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KEYWORDS Abstract To explore the effect of cell membrane stacking on the function of light-harvesting com-
Multi-layer structure of plex 2 (LH2) in purple nonsulfur photosynthetic bacteria, LH2 from Rhodobacter sphaeroides 2.4.1
membrane; (R. sph 2.4.1) was reconstituted into lipid bilayer vesicles (LH2@liposome) and further formed
Light-harvesting complex 2; multi-layer structure by electrostatic interaction with poly-L-lysine (LH2@liposome/PLL), which
Structural splitting of B850 was characterized by cryo-electron microscopy (cryo-EM) and TEM. When embedded in liposomes
exciton; and additionally in multi-layer liposomes, the absorption band, zero-crossing point of CD signals
Photoprotection and fluorescence emission of LH2 B850 excitons were observed to uniformly have 1-2 nm red-

shifting. Combining with the corresponding fluorescence quench and the generation of shorter-
living fluorescence species, a new excitonic species generated through B850 structural splitting
was proposed. By FT-Raman and triplet carotenoid dynamics, the structural mechanism was
deduced and discussed. Briefly, all environmental changes, including LH2 aggregating and multi-
layer membrane stacking, eventually applied forces on B850 exciton molecules mainly through
the hydrogen bonding between the C3-acetyl carbonyl groups of B850 BChls and Tyr44 and 45 resi-
dues at C-terminus of a-polypeptides. The effect of multi-layer structure on LH2 could be assigned
as a kind of photoprotection.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The photo reaction of photosynthetic organisms was performed by a
series of protein complexes embedded on photosynthetic membranes
(Singharoy et al., 2019; Hohmann-Marriott et al., 2011; Blankenship,
2008). To adapt variable light conditions in natural environment, pho-
totrophs evolved various structural mechanisms to regulate the photon
energy utilization, including photon capture, excitation energy trans-
fer, and distribution of the excitation in various photosystems
(Rochaix, 2014; Dekker and Boekema, 2005; Sonani et al., 2018).
Among these mechanisms, to dynamically control the supramolecular
structure of photosynthetic membrane is one of the key methods.
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For higher plant, through artificially assembly, morphological
characterization, and spectroscopic studies in vitro, researchers had
clarified that the dynamical assembly and de-assembly of grana, the
membrane stacking region of thylakoid membrane of chloroplast,
plays key role in regulating the photosynthetic functions in many
aspects (Pribil et al., 2014; Goss et al., 2007; Hepworth et al., 2021).
It included enhancement of light capture, reversibly fine-tuning the
energy distribution between the photosystems by state transitions,
and regulating light-harvesting via controlled thermal dissipation of
excess excitation energy, i.e. non-photochemical quenching (NQP),
etc (Chow et al., 2005). The major peripheral light harvesting com-
plexes of PSII (LHCII) and the main lipid component of thylakoid
membrane (neutral glycolipids) were proved to perform key function
in grana stacking (Demé et al., 2014; Albanese et al., 2020;
Anderson, 1986). Recently, Li et al. (2020) proposed an environmental
factor induced ‘dynamical and allosteric regulation’ mechanism con-
cerning NPQ of LHC IL

As the most ancient photosynthetic organisms on earth, purple
photosynthetic bacteria were extensively studied as prototypes of algae
and higher plants due to their simple composition and conserved archi-
tecture of photochemical reaction center (Cardona and Rutherford,
2019; Xiong and Bauer, 2002). As the unicellular procaryote, the pho-
tosynthetic membrane of purple bacterium is indeed the intracytoplas-
mic membrane (ICM) composed of various protein complexes
embedded in the phospholipid bilayers. Among them, the light-
harvesting peripheral complex LH2 and core complex LH1-RC per-
form the function of photon energy utilization (Cogdell et al., 2006;
Mirkovic et al., 2017). To adapt variable photo conditions, purple bac-
teria regulate their photon energy absorption and EET efficiency
through genetically controlling the amount and the structure of LH2
(Varga and Staehelin, 1983; Kotecha et al., 2013; Li et al., 2014,
Gardiner et al. 2018), and the super-complexes structure of core com-
plex LH1-RC (Qian et al., 2021a; Yu et al., 2018; Qian et al., 2018;
Qian et al., 2013).

In addition, more researches indicate that the morphology of bac-
terial ICM has correlation with the functional tuning of membrane
protein complexes. Through thin-section electron micrograph, the
ICM of purple non-sulfur bacteria (PNSB) Rba. sphaeroides 2.4.1
growing under lower light condition was shown owning closely com-
pacted vesicle arrays shape with vesicle diameter as ~ 30-50 nm, while
under higher light intensity, the ICM shows the amount-decreasing
vesicle array shape (Kiley and Kaplan, 1988; Adams and Hunter,
2012). The carotenoid-less mutants of Rba. sphaeroides and Rsp.
rubrum preferentially generates the ICM with layer-by-layer stacking
structure rather than vesicle array like (Ng et al., 2011; Lommen
et al., 1978; Maudinas et al., 1973). It’s worth to pointed out that car-
otenoids generally play three main functions in purple bacteria, i.e.
light-harvesting assistance, photo-protection mainly by quenching
the long-lived triplet BChls, and structural stabilization (Hashimoto
et al., 2016; Fraser et al., 2001). The morphological change of ICM
due to carotenoid depletion might be some compensation for its corre-
sponding functional loss. Additionally, the similar morphology of
ICM with coexisting layer-by-layer stacking structure and vesicle
structure was observed too in other wild type species, e.g. Phaeospiril-
lum molischianum and Rhodopseudomonas palustris. And the ratio of
layer-by-layer stacking structure was tuned by photo intensity for
growing (Varga and Staehelin, 1983; Mascle-Allemand et al., 2008;
LaSarre et al., 2018; Scheuring and Sturgis, 2009). More studies dis-
played that photosynthetic membrane of purple bacteria facilitates
the EET inter-complexes by lowering the excitation transfer times
between complexes through closely packing and as a result increasing
the overall quantum efficiency of the chromatophore (Hsin et al.,
2010a, 2010b). Interestingly, as the counterpart of LHCII in higher
plant, LH2 in purple bacteria displays the potential ability to deter-
mine the morphology of ICM in vivo. E.g., LH2-depletion mutant of
purple bacterium R. sph shows tube-like ICM and the vesicle amount
decreases further (Kiley et al., 1988).

In vitro, effects of lipids bilayers on the function of pigment-protein
complexes were studied mainly on plane membrane (Sumino et al.,
2013), liposomes (Huo et al., 2016; Dai et al., 2018; Niedzwiedzki
et al., 2016; Freiberg et al., 2012; Ikemoto et al., 2013), or nano-
discs (Ogren et al.,2018). Almost no study by artificial simulation
was reported on the relationship between ICM morphology of purple
bacteria, especially the membrane stacking or vesicle array structures,
and its regulating mechanism of photo energy utilization.

Positively charged poly-L-lysine (PLL) has the ability of assembling
the liposomes with negatively charges to form multi-layer structures
(Seyrig et al., 2020a, 2020b). In this research, to simulate the multi-
layers structure of ICM of purple bacteria and to study their effect
on the structural and photon energy utilizing mechanism of embedded
pigment-protein complexes, we choose LH2 from R. sph 2.4.1 and the
soybean lecithin to construct the multi-layered structure of liposome
with incorporated LH2 through electrostatic interaction with PLL.
By a series of spectroscopic and morphological characterization meth-
ods, the structural and excited state properties affected by the multi-
layer structure were discussed in comparison with the LH2 in
detergent micelle and in liposome. This exploration might contribute
to the further artificial simulation work at this respect.

2. Methods and materials

Tris(hydroxymethyl)aminomethane (Tris) (>99 %) and
diethylaminoethyl cellulose (DEAE-52) were purchased from
Solarbio life science (Beijing), and inorganic salts (both A.
R.) were purchased from Sinopharm chemical reagent Beijing
Co., and lauryl dimethylamine oxide (LDAO, 30 %), poly-L-
lysine and egg phosphatidylcholine (PC, Mw: 776) were pur-
chased from Sigma-Aldrich.

2.1. Purification of LH2

The bacterial cultivation and protein purification processes
were similar with those described in a previous report
(Niedzwiedzki et al., 2016), briefly described as followings.
R. sph 2.4.1 was cultivated in M22 + medium under light
for 3 days anaerobically, and was harvested by centrifugation.
The chromatophore of R. sph 2.4.1 was prepared by sonication
and ultracentrifugation. The obtained chromatophore was
resuspended and diluted in 20 mM Tris-HCl pH 8.0 to
ODggo = 50 cm™!. LDAO was added to a final concentration
of 1 %; and stirred for 45 min under N, atmosphere, and LH2
was purified by anion-exchange column of DEAE-52.

2.2. Preparation of LH2@liposome and LH2@liposome/PLL

The preparation of LH2@liposome was the same as that pre-
viously reported (Dai et al., 2018). Briefly, phospholipids were
dissolved in CHCI; to obtain a 1 mg/mL stock solution. PC
solution (3 mL) was placed into a brown glass bottle, and
the solvent was removed by N, and dried under vacuum for
4 h. Then, 2.63 mL of Tris-HCI buffer (20 mM, pH 8.0) and
0.1 mL of 30 % LDAO were added, and PC was dissolved
by sonication. A 270 puL of LH2 from R. sph 2.4.1
(ODggo = 22.7 cm ', epgso = 3.23 + 0.03 M 'em™! (Saga
and Hirota, 2016) was added and vortexed gently for 30 s.
LH2@liposome were prepared by dialyzing against
detergent-free buffer in the dark at 4 “C for 3 times (3 h, 3 h,
and 18 h) and then homogenized by ultrafiltration through a
film with pore size of 220 nm for 10 times.
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40 pL of 1 mg/mL PLL solution was added into 2 mL
LH2@liposome suspension with lipid concentration of
0.25 mg/mL to make PLL/lipid ratio as 8 % (w/w). The
resulted solutions were gently mixed and incubated in the dark
at 4 °C for 1 h to obtain the LH2@liposome/PLL. The proce-
dure of sample preparation was depicted in Fig. 1A.

2.3. Morphological characterization of liposome samples

The morphology of liposome samples was characterized by
cryo-EM (FEI Talos F200C, Thermo Fisher Scientific, Mas-
sachusetts, USA) with a Gatan Orius CCD numeric camera
and a Gatan Cryoholder (Gatan 626DH, Gatan) sample
holder. The samples were slightly dropped on a glow-
discharged holey carbon-coated TEM copper grid (Quantifoil
R2/2, Germany). After the excess solution was removed, the
grid was put into liquid ethane at — 180 °C. The grid was then
transferred into liquid nitrogen. During the experimentation,
all grid temperatures were maintained by liquid nitrogen. Cor-
respondingly, the morphology of liposome samples were also
characterized by general TEM (H-7650, Hitachi, Japan).

2.4. Steady state spectroscopic measurements

UV-vis near-infrared absorption spectra were measured with a
Cary-60 spectrophotometer (Agilent, USA). Each spectrum
was an average of a few independent measurements at room
temperature.

Fluorescence spectra were measured with FLS 980 fluores-
cence spectrometer (Edinburgh Instruments, UK). For fluores-
cence measurements, the sample concentration was adjusted to
ODyg4o of LH2 as 0.04 cm ™', and the excitation wavelength was
800 nm.

The particle size and surface potential of liposome samples
were measured by Zetasizer Nano ZS90 (Malvern, UK). The
data was an average of 3 times accumulation.

Resonance Raman spectra of the complexes (ODgg9 = 1-
em™ ') were recorded on the XploRA PLUS spectrometer
(HORIBA, France) under laser excitation at 532 nm.

Pre-resonance Raman spectra of BChl a were recorded by
FT-Raman spectrometer (MultiRAM; Bruker, USA), excited
by a continuous-wave Nd*': YAG laser operated at
1064 nm, with a resolution of 4 cm™'. The spectra were
obtained by averaging 1200 scans. The sample was concen-
trated to ODgye of LH2 as 30 cm™! for this measurement.

The circular dichroism (CD) spectrum was obtained by
Chirascan (Applied Photophysics, UK) ranging from 190 to
1000 nm. The sample concentration was adjusted to
OD849 =1 Cm_l.

2.5. Time-Resolved spectroscopic measurement.

2.5.1. Fluorescence lifetime

Fluorescence lifetime was determined using the time-correlated
single-photon counting (TCSPC) module in FLS 980 fluores-
cence spectrometer (Edinburgh Instruments, Edinburgh,
UK). The EPL-475 picosecond pulsed diode laser (Edinburgh
Instruments, Edinburgh, UK) with a pulse width of 100 to
90 ps was used for optical excitation. The instrumental
response function (IRF) was measured using a 30 % silica
gel aqueous solution as a scatterer and determined indeed
as ~ 230 ps. The sample concentration for this measurement
was adjusted to ODggsp maxima = 0.04. The fluorescence life-
time was fitted by the software’s program.

A.
LH2@micelle LH2@liposome LH2@liposome/PLL
& . g
LH2 Detergent Phosphatidylcholine  poly-L-lysine
B X 12 B L 12@liposome 1 Ad=5.62 nm

B LH2@liposome/PLL

Intensity / %

50 100 200 500 1000
<R,>/nm

Fig. 1

Gray intensity / a.u.

0 1 I0 2‘0 3‘0 4‘0
d/nm

(A) A cartoon of the sample preparation. (B) Particles size distribution analysis by Dynamic Light Scatter. (C) Cryo-TEM image

of LH2@liposome/PLL with lipid/protein molar ratio as 2000:1. The concentration of PLL was 8% as the mass ratio of lipid. (D) Statistic
estimation of the membrane thickness as Ad by gray intensity analysis on the red-line marked region of (C). Cryo-TEM data were

analyzed by software Imagel.
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2.5.2. Transient absorption spectra

Transient Absorption spectra measurements were based on a
home-building apparatus described detail in elsewhere (Yu
et al., 2017). Briefly, the excitation pulses at 850 nm (1.4 mJ
per pulse, 7 ns, 100 Hz) were supplied by an Nd: YAG laser
(SpitLight DPSS EVO, InnoLas Laser Inc. Germany) while
the probe light was provided by a laser-driven white light
source (LDLS-EQ-1500, Energetic, USA). The temporal evo-
lution profile of difference absorption (AOD) was recorded
with a Si-PIN photodiode (model S3071, Hamamatsu Photon-
ics, Japan), and output to a digital oscilloscope (LeCroy Wave-
Surfer 64Xs, Chestnut Ridge, USA). The full width at half
maximum (FWHM) of the instrumental response function
(IRF) was ~100 ns. The LH2 preparations in a quartz glass
cuvette with ODggo = 0.5 ecm™!. To remove oxygen, the
LH2 samples were bubbled with high purity nitrogen for
40 min before measurements. The experiments were carried
out at room temperature (298 K). The least-square curve fit-
ting programs for kinetics analyses were coded based on Mat-
lab 5.3 (Mathworks Inc.).

3. Results and discussion

3.1. Morphology characterization of LH2@liposome and
LH2@liposome/PLL

Cryo-TEM was used to characterize the morphology of mem-
brane in liposome samples. The LH2@liposome (without
PLL) was determined as monodispersed vesicles as shown as
Fig. S1. The average particle size was approximately 100 nm,
which is in accordance with the data measured by DLS
(Fig. 1B). Comparatively, more diverse but mainly multilay-
ered vesicular structures was observed for LH2@liposome/
PLL (Fig. 1C) with increased particle size as 300-500 nm,
being consistent with the DLS results (Fig. 1B). The average
thickness of each layer, including membrane and the inter-
layer distance and shown as repeated bright and dark streak
in Fig. 1B, was determined as 5.62 nm (Fig. 1D). Considering
that the particle of LH2 from R. sph was determined as a cylin-
der with height of 6.6 nm (Qian et al., 2021b), at least ~ 1 nm
height of the LH2 was compressed in LH2@liposome/PLL,
which means that such tightly stacking multi-layer structure
leaves no space between the layers. The bright and dark streaks
in each layer might be due to the various density and
microstructure causing different electronic diffraction effects.

In this research, the pH was buffered at 8.0, and PLL was
positively charged then, since the isoelectric point of PLL was
10.5. The multi-layer structure of LH2@liposome/PLL was
considered to form through electrostatic interactions between
positively charged PLL and negatively charged liposomes.
Such mechanism could be supported by the surface potential
results of LH2@liposome (—27 mV) and LH2@liposome /
PLL (+19 mV, Table S1). By general TEM (Fig. S2), on bro-
ken but extending membrane debris (due to the high vacuum
under measurement) of LH2@liposome, LH2 aggregates were
clearly observed with hexagonal lattice morphology (Fig. S2 A
and B). Comparatively, for LH2@liposome/PLL, only tightly
stacking multi-layer structure were observed (Fig. S2C), which
is very similar with that observed by Cryo-EM. No LH?2 par-
ticle could be observed in this sample.

3.2. UV—vis absorption and CD spectra of B850 excitons in
various samples

Fig. 2A shows the normalized (at B850 maxima) UV-vis near-
infrared absorption spectra of LH2 in different samples. Very
similar absorption spectral patterns were observed for three
samples, which suggested that the complex structure of LH2s
was well maintained in liposome samples in comparison with
in micelles sample. The spectra include four regions, i.e. Soret
band of BChl a covering 300-400 nm, Sy — S, absorption of
carotenoid in 450-530 nm, Q, band of BChl a at 600 nm,
and Q, bands of BChl @ at 800 nm and 850 nm. Compared
with the spectrum of LH2@micelles (black line in Fig. 2A),
absorption in 300-700 nm region relatively increases in
LH2@liposome and LH2@liposome/PLL due to the light
scattering effect originated from the enhanced particle size in
liposome samples. It is worth to note that no band shift was
observed in this spectral region. For BChl ¢ Qy bands region,
ie. 750900 nm, only the red edge of B850 band
showed ~ 1 nm and 2 nm red-shift in LH2@liposome and
LH2@liposome/PLL, respectively (the red and blue lines in
inset of Fig. 2A), and no obvious spectral change occurred
at B800 band.

Circular dichroism (CD) spectra in near-infrared region (as
shown as Fig. 2B) was used to compare the chirality change of
BChl a aggregates, i.e. BS00 and B850 excitons, in three sam-
ples. The weaker CD signal around 800 nm (from 775 to
820 nm) was assigned to both B800 exciton and the B850 upper
exciton band (Koolhaas et al., 1998; Cupellini et al., 2016). In
details, the sine-signal at 795-815 nm was assigned as B800,
and the negative signal at 785 nm was assigned as the upper
exciton of B850. Compared with the CD signals in LH2@mi-
celles, B800 sine shape signal in 795-815 nm region became
more negative in liposome samples, LH2@liposome and
LH2@liposome/PLL, while the upper exciton CD signal of
B850 located at 785 nm had no change. The CD signal change
in this region indicated that the chirality of B800 exciton
slightly varied due to incorporation of LH2 into liposomes,
although the UV-vis absorption of this region didn’t have
obvious change.

For the main CD signal of B850 exciton in 815-910 nm
region, which was attributed to the chirality of the B850 exci-
tonic transition, and the zero-crossing point of negative and
positive peaks of B850 represented the completeness and ellip-
ticity of the ring structure of B850 exciton (Koolhaas et al.,
1998; Cupellini et al., 2016). Two characteristic variations were
observed in three samples. For the first one, in liposome sam-
ples the CD signal of B850 exciton owned clearer fine struc-
ture, e.g. the shoulders appearing at 828 and 894 nm, than
that in micelles sample, which indicated the structural splitting
occurred in B850 excitons in LH2@liposome and LH2@lipo-
some/PLL samples. The second variation is the zero-crossing
point red-shifting for 1 and 2 nm, respectively, in LH2@lipo-
some (red line in Fig. 2B) and in LH2@liposome/PLL (blue
line in Fig. 2B) compared with that in LH2@micelles (black
line in Fig. 2B), which is in accordance with the red-shift in
the same spectral region in UV-vis absorption spectra as
described above. These concomitant red-shifts implied that
not only more inhomogeneity occurred in the B850 exciton
coupling but also the exitonic coupling enhanced species
occurred in liposome samples than in micelles sample.
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Fig. 2 (A) UV-vis absorption spectra of LH2@micelle (black), LH2@liposome (red) and LH2@liposome/PLL (blue) normalized at
B850. Insert graph was B850 region of samples. (B) Circular dichroism (CD) spectra of LH2@micelle (black), LH2@liposome (red) and
LH2@]liposome/PLL (blue).(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

3.3. Fluorescence emission spectra and fluorescence lifetime of
LH? in different assemble systems.

Fig. 3A shows the fluorescence emission spectra of LH2 in var-
ious samples under excitation at 475 nm. When embedded into
the liposomes, the fluorescence intensity of LH2@liposome
(red) was ~ 27 % decrease compared with that of LH2@mi-
celles (black), which was attributed to the aggregation of
LH2 in clusters in the process of self-assembly to the phospho-
lipid membrane and was proved by the general TEM results as
shown as Fig. S2. When the liposome forms multi-layer struc-
ture induced by PLL, the fluorescence intensity of LH2@lipo-
some/PLL decreased for ~ 80 % compared with that of
LH2@micelles, which was ~ 3 times quenching effect of that
of LH2@liposome. Since the same lipid/protein molar ratio
was taken by the two liposome samples, the additional quench-
ing effect besides the LH2 aggregation must originate from the
multi-layer structure forming. The intrinsic structure mecha-
nism of this quenching effect will be discussed in the following
sections. Except of the fluorescence quenching effect, the fluo-

A, ST —— LH2@micelle
—— LH2@liposome
—— LH2@liposome/PLL

Intensity / a.u.

850 900 950 1000 1050
Wavelength / nm

B. 20001 N —— LH2@micelle

rescence emission spectra showed 1 and 2 nm red-shift in
LH2@liposome and in LH2@liposome/PLL, respectively,
compared with that in LH2@micelles (see the inset of
Fig. 3A). Notably, this result is in accordance with the absorp-
tion and CD signals’ changes described above.

TCSPC was used to measure the fluorescence kinetics of
three LH2 samples upon excitation at 475 nm and probing
at 860 nm. The raw data were shown in Fig. 3B as dotted lines,
and the exponential fitting results were shown as solid line
(IRF as the green dashed line was determined as 230 ps).
The kinetic components obtained by mono- or bi-
exponentially fitting for each sample were summarized in
Table 1. For LH2@micelles, only one kinetic component
was obtained with the lifetime of 1.32 ns, and for LH2@]lipo-
some and LH2@liposome/PLL two kinetic species were
obtained, i.e. a shorter lifetime as hundreds of ps and a longer
one as ~ 1.40 ns. It’s worth to note that the longer lifetime in
liposome samples is similar with that in micelles, and the
shorter lifetime with different amplitudes and different time
constants in various liposome samples. In LH2@liposome,

—— LH2@liposome
—— LH2@liposome/PLL

1600 =
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Counts
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Fig. 3 (A) Fluorescent emission spectra of LH2@micelle (black), LH2@liposome (red) and LH2@liposome/PLL (blue) under
excitation at 475 nm. Insert graph was the normalized fluorescence emission spectra. (B) Fluorescence kinetics probed at 860 nm for
LH2@micelle (black), LH2@liposome (red) and LH2@liposome/PLL (blue), respectively, under excitation at 475 nm. IRF was shown as
a green dash line.(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)
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Table 1 Fitting results of fluorescence kinetics probed at 860 nm in LH2@micelle, LH2@liposome and LH2@liposome/PLL.

T Amplitude / % T Amplitude / % TS
LH2@micelle - - 1.32 100 1.32
LH2@liposome 0.58 29.58 1.41 70.42 1.16
LH2@liposome/PLL 0.29 73.17 1.39 26.83 0.59

the shorter lifetime owns amplitude of ~ 30 % and time con-
stant of 0.58 ns, while in LH2@liposome/PLL the shorter life-
time owns enhanced amplitude (~73 %) and decreased lifetime
(0.29 ns). Such fluorescence kinetics results were well in accor-
dance with the fluorescence intensity results as shown in
Fig. 3A, which together indicated that the B850 exciton splits
into two structural components when embedded into lipo-
somes. Furthermore, the multi-layer structure formation in
LH2@liposome/PLL strengthened this effect. Summarily, the
new excitonic species deduced from UV-vis absorption, CD
and fluorescence spectra should have the same structural origin
with that observed by fluorescence kinetics measurements.

3.4. Triplet state kinetics and Resonance Raman spectra of
carotenoids

Based on the high-resolution structure of LH2 from R. sph
(Qian et al., 2021b), in each af-heterodimer subunit of the
complex, one carotenoid (Crt) and three BChls were bound.
The Crts play three main functions, i.e. light-harvesting assis-
tance, photo-protection and structural stability. Concerning
the photo-protection function of Crts, the long-lived triplet
state of BChl q, arising from its excited singlet state by inter-
system crossing and easily sensitizing the generation of harm-
ful singlet oxygen, can be quenched by triplet state Crt (*Crt*)
nearby. Nanosecond flash photolysis was used to monitor the
kinetics of *Crt* in three samples, and in other words to com-
pare the photo-protection behaviors of Crt in three samples.

Resonance Raman spectroscopy upon excitation at 532 nm,
corresponding to the S, «+ Sy absorption transition, was used
to measure the conformational change of Crt as shown as
Fig. 4A. The main Raman lines peaked at ~ 1517 cm™' (v;)
and ~ 1152 cm™" (v,) were assigned as the stretching modes
of conjugated C—C and C—C on skeleton, respectively. The
Raman lines at ~ 1194 cm ™" and ~ 1001 em™! (v5) were attrib-
uted to the C—H bending and methyl rocking, respectively.
The normalized spectra of three samples were basically over-
lapped with each other, which indicated that the conformation
of Crt was maintained in all assemblies.

Fig. S3 A-C showed the transient absorption spectra mea-
sured at various time delays for LH2@micelle, LH2@lipo-
some and LH2@liposome/PLL under excitation at 850 nm.
Negative peaks at 450, 470 and 510 nm were attributed to
the ground-state bleaching (GSB) of Crt, while the positive
peaks at 520-550 nm were attributed to excited state absorp-
tion (ESA) of Crt*, and the negative peak at 800-1000 nm
was a combination of B850 fluorescence, pigments interaction
band and laser interference signal. Kinetics probed at 540 and
480 nm, the representative wavelengths of 3Crt* ESA and
GSB, were chosen and shown in Fig. 4B for comparing the dif-
ferences among three samples. All the kinetics could be per-
fectly fitted by mono-exponential curves. The obtained time

constants were listed in Table 2 with very similar results,
ie. ~ 6.2 us with < 5 % variation. The main difference con-
cerning the kinetics for three samples was the maximal inten-
sity of 3Crt*, which were summarized in parentheses as
AmOD. The maximal intensity of *Crt* in LH2@liposome
was only 61 % of that in LH2@micelles, while that in
LH2@liposome/PLL was only 28 % of that in LH2@micelles.
Combining with that the conformation of Crt was almost same
in all three samples, the only origin of these big differences in
3Crt* yields in three samples must come from the singlet
excited state yield difference of BChls. Considering the gradu-
ally increasing shorter lifetime components in LH2@liposome
and LH2@liposome/PLL observed by fluorescence kinetics
above, the new excitonic structure obviously quenched the sin-
glet excited state of BChls in B850 band in liposome samples
efficiently and resulted in the corresponding >Crt* vyield
decreases (see Table 2).

3.5. FT-Raman spectroscopy of LH2 and the possible structural
mechanism

Fig. 4C exhibited the structural model of the interaction
between B850 molecules and the residues of a-subunit based
on the PDB ID:7PBW. It has been established that the mech-
anism of B850 exciton red-shifting the absorption with respect
to the monomeric B§00 BChls is mainly due to the close pack-
ing of the B850 BChls promoting intradimer and interdimer
exciton coupling, and a further red shift is afforded by two
hydrogen bonds (Qian et al., 2021b). One is between the
LH2 o-Tyr45 and the C3-acetyl group on the B850 BChl-a
bound to the same LH2 a polypeptide, and the other is
between the neighboring residue, LH2 o-Tyr44, and the C3-
acetyl group on the BChl-f bound to the LH2 B polypeptide
belonging to the next off unit in the ring (as shown as in
Fig. 4C). Qian et al. identified another hydrogen bond between
o-Ser27 and the a-bound B850, which was determined without
effect on the absorption maximum but only imparted stability
to the LH2 complex (Qian et al., 2021b; Fowler et al., 1994;
Fowler et al., 1992; Braun et al., 2003). It is worth to point
out that Tyr44 and 45 located on the short helix at the end
of C-terminus of a-peptide, which is perpendicular to the
transmembrane helix region and is parallel with the membrane
surface and stays in water—lipid interphase. The inter-
membrane forces were easily applied on this short helix and
caused the corresponding structural changes.

Fourier transformation Raman spectra upon excitation at
1064 nm, a pre-resonance region for Qy band of BChl a, was
used to monitor the conformational variation of BChl a, and
the key results were shown in Fig. 4D. Please see the full spec-
tra in Fig.S4. For each sample, six key Raman lines, denoted
as R1 to R6, and, being sensitive to the BChl a macrocycle
conformation, were used to establish the conformations of
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(A) Resonance Raman spectra of carotenoids in three samples, i.e. LH2@micelle (black), LH2@liposome (red) and

LH2@]liposome/PLL (blue). (B) Kinetic traces of the ground state bleaching (GSB) probed at 480 nm and excited state absorption (ESA)
at 530 nm of carotenoids in three samples, LH2@micelle (black), LH2@liposome (red) and LH2@liposome/PLL (blue). (C) Structural
model of two adjacent B850 dimer binding sites showing hydrogen bonds between LH2 o-Tyr44, a-Tyrd5, and a C3-acetyl carbonyl on
each BChl. o-Ser27 is hydrogen-bonded to the C13' keto on ring ¥ based on PDB ID: 7PBW structure. (D) Fourier transform Raman
spectroscopy (FT-Raman) of LH2@micelle (black), LH2@liposome (red) and LH2@liposome/PLL (blue) range at 1570-1740 cm™~'.(For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2 Fitting results of *Crt* GSB and ESA lifetime of LH2@micelle, LH2@liposome and

LH2@liposome/PLL.

T (AmOD)
LH2@micelle LH2@liposome LH2@liposome/PLL

480 nm 6.00 = 0.01 ps 5.92 + 0.03 ps 6.13 = 0.05 ps
(-4.6) (-3.8) (-2.1)

530 nm 6.22 = 0.01 ps 6.36 = 0.01 ps 6.49 = 0.02 ps
(13.3) 8.1) 3.7)

BChl a in LH proteins (Lapouge et al., 1999; Gall et al., 2003).
The Raman shifts for 3 samples were listed in Table S2 and the
assignments were based on reference (Ma et al. 2009). The key
Raman lines labeled with Crt corresponding to the vl
(1517 em™") and v2 (1152 cm™"') modes of spheroidene (see
above). Basically, the full spectral pattern for each sample is
very similar with each other, only small signal variation was
seen in three samples, which were denoted with asterisks as
shown in Fig. S4. For both assemblies of LH2, the presence
of methine bridge stretching at approximately 1607 cm ~'

(R1) confirms the penta-coordination of BChl a molecule. In
1346-1444 cm ™' region, mainly covering the stretching mode
of vCN on ring III and IV and the related methyl bending
modes, the LH2@liposome and the LH2@liposome/PLL have
Raman signals with much clearer fine structure than LH2@mi-
celles, which indicated that upon embedded into the liposome
and further forming multi-layer structure, the closely packing
B850 molecules in LH2 will possess more constrained confor-
mation especially on Ring IIT and IV, since these two rings of
BChls were embedded deeply in the center of complexes.
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Table 3 High-Frequency Carbonyl Modes of B850 in LH2.

Mode frequency (cm ™)
LH2@micelle LH2@]liposome LH2@liposome/PLL
B850-a C;v (acetyl) 1626 (sh) 1626 1623
B850-B C;v (acetyl) 1629 1634 1632
B850-B Cy3v (Keto) 1651 1651 1651
B850-a C;3v (keto) 1679 1679 1679

Fig. 4C displays the higher frequency region of the FT-
Raman spectra of LH2 complexes in various samples. In this
region there are a cluster of bands between 1620 and
1710 cm™! that are attributed to the stretching modes of the
acetyl and keto- carbonyl groups (see Table 3). In the LH2
from R. sph, the position of each carbonyl vibrator has been
established (Gall et al., 2003). The bands arising from the
acetyl and keto- carbonyl stretching modes of the B800 mole-
cules are located at 1628 and 1699 cm™'. The C3-
acetylcarbonyl groups of the B850 molecules contribute
at ~ 1627 and ~ 1634 cm™" are assigned as BChl bound to
the o and B polypeptides, respectively. While the C13-keto
ones are found at 1651 and 1679 cm™", respectively, assigned
as B850 bound to the B and o polypeptides. The frequency
of each band is sensitive to the geometry and strength of the
bonding interactions that the carbonyls are involved in and
may thus be used to probe the structure and intactness of
the BChl binding sites (Gall et al., 2003). For LH2@micelles,
the two Raman shifts attributed to C3-acetyl carbonyl groups
of B850-a and B850- move toward each other, i.e. the latter
one down-shifting to 1629 cm™" and the former one becoming
a shoulder mode. While for LH2@liposome and LH2@lipo-
some/PLL, the same pair of Raman modes are clearly resolved
as 1626, 1634 cm™ !, and 1623, 1632 cm™ !, respectively. As
depicted in Fig. 4C, the same o-polypeptide forms hydrogen
bonding with C3-acetyl carbonyl group of B850-a and B850-
B, respectively, through a-Tyr 45 and o-Tyr 44. More relaxed
environments possessed by LH2@micelles than those by
LH2@liposomes and LH2@liposomes/PLL might cause the
former sample having more uniformed Raman modes and
the latter two owning more resolved ones at these specific
Raman shifts. Comparatively, the two Raman modes assigned
as C13-keto carbonyl groups own almost same pair of frequen-
cies, i.e. 1651 and 1679 cm™", in all three samples, only with
slightly different signal patterns. Considering that the C13-
keto carbonyl groups located deeply in the complexes, such
small signal variation existing in three samples became
reasonable.

4. Conclusions

In this research, to simulate the multi-layer structure of cytoplasmic
membrane and to study their effects on the function of LH2, we firstly
incorporated LH2 from R. sph 2.4.1 in liposomes, and then success-
fully prepared the multi-layer structure of LH2 in liposomes induced
by poly-L-lysine (PLL) through electrostatic interactions. The multi-
layer structure was characterized by Cryo-EM and TEM methods.
Unlike the natural multi-layer structure of purple bacterial cytoplasmic
membrane generally owning intermembrane space, the artificial multi-
layer structure prepared in this research has tightly stacking and even
compressed multi-layers. Based on the TEM image of LH2@lipo-
somes, at the lipid/protein molar ratio used in this research, the LH2
aggregating on membrane were clearly observed. And by the average

membrane thickness determined as ~ 5.6 nm, we estimated
that ~ 1 nm height of LH2 was compressed in LH2@liposomes/
PLL sample. Such membrane stacking effect must apply additional
intermembrane forces on the LH2 embedded in liposomes. We
couldn’t clarify whether the interaction occurs between LH2s existing
in different layers or not at this moment.

In comparison with LH2@micelles, the LH2 reconstituted into
liposomes, i.e. LH2@liposome, has synchronously red-shifting (~1
nm) UV-vis absorption, zero-crossing point of CD signal and fluo-
rescence emission bands of B850 exciton. In addition, a shorter-
living fluorescence kinetics species was determined for B850 excitons.
Two structural effects could be proposed to explain the above spec-
troscopic results. The first one is that the enhanced lateral forces
from surrounding lipid molecules was applied on LH2 complex in
LH2@liposomes rather than in LH2@micelles. This can be sup-
ported by the nano-disc study of LH2 (Ogren et al.,2018). In this
study, the surrounding lipids was proved to cause the EET efficiency
decreases between B800 and B850 intra-complexes. The second one is
that the interaction between aggregated LH2s on liposome mem-
brane generates more forces on each LH2 than that in micelles,
which generally causes faster quench of excitation energy in LH2s
(Sumino et al., 2013; Pflock et al., 2008). Combining all the spectro-
scopic results, we deduced that a new excitonic component forms in
B850 excitons upon reconstituted in liposomes. In details, due to the
two additional structural effects applied on LH2s in lipid bilayers,
the circular B850 exciton might deform and generate structural split-
ting, which was evidenced by the spectral change at B850 CD sig-
nals. When the multi-layer structure forms induced by PLL, i.e.
LH2@liposomes/PLL, more red-shifting results of the same series
of spectroscopic measurements were obtained. And the fluorescence
kinetics analysis gave the short-lifetime species with enhanced ampli-
tude and shortened life constant. Such results can be explained by
the 3rd structural effect in combination with the former two effects.
The 3rd effect is the membrane stacking effect, which applied addi-
tional force on the B850 exciton through surrounding polypeptides,
specifically the a-polypeptide. The last effect could be demonstrated
by FT-Raman results. As depicted in Fig. 4C, the o-Tyr 44 and 45
located at the C-terminus of a-polypeptide can easily transfer the
forces from environments to B850 excitons through the hydrogen-
bonding with the C3-acetyl carbonyl group on the corresponding
B850 molecules.

Summarily, either by reconstitution into the liposome or by addi-
tionally forming the multi-layer structure, all environmental effects
finally were applied on B850 excitons through its hydrogen-bonding
polypeptides to cause its structural splitting and to form the red-
shifting and short-living new excitonic species, which eventually
quenched the singlet excited state of B850 and resulted in some kind
of ‘photoprotection’ effect. Our research paves the road to simulate
more natural and dynamic supramolecular structures and study their
function in regulating the EET of photosynthetic organisms.
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