samples upon excitation at selected
wavelengths and the change of the spectra with excitation intensity,
in response to the change of the RC state. The two different excita-
tion wavelengths considered here excite predominantly either LH2
(at 800 nm) or LH1 (at 915 nm) antenna compartments. These prefer-
ential excitations are indicated by arrows in Fig. 1; this figure also points
Table 2
Integrated fluorescence lifetimes corresponding to active and saturated ranges of
photosynthesis.a

Sample (LH2/LH1) τav (ps) τav(closed)/τav(open)

Active Saturated

RC–LH1–PufX (0) 55 ± 2 183 ± 5 3.3 ± 0.4
HL116 (2.15) 68 ± 2 198 ± 4 2.9 ± 0.4
HL133 (2.79) 66 ± 2 184 ± 7 2.8 ± 0.4
LL181 (4.79) 71 ± 2 215 ± 5 3.0 ± 0.4
LL196 (6.06) 82 ± 3 256 ± 7 3.1 ± 0.4

a The fluorescence signal in these measurements was integrated between 875 and
925 nm.
out the amounts of absorption by LH1 and LH2 in the corresponding
regions, allowing the evaluation of the excitation branching between
the compartments of the samples.

The fluorescence spectra shown in Fig. 4 at both excitation wave-
lengths reveal two distinct bands, one peaking at about 860 nm and
the second at about 895 nm. These bands are related to the B850 and
B880 absorption bands of the LH2 and LH1 complexes, respectively
(see, e.g., [47]). It is immediately obvious from comparison of Fig. 4A
and B that the higher population of peripheral antennae in the LL
grown membrane in comparison with that in the HL grown membrane
results in stronger fluorescence emission from the LH2 region in the LL
grownmembrane. It can also be seen that relative intensity of the B850
emission band depends on the excitation wavelength, being distinctly
more prominent at 800-nm excitation compared with 915-nm excita-
tion. In the latter case the spectrumdoes not change on excitation inten-
sity within the actinic range of intensities.

Earlier studies [48,49] have established that direct excitation into the
B880 absorption band results in thermal equilibrium distribution of ex-
citons between the LH1 and LH2 complexes of R. sphaeroides. At 915-nm
excitation the excitons in LH2 complexes do not get directly excited
(see Fig. 1), but the corresponding energetically “up-hill” states can be
populated by thermally induced energy transfer processes in mem-
branes with closely packed LH1 and LH2 proteins [49]. The notable
enhancement of the B850 fluorescence under 800-nm excitation is
rather expected in case of finite transfer rate of excitons between
the LH2 and LH1 compartments. The B850 fluorescence increases rela-
tive to the B880 fluorescence; the slower the transfer, the greater the
LH2/LH1 ratio.

Significant change of the fluorescence spectrum with excitation
intensity at 800 nm is also observed in Fig. 4. At low intensity
(~10−5 W/cm2) corresponding to active photosynthesis the weak and
noisy spectrum drawn by black curve reveals prominent LH2 contribu-
tion. As can be seen from red spectrum, the LH2 part becomes relatively
much smaller at saturating intensities (≥3 × 10−3 W/cm2), being still
more prominent than it is under the equilibrium 915-nm excitation
(blue spectrum). The distinction of the LH2 contribution at low intensity
can be most obviously explained by comparable rates of the energy
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Fig. 4.Normalized fluorescence spectra of theHL116 (A) and LL196 (B) samples excited at
800 nm (black and red curves corresponding to active and saturated ranges of photosyn-
thesis, respectively) and at 915 nm (blue curves). All the spectra are normalized at
890 nm. The feature at 915 nm is a scattered excitation light artifact. The gray bar indicates
the integration range applied at kinetic measurements.
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transfer from peripheral antenna to core antenna and the quenching
of the LH1 excitons by open RCs. At high intensity most of the RCs
are closed and the quenching rate slows down. As a consequence,
population of excitons in the LH2 and LH1 compartments approaches
an equilibrium value, not quite equaling it.

As follows, we will illustrate these qualitative conclusions by de-
convoluting the fluorescence spectra of the LL196 sample measured at
different excitation wavelengths and intensities, see Fig. 5A to C. A
procedure similar to that used for the absorption spectra in Fig. 1 was
applied, except that separately measured fluorescence spectra of the
LH2-only and RC–LH1–PufX-only membranes were used as the fitting
components and that spectral decomposition was performed using
energy rather than wavelength scale.

At 800-nm excitation, the branching of absorbed photons between
the LH2 and LH1 compartments takes place due to overlap of their ab-
sorption spectra, see Fig. 1. As shown in Table 3, in the particular case
of the LL196 sample the branching ratio was estimated to be ~95:5 in
favor of LH2 excitations. This number was achieved by assuming, in
analogy with the results of [50–53], that ~20% of the excitations
absorbed by RC at 800 nm escape trapping and return to LH1. In fact,
the de-trapping effect on the LH2/LH1 branching ratio is minor, b2%,
and can largely be discarded.

Panels A and B of Fig. 5 demonstrate the de-convolution of the fluo-
rescence spectra for the LL196 sample upon 800-nm excitation that cor-
responds to active (A) and saturated (B) regimes of photosynthesis;
panel C shows the decomposition under 915-nm excitation. A single
excitation light intensity is used in the latter case, since the spectrum
did not change over the whole actinic excitation intensity range.

There is a significant decrease of F850 (i.e., the fluorescence of LH2
related to B850) relative to F880 (the fluorescence related to B880)
with increasing excitation intensity at 800 nm. At 915-nm excitation
(Fig. 5C) that creates a thermal equilibrium population of antenna exci-
tons in the LH2 and LH1 pools, the contribution of F850 is always much
smaller compared with that of F880 (see Table 3). This contribution is
expected to follow the LH2/LH1 ratio, which it indeed does, as shown
by the data in Fig. 5D. Please notice that linear fit of the data of wild
12000 11250 10500
0.0

0.5

1.0

1.5

12000 11250 10500
0.0

0.5

1.0

Wavenumber (cm-1)

A

Fl
uo

re
sc

en
ce

B

C

Fl
uo

re
sc

en
ce

Wavenumber (cm-1)

D

Fig. 5. (A–C) De-convolution of the LL196 fluorescence band into sub-bands corresponding to
915-nm excitation (C). All spectra are normalized at 890 nm. The spectra in panel A represent a
in B and C represent saturated state of photosynthesis (excitation intensities of 3.5 × 10−2 W/c
fitted spectra in red, and the fit component spectra in green (LH2) and blue (RC–LH1–PufX).
915-nm excitation. The line connecting the data points represents a linear fit of the data. Arrow
type samples nicely extrapolates to zero, which corresponds to the
RC–LH1–PufX-only mutant sample.

3.4. Spectrally resolved picosecond exciton equilibration

Comparedwith the HL adapted chromatophores the share of F850 is
always greater in LL samples, regardless of the RC state, see Table 3.
Given the similar energy gap between the B850 and B880 absorption
bands in these samples, this higher level of F850 could only be caused
by a longer average energy transfer time between the LH2 and LH1
complexes in LL chromatophores due to a more extended LH2 system
[12,13]. Therefore, in the following, we studied the change of the
fluorescence lifetime with the emission wavelength.

Fig. 6 shows thewavelength dependence of thefluorescence lifetime
for the LL196 and HL116 chromatophore samples excited at 800 nm. In
this case, excitons in the LH2 antenna are primarily generated, provid-
ing the largest contrast between exciton equilibration and trapping
times. The used excitation intensity slightly exceeded the actinic
range, but was necessary for obtaining reasonable signal to noise ratio
at short wavelengths where the dispersed fluorescence signal becomes
very weak.

The fast dynamics of tens of picosecond duration that describes
exciton transfer and equilibration between the LH2 and LH1 antenna
compartments is most clearly seen around 820–880 nm, in the fluores-
cence range of the B850 excitons of LH2. Above 880 nm, an order of
magnitude longer decay time is observed that does not change with
the wavelength. This single-exponential decay is mostly governed by
quenching of the B880 excitons of LH1 with closed RCs [54,55]. The
experimental decay times corresponding to blue (820–850 nm) and
red (910–960 nm) parts of the fluorescence spectrum are listed for
all samples in Table 4. These present observations are in qualitative
agreement with the earlier data [20,24,56,57].

The lifetimes τav in Table 2 under saturated excitation condition
(when F880 dominates over F850, see Fig. 5B) should be, and actually
are, comparable with the corresponding long-wavelength data in
Table 4, except that the decay times reported in Table 4 are by 8–13%
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Table 3
Ratio of fluorescence intensities corresponding to the LH2 and LH1 sub-bands at active and saturated limits of photosynthesis upon 800-nm and 915-nm excitation.

Excitation wavelength (nm) Samplea Excitation intensity (W/cm2) F850/F880

Active (×10−6) Saturated (×10−2) Active Saturated

800 HL116 (86:14) 4.0 6.4 0.86 ± 0.02 0.32 ± 0.01
HL133 (87:13) 2.8 6.4 0.85 ± 0.02 0.38 ± 0.01
LL181 (93:7) 3.3 1.7 0.95 ± 0.03 0.45 ± 0.01
LL196 (95:5) 3.6 3.5 1.56 ± 0.05 0.60 ± 0.01

915b HL116 (0:100) 3.2 × 10−2 0.114 ± 0.002
HL133 (0:100) 0.132 ± 0.002
LL181 (0:100) 0.214 ± 0.004
LL196 (0:100) 0.248 ± 0.006

a Shown in parentheses is the LH2/LH1 excitation branching ratio at 800-nm excitation.
b Data do not depend on excitation intensity.
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shorter. This discrepancy is due to the slightly too high excitation inten-
sity used in dispersive fluorescence measurements, as clarified above.
The short-wavelength decay time around20–30 ps shows aweak corre-
lation with LH2/LH1, arising abruptly to ~45 ps in the case of the LL196
sample with most extensive LH2 antenna pool.

In the light of the data in Table 4, it is evident that in the HL samples
with small LH2 antenna pool, the fluorescence decay times all over the
spectrum are shorter than in the LL samples, where the number of
LH2 complexes is larger. Qualitatively similar results have been obtain-
ed on green bacteria [58] as well as of individual photosystems of green
plants [59,60] and cyanobacteria with different antenna sizes [61].
However, acclimation of the photosynthetic apparatus to the environ-
mental conditions in full plants and cyanobacteria is a vastly complex
phenomenon, still not understood in detail (see Refs. [62,63] for a
review). This once again implies that the HL adapted species are more
efficient in delivery of excitation energy into the energy trapping/
quenching core complex than the LL adapted species, and that the
only, albeit vital, justification for the large peripheral antenna in LL
samples is the survival under poor illumination conditions.

4. Discussion

In Section 3.2, we found that trapping of excitons by the RC takes
always longer in LL samples than in HL samples, regardless of the state
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Fig. 6. Dependence of the averaged fluorescence lifetime as a function of the emission
wavelength for the LL196 (A) and HL116 (B) membranes. Fluorescence was excited at
800 nm using excitation intensity of 0.25 W/cm2. The normalized stationary fluorescence
spectra of the samples excited at 590 nm are also presented for reference.
of RC. This finding was tentatively explained by the more extended pe-
ripheral antenna network in the LL adapted membranes. The shapes of
the stationary fluorescence spectra described in Section 3.3 corroborate
this interpretation by contributing a higher LH2 fluorescence signal
in the LL membranes compared with the HL samples, irrespective of
the excitation wavelength. Direct excitation into the LH1 antenna at
915 nm causes only a weak LH2 fluorescence, as it originates from the
energetically unfavorable back transfer from the LH1 antenna pool.
Due to equilibrium nature, its relative contribution is independent of
the RC state, and thus the excitation intensity. This is in contrast to pref-
erential excitation into the LH2 pool, when the contribution of the LH2
fluorescence strongly depends on excitation intensity driving the RC
state. The spectrally resolved lifetime measurements described in
Section 3.4 revealed a slowdown of energy transfer from LH2 to LH1,
in accordance with the LH2 to LH1 ratio.

The greater share of the LH2 fluorescence in LL samples throughout
the entire actinic range of photosynthesis raises the possibility that
energy transfer within the peripheral antenna compartment and be-
tween the LH2 and LH1 compartmentsmight be slower than commonly
assumed. To validate this suggestion, the experimental stationary and
time resolved fluorescence results were analyzed adopting a kinetic
model described in Appendix A.

4.1. Model evaluations of rate constants as a function of the LH2 to LH1 ratio

Our aim is to find the microscopic rate constants compatible with
the experimental ratios of fluorescence yield from the LH1 and LH2
antennas andwith the fluorescence decay timesmeasuredwith varying
excitationwavelength and intensity. Analysis of the experimental decay
curves brings out two apparent rate constants, which in Appendix A
are denoted by γ1 and γ2. They incorporate all themicroscopic rate con-
stants k1, k−1, k2, and kloss of the applied model, see Eq. (A3). The decay
time of excitons in the LH2-onlymembrane, 1/kloss, has literature values
around 700 ps [50,64], while the present measurements demonstrated
in Fig. 3A returned 490±10ps. Since the influence of kloss on the results
is small (as long as kloss ≪ k1), this latter value was used in current
calculations. By knowing γ1, γ2, and kloss, the remaining rate constants
(k1, k−1, and k2) can be evaluated with the help of Eqs. (A3) and (A4).
The ratio of the fluorescence yields in the case of selective excitation
into either the LH2 or LH1 antenna was calculated according to Eq. (A6).
Table 4
Decay times at short-wavelength (≤850 nm) and long-wavelength (≥910 nm) edges of
the fluorescence spectrum at saturated excitation intensity.

Sample (LH2/LH1) τav (ps)

≤850 nm ≥910 nm

HL116 (2.15) 21.2 ± 2.3 174 ± 5
HL133 (2.79) 23.2 ± 3.5 169 ± 4
LL181 (4.79) 27.4 ± 4.9 188 ± 9
LL196 (6.06) 44.8 ± 3.9 230 ± 5
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In reasonable approximation the τav−1 values in Table 2, measured
over the LH1 fluorescence range under the condition of active and satu-
rated photosynthesis, correspond to γ2 with open (γ2

o) and closed (γ2
c)

RCs, respectively. γ1 evaluated from the data of Table 4 at ≤850 nm is
experimentally available only in case of closed RCs (γ1

c). However,
since according to our model, k1 and k−1 are not supposed to depend
on the state of RC, k2 aswell asγ1 under active photosynthesis condition
with open RCs (i.e., γ1

o) can both be evaluated from the existing data.
The calculated inverse rate constants or corresponding transfer

times for the four wild type samples are listed in Table 5. In Fig. 7
these data are plotted as a function of the LH2/LH1 ratio together with
experimental decay times.

It is seen from Table 5 and Fig. 7 that the forward energy transfer
time, k1

−1, between the LH2 and LH1 antennas grows regularly and sig-
nificantly with LH2/LH1, being ca. 2.5 times bigger in the LL196 sample
than in HL116. At the same time, the backward energy transfer time
k−1

−1 behaves rather unevenly, first decreasing and then increasing
with LH2/LH1. In case of k2, which is responsible for trapping (open
RC, k2o) or quenching (closed RC, k2c) of excitations, a veryweak if any de-
pendence on LH2/LH1 is expected, because the trapping/quenching
processes occurring in the core compartment are considered similar in
all four samples. This expectation is held rather well, since the k2

−1

values measured in different samples deviate from their mean value
(53.5 ps and 191 ps in case of active and saturated photosynthesis,
respectively) by not more than 10–15%.

It is obvious from Fig. 7 that the fluorescence lifetime of LH1 identi-
fied with (γ2

c)−1 is under saturated conditions significantly controlled
by k2

c. No such relationship between (γ2
o)−1 and k2

o is observed. Another
interesting feature to note in Fig. 7 is that when the longer decay times,
γ2
−1, strongly vary with closing RC in response to increasing excitation

intensity, the shorter times, γ1
−1, change only slightly; consequently,

they are also not affected by k2.
Consistency of the microscopic rate constants obtained from the

analysis offluorescence kinetics can be further evaluated by comparison
with the measured and calculated (according to Eq. (A6)) steady state
fluorescence yield data. The required for the calculations rate constants
and equilibriumconstantswere taken fromTable 5,while the branching
ratios upon excitation into the LH2 and LH1 compartments are available
in Table 3. The results of such evaluations in the case of the HL116 and
LL196 samples are shown in Fig. 8; data for the remaining two wild
type samples are qualitatively similar.

In Fig. 8, the calculated curves at 915-nm excitation follow Eq. (3):

F850=F880 ¼ K 1þ kloss=k1ð Þð Þ−1 ð3Þ

that results from Eq. (A6) at j = 0. According to Eq. (3), the ratio
F850/F880, which has an initial value of 1/K, decreases with increasing
k1
−1, because at constant K the slowing down of the forward transfer

rate also reduces the back transfer rate (see Eq. (A4)).
Direct population of LH2, as in the case of 800-nmexcitation, leads to

an increase of F850/F880 (compared to 915-nm excitation), which also
depends on the RC state. An approximation of Eq. (A6) relevant for
Table 5
The calculated forward energy transfer time, k1

−1
; backward energy transfer time, k−1

−1
;

equilibrium constant, K, and quenching time by RCs, k2
−1.

Sample (LH2/LH1) k1
−1 (ps) k−1

−1 (ps) K = k1 / k−1 k2
−1 (ps)

Active Saturated

HL116 (2.15) 25 210 8.40 59 185
HL133 (2.79) 28 200 7.01 55 170
LL181 (4.79) 36 160 4.47 52 190
LL196 (6.06) 65 235 3.66 48 220
this case is obtained by neglecting the small kloss(1 − j) term in the
denominator:

F850=F880 ¼ 1=K þ jk2k1
−1

: ð4Þ

Eq. (4) is a linear function of k1
−1 with a positive slope equal to jk2.

The slope is steeper at larger k2 values corresponding to open RC.
In an ideal case, the calculated and experimental fluorescence yield

ratios for each sample would equal each other at one and the same
k1
−1 value. One thus expects that the three calculated inclined lines in

Fig. 8 cross the respective horizontal dotted lines at similar k1−1 values.
Furthermore, such determined inverse rates should overlap with
0 20 40 60 80 100
0.0

1/k1 (ps)

Fig. 8. Dependence of the calculated relative fluorescence yield (shown with inclined
black, blue, and red solid lines) on the forward energy transfer time, k1−1, for the HL116
(A) and LL196 (B) samples. The measured values of F850/F880 are represented by dotted
horizontal lines. Black and blue colored lines correspond to the 800-nm excitation in the
case of closed and open RCs, respectively, while red lines to the 915-nm excitation, for
which the yield ratio is independent on the RC state. Green vertical lines denote the k1

−1

values obtained from kinetic data. The rings indicate intersections between the experi-
mental and calculated values of F850/F880. Insets are blow-ups of the areas delineated by
rectangles. See text for further details.
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the values of k1
−1 determined from time-resolved measurements

(see Table 5).
As can be seen in Fig. 8, this stringent condition is nowhere nearly

met. Only in HL116 sample at 915-nm excitation a triple-crossing of
the red horizontal, green vertical, and red negatively sloped curves is
observed, but the interceptions (shown by circles) of the calculated
and experimental relative yields at 800-nm excitation that correspond
to open and closed RCs do not quite occur at the same k1

−1 value. Nota-
bly also, the crossings systematically take place at larger arguments than
the k1

−1 determined from kinetic measurements (indicated by vertical
green line).

Experimental andmodeling uncertainties aside, the above systematic
discrepancy can be explained by the presence of a small number of
disconnected LH2 units that transfer their excitation to LH1 very slowly
or not at all. Since the fluorescence from regular LH2 units is strongly
quenched by fast energy transfer to LH1, even a small amount of uncon-
nected LH2 can significantly contribute to F850, and thereby, to an
increase of F850/F880. One can estimate the share of disconnected LH2 in
the whole LH2 antenna pool by bringing down the observed fluores-
cence yield ratio until thek1

−1 values evaluated for the three experimen-
tal cases match each other. Even in the worst case, this share was found
b5%, but somewhat surprisingly, it always appears larger in HL samples
than in LL samples. This latter factmay point to thepresence of somebio-
synthetic precursor membranes, called UPB [65], in the HL sample. Such
membranes, which are derived from sites of membrane development
close to the cell wall [66], are known to comprise up to a third of all
the intracytoplasmic membrane in HL cells [12]. Furthermore it was
shown many years ago [67] and corroborated more recently [12] that
UPB is intrinsically less efficient than intracytoplasmic membranes in
terms of LH2 to LH1 energy transfer.

4.2. Quantum efficiency of primary processes of photosynthesis in
R. sphaeroides

In the followingwe estimate, based on the obtainedmicroscopic rate
constants, the effect of the LH2/LH1 ratio on the quantum efficiency of
primary stages of photosynthesis. In first approximation, since the
transfer of excitons from LH2 to LH1 in wild type membranes is almost
20 times faster than the fluorescence decay time in the LH2-only mem-
brane, one can assume a complete transfer of LH2 excitons to the core
antenna, so that the only efficiency that counts is the efficiency of
the LH1 antenna. The quantum efficiency can be calculated as the ratio
of the trapping rate of the LH1 excitons by open RCs and the rate of
creating excitons in the LH2 and LH1 pools by the incoming light,
see Appendix A and References [50–53,68]:

η ¼ kt
0

k02
; ð5Þ

where kt
0 is the trapping rate constant and k02 ¼ k f þ kIC þ kISC þ kq þ kt

0

is the total quenching rate constant under conditions of open RCs. In a
good approximation, (kf + kIC + kISC + kq)−1 can be equated to the
measured fluorescence decay time of the LH1-only membrane sample;
as determined from the data of Fig. 3A, this value is 450 ± 10 ps. The
trapping rate kt

0 for each sample can then be calculated by subtracting
kf + kIC + kISC + kq from the averaged overall samples' value of k2o

given in Table 5. The calculations yield (kt0)−1=60.7 ps for the trapping
time and η= 88.1% for the efficiency. Under the assumption of negligi-
ble loss from LH2 neither of these quantities depends on LH2/LH1. The
same numbers also characterize the mutant membrane lacking LH2
complexes. The maximum efficiency of η = 88.1% corresponding to
lossless exciton transfer is indicated by an arrow in Fig. 9.

Real antennas have losses. In Appendix A, also a more general equa-
tion is derived that alongwith thewell-connected LH2 antenna pool al-
lows contribution of ill-connected or disconnected LH2 with inhibited
transfer of excitons to LH1. The calculated quantum efficiencies by
Eq. (A10) are shown in Fig. 9. One can see that at 915-nm excitation
the drop of efficiency with increasing peripheral antenna size is minor
(1–2%), because only a small proportion of LH2 complexes is populated
by up-hill energy transfer from the LH1 pool. The efficiency is signifi-
cantly reduced when 800-nm light is used to preferentially excite the
LH2 pool. This reduction perfectly follows the slow-down of the LH2
to LH1 transfer rate, k1. Malfunctioning antennas further decreases the
efficiency, as shown in Fig. 9 for the case of 2% detached LH2 complexes.

5. Summary

We have studied the excitation intensity dependent spectral and
kinetic fluorescence response of the chromatophore membranes from
R. sphaeroides, grown under high and low light conditions. The much-
expanded (over 8 orders of magnitude) coverage of excitation intensity
allowed us to follow the photosynthesis from active to saturated state.
As the LL adapted membrane has more peripheral LH2 complexes, the
trapping of the absorbed energy by the RC is delayed owing to an elon-
gated energy transfer path; in the HL adapted membrane sample with
less number of peripheral antennas, the trapping was found to be much
faster. By incorporating the kinetic model detailed in Appendix A, we
obtained the microscopic rate constants that characterize the energy
transfer and trapping process inside the PSU as well as the dependence
of the quantum efficiency of trapping on the LH2 to LH1 protein ratio
and on the wavelength of the excitation light. A high efficiency above
80% was observed in most samples/conditions. Within the near infrared
absorption band of bacteria the efficiency decreases toward shorter
excitation wavelengths; at fixed excitation wavelengths the efficiency
declines in correlation with the LH2/LH1 ratio. Neglecting any losses
due to LH2, unique values of exciton trapping time (60.7 ps) and trapping
efficiency (88.1%)were obtained irrespective to the sample. Our data also
detect a small number of disconnected LH2 complexes, particularly in HL
adapted samples. The slower energy transfer in LLmembranes is offset by
having larger peripheral LH2 antenna network, which from the perspec-
tive of their ecological habitat facilitates life under low light environ-
ments. Moreover, the similarity of the calculated quantum efficiencies
for all samples implies a robust mechanism for the primary processes
of charge separation in photosynthesis.
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Appendix A

Fig. A1 presents a kinetic model used in this study to describe the
population dynamics of excited LH2 and LH1 chlorophylls in the photo-
synthetic unit of purple bacteria.

The system of kinetic equations corresponding to the scheme shown
in Fig. A1 without the unconnected LH2 compartment is:

dA=dt ¼ −k1A−klossAþ k−1B
dB=dt ¼ k1A−k−1B−k2B

ðA1Þ

where A(t) marks the population of the B850 excitons in LH2, B(t)
marks that of the B880 excitons in LH1, and k2 stands either for k2o or
for k2c, depending on the state of RCs.

The solution of Fig. A1 describing the observed decay curves is given
by

A tð Þ ¼ a1e
−γ1t þ a2e

−γ2t ;

B tð Þ ¼ b1e
−γ1t þ b2e

−γ2t ;
ðA2Þ

where γ1 and γ2 are the apparent (experimental) rate constants, and a1,
a2, b1, and b2 are the time-independent coefficients that depend on k1,
kloss, k−1, k2 as well as the initial populations of excitations, A(0) and
B(0). The factors exp (−γ1t) and exp (−γ2t) are assumed to be zero
for t b 0.

The apparent rate constants are related to the microscopic rate
constants as follows [48]:

γ1 ¼ 1
2

kloss þ k1 þ k−1 þ k2ð Þ þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kloss þ k1−k−1−k2ð Þ2 þ 4k1k−1

q� �

γ2 ¼ 1
2

kloss þ k1 þ k−1 þ k2ð Þ−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kloss þ k1−k−1−k2ð Þ2 þ 4k1k−1

q� �
:

ðA3Þ

It is assumed that k2 depends on the state of RC switching between
two values, whereas k1 and k−1 are independent from the RC state.
However, under equilibrium conditions, the forward and backward
transfer rates, k1 and k−1, are supposed to be related to each other via
Fig. A1. Schematic illustration of the processes that determine the population dynamics of LH2,
partition of the total population rate by light absorption, P, between the unconnected LH2, LH
transfer rate constants between LH2 and LH1; kloss is the rate constants of any other kind of
rate constant for LH1 excitons apart from their transfer to LH1 andRC; kto,c are the rate constants
of LH1 excitons in the case of open and closed RCs.
the Boltzmann factor. The equilibrium constant defined as K = k1 / k−1

is given:

K ¼ k1
k−1

¼ LH1
LH2

NLH1

NLH2
e−

ΔE
kBT ; ðA4Þ

where LH1/LH2 is the ratio of the core and peripheral antenna com-
plexes, NLH1 and NLH2 are the numbers of the BChl chromophores in
the B875 and B850 arrangements in LH1 and LH2, respectively, and ΔE
is the energy gap between the lowest-energy exciton states of LH1 and
LH2. From the structure of light harvesting antennas of R. sphaeroides
with PufX protein, it is known that NLH2 = 18 and NLH1 = 56 [41]. For
simplicity, ΔE is defined as the difference between the LH1 and LH2
absorption maxima, obtained by the decomposition of the absorption
spectra of the membrane samples, as described in Section 3.1.

The steady state excited state populations can be deduced from the
system of kinetic equations

k1 þ klossð ÞA−k−1B ¼ jP
−k1Aþ k−1 þ k2ð ÞB ¼ 1− jð ÞP; ðA5Þ

where P is the excitation rate that is proportional to the power of
incident light, and j and (1 − j) describe the branching of excitation
between the LH2 and LH1 compartments, respectively. By solving
this system of equations the steady state fluorescence yield ratio,
F850/F880, can be expressed as

F850
F880

¼ A
B
¼ k−1 þ jk2

k1 þ kloss 1− jð Þ : ðA6Þ

The quantum efficiency of the primary stage of photosynthesis,
defined as the probability that an absorbed photon leads to the charge
separation in a RC [25], can be calculated as the ratio of the trapping
rate of the LH1 excitons by open RCs divided by P, the rate of excitation
by the incoming light. Under steady state excitation the trapping rate by
open RCs is given by kt0B, where kt0 is the trapping rate constant in the
case of open RC and B is the steady state population of LH1 excitons.
By expressing B from Eq. (A5) through the rate constants the equation
for the quantum efficiency takes the form:

η ¼ kt
0B
P

¼ kt
0 1þ kloss 1− jð Þ=k1
k02 þ kloss 1=K þ k02=k1

� � : ðA7Þ

In the case of kloss = 0, Eq. (A7) reduces to Eq. (3), η = kt0 / k20, that
accounts for only the population losses in LH1 [50–53].
unconnected LH2, and LH1 excitons following optical excitation. Red arrows illustrate the
2 and LH1 compartments. k1 and k−1 are, respectively, the forward and backward energy
decay of LH2 excitons apart from their transfer between the complexes; klossLH1 is a similar
of the LH1 exciton trapping by open and closed RCs; k2o,c are the (total) decay rate constants
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The steady state excited state populations in the presence of
unconnected peripheral antenna complexes can be deduced from the
following system of kinetic equations:

klossC ¼ jxP;
k1 þ klossð ÞA−k−1B ¼ j 1−xð ÞP;
−k1Aþ k−1 þ k2ð ÞB ¼ 1− jð ÞP;

ðA8Þ

where A and C are the populations of excited LH2 complexes that are,
respectively, connected and disconnected with the core RC–LH1 com-
plexes, B is the population of excited LH1 complexes, P is the excitation
rate that is proportional to the power of incident light, and x is the rela-
tive fraction of disconnected LH2s (0 b x b 1). The systemof Eq. (A8) can
be solved for A, B and C, for instance, by the method of determinants.
The steady state fluorescence yield ratio is then given by:

F850
F880

¼ Aþ C
B

¼ k−1 þ jk2 1þ xk1=klossð Þ
k1 1−jxð Þ þ kloss 1− jð Þ ; ðA9Þ

and the quantum efficiency by:

η ¼ kt
0 1−jxþ kloss 1− jð Þ=k1
k02 þ kloss 1=K þ k02=k1

� � : ðA10Þ

By expanding Eq. (A10) to the Taylor series by kloss and keeping only
the first order term the quantum efficiency can be approximated as:

η ¼ qkt
0

k02
1−jx−kloss

j 1−xð Þ
k1

þ 1−jx
k02K

 !" #
; ðA11Þ

where the reduction in efficiency in the case of disconnected LH2 (x N 0)
or loss from LH2 (kloss N 0) is explicit. A calculation by the approximate
Eq. (A11) using typical parameters from this study revealed less than 2%
difference compared with that by exact Eq. (A10).
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