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Abstract

In the purple phototrophic bacterium Rhodobacter sphaeroides, light harvesting LH2
complexes transfer absorbed solar energyR@LH1-PufX core complexes, which are
mainly found in the dimeric state. Many other purple phototrophs have monomeric core
complexes and the basis for requiring dimeric cores is not fully established, so we analysed
strains of Rba. sphaeroides that contain either native dimeric core complexes or altered
monomeric cores harbouring a deletion of the first 12 residues from the N-terminus of PufX,
which retains the PufX polypeptide but removes the major determinant of core complex
dimerization. Membranes were purified from strains with dimeric or monomeric cores, and
with either high or low levels of the LH2 complex. Samples were interrogated with
absorption, steady-state fluorescence, and picosecond time-resolved fluorescence Kkinetic
spectroscopies to reveal their light-harvesting and energy trapping properties. We find that
under saturating excitation light intensity the photosynthetic membranes containing LH2 and
monomeric core complexes have fluorescence lifetimes nearly twice that of membranes with
LH2 plus dimeric core complexes. This trend of increased lifetime is maintained with RCs in
the open state as well, and for two different levels of LH2 content. Thus, energy trapping is
more efficient when photosynthetic membranes of Rba sphaeroides comstbfl-PufX

dimers and LH2 complexes.



1 INTRODUCTION

Photosynthesis nourisenearly all life on Earth either directly or indirectly.begins with

the absorption of solar energy by an antenna consisting of light harvesting (LH) protein
complexes that contain highly organized and densely packed pigment chromophores
Excitation energy within the antenna eventually migrates to the reaction centre (RC)awhere
photochemical charge separation takes plded]. Purple phototrophic bacteria such as
Rhodobacter sphaeroides provide a valuable model for the study of energy trapping, due to
their amenability to genetic manipulation, the availability of high-resolution structures of the
major light-harvesting proteins, and detailed knowledge of the biogenesis and organisation of
their photosynthetic membrangs13]. Whilst our understanding of this purple phototrophic
bacterium is extensive there is still much we do not fully understand about the relationship
between the LH complex organization and the energy transfer processes involved.

In most species of purple phototrophic bacteria, the photosynthetic membrane is
composed of two types of closely packed arrays of LH complexes:(fictine complex’,
comprised of light harvesting complex 1 (LH1) encircling the RC and (ii) the
peripheral/distal light harvesting complex 2 (LH2) [3]. While the architecture of LH2 is
relatively constant, the core complex design varies from species to species. The LH1 forms a
closed ring or closed ellipse around the RC, for example, in Rhodospirillum (R.) rubrum,
Rhodopseudomonas viridis, Rhodospirillum photometricum, andThermochromatium
tepidum [7, 14-16], whereas some species of photosynthetic bacteria like Rhodobacter (Rba.)
sphaeroides and Rhodopseudomonas (Rps.) palustris hold an additional polypeptide, PufX in
Rba. sphaeroides and W in case of Rps. palustris, which creates a gap in the LH1 ring around
the RC [17-19]. As reviewed in [2Ghe presence of PufX polypeptide in wild type Rba.

sphaeroides leads most of the core complexes to assemble into S-shaped dimeric structures



[21-24], while a small percentage remains as closed-ring-shaped PufX-containing monomers

[10].

Light-harvesting membranes from wild-type Rba. sphaeroides contain dimeric (LH1-
RC-PufX). core complexes organized into linear arrays, interconnégte&i2 complexes in
vesicular membrang8-10, 25-27]. The dimeric (RC-LH1-PufXgore complex forms an S-
shaped assembly of 28 LH1 subunits partially surrounding two RC, with a small gap in the
LH1 structure at the RCgXite, provided by the positioning of PufX [21-23]. Deletion of the
first 12 residues from the N-terminus of PufX removes the major determinant of core
complex dimerization and results in monomeric core complexes containing PufX and 15 LH1
subunits [28]. A study comparing membrane organisation of wild-type, PufX-deletion and
PufX-truncation mutants (with LH2) showed that monomeric core complexes still self-
associate, but into clusters rather than the linear arrays found with dimeric core complexes
[26, 28]. This also showed that the Rba. spbigles photosystem can be reconfigured to
resemble that found in, for example, Rps. palustris [18]. From the above and [10], it is clear
that the photosynthetic membrane of Rba. sphaeroides segregates into regions enriched in
LH2, RC-LH1-PufX and cytochrome pccomplexes whereas other purple bacterial
photosystems may have a more random organization [29, 30]. However, it is not known if
these significant organizational differences confer any benefits in terms of energy trapping,
guestion we address in the current study. It appears that large LH2 antenna sizes, for
example, do not improve trapping efficiencies to the expected extent; in a recent report [31]
we studied the influence of the growth light-intensity on the efficiency of photosynthetic light
harvesting in Rba. sphaeroides by measuring the rates of the delivery of excitation energy to
the RCs and the quantum efficiency of charge separation in the low light and high light
adapted membranes, which have high and low ratios of LH2/LH1, respectively. The trapping

efficiency was found to decline in the samples waitiigh LH2/LH1 ratio. A complementary



result was reported by Driscoll et al. [32], who also proposed the presence of a considerable
amount of disconnected LH2 complexes in the chromatophores of low-light adapted

membranes.

The present study investigates the consequences of the PufX-mediated organisation of
the bacterial photosystem in terms of the presence of RC-LH1-PufX dimers or RC-LH1-
PufXA12 monomers influencing energy trapping properties. &\analysed light-harvesting
membranesn the form of ‘chromatophores’ (intracytoplasmic membrane vesicles) purified
from strains of Rba. sphaeroides that contain either dimeric or monomeric core complexes
together with controlled high or low LH2 contents. Samples were interrogated with
absorption, steady-state fluorescence, and picosecond time-resolved fluorescence Kkinetic
spectroscopies to reveal their light-harvesting properties. The study reveals the impact of the
structural organization of the core complex on the energy transfer rates and the efficiency of
trapping of antenna excitons. We conclude that energy trapping is more efficient when
photosynthetic membranes of Rba sphaeroides consRCdfH1-PufX dimers and LH2

complexes.

MATERIALSAND METHODS

21  Samples

Purified chromatophores were prepared from cells grown under semi-aerobic conditions in an
orbital shaker incubator, as described in [9]. By changing the degree of aeration of the
culture, it is possible to control the LH2/LH1 rateohigh degree of aeration produced a low
LH2/LH1 ratio whereas a low degree of aeration formed a high LH2/LH1 ratio [33]. The
strain used was DPF2G[pRKEH)], which has the full complement of LH and RC complexes,

but the LH2 genes are encoded on the genome whereas the RCLH1 and PufX genes are



encoded on a plasmid. DPF2G is a crtD variant of the DPF2 mutant described previously
[28]; the crtD carotenoid background was used, since the core dimer/monomer ratio is high
and the carotenoid composition is not influenced by the levels of aeration [34]. The second
mutant strain DPF2[PRKEHXA12] harbours a twelve-residue N-terminal truncation of
PufX, giving core monomers that still have PufX [28]. These monomers represent one half of
the RC-LH1-PufX core dimer, the structure of which was reported in [21, 22]. Biochemical
data and atomic force microscopy data showed that the N-terminal truncation of PufX
prevents dimerization of the core monomers [26, 28, 35], with 1 PufX and an estimated 15
LH1 subunits per monomer, as depicted in the insets in Fig. 1E, F. These two mutants were
grown so they had either high or low LH2 levels, and for simplicity these chromatophore
samples will be referred to as dimeric low LH2 (DL) and dimeric high LH2 (DH), and
monomeric low LH2 (ML) and monomeric high LH2 (MH), according to their core structure
(monomeric or dimeric) and the high or low levels of LH2 present.

The RC-LH1-PufX-only and LH2-only membranes, used in the present work for
reference purposes (see Figs. 1 and 2), were prepared from the genetically muadied
strains of Rba. sphaeroides, as described in [36].

All the samples were stored in freezer at -78°C until used. The defrosted concentrated
samples were diluted before the experiments with the buffer solutions to obtain an optical
density around 0.1 or 0.3 in the cuvette. The more concentrated samples were used in
fluorescence lifetime measurements to providegreater signal, as necessary. The
chromatophore samples were diluted with 20 mM HEPES (pH 7.5) buffer solutiod mixe
with 5 mM EDTA (ethylenediaminetetraacetic acid). TRE-LH1-PufX-only membranes
were diluted with 10 mM HEPES (pH 7.5) mixed with 1 mM EDTA. The LH2-only
membranes were diluted with 20 mM HEPES (pH 7.5). To mimic the fluorescence decay

times typical of the active RC condition, the membranes were mixed with 5 mM sodium



ascorbate and 25 pM phenazinemethosulfate (PMS) along with the buffer solution (see [31]
for the detailed effect of these chemicals).

2.2 Spectroscopy

As the spectroscopic setups applied in this study have been described recently [31], we shall
give here only brief remarks.

The absorption spectra were measured using a commercial UV/VIS
spectrophotometdl/-530, JASCO Corporation) with spectral resolution of 0.5 nm. In steady
state fluorescence measurements the excitation was facilitated by a narrow-band (0.03 nm)
Ti:sapphire laser (tuning range 675-1000 nm, 3900S, Spectra Physics) and the fluorescence
was recorded through a spectrograph with the spectral resolution of 0.3 nm. In fluorescence
kinetics measurements eitheecontinuous wave mode-locked Ti:sapphire laser (tuning range
690-1000 nm, Coherent Mira-900) with the pulse repetition rate of 76 MHz, pulse duration of
~100 fs, and the excitation spectral band width of ~15 nm @Wapicosecond dye laser
(tuning range 570-880 nm, Coherent 700, 76 MHz, 2-3 ps, ~5 nm) was applied. In spectrally
dependent kinetic measurements, the fluorescence was recorded through a double subtractive
dispersion monochromator (DTMc300, Bentham Ltd.) coupled to a streak camera (C1587,
Hamamatsu). The spectral resolution of this instrumentation was 5 nm and the temporal
resolution, determined as the full width at half maximum of the instrument response function,
was 10 ps. In excitation intensity dependent measurements the fluorescence was recorded
integrally, in the range from 875 nm to 925 nm using a set of band-pass filters and recoded
either by a home-built synchroscan streak camera system with ~20 ps instrument response
function [37, 38] (in lifetime measurements) or by Andor Technology DV420E-OE CCD
camera (in fluorescence yield measurements). The use of two different kind of sample cells, a
stationary cuvette and a rotating cell, enabled us to cover the several orders of magnitude

excitation intensity span from active (all RCs open) to saturated (all RCs closed)



photosynthesis at reasonable signal to noise.raike stirring, the rotating cell brings

constantly into the excitable volume fresh portions of the sample with open RCs; thereby, by
reducing the saturation, conditions for active photosynthesis are effectively achieved at
higher average excitation intensity. The maximum output power of the excitation laser was
successively attenuated by an appropriate combination of neutral density filters. All the

measurements were performed at ambient temperature, 295+3K.

The measured fluorescence spectra as well as the decay curves were first
appropriately corrected to the spectral and spatial sensitivity of the instruments and then fitted
using the measured instrumental response function as described in [31]. Most of the decays

were double-exponential. For those the weighted lifetime was evaluated as follows:

AT+ Ay,

= 1
Tav A1 +A2 ( )

where A, A, 71,andzz are the amplitudes and decay times of individual decay components.

RESULTS

31 Evaluation of the LH2 to RC ratio from absor ption spectra

In this work, we aimedto study the effect of core complex structure (dimeric vs. monomeric)
on energy transfer efficiency, with all other variables comparable. Therefore, chromatophores
were prepared from carefully chosen mutants and growth conditions, giving membranes that
contaired either dimeric or monomeric core complexes of similar LH2/LH1 content. Table 1

outlines the composition of the four basic mutant chromatophore samples studied herein.

Since it is not trivial to perfectly match the growth of different mutant cultures, a
series of chromatophore samples were prepared at a high LH2/LH1 or low LH2/LH1 level (as

described in the Materials and Methods section), and the best LH2/LH1 ratio-matched pairs



of the samples were chosen for subsequent detailed analysis. Absorption spectroscopy can be
used to quantify the LH2/LH1 content, to confirm the suitability of the selected samples for a

meaningful comparison.

Table 1. Composition of the samples tested in the current study.

Sample Full mutant name PufX Core complex
oligomerisation state
DL DPF2G[pRKEH] full length | Dimer: (RC-LHL4-X)>
ML DPF2G[pRKEHXA12] | truncated | Monomer: RC-LH1s-X®
DH DPF2G[pRKEH] full length | Dimer: (RC-LHL4-X)2
MH | DPF2G[pRKEHXA12] | truncated | Monomer: RC-LH1s-X®

9 The number of LH1 subunits is estimated to be 15 based on biochemical and AFM data
showing monomeric core complexes [26, 28] and comparison to the known structure of
monomeric RC-LH1-PufW from Rps. palustris [19].

Figure 1 shows the absorption spectra in the near-infrared range of selected four
samples corresponding to low and high LH2 content dimeric and monomeric samples. All the
spectra are composed of three strong absorption bands at about 800 nm, 850 nm, and 875 nm.
The two former peaks, commonly referred as B800 and B850 are related to the LH2
peripheral complex, while the latter, B875, to the LH1 core complex [39-41]. The generally
well-overlapping spectra (panels A and B) of the samples with dimeric and monomeric core
complexe indicate that the selected samples have similar LH2/LH1 ratio. The enlarged
intensity variations observed in the B800 absorption range are common for the membrane

samples, but as yet not well understood.

In order to more accurately quantify the LH2/LH1 content, we deconvoluted the

measured absorption spectra into LH2 and LH1 constituent bands like in [31, 42].

As illustrated in Fig. 1, panels C to F, the absorption spectra of the samples were
fitted in the wavelength range from 700 nm to 950 nm to the sum of the separately measured

absorption spectra of the mutant membranes that contain either only the LH2 or dimeric RC-



LH1-PufX complexes (the latter sample is hereafter termed D-only). The 850 nm band of
LH2 was fitted more carefully than the 800 nm band owing to the inherent intensity
variations in the B800 absorption band. The constituent spectra were also allowed to shift
slightly in wavelength scale to attain their linear combination of closest match to the
measured spectrum. No shift was actually needed in case of DH and ML samples, while the
maximum required shift of the fitting sub-spectra for DL and MH samples was,1 nm

respectively, towards the red end and blue end of the spectrum.
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Fig. 1. (A, B) Comparison of the absorption spectra of membranes from Rba. sphaeroides
strains containing monomeric (red) or dimeric (blue) core complexes, and with low (A, C, E)
or high (B, D, F) content of LH2. The red arrows indicate the selective excitations used in
stationary fluorescence measurements described in section 3.2. (C-F) Decomposition of the
spectra for the same samples. The sub-spectra of the LH2-only and D-only membranes used
in the fit are coloured in green and black, respectively. The measured curves are shown in red
(monomeric) or blue (dimeric) and the simulated curves in grey. Each inset in paRels C-
illustrates the composition of samples. Two (one) red rings indicate high (low) relative LH2
content, respectively, each green dot represents the bacteriochlorophyll-a ¢B&BDhI
heterodimer subunit of the LH1 core complex, a light yellow dot represents PufX polypeptide
and a blue circle represents RC.
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The integrals, i.e. the areas below the fitted curves, of the component spectra in the
range from 700 nm to 950 nm were then used to evaluate the ratio of peripheral and core
complexes, LH2/LH1. Assuming equal absorption of the bacteriochlorophyll-a (BChl)
chromophores in LH2, LH1 complexes as well as in RC’s and knowing the number of BChls
in LH2 (27 [43]), RC-LH1-PufX dimer (56 in LH1 and 4x2 in RC [7, 42]), and RC-LH1-
PufX monomer (30 in LH1 and 4 in RC [20]), the LH2/LH1 ratio was evaluated. Finally,
taking into account the number of RCs per core complex (2 for dimeric, 1 for monomeric

case) the calculated LH2/RC ratio was obtained, as presented in Table 2.

Table 2. Ratio of the LH2 to RC complexes (£5%) in Rba. sphaeroides strains with LH2 and
core monomers or dimers.

Sample B875/B850 integral Calculated
absorbanceratio LH2/RC ratio
DL 0.42 0.50
ML 0.46 0.58
DH 151 1.79
MH 1.60 2.02

The low-LH2 matched samples (DL vs. ML) have ~14% difference between LH2/RC
ratios and high-LH2 matched samples (DH vs. MH) ~12% difference. This confirms that our
dimeric and monomeric samples are sufficiently well matched that we can proceed with

analysis of energy transfer by fluorescence spectroscopy described in the following sections.

3.2 Relativeyield of the LH2 and LH1 fluorescence as a function of theLH2to RC ratio

and the excitation wavelength

This section explores the steady-state fluorescence spectra of the monomer-dimer core
samples shown in Fig. 2. Selective excitation was provided predominantly into either the
peripheral LH2 antenna at 800 nm or core LH1 antenna at 915 nm, as indicated by the arrows

on the absorption spectra in Fig. 1 A and B. The excitation intensities used correspond to the

11



saturated photosynthesis where most ofRI@s are inactive/closed. If the B800 BChls are
excited with the 800 nm light, the photoinduced exciton can traasfegetically ‘downhill’

along the ladder of different intermediate states: B800 (LH2) -> B850 (LH2) -> B875 (LH1) -

> RC. During each stage part of the excitation energy is lost as fluorescence untiittre exc

is eventually‘captured’ by photochemistry at the RC. The fluorescence emission from B800
and RC BChls is suppressed owing to their short lifetimes [4414@&}efore, the observed
fluorescence mostly originates from the B850 (LH2) and B875 (LH1) BChls. Hereafter, these
dominant fluorescence components are denoted by F850 and F875 corresponding to the LH2
emission maximum at ~860 nm and LH1 emission maximum at ~890 nm, respectively (see

inset of Fig. 2A).
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Fig. 2. Normalized fluorescence spectra of the samples with dimeric or monomeric LH1 core
and with high (A, C) or low (B, D) LH2 content following excitation at 800 nm (A, B) or at
915 nm (C, D). The samples with dimeric core are shown by blue curves and those with
monomeric core, by red curves. All the spectra are measured at saturated state of
photosynthesis. The inset of panel A shows the deconvolution of the DH fluorescence

spectrum (blue) at 800-nm excitation into the F850 (green curve) and F875 (black curve)
constituents. The component spectra used in the fit are measured spectra of LH2-only sample
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and D-only sample. The sum of the components (narrow magenta line) is practically
overlapping with the measured spectrum. The red arrow highlights the extra LH2
fluorescence emission observed in the ML sample. A scattered excitation light artefact in
panels C and D is evident at 915 nm. Hatched area in panel B indicates the spectral range of
the band pass filter used in the intensity dependent kinetic measurements (Section 3.3).

By monitoring the relative level of emission, F850 or F875, information can be
obtained on the fate of excitons dependent on where they originate. For example, one may
expect, in qualitative agreement with Fig. 2 A and B, that with 800-nm excitation high
proportion of LH2s in the sample will be excited, which would result in a prominent F850
contribution. Selective excitation into the B875 band at 915 nm, instead, should lead to a
broad F875 emission and very little if any F850 emission. Close look on Fig. 2 C and D
reveals that with 915-nm excitation there indeed is a measurable contribution of the F850
fluorescence that increases with the LH2/RC ratio (see Fig. 3). Neglecting any possibility of
direct excitation of LH2, the F850 emission may be geaérby energetically “up-hill”
excitation transfer from LH1 to LH2, brought into effect by high (physiological) temperature

[47-50].

Regardless of the difference in structural organization, the observed fluorescence
spectra following 915-nm excitation of monomeric and dimeric core complexes match each
other well both at low and high LH2 concentration (Fig. 2 C and D). At 800 nm excitation,
the spectra of high LH2-content samples also appear to be relatively well matched)Fig. 2
whereas the low LH2 samples in the presence of monomers show much enhanced LH2

emission, highlighted by an arrow in Fig. 2 B. This issue will be further discussed below.

Figure 3 displays the ratio of the integrated fluorescence intensities (or fluorescence
yields) of the LH2 and LH1 sub-bands, F850/F875, as a function of the LH2 content relative

to RC. Relative contributions of the F850 and F875 components were obtayned b

13



deconvoluting the stationary fluorescence spectra of interest as illustrated in the inset of Fig.

2A. [31]. These deconvolutions were performed using the energy scale.

0.6+ :'"‘: 800 nm
o L
o
© 0.41
o
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0.0t |

0 1 2
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Fig. 3. Dependence of the fluorescence yield, F850/F875, on the LH2 to RC ratio upon 800
nm (squares) and 915 nm (rhombi) excitations. The data for dimeric and monomeric core
samples are distinguished by blue and red colours, respectively. The lines connecting these
data points are for guiding the eye. The correspondingly coloured dashed lines with un-filled
data points display the calculated fluorescence yield ratios, as described in Section 4.1. The
dashed rectangular outlines the data point most drastically deviating from modelling result.
The data at LH2/RC = 0 correspond to the samples comprising solely core complexes.

In Fig. 3, there is a general trend of increasing F850/F875 ratios with LH2/RC.
Furthermore, the F850/F875 ratio following 800-nm excitatsoalways greater than that
915-nm excitation. These tendencies appear logical because both direct excitation of LH2 and
higher LH2 content favour the contribution of F850. However, in low LH2 samples at 800
nm excitation, the experimental F850/F875 ratios are way larger than the calculated ones,
according to the model that will be introduced in Section 4.1. For the reasons clarified below,
current samples also show greater F850/F875 ratios under 800 nm excitation than the

previously studied wild-type chromatophores at similar LH2/RC ratios [31].
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3.3 Excitation intensity dependent fluorescenceyield and decay time

The above contradictions highlight the need to complement steady state emission spectra with
time-resolved measurements. Since both kinetic and steady state emission parameters of
photosynthetic bacteria depend on the state of their RC (open or closed), this state being a
function of the excitation intensity [38, 51], we will first examine the excitation intensity
dependence of the fluorescence lifetime and the fluorescence yield. The fluorescence was
recorded between 875 and 925 nm, the spectral range of dominant LH1 emission, as shown in
Fig. 2B. The fluorescence yield data points were evaluated by dividing the obtained
integrated intensity with the excitation intensity. Note that the absorbed power is presumed to

be proportional to excitation intensity.

The results of such measurements, which show generic increase with excitation light
intensity of the fluorescence yield and lifetime, are demonstrated in Figs 4xcess
excitation intensity is known to lead to a non-linear excitation quenching [31, 51-55], we
limited our data analysto the excitation intensities below 5*3®@V/cn?. The fluorescence
lifetime corresponding to the active photosynthesis plateau evident in fluorescence yield
measurements could only be achieved by adding reducing agents PMS and ascorbate to the
sample, which maintain the RCs in open state. According to Clayton et al. [56], these
reducing agents collectively prevent the accumulation of P+ states at high excitation
intensity. As shown in our previous publication [31], data on samples with PMS and
ascorbate generally match the low-intensity plateau for the yield and lifetime, irrespective the
applied excitation intensity. We consequently assume that in current experiments the open
RC state corresponds to a reduced BChl special pair (customarily designated as P), while the

closed RC state to an oxidized special pair (P+).
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Fig. 4. Excitation intensity dependence of the dominant short fluorescence lifetime
component (filled spheres, left Y-axis) and the fluorescence yield (open circles, right Y-axis).
The data for dimeric and monomeric core samples are distinguished by blue and red colours,
respectively. Panels A and B, correspondingly, present data of high and low LH2 content
samples. The yield data are scaled until matching with lifetime values in order to visualize the
proportionality of these quantities. The increase in lifetime and yield corresponds to the
transition from the open to the closed RC state. The samples from Rba. sprawsral
excited at 590 nm for the decay kinetics and at 800 nm for the stationary fluorescence yield
measurements.

Similar dependences on the excitation intensity that clearly distinguish the active
(corresponding to the low excitation intensity plateau) and the saturated (the high intensity
plateau) stages of photosynthesis were observed in wild-type membranes of Rba. sphaeroides
[31]. However, in Fig. 4 we notice that samples containing monomeric cores (ML and MH)
hold distinctively higher fluorescence lifetimes than samples with dimeric cores (DL and DH)
at all excitation intensities. Relative differences between the samples with high and low LH2

content (MH vs. ML or DH vs. DL) appear to be much less significant.
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Table 3 displays the fluorescence lifetimes for the studied sample set corresponding to
active and saturated photosynthesis states. Although the data were generally fitted assuming
double-exponential decay kinetics, as the contribution of the second, long component (~ 430
ps) was typically rather small (< 5%), only the values of the shorter lifetime are presented
here. The special case of the DL sample, where the contribution ofmtheolaponent was

significant ¢ 30%) at saturated photosynthesis, will be discussed separatel

Table 3. The dominant short fluorescence lifetime component (+10%) in picoseconds
corresponding to active (noted by superscript o) and saturated (superscript c) ranges of
photosynthesis with, respectively, mostly open and mostly closed RCs.

Samples Active (%) Saturated (t€)
DL 42 97
ML 56 221
DH 44 103
MH 59 206

Comparison of lifetimes in Table 3 confirms the qualitative conclusion made by
observation of Fig. 4 that samples with monomeric cores have a consistently longer
fluorescence lifetime than those of dimeric cores, irrespective of their LH2 content or the RC
state (open or closed). The difference between monomers and dimers is most prominent in
case of closed RC3%ML)/ 14DL)=2.28 andt“(MH)/ t%DH)=2.00), but is still significant
with open RCs 1°(ML)/t°(DL)=1.33 andt®(MH)/ t°(MH)=1.34). On the other hand, the
lifetimes are very similar between low/high LH2 content with the same type of core complex
(the ratios range between 0.94 and 1.07). Assuming identical hopping time for an exciton
created in the distal LH2 antenna migrating towards the core complex in monomeric and
dimeric strains with similar LH2 antenna sizes, the observed difference in the exciton

guenching time by open and closed RCs can be assigned to the effects of the monomer/dimer

17



status of core complexes on the structural organization of the photosynthetic membrane. This

issue will be addressed further in Discussion section.

Since the LH2->LH1 energy transfer features are most clearly revealed in the kinetics
of the B850 emission around 820-870 nm [32], spectrally resolved emission kinetics upon
800 nm excitation were measured with 5 nm spectral resolution in the range from 820 to 920
nm covered by 10 nm wavelength step. The kinetic traces were fit using two or three
exponential components in the case of closed or open RC state, respectively. For brevity, in
Table 4 we present only the most representative results of these measurements, namely the
averaged over few data points lifetime of the dominant fluorescence component at the blue
end (<850 nm) and the red ei@880 nm) of the observed spectrum. The data points
corresponding to active photosynthesis are measured using the samples with chemically
reduced RCs. The blue-end lifetime we assign to the LH2 to LH1 excitation transfer, and the
red-end lifetime to the trapping in case of open RCs or to the quenching in case of closed
RCs. The active and saturated case red-end lifetimes in Table 4 are in excedenteag
with thos from Table 3 that represent the average lifetime of spectral components passing

through 875-925 nm band pass filter.

Table 4. The lifetime in picoseconds of the dominant short component of the fluorescence
decay (x10%) at blue and red ends of the fluorescence spectrum in case of active and
saturated photosynthesis.

Active (1% Saturated (7€)
Samples Blue end Red end Blue end Red end
(<850 nm) (>880 nm) (<850 nm) (>880 nm)
DL 27 42 29 97
ML 37 56 35 216
DH 24 44 25 108
MH 25 59 33 205

18



4. DISCUSSION

The major experimental revelation of this work has been that under saturating light intensity
the photosynthetic membranes containing LH2 and monomeric core complexes appear to
have fluorescence lifetimes nearly double that of LH2 plus dimeric core complexes (Fig. 4,

Tables 3 and 4). This trend of increased lifetime is maintained also with the RCs in the open
states, and for two different levels of LH2 content. To comprehend these observations, kinetic
modelling of the rate constants was performed as follows. The analysis reveals differences in
the excitation energy transfer dynamics in LH membranes according to the structure of the
core complex.

4.1 Kinetic model and evaluation of microscopic rate constants

A kinetic model adopted here and shown in Fig. 5 is similar to the one used in our
previous work [31]. It defines a mathematical relation betweenaghygarent rate constants,
Yy, each characterizing an exponential component of the observed multi-exponential
fluorescence decay, and the ‘microscopic’ rate constants, k, each characterizing a specific
kinetic pathway. According to this basic model (right part of Fig.th¢ apparent rate
constantsy; (the inverse of the lifetimes presented in Table 4 measuregb@tnm) andy,
(the inverse of lifetimes in Table 4 a880 nm), and the microscopic rate constants are

connected as follows [47]:

1
vi=5 l(klOSSLHZ +ky +koy + k%) + \/ (Kioss™™ + ky — kg — k%) + 4k1k_1|

1 2
V2 =3 [("loss”’z ley + ke_y + k%) - \/ (Kioss ™+l — kg = k™) + 4k1k'1| @)

In Eq. 2, k and k are, respectively, the forward and backward energy transfer rate
constants between the LH2 and LH1 compartmemgs:k is the total rate constant of the

excitation loss from the LH2 compartment apart from the transfer of excitation energy to
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LH1, and k°€, the decay rate constants of LH1 excitons in case of opgrafid closed ()
RCs For convenience, we have also defined thatik a sum of the trapping rate constants,
k¢, by open or closed RCs, angik'!, the rate constant of any other kind of decay of LH1

excitons apart from their transfer to RC, i.e.:

Ko €= k& KossLHl- (3)

j(1-x)P (1-j)P

LH1

LH2 loss

loss

Fig. 5. Kinetic scheme of exciton population dynamics of the photosynthetic unit of purple
bacteria. The basic scheme (right from the vertical dotted demarcation line) comprises
functionally connected LH2 and LH1 compartmerts. additional compartment used in the
extended model represents functionally unconnected or poorly connected LH2 pool. The total
absorbed power is denoted by P. Red arrows illustrate the branching of the absorbed power
between the compartments governed by the factors j and xg Whkgk<l. The factor x
represents a fraction of unconnected LH2 units. Each kinetic pathway is characterized by a
rate constant.

The kos<™! values for membranes containing PufX or af2 core complexes, but
devoid of RCs, are not available. However, it is reasonable to assume that they are similar to
the reciprocal of the fluorescence decay time of the ring-shape mutant LH1-only membrane
of Rba. sphaeroides (1/450psletermined in [31]). We presume that%does not change
with the LH2 to RC ratio, i.e.2RY(DL) = k*9DH) and k>{(ML) = k2*{MH). Under thermal
equilibrium, the forward (LH2 -> LH1) and backward (LH1-> LH2) energy transfer rates, k
and ki (assumed to be independent from the RC state) are related to each other via the

Boltzmann factor. The equilibrium constantsF ki /k1, in all studied samples were
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calculated according to the equation presented in [31, 47]. The decay rate of the exciton in the

LH2-only membrane,iks-"2, is around 1/500 p's[31].

For given values of microscopic rate constants and the branching ratio the steady-

state fluorescence yield ratio, F850/F875, can be calculated by [31, 47]

Fgs _ k_1+ jk;
F875 kl + klossLHz(]- _])

(4)

In Eq. (4), j and (4j) describe the branching of the excitation between the LH2 and
LH1 compartments, respectively. As can be seen in Fig. 1, at 800 nm excitation, a branching
of the absorbed photons between the LH2 and LH1 pools takes place due to overlap of their
absorption spectra. The values of the branching ratio, j, for 800 nm excitation for all the
samples were determined from the absorption spectra shown on Fig. 1 as in [31]. An effect of
excitation de-trapping from RC [57-60] on the LH2/LH1 branching ratio is small [31] and has
been ignored here. LH1 then the only complex that absorbs under 915 nm excitation, i.e.

we assume | =0 in this case.

Considering the above prerequisites and applying Eqgs. 2-4, all the relevant
microscopic rate constants as listed in Table 5 were determined iteratively to harmonize the
calculated and experimental fluorescence yields and lifetimes. A distinctive feature of the
numbers in Table 5 is that 3/khe decay time of LH1 excitons, is reproducibly longer in
case of monomeric core compésxcompared with dimeric ones. It is also evident that
relative difference of the 1/kimes between monomeric and dimeric samples increases upon

closing RCs.

The data shown in four last columns of Table 5 satisfactorily reproduce corresponding
experimental lifetimes presented in Table 4. This seems to verify the model and its
predictions. However, agreement between the calculated and measured relative fluorescence

yields, F850/F875, is limited. At low LH2/RC ratio and 800-nm excitation, the samples show
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significantly larger F850/F875 than predicted by the model, with the least satisfactory fit
observed for the ML sample (see Fig. 3). Note that according to the model, the F850/F8
ratio in dimeric core samples is always larger than in monomeric core samples. This is
because of relatively shorter lifetime of tB875 excitons compared with B850 excitons in

dimeric samples.

Table 5. The calculated microscopic forward energy transfer tikge;, backward energy
transfer timek_, !, quenching time either by open R&,° ", or by closed RCk,° ",
apparent LH2->LH1energy transfer time in case of open (closed)yRC,(yf™), and

apparent trapping time,2 ', and apparent quenching time, . All the calculated times
have an uncertainty up to 10% of itheumerical value.

Sample | = (9) | 1 09 | 17 P9 | 12 P9 |55 (P9 | 52 (P9 | 15 (P9 | (P9
DL 30 420 30 93 23 26 38 100
ML 38 494 45 185 30 33 54 195
DH 32 144 30 93 19 24 46 113
MH 42 185 45 185 27 32 65 211

Critical analysis of the fluorescence yield data lead us tonclusion that the
observed irregularities are likely related to contamination of the samples by some
functionally disconnected or poorly connected LH2 complexes, which artificially amplify the
F850/F875 value. Indeed, our samples may contain certain amount of the biosynthetic
precursor membrane [33] (also termed the upper pigmented band from its position in sucrose
gradients), formed in early stages of membrane maturation. Due to some disconnected LH2
complexes in the upper pigmented band, energy transfer is less efficient from LH2 to LH1 in
comparison with matured intracytoplasmic membranes [9, 27, 61]. In wild-type strains the
precursor and mature chromatophore membranes are usually well separated in sucrose
density gradients [12] but the separation is less effective in mutants with monomer cores,

when LH2 levels are low [26].
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To evaluate relative fraction of disconnected or poorly connected LH2s, we extended
the basic kinetic model by adding the left paitFig. 5. The relative share of functionally
disconnected LH2s for all studied samples were estimated according to Eqg. (A9) in [31]. To
achieve consistency with experimental data, the calculated relative fraction of functionally
disconnected LH2s is <5% in all samples, except the ML samplegewtr contribution

reaches ~ 1%.
4.2 Quantum efficiency of energy trapping

A highly significant finding of this study is the shorter LH1 excited state lifetime
observed in membranes containing dimeric core complexes compared with monomeric ones.
We propose that the shorter lifetime for dimeric complexes is due to excitation sharing across
a larger LH1 antenna with access to two traps, i.e. the presence of two RCs instead of one per
LH1 assembly, resulting in increased trapping or quenching probability of LH1 excitons at
low or high excitation intensity, respectively. Comayras et al [61] previously showed that
such excitation sharing occurs; the current study explains how this may improve the
efficiency of the complex. This notion is confirmed by separate fluorescence kinetics and
yield measurements on isolated dimeric and monomeric core complexes (work in progress,
data not shown). Another effect that may contribute into the varying lifetime between the
membranes containing monomeric or dimeric cores may arise from core monomers
reorganising the photosynthetic membrane, as shown in a previous study [26]. In the AFM
topographs recorded in [26], the tendency of core dimers to form short linear arrays and LH2
to form large LH2-only assemblies was changed and a more random arrangement was seen,
consisting of core monomers interspersed among LH2 complexes. Better structural
connectivity in LH1 and RC pools for the dimeric core complexes implies larger LH1 to LH1
and RC to RC excitation transfer rates that may lead to increased probability for the

excitation to reach an op®&C in the same or in neighbouring core complexes if the RC of a
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given core is ina closed state [62]. Advanced computational modelling, as performed for
wild-type membranes [10, 42, 63-66], would certainly be helpful for a deeper analysis of

energy trapping in core monomer and core dimer membranes.

We will next consider how the core complex structure and the excitation wavelength
affect the quantum efficiency of active (all RCs in open state) photosynthesis. The equation

for quantum efficiency,

1+kposs P12 (1-§) /k
n= (kg - klossLHl)( l LS ) ) (5)

kg+klossLH2(1/K+kg/k1)

was taken from [31]. The efficiencies calculated by Eq. (5) using the microscopic rate
constants from Table 5 are presented in Fig. 6. The efficiencies for solely core complexes
(case LH2/RC=0) were calculated according to modified Eqn(5),(kS — kioss™ )/ k9,

using the same rate constants as for other samples. All the efficiencies have a standard
deviation of ~2% of the calculated values, indicated by the shaded area in Fig. 6. The major
factors that contribute into the error estimate are (i) uncertainty in determining the
experimental fluorescence lifetimes; (ii) uncertainty in evaluating the excitation branching

factor, j; (iii) possible flexibility in finding the model rate constants.

According to Fig. 6, quantum efficiency of energy trapping is consistently found
higher in samples with dimeric core. The efficiency generally decreases with increasing
LH2/RC ratio, concurrent with computational modelling studies where efficiency of energy
transfer across the entire chromatophore was simulated [10, 42, 65]. Furthermore, both in
monomeric and dimeric samples, the absolute efficiency is always higher at 915-nm
excitation compared with 800-nm excitation, unless the limiting case of LH2/RC=0 when
they are expected to overlap. Qualitatively similar behaviour was observed in our previous

study of wild-type membranes [31].
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Fig. 6. The dependence of quantum efficiency of active photosynthesis on the LH2 to RC
ratio in dimeric (A) and monomeric (B) core samples upon 800 (squares) and 915 nm
(rhombi) excitation. The open data points at LH2/RC=0 correspond to the quantum
efficiencies of the imaginary membranes containing either sole dimeric or sole monomeric
core complexes. The shaded area features the ~2% estimated standard deviation in the
efficiency. The lines represent linear fits of the data points. See text for further explanations.

At 915-nm excitation, LH1 is directly excited and the exciton does not have to travel
between multiple different LH complexes. At 800 nm the excitation probes the longer LH2-
>LH1->RC pathway involving LH2, compared to only LH1->RC transfer with 915 nm
excitation. Thus, any difference between the efficiencies under 800- and 915-nmogxatita
LH2/RC#0 informs us about the LH2->LH1 transfer. Conversely, quantum efficiency of the

mutant membranes lacking LH2 complexes should be the same, irrespective the excitation
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wavelength. Linear fits of the data points in Fig. 6 show that within the experimental
uncertainty the efficiencies at 800- and 915-nm excitation indeed converge. The convergence
is relatively poorer in case of monomeric core samples upon 800-nm excitation due to the

above presence of functionally disconnected or poorly connected LH2 units in these samples.
Conclusions

In this study we provide a thorough comparison of the fluorescence properties of Rba.
sphaeroides chromatophores containing LH2 and either monomeric or dimeric core
complexes, which reveals differences in their energy transfer and trapping properties. The
exciton quenching time by open and closed RCs in the LH membranes with LH2 and
monomeric core complexes was always found to be significantly longer compared to the
samples with dimeric core, irrespective of the excitation wavelengtine LH2 to RC ratio

As a result, the quantum efficiency of photon energy trapping was concomitantly higher in
LH membranes with dimeric cores. In summary, we clearly show that it is advantageous to
have dimeric core complexes as recipients for energy harvested by LH2 conpl&tes
sphaeroides.
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Fiqur e captions

Figure 1. (A, B) Comparison of the absorption spectra of membranes from Rba. sphaeroides
strains containing monomeric (red) or dimeric (blue) core complexes, and with low (A, C, E)
or high (B, D, F) content of LH2. The red arrows indicate the selective excitations used in
stationary fluorescence measurements described in section 3.2. (C-F) Decomposition of the
spectra for the same samples. The sub-spectra of the LH2-only and D-only membranes used
in the fit are coloured in green and black, respectively. The measured curves are shown in red
(monomeric) or blue (dimeric) and the simulated curves in grey. Each inset in paRels C-
illustrates the composition of samples. Two (one) red rings indicate high (low) relative LH2
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content, respectively, each green dot represents the bacteriochlorophyll-a ¢BEB0DNL
heterodimer subunit of the LH1 core complex, a light yellow dot represents PufX polypeptide
and a blue circle represents RC.

Fig. 2. Normalized fluorescence spectra of the samples with dimeric or monomeric LH1 core
and with high (A, C) or low (B, D) LH2 content following excitation at 800 nm (A, B) or at

915 nm (C, D). The samples with dimeric core are shown by blue curves and those with
monomeric core, by red curves. All the spectra are measured at saturated state of
photosynthesis. The inset of panel A shows the deconvolution of the DH fluorescence
spectrum (blue) at 800-nm excitation into the F850 (green curve) and F875 (black curve)
constituents. The component spectra used in the fit are measured spectra of LH2-only sample
and D-only sample. The sum of the components (narrow magenta line) is practically
overlapping with the measured spectrum. The red arrow highlights the extra LH2
fluorescence emission observed in the ML sample. A scattered excitation light artefact in
panels C and D is evident at 915 nm. Hatched area in panel B indicates the spectral range of
the band pass filter used in the intensity dependent kinetic measurements (Section 3.3).

Figure 3. Dependence of the fluorescence yield, F850/F875, on the LH2 to RC ratio upon
800 nm (squares) and 915 nm (rhombi) excitations. The data for dimeric and monomeric core
samples are distinguished by blue and red colours, respectively. The lines connecting these
data points are for guiding the eye. The correspondingly coloured dashed lines with un-filled
data points display the calculated fluorescence yield ratios, as described in Section 4.1. The
dashed rectangular outlines the data point most drastically deviating from modelling result.
The data at LH2/RC = 0 correspond to the samples comprising solely core complexes.

Figure 4. Excitation intensity dependence of the dominant short fluorescence lifetime
component (filled spheres, left Y-axis) and the fluorescence yield (open circles, right Y-axis).
The data for dimeric and monomeric core samples are distinguished by blue and red colours,
respectively. Panels A and B, correspondingly, present data of high and low LH2 content
samples. The yield data are scaled until matching with lifetime values in order to visualize the
proportionality of these quantities. The increase in lifetime and yield corresponds to the
transition from the open to the closed RC state. The samples from Rba. sphaeroides were
excited at 590 nm for the decay kinetics and at 800 nm for the stationary fluorescence yield
measurements.

Figure 5. Kinetic scheme of exciton population dynamics of the photosynthetic unit of purple
bacteria. The basic scheme (right from the vertical dotted demarcation line) comprises
functionally connected LH2 and LH1 compartments. An additional compartment used in the
extended model represents functionally unconnected or poorly connected LH2 pool. The total
absorbed power is denoted by P. Red arrows illustrate the branching of the absorbed power
between the compartments governed by the factors | amdexe 0<},x<1. The factor X
represents a fraction of unconnected LH2 units. Each kinetic pathway is characterized by a
rate constant.

Fig. 6. The dependence of quantum efficiency of active photosynthesis on the LH2 to RC
ratio in dimeric (A) and monomeric (B) core samples upon 800 (squares) and 915 nm
(rhombi) excitation. The open data points at LH2/RC=0 correspond to the quantum
efficiencies of the imaginary membranes containing either sole dimeric or sole monomeric
core complexes. The shaded area features the ~2% estimated standard deviation in the
efficiency. The lines represent linear fits of the data points. See text for further explanations.
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Table captions

Table 2. Composition of the samples tested in the current study.

Table 2. Ratio of the LH2 to RC complexes (£5%) in Rba. sphaeroides strains with LH2 and
core monomers or dimers.

Table 3. The dominant short fluorescence lifetime component (+10%) in picoseconds
corresponding to active (noted by superscript o) and saturated (superscript c) ranges of
photosynthesis with, respectively, mostly open and mostly closed RCs.

Table 4. The lifetime in picoseconds of the dominant short component of the fluorescence
decay (x10%) at blue and red ends of the fluorescence spectrum in case of active and
saturated photosynthesis.

Table 5. The calculated microscopic forward energy transfer tikge;, backward energy
transfer timek_, ", quenching time either by open R&,° ", or by closed RCk,° ",
apparent LH2->LH1energy transfer time in case of open (closed)yRT,(yf™), and

apparent trapping time,2 ', and apparent quenching time, . All the calculated times
have an uncertainty up to 10% of their numerical value.
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