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1 FRET measurement of cytochrome bc; and reaction centre complex proximity in live Rhodobacter
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10  Abstract: In the model purple phototrophic bacterium Rhodobacter (Rba.) sphaeroides, solar energy
11 is converted via coupled electron and proton transfer reactions within the intracytoplasmic
12 membranes (ICMs), infoldings of the cytoplasmic membrane that form spherical ‘chromatophore’
13 vesicles. These bacterial ‘organelles’ are ideal model systems for studying how the organisation of the
14  photosynthetic complexes therein shape membrane architecture. In Rba. sphaeroides, light-
15 harvesting 2 (LH2) complexes transfer absorbed excitation energy to dimeric reaction centre (RC)-
16 LH1-PufX complexes. The PufX polypeptide creates a channel that allows the lipid soluble electron
17  carrier quinol, produced by RC photochemistry, to diffuse to the cytochrome bci complex,
18  wherequinols are oxidised to quinones, with the liberated protons used to generate a transmembrane
19  proton gradient and the electrons returned to the RC via cytochrome c,. Proximity between
20  cytochrome bc; and RC-LH1-PufX minimises quinone/quinol/cytochrome c; diffusion distances within
21  this protein-crowded membrane, however this distance has not yet been measured. Here, we tag the
22 RC and cytochrome bc; with yellow or cyan fluorescent proteins (Y/CFP) and record the lifetimes of
23 YFP/CFP Forster resonance energy transfer (FRET) pairs in whole cells. FRET analysis shows that that
24 these complexes lie on average within 6 nm of each other. Complementary high-resolution AFM of
25 intact, purified chromatophores verifies the close association of cytochrome bc; complexes with RC-
26 LH1-PufX dimers. Our results provide a structural basis for the close kinetic coupling observed by
27 spectroscopy between RC-LH1-PufX and cytochrome bc;, and explain how quinols/quinones and
28 cytochrome ¢, shuttle on a millisecond timescale between these complexes, sustaining efficient

29  photosynthetic electron flow.
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Keywords: photosynthesis, purple bacteria, cytochrome bci, reaction centre, fluorescence-lifetime

imaging microscopy (FLIM), atomic force microscopy (AFM).

Abbreviations: AFM, atomic force microscopy; CFP; cyan fluorescent protein; cyt, cytochrome; FLIM,
fluorescence-lifetime imaging microscopy; FRET, Forster resonance energy transfer; ICM,
intracytoplasmic membrane; LH, light-harvesting; PET, photosynthetic electron transfer; PMF, proton-

motive force; Rba., Rhodobacter; RC, reaction centre; YFP, yellow fluorescent protein.

Highlights:

e Rba. sphaeroides produces intracytoplasmic membrane vesicles called chromatophores.

e Chromatophores are the site of cyclic electron flow between photosynthetic complexes.

e Rapid electron cycling requires close arrangement of the RC-LH1-PufX and cytochrome bc:
complexes.

e Fluorescence lifetime measurements of tagged complexes reveals ~6 nm proximity.

e AFM of intact chromatophores confirms co-localisation of RC-LH1-PufX and cytochrome bc;

complexes.

1 Introduction

Purple phototrophic bacteria grow photoheterotrophically under anaerobic conditions, generating
ATP by anoxygenic photosynthesis [1], and contain an extensively invaginated intracytoplasmic
membrane (ICM) system [2-5] that increases the internal surface area for absorbing and trapping solar
energy. In the model purple bacterium Rhodobacter (Rba.) sphaeroides the photosynthetic pigment-
protein complexes are embedded in vesicular ICMs, often referred to as ‘chromatophores’. Excitation
energy harvested by as many as 70 peripheral light-harvesting 2 (LH2) antenna complexes rapidly and
efficiently migrates to ten or more dimeric reaction centre-light-harvesting 1-PufX (RC-LH1-PufX)
‘core’ complexes [6,7], with the LH2:RC stoichiometry governed by ambient light levels [8]. Charge
separation at a RC ultimately reduces lipophilic quinones to quinols (for recent reviews see [9-12]. The
quinols diffuse within the membrane and are oxidised by the cytochrome (cyt) bc: complex [13], which
in turn reduces soluble cyt ¢, in the periplasm/chromatophore lumen. Reduced cyt ¢, migrates back

to the RC and fills the electron hole, resetting the system for another light-powered charge separation.
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Thus, repeated turnovers of this cyclic photosynthetic electron transfer (PET) chain generate a proton-

motive force (PMF), which is used to drive ATP production by the ATP synthase [14,15].

Rba. sphaeroides is also a model organism for studying the biogenesis of the ICM [3,16-18], and its
final architecture [3-6,8,19,20,21]. A combination of atomic force microscopy (AFM), electron
microscopy (EM), mass spectrometry, spectroscopy, and petascale computing has culminated in a 100
million-atom structural and functional model for all processes, from the absorption of light to
formation of ATP, and comprising 63—67 LH2 complexes, 13 RC-LH1—PufX complexes (11 dimers and
2 monomers), 4 cyt bci dimers and 2 ATP synthases [6,15,22,23]. The number of cyt bc; complexes,
approximately four dimers per chromatophore, is limiting for the conversion of ‘photons to ATP’
[6,15]. Depending on the level of light input, a chromatophore produces ATP at a rate between 82 and
158 s, sustained by the rapid, back-and-forth shuttling of the soluble electron carrier cyt ¢;, and of
the proton/electron carrier quinol/quinone, between the RC and the cyt bc; complex [15,23-26]. Such
rates of ATP synthesis are consistent with completion of cyclic electron flow, including turnovers of
the RC and the cyt bc; complexes, and diffusion of reduced/oxidised cyt c; and quinol/quinone
between them, within 20 ms. Given such constraints, the spatial arrangement of proteins in
bioenergetic membranes is important for efficient electron transport. In the case of chromatophore
membranes, the tight packing of complexes [15, 21, 23], required for rapid and efficient transfer of
excitation energy [7], could impair diffusion of quinol/quinone within the membrane bilayer, placing
constraints on the distance between RC and cyt bc: complexes [26]. Cartron et al. [6] provided
evidence that cyt bc; dimers and dimeric RC-LH1-PufX are found adjacent to each other in the
membranes but not necessarily in direct contact; His-tagged cyt bc: complexes were labelled with 5
nm-diameter Ni-NTA-Nanogold particles to facilitate AFM imaging [6], overcoming the lack of topology
of this complex on the outer face of chromatophore vesicles, apparent even in high-resolution AFM

conducted on whole membrane vesicles [21].

Given the importance of the relative positioning of RC-LH1-PufX and cyt bc: complexes for
chromatophore function, we used membrane-extrinsic protein tags to label RC-LH1-PufX and cyt bc;
complexes, which confer new fluorescence properties for measuring inter-complex distances by
Forster resonance energy transfer (FRET). We constructed strains where RC-LH1-PufX and cyt bc; are
tagged with the FRET pair cyan fluorescent protein (CFP; FRET donor) and yellow fluorescent protein
(YFP; FRET acceptor), in both configurations. Fluorescence lifetimes of protein complexes labelled with
these fluorescent proteins were recorded in whole, live cells, showing that RC-LH1-PufX and cyt bc:
complexes are within FRET distance and thus must reside close to one another, in agreement with our

earlier study utilising nanogold labelling. AFM of intact chromatophores, using the YFP tag to enhance
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the topology of cyt bc; complexes, identified co-localised RC-LH1-PufX and cyt bci complexes, sitting
at a distance compatible with the FRET measurements. These results confirm close spatial
arrangement of RC-LH1-PufX core complexes and cyt bc; dimers, further advancing our understanding

of the arrangement of the PET chain machinery in the ICM of purple bacteria.

2 Materials and Methods

2.1 Growth of Rba. sphaeroides

Details of strains of Rba. sphaeroides used in this study are provided in Table 1. Wild-type and YFP/CFP-
tagged strains were grown at 34°C in M22+ medium [27]; 0.1% (w/v) casamino acids were added to
liquid cultures and plates were set with 1.5% (w/v) bacto-agar. Strains were stocked in LB medium

containing 50% (v/v) glycerol at -80°C.

Table 1. Strains of Rba. sphaeroides used in this study.

Strain Details Source/reference

Wild-type Rba. sphaeroides strain 2.4.1 N/A

Fusion of CFP to the C-terminus of the cyt bc: This study

cyt bci-CFP
cyt ¢1 subunit
Fusion of SYFP2 to the C-terminus of the cyt This study and [21]
cyt bci-YFP
bcicyt ¢1 subunit
Fusion of CFP to the C-terminus of the RC-H [28]
RC-CFP
subunit
Fusion of SYFP2 to the C-terminus of the RC-H [28,29]
RC-YFP

subunit

Fusion of CFP to the C-terminus of the cyt bc: This study
cyt bc,-CFP/RC-YFP
cyt c¢1 subunit in the RC-YFP background
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Fusion of SYFP2 to the C-terminus of the cyt This study
RC-CFP/cyt bci-YFP
bci cyt ¢; subunit in the RC-CFP background

2.2 Generation of Rba. sphaeroides strains with tagged cytochrome bc; complexes

The RC-YFP and RC-CFP strains have been described in our previous work [28,29]. In order to tag cyt
bci, the syfp2 or cfp gene was fused to the 3"end of the fbcC gene (rsp_1394) by overlap extension
PCR. The PCR products were inserted into the pk18mobsacB plasmid by restriction cloning and the
resulting constructs were transferred from E. coli strain S17-1 into WT, RC-YFP or RC-CFP Rba.
sphaeroides (as appropriate — see Table 1) by conjugation. Transconjugants were selected on M22+
agar plates supplemented with 30 pg mL? kanamycin and then grown in liquid culture with the same
concentration of kanamycin prior to serial dilution onto M22+ agar plates containing 10% (w/v)
sucrose to select second recombinants were the plasmid was excised, which was confirmed by replica
plating colonies on M22+ agar with sucrose in the presence and absence of kanamycin. Sucrose
resistant and kanamycin sensitive colonies were screened by colony PCR using primers that amplify
the fbcC locus and the flanking genomic region to confirm the presence of the fusion gene, which was

verified to be in-frame and have the correct sequence by automated DNA sequencing (Eurofins).
2.3 UV/Vis/NIR spectroscopy

Preparation of chromatophore membranes and determination of the RC-LH1-PufX, LH2 and cyt bc:
concentrations have been described in detail previously [30]. Briefly, chromatophores were diluted to
an OD of 3.75 at 850 nm and spectra were collected between 350 and 1000 nm in a 4 mm path quartz
cuvette in a Cary 60 spectrophotometer (Agilent). The same sample was transferred to a 1 cm
disposable cuvette and spectra were collected before and after the addition of a few grains of sodium
dithionite. All spectra were normalised for a 1 cm path length, the RC-LH1-PufX and LH2 spectra were
deconvoluted as previously described [30] and the cyt bc: signal was obtained at 560 nm from the

dithionite-reduced minus air-oxidised difference spectrum.
2.4 Photosynthetic growth curves

Photosynthetic growth under anaerobic conditions was performed at room temperature in
completely full and sealed 17 mL sterile glass tubes inoculated from a semi-aerobically grown starter
culture to a starting optical density at 680 nm (ODsso) of ~0.05. Constant illumination at a light intensity

of ~50 umol photons m= s was provided by Osram 116 W Halogen bulbs and cultures were mixed
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by agitation with sterile magnetic stir bars. Growth was measured by monitoring the ODeso using a

WPA CO7000 Colorimeter.
2.5 Fluorescence-lifetime imaging microscopy (FLIM)

Fluorescence lifetime measurements were performed on our ‘home-built’ lifetime imaging
microscope equipped with an imaging spectrometer (Acton SP2558, Princeton Instruments) and a
single photon counting hybrid photodetector (HPM-100-50 Becker & Hickl), as described in detail in
Mothersole et al. [28]. Briefly, photosynthetically grown cells were spotted onto clear agarose gel pads
(1% w/v Agarose). Once the excess liquid was absorbed into the gel, the samples were sealed between
a microscope slide and a coverslip. Fluorescence lifetimes were recorded by parking the focused laser
spot over individual cells and collecting data for 0.2 s; measurements were performed on multiples
cells at 3—15 different locations on each sample. The fluorescence decay data was analysed with TRI2

FLIMfit software packages.
2.6 AFM

High-resolution AFM imaging of purified, intact Rba. sphaeroides chromatophores was performed as
described in detail in Kumar et al. [21]. Tapping mode imaging was performed in a buffered medium

using a Dimension FastScan AFM (Bruker).

3 Results
3.1 Construction and characterisation of strains with fluorescently tagged cyt bc; complexes

The CFP/YFP pair is suitable for assays of proximity based on excitation energy transfer from the CFP
donor to the YFP acceptor [31]. We have previously used this FRET pair in Rba. sphaeroides to
demonstrate the proximity of the RC-LH1-PufX complex to its assembly factor LhaA [28]. The strains
with the syfp2 or cfp genes fused to the 3’ end of puhA, which encodes the RC-H subunit, have been
described [28,29], and below we explain the construction of strains with the syfp2 or cfp gene fused
to fbcC, which encodes the cyt ¢; subunit of the cyt bci; complex, including combinations of puhA and

fbcC fusions.

The cyt ¢1 subunit of the cyt bc; complex tagged with a C-terminal 10xHis-tag assembles into functional
cyt bci dimers, and this strain has previously been used for nanogold-labelling of membranes and
affinity purification of cyt bci [6,30]. This earlier work showed that the growth of the cyt ci-Hisio strain

is very similar to the isogenic wild-type, so in principle there is no deleterious effect arising from
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modification of the C-terminus of cyt ¢1. Accordingly, we generated new allelic exchange plasmids that
replaced the His-tag sequence with the syfp2 or cfp gene and integrated these constructs at the fbcC
(rsp_1394) locus in the genome of the WT to create the cyt bc:-CFP and cyt bci-YFP strains, and into
the genomes of RC-YFP and RC-CFP strains to create the cyt bc;-CFP/RC-YFP and the cyt bci-YFP/RC-
CFP strains. These manipulations generated a set of six markerless strains, four with single YFP or CFP
tags (RC-CFP, RC-YFP, cyt bci:-CFP and cyt bci-YFP) and two dual-tagged strains (cyt bci-YFP/RC-CFP
and cyt bci-CFP/RC-YFP) (Table 1). Note that the cyt bci-YFP strain was introduced in our previous

publication [21] but its physiology was not characterised in that study, so it is reported here.

As levels of cyt bc; are limiting for ATP production [15], we first analysed growth of the YFP/CFP-tagged
strains to look for possible effects of tagging cyt bc; and combining this tag with the YFP/CFP-tagged
RC strains. The growth curves in Fig. 1A show that the strains with YFP/CFP-tagged cyt bc; all grew
photosynthetically at rates comparable to the WT (Fig. 1A). Reduced minus oxidised spectra (Fig. 1B)
were used to quantify the levels of cyt bci, which for all six markerless YFP/CFP-tagged strains were
comparable to the WT. The calculated ratios for RC: cyt bc; and RC: LH2 (Fig. 2C) show that the genomic
replacement strategy maintains the native photosystem stoichiometry. Thus, tagging the cyt bc:
complex with YFP or CFP did not significantly alter the composition or function of the photosynthetic

apparatus.
3.2 Proximity between cyt bc; and RC-LH1 complexes studied by FLIM

Photosynthetically grown cells were spotted on an agarose gel and mounted on a standard microscope
slide with a coverslip to maintain the cells at near-physiological conditions. The samples were then
imaged using a home-built laser scanning confocal microscope that records a fluorescence emission
spectrum and lifetime for each pixel of the acquired image. The spectral response of the detectors
and the 0.1-10 ns time resolution makes this microscope particularly suitable for observing FRET

between fluorophores emitting and absorbing in the visible range, such as CFP and YFP.

Cells were excited at 420 nm and their emission was imaged through a 483/32 nm band-pass filter.
Examples of fluorescence images of cytbc:-CFP, RC-CFP and cytbci-CFP/RC-YFP cells are shown in Fig.
2A, B, and C. In confocal imaging mode we were also able to acquire an emission spectrum from each
individual cell; Fig. 2D shows one such spectrum, the shape of which matches the CFP control. The
higher average fluorescence amplitude for cytbci-CFP cells relative to RC-CFP (Fig. 2A, B, E) is in
apparent conflict with the higher levels of RCs in chromatophore membranes. Patches of non-
invaginated, respiratory cytoplasmic membranes present in photosynthetic cells [32] could contribute

to the CFP fluorescence, because these regions would contain cytbc,-CFP. Another contributory factor
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is quenching of CFP fluorescence by proximity to the bacteriochlorophyll and carotenoid pigments in
the RC and LH1 complexes [29]. The bar chart in Fig. 2E displays the relative fluorescence amplitudes
for the three FP-tagged strains; the lowest average emission is from the cytbc;-CFP/RC-YFP strain so

the presence of RC-YFP partly quenches the fluorescence of cytbc:-CFP.
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Figure 1. Photosynthetic growth and complex stoichiometry of WT and FP-tagged strains. (A) Growth
curves of WT (black), cyt bci-CFP (red), RC-CFP (magenta), and the two double mutants (blue and
green, respectively). Error bars indicate the standard deviation from the mean; n=3. (B) Dithionite-
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(C) Calculated stoichiometric ratios for RC: cyt bc; and RC: LH2 for all the strains used in this work.

255
0
D E {
—— CFP emission in soluicn
— CFP emission 200
S 400 —_
S, >
> IEI
= > =
(] = f
& 200 £ 100 2
£ IS s i
B 2
( 3 Q b
0 i - 0 %, % =

460 470 480 490 500 510 520 530
Wavelength [nm]

Figure 2. Fluorescent lifetime imaging of live cells. False colour fluorescent images of cytbc:-CFP cells
(A), RC-CFP cells (B) and cytbc;-CFP/RC-YFP cells (C) immobilised on an agarose gel pad imaged
through 483/32 nm band-pass filter. (D) Fluorescence emission spectrum acquired from a single cell
(cyan) with an emission peak at 475 nm (the 483/32 nm band-pass filter cut-off is visible at 465 and
500 nm). A reference emission spectrum of CFP in solution is shown in red. (E) Relative fluorescence
amplitudes for 16 cells of each of the cytbc;:-CFP, RC-CFP and cytbc;-CFP/RC-YFP strains.

To obtain a more quantitative estimate of cytbc:-YFP/CFP fluorescence quenching we recorded the
fluorescence lifetimes at 475 nm (peak emission of CFP) for cells of double-tagged strains containing
the cytbci-YFP/RC -CFP and cytbc;-CFP/RC-YFP combinations and compared them with the RC-CFP and
cyt bci-CFP single mutant controls. FRET between CFP and YFP shortens the donor (CFP) fluorescence
lifetime, and the resulting decay curves are presented in Fig. 3. As expected from previous time-
resolved studies of CFP in mammalian and fungal cells [33-36], we observed a clear bi-exponential
decay for all four samples. The two intrinsic lifetime components likely originate from two different

conformations of the CFP chromophore [37,38] that can coexist and interchange on a millisecond
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timescale (i.e., much slower than the fluorescence decay timescale). The best fit for the cytbc;-CFP
strain (Fig. 3A, violet) was achieved by using double-exponent decay function where the long-lived
component has an amplitude contribution A; = 0.24 £ 0.02 and lifetime 11 = 2.96 £ 0.31 ns, while the
short-lived component has an amplitude contribution A, = 0.76 + 0.02 and a lifetime 7, = 0.74 £ 0.05
ns (Xred® = 1.03); all lifetimes and amplitudes are collated in Table 2. When a potential energy transfer
acceptor (YFP) is present in the cyt bc;-CFP/RC-YFP double-tagged strain (Fig. 3A, green), the CFP
fluorescence lifetime decreases. The best fit for this decay curve is again a double-exponent decay
function, where the long-lived component has an amplitude contribution A; =0.17 £ 0.03 and lifetime

71 =2.24 £ 0.21 ns, and the second component has A, =0.83 £+ 0.18 and 7, =0.63 £ 0.04 ns.

A B
- IRF Y * IRF
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Figure 3. Fluorescence decay curves for CFP tethered to cyt bc, or RC-LH1-PufX complexes, with or
without the YFP acceptor. (A) Traces recorded on live cells containing cytbci-CFP only (violet, best fit
shown with orange dashed line) and cells with excess of the acceptor fluorophore, containing cytbc;-
CFP plus RC-LH1-YFP (green, best fit shown with blue dashed line). The curves have been normalised
to the same maximum amplitude. The single mutant cells show double exponent decay with an
amplitude averaged lifetime of 1.27£0.1 ns, while the CFP amplitude averaged lifetime decreases to
0.89+0.05 ns for the double mutant. (B) Decay curves for live cells containing RC-LH1-CFP only (orange,
best fit shown with blue dashed line) and cells with excess of the donor fluorophore, containing RC-
LH1-CFP plus cytbc:-YFP (dark green, best fit shown with red dashed line). In this case, the CFP
amplitude averaged lifetime is 0.80+0.04 ns in single mutant cells, while the double mutant exhibits
an amplitude averaged lifetime of about 0.69+0.05 ns. The instrument response function (IRF) is
shown in grey.

When the positions of the donors and the acceptors were switched, with the CFP donor on the H-
subunit of the RC and the YFP acceptor on cyt bci, we used the RC-CFP strain as a control sample (Fig.
3B, orange data points). The best fit for the data in this case (Fig. 3B, blue dashed line) was achieved

using double-exponent decay function, where the long-lived component has an amplitude

10
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contribution A; = 0.23 + 0.04 and lifetime 71 = 1.89 £ 0.1 ns, while the short-lived component has an
amplitude contribution A, = 0.77 £ 0.04 and a lifetime 7, = 0.48 + 0.05 ns (Xred® = 1.04). With the cytbc;-
YFP/RC-CFP combination in Fig. 3B, the CFP donor molecule on the RC H-subunit is likely in excess over
the YFP acceptors on cyt bc, inverting the stoichiometry between the donors and acceptors relative
to Fig. 3A. Thus, we observed an altered decay of CFP, and now the long-lived component, A;=0.31
0.04 and 11 = 1.26 £ 0.16 ns, has a larger contribution and the short-lived component is less dominant
(compared to the cyt bc;-CFP/RC -YFP strain), with A, = 0.69 + 0.02, with a lifetime of 1, = 0.43 £ 0.05
ns (xrea> = 0.91); see also Table 2. In this configuration, some RC-CFP complexes are proximal to cyt
bci-YFP acceptors, but the excess of RC-LH1-CFP donors over the cyt bci-YFP acceptors creates a large
proportion of unquenched CFP donors which do not contribute to the FRET. This observation agrees
with previously reported data for the CFP-YFP FRET pair [34-36]. It is worth noting that the CFP
lifetimes in the two single-mutant strains differ significantly — the amplitude averaged lifetime for cyt
bci-CFP single mutant is 1.27 ns, while the amplitude averaged lifetime for the RC-CFP single mutant
is only 0.8 ns. As suggested above in relation to the fluorescence amplitudes in Fig. 2 the CFP lifetime
is likely shortened by the proximity of the CFP, tethered to the RC-H subunit, to acceptor pigments in
the RC-LH1 complex [28,29].

Table 2. Amplitudes and lifetimes from the FRET experiments with cyt bc; and the RC labelled with
either CFP or YFP.

Sample Ax T1 [ns] Az T2 [ns] Tav [NS] red. x?

cyt bci-CFP 0.24+0.02 2.96+0.31 0.76%0.02 0.74+0.05 1.27+0.1 1.03
cyt bc;-CFP/RC-YFP  0.1740.03  2.24+0.21 0.83+0.18 0.63+0.04 0.89+0.05 1.096
RC-CFP 0.23+0.04 1.89+0.1 0.77+0.04 0.48+0.05 0.8+0.04 1.04

RC-CFP/cyt bc,-YFP  0.31+0.04 1.26%0.16 0.69+0.02 0.43+0.05 0.69+0.05 0.91

The donor-acceptor energy transfer efficiency, E, can be calculated according to:

T
E=1--24

Tp
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where 1p is the donor lifetime and tpa is the lifetime of the donor chromophore measured in the
presence of the acceptor. Based on the amplitude averaged lifetimes of the cyt bc;-CFP sample, Tpay =
1.27 ns, and the cyt bc,-CFP/RC-YFP sample, toaav = 0.89 ns (Table 1), we calculate that the FRET
efficiency is around 30 %. The bulky nature of fluorescent proteins can prevent a close approach
between the chromophores, limiting FRET efficiencies to ~40 % [31]. In our experiments the proximity
between the two FRET markers is hindered further by the relatively large carrier membrane proteins;
in particular, the RC-LH1-PufX complex has overall lateral dimension of around 12 nm, which limits the
extent to which an FP tethered to the RC-H subunit could come within reach of a neighbouring cyt bc:

complex.

The donor—acceptor distance, r, can be calculated using the measured efficiency and the Forster

distance, Ro, at which energy transfer efficiency is 50 %:

1 6
r:RO(E_1>

Ro for the CFP-YFP donor-acceptor pair is approximately 5.0 nm [39] and for E = 30 % we calculated a

[

donor-acceptor distance of approximately 5.8 nm. Taking into account this distance, together with the
relatively large dimension of the carrier proteins (cyt bc: has a lateral size of approximately 8.6 nm
while RC-LH1-PufX monomer is around 11 nm in diameter [40,41]), we can conclude that the carrier

proteins, RC-LH1 and cyt bcy, are in very close proximity within the membrane.
3.3 Proximity between cyt bc; and RC-LH1 complexes studied by AFM

To corroborate the RC-LH1 to cyt bc; distance estimated from FRET, we collected high-resolution AFM
topographic data of intact chromatophores, purified from WT and cyt bci-YFP cells, using gentle
tapping imaging mode with optimized imaging conditions, as described previously [26]. In the paired
images for WT (Fig. 4A, C) and cytbc,-YFP (Fig. 4B, D) chromatophores the two upper panels show
coloured areas that indicate positions of LH2 (green), LH1, (red), RC (blue) and cyt bc; or cyt bci-YFP
(magenta) complexes. The lower panels (Fig 4C, D) show the positions of height profiles, which are
shown in panels E and F. For the RC-LH1-PufX dimer in WT chromatophores we measured a centre-to-
centre distance between RC H-subunits, of around 9.8-10.0 nm (Fig. 4A-F, blue lines). These numbers
are in good agreement with the existing structural model of the dimeric RC-LH1-PufX complex [40],
and AFM topographs of mature membranes of Rba. sphaeroides [3,26]. The RC-H subunits protrude

about 2.5 nm above the surrounding LH1 and LH2 protein.

We also identified a feature in the WT membrane approximately 12 nm from the RC-H subunit and

protruding 1 nm above the membrane surface (Fig. 4A, C, E, red lines), compatible with the expected
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size and shape of a cyt bc; dimer [41]. Attachment of YFP to the periplasmic side of the cyt bc; complex
would increase its surface topology by approximately 1.2 nm (Fig. 4F and G), in principle making it
somewhat easier to image the cyt bc; dimer. Such a topological feature was found 12.8 nm from the
RC-H subunit in a chromatophore purified from the cyt bci-YFP strain. (Fig. 4B, D, F, red lines). Fig. 4G
places the known structures of the LH2 (green), LH1, (red), RC (blue) and cyt bci-YFP (magenta)
complexes in the context of a curved membrane, showing the heights measured for the cytoplasmic

faces of the complexes.

m
|

o
2 9.8 nm
E ! RC =
£ i E
£’ — N
2 12 nm ‘ 5, 12.8nm
: RC . RC
bc. bc,YFP
0 - o
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Distance [nm] Distance [nm]
G

Figure 4. High-resolution AFM topographic images of intact, purified WT and cytbc:-YFP
chromatophores. (A) Topography image of a WT membrane patch with coloured shapes to indicate
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384

the positions of LH2 (green), LH1, (red), RC (blue) and cyt bc: (magenta) complexes. (B) Topography
image of a cytbc:-YFP membrane patch with coloured shapes to indicate complexes as in (A). (C, D)
The same topography images as in (A) and (B) with cross-sections across an RC-LH1 dimer (blue dashed
line), and from an RC-LH1 to cyt bci (C, red dashed line) or to cyt bci-YFP (D, red dashed line) pair of
dimers, and across RC-LH1 and cyt bc; (or cyt bci-YFP) nearest neighbours, respectively. (E, F) Height
profiles, corresponding to the cross-sections in panels C and D, respectively. The arrows indicate the
centre-to-centre distances between the protein complexes. (G) Schematic representation of the
arrangement of LH2 (green), RC-LH1 (red/blue), and cyt bci-YFP (magenta/yellow) proteins within the
ICM. Height protruding above the lipid bilayer is indicated with arrows.

4 Discussion

Estimating the distance between RC and cyt bc: complexes is important, given the crucial, rate-limiting
role played by cyt bc: complexes in the multistep conversion of absorbed light into a chemical form,
namely ATP [6,15]. Here we have used two different methods, based on FRET and membrane
topology, to verify the close proximity between RC and cyt bc: complexes in the photosynthetic
membranes of Rba. sphaeroides. We confined the measurements to whole cells to avoid the need for
fractionation into chromatophore vesicles, membrane growth sites, or cytoplasmic membranes
[32,42,43]. FRET analysis yielded an average distance of approximately 5.8 nm between RC- and
cytbc;- attached FRET partners, and AFM of whole vesicles gave values of 12 and 12.8 nm between
the RC-H subunit and cyt bcs, or a cyt bei-attached YFP, respectively, at the convex cytoplasmic surface
of the chromatophore membrane. The membrane model in Fig. 5 emphasises the close proximity
between RC-LH1 and cyt bc; complexes, and it takes into account the sizes, typical stoichiometries and

distances of protein complexes within the chromatophore membrane.

Our finding of cyt bc: complexes adjacent to RCs has parallels with earlier work from the Daldal
laboratory on the closely related bacterium Rba. capsulatus. A series of papers characterised cyt ¢,
that, in mutants lacking cyt ¢, still allowed phototrophic growth [44,45]. Cyt ¢, is tethered to the
membrane by an amino-terminal subdomain, with the membrane anchor and cytochrome separated
by a linker of approximately 70 residues. The fast kinetics of cyt ¢, oxidation by the RC, and re-

reduction by the cyt bc; complex [46], demonstrated the close proximity of RC and cyt bc: complexes,
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Figure 5. Schematic representation of the chromatophore membrane of the cytbc;-CFP/RC-YFP
double mutant, showing the stoichiometry and the relative distances between the label-carrying
proteins, cyt bc; and RC-LH1. The structures in yellow, protruding from the RC-LH1 dimers, are the
YFP proteins attached to the C-terminus of the RC-H subunit. The complexes are embedded in a
membrane (in grey), and the lipid and quinone-enriched environment surrounding the cyt bc; complex
is shown in yellow.

and it was suggested that the long linker domain of cyt ¢, allows the cytochrome part of the protein
to oscillate back and forth, sustaining cyclic electron transfer, and placing a 10 nm limit on the RC-to-
cyt bci distance [47]. A recent cryo-EM study of the respiratory cyt bci-cbbs-type cyt ¢ oxidase
supercomplex of Rba. capsulatus shows the structural basis for cyt ¢, mediating electron transfers, in
this case between the cyt bc: and cbbs components of this supercomplex [48]. Here, the
transmembrane domain anchors the cytochrome domain of cyt ¢, confining it to a range of
movements on the periplasmic surface of the bc;-oxidase supercomplex, and allowing it to accept an
electron from cyt c; and transfer it to cyt ¢y, on the cbbs-type cyt ¢ oxidase. If the same structural
constraints apply to the RC-cyt bc: distance in Rba. capsulatus, and by extension to Rba. sphaeroides,
then they are compatible with the model shown in Fig. 5, which illustrates the sizes of, and distances

between, the three types of complex on view.
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At the scale of a whole chromatophore, LH2 is the most abundant component, and closely packed
LH2-only domains are present [6, 15], which vary in size depending on the incident light intensity [8].
Modelling of energy conversion in a chromatophore vesicle from low-light grown cells [15] showed
that each RC becomes oxidised every 13-65 milliseconds, requiring repeated docking/undocking of
reduced/oxidised cyt ¢, at the RC surface [49-51], and also at the cyt bc; complex [52]. In addition,
there is concerted reduction of quinol at the RC Qg site, which must traverse the encircling LH1
complex, aided by conserved accessory quinone binding sites, and by PufX and protein-Y components
[53-55], and diffuse to the cyt bc: complex. Following oxidation at the cyt bc: complex [56,57],
guinones make the return journey to the RC Qg site, and the round trip is completed within 20 ms.
Given these time and therefore distance constraints it would clearly be advantageous to have cyt bc;
complexes in the vicinity of RCs. Similar considerations apply to the photosystem Il and cyt bef
complexes in the thylakoids of plants, at least at the level of diffusion of quinones between these
complexes [58, 59]. In Fig 5, the cyt bc: complex is shown sitting in a lipid and quinone-rich
nanodomain of the chromatophore membrane (yellow zone), as originally proposed by Comayras et
al. [60], and observed experimentally [6,30]. The current model for the chromatophore membrane
takes into account kinetic and structural data for all processes, from absorption of light to eventual
production of ATP [6,15,21-23]. In the present work we focused on the proximity between the RC-
LH1-PufX dimer and the cyt bc: complex, and Fig. 5 depicts a membrane nanodomain in which the cyt
bci complex sits in a quinone pool that allows communication between this complex and up to six
reaction centres, with some RCs approaching within a few nanometres of the cyt bc: complex. Such
models (Fig. 5, and [60]) place each cyt bci dimer close to a RC-LH1-PufX complex, but do not support
a single conformation of the RC-LH1-PufX dimer and the cyt bc; complex, and given that the cyt bc;
complex sits in a lipid-enriched domain [30], a range of conformations is likely. Given the overall RC-
LH1: cyt bc; stoichiometry, some outlier RC-LH1-PufX complexes are likely to be situated more than 6
nm distant from a cyt bci. Such an arrangement could weaken the functional coupling between a few
RCs and cytochrome complexes; a population of more distal cyt bc: complexes might account for past
kinetic studies on Rba. sphaeroides conducted with variable concentrations of cyt bc: inhibitors, one
of which measured the rate of photooxidation of cyt ¢, [61], and another the kinetics of oxidation of
the RC acceptor Qa [62]. These studies reported some heterogeneity in electron transfer kinetics,
which was interpreted as evidence for two populations of RC-LH1 supercomplexes, some with a fixed
RC: bc; stoichiometry accompanied by a small population lacking cyt bci. [58, 61-63]. An alternative
explanation for such kinetic behaviour invoked heterogeneity in the membrane distribution of
electron transfer components [64]. However, this model assumes a random, disordered distribution

of complexes connected by the free diffusion of cyt ¢; and quinone, whereas there is some order in
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the arrangement of complexes in Rba. sphaeroides, in the sense that LH2 and RC-LH1 complexes
segregate into domains [8,19-21, 65]. A comprehensive review of the functional coupling between RC-
LH1 and cyt bci complexes by Lavergne et al. [26] suggested the possibility of a range of
supramolecular associations rather than a single strict stoichiometry. The model in Fig. 5 supports the
notion of quinone confinement [26, 58, 60] but our FRET and AFM data do not provide evidence for
the existence of a ‘hardwired’ RC-LH1-cyt bc; supercomplex, nor do they represent a random,
heterogeneous assortment of complexes. Our hypothesis is that cyt bc: complexes sit adjacent to, but
not necessarily in direct contact with, RC—LH1 complexes in a disordered fashion. Most likely, the
proximity between the complexes is instigated by the packing mismatch of the LH2 antenna complexes

and the RC-LH1 complexes within the chromatophore membrane [65].
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