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Abstract 

In plants, the major light-harvesting antenna complex (LHCII) is vital for both light harvesting and 

photoprotection in photosystem II. Previously, we proposed that the thylakoid membrane itself could 

switch LHCII into the photoprotective state, qE, via a process known as hydrophobic mismatch. The 

decrease in the membrane thickness that followed the formation of ΔpH was a key fact that prompted this 

idea.  To test this, we made proteoliposomes from lipids with altered acyl chain length (ACL). Here, we 

show that ACL regulates the average chlorophyll fluorescence lifetime of LHCII. For liposomes made of 

lipids with an ACL of 18 carbons, the lifetime was ~2 ns, like that for the thylakoid membrane. 

Furthermore, LHCII appears to be quenched in proteoliposomes with an ACL both shorter and longer 

than 18 carbons. The proteoliposomes made of short ACL lipids display structural heterogeneity revealing 

two quenched conformations of LHCII, each having characteristic 77 K fluorescence spectra. One 

conformation spectrally resembles isolated LHCII aggregates, whilst the other resembles LHCII 

immobilized in polyacrylamide gels. Overall, the decrease in the ACL appears to produce quenched 

conformations of LHCII, which renders plausible the idea that the trigger of qE is the hydrophobic 

mismatch. 

Keywords: acyl chain length, fluorescence quenching, hydrophobic mismatch, LHCII, proteoliposomes, 

protein/lipid interaction  
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1. Introduction 

The photosynthetic membrane is a well-organized assembly composed of a variety of proteins and lipids. 

One major constituent, the major light-harvesting complex (LHCII) is highly concentrated with 

chlorophylls (Chl) and carotenoids (Car) and is the main supplier of excitation energy to photosystem II 

(PSII) reaction centers. Whilst this process remains efficient under low-to-moderate light, under intense 

light, the photosynthetic efficiency of PSII can be dramatically impeded in a process referred to as 

photoinhibition [1,2]. To regulate light harvesting, LHCII can shift between light-harvesting and energy-

dissipative conformations, thereby safely dispersing the excess absorbed energy as heat, in a process 

known as non-photochemical quenching (NPQ). Its major component forms and relaxes on a timescale of 

seconds to minutes and is known as qE [3]. It has been demonstrated that the minimum requirement for 

qE is a sufficient pH gradient (ΔpH) and trimeric LHCII [4,5]. In vivo, typically the hydrophobic 

zeaxanthin and the PSII subunit S (PsbS) protein are also required to fine-tune the qE process allowing it 

to be triggered at more moderate levels of ΔpH [6-8]. 

To understand the mechanism of this triggering process, phenomena associated with the qE 

mechanism must be explored in the membrane environment. Firstly, LHCII aggregation was proposed as 

to be part of the mechanism of qE [4,9]. Electron microscopy on negatively-stained grana membranes 

[10] and freeze-fracture electron microscopy provided evidence that aggregation of LHCII particles in the 

membrane indeed takes place in the qE state in vivo, and is promoted by zeaxanthin [11]. Secondly, 

LHCII mobility was strongly decreased in the qE state, with PsbS acting to increase membrane fluidity in 

the transitions between light and dark [12,13]. Moreover, molecular dynamics simulations indicated that 

the way PsbS increases membrane fluidity could be through blocking interactions between the thylakoid 

lipid digalactosyl diglyceride (DGDG) and the LHCII complex [14]. Thirdly, the light-induced thinning 

of the thylakoid membrane was observed and initially thought to be related to the formation of the ΔpH 

gradient [15,16]. Later, thin-section electron microscopy revealed that the membrane thinning correlated 

with qE, rather than ΔpH [12]. Lastly, the flattening of the LHCII complex in the vertical plane was 

suggested [17] as well as the twisting of neoxanthin in the qE state [18,19]. Furthermore, qE was 

associated with conformational change in LHCII even in systems where aggregation was either unlikely 

or impossible. This was shown through analysis of the quenching using cross-linkers [20], high 

hydrostatic pressure [21], polymerization in polyacrylamide gels [22], and single-molecule fluorescence 

spectroscopy [23]. 

Whilst each of the above points has been relatively well characterized in relation to qE, the open 

question on whether the ΔpH or the concomitant light-induced membrane thinning is directly the trigger 

of LHCII’s transition into the quenched state is still not settled yet. However, we recently proposed that 

the membrane thinning associated with qE could act globally to sort LHCII into quenching 
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microdomains, in a process known as hydrophobic mismatch [24]. The process is known to cause 

conformational change and aggregation of membrane proteins [25,26]. In essence, any exposure of 

hydrophobic moieties of proteins or lipids to water causes the increase in free energy of a membrane, thus 

membrane proteins with equivalent hydrophobic areas are driven together and effectively sorted in the 

membrane [25,27]. Therefore, we proposed the hypothesis that membrane thinning (the case of positive 

mismatch) or flattening of LHCII (negative mismatch) could reasonably provide the drive for LHCII 

aggregation and conformational change, and finally provide the driving force for qE. 

 To test this hypothesis, we have constructed LHCII in proteoliposomes. Here, we focus on a 

minimal system to disentangle the effects of the membrane system on LHCII, independent of the PsbS 

protein, zeaxanthin, and ΔpH, according to the recent report that clearly demonstrated the minimum 

requirement of qE in vivo was ΔpH and trimeric LHCII [5]. The LHCII proteoliposomes consist of 

phosphatidylcholine (PC) lipids with varying acyl chain lengths (ACL). As the ACL is directly related to 

membrane thickness [28,29], this system can act as an in vitro model to test the applicability of the 

hydrophobic mismatch hypothesis to the NPQ mechanism. PC is a bilayer-forming lipid, forms vesicles, 

and has defined structures in solution, and is thus a model for many proteoliposomal studies [30-34]. By 

altering the ACL of the lipid, we have obtained artificial membranes with varying thicknesses. As the 

natural thylakoid membrane is composed of lipids with a majority ACL of 18 carbons [35,36], possessing 

a 2 ns fluorescence lifetime in vivo [37,38], we used the 18 carbon ACL PC (DOPC, hereafter 18PC) as a 

control, to create a simpler system than that of natural thylakoid lipids. To avoid oversaturation of LHCII-

LHCII interactions, we made our liposomes with a Chl-to-Lipid molar ratio of 1:70. Hereafter, we utilized 

the chain lengths 10PC, 14PC, 18PC, and 24PC to simulate different membrane thickness, relative to the 

LHCII complex itself. 

2. Materials and methods 

2.1 Plant material and LHCII preparation 

Major LHCII complexes were isolated from Spinach (Spinacia oleracea), which were obtained from a 

local market and dark-adapted for 45 minutes prior to any experiment. Stacked thylakoid membranes and 

PSII-enriched BBY particles were isolated from dark leaves as described previously [39,40], using a ratio 

of 0.6% (w/v) n-dodecyl-β-D-maltoside (β-DDM) in 1 mg Chl mL
-1

 to solubilize proteins. For protein 

isolation, a concentration of 400–600 μg Chl was loaded
 
on a sucrose density gradient and centrifuged for 

18–20 h at 40,000 rpm at 4°C [41]. Chl was quantified as described previously [42]. Isolated LHCII 

proteins were desalted in a PD-10 desalting column (Cytiva, UK) in a buffer containing 20 mM HEPES 

(pH 7.6), 10 mM NaCl, and 0.03% (w/v) β-DDM. 

2.2 Proteoliposomal preparation 
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Phosphatidylcholine (PC) in chloroform (Avanti Polar Lipids, USA) was used for the liposome 

preparation. The saturated PC 1,2-didecanoyl-sn-glycero-3-phosphocholine (10:0 PC), and unsaturated 

PC 1,2-dimyristelaidoyl-sn-glycero-3-phosphocholine (14:1 (Δ9-cis) PC), 1,2-dioleoyl-sn-glycero-3-

phosphocholine (18:1 (Δ9-cis) PC), and 1,2-dinervonoyl-sn-glycero-3-phosphocholine (24:1 (cis) PC) 

were each used. Proteoliposomes were prepared as previously described [34], with more details as 

follows. 1 mg PC in chloroform was placed in a 5 mL glass vial with the solvent dried under nitrogen gas. 

The thin film was resuspended in 1 mL buffer containing 20 mM HEPES (pH 7.6) and 10 mM NaCl with 

the final lipid concentration of 1 mg mL
-1

. This solution was shaken thoroughly with a vortex mixer for 2 

min and subsequently passed 11 times through a 100 nm pore extruder (Avanti Polar Lipids, USA) to 

form the liposome. 0.03% (w/v) β-DDM was added to the liposome and incubated on ice for 15 min. 

Then, the LHCII proteins were added to the liposome mixture and sonicated in a water bath for 5 min. To 

remove detergent from the liposomes, 90 mg mL
-1

 BioBeads SM-2 resin (Bio-Rad, USA) was added and 

incubated for 4 h at 4°C. BioBeads were then removed through one layer of muslin cloth, followed by 

centrifugation at 15,000 rpm for 15 min at 4°C to pellet any LHCII aggregates that were not incorporated 

into proteoliposomes. An initial Chl-to-Lipid ratio of 1:70 (mol/mol) was used. Samples were further 

purified by adding 1 mL of the proteoliposomal preparation onto sucrose density gradients (10, 20, 30, 

45% sucrose (w/v)) and centrifuged at 40,000 rpm 4°C for 17–18 h. Hereafter, the layer of 

proteoliposomes was extracted and stored at 4°C for up to 12 h until measurement. 

2.3 Calculation of protein surface occupancy in the LHCII proteoliposomes 

The number of lipid molecules per liposome (NL) can be calculated through the use of the equation [43], 

as 

𝑁𝐿 =  
4𝜋

𝐴𝐿
 (

𝑑

2
)

2
+  

4𝜋

𝐴𝐿
 [

𝑑

2
− ℎ]

2
  (1) 

where AL represents the size of each lipid molecule in the plain of the liposome, here taken as 0.35 nm
2
, as 

calculated previously for PC lipids [44]. d is the liposomal diameter taken from the DLS measurements 

(Fig. 1), and h is the bilayer thickness taken from the cryo-EM measurements from 18PC (Fig. S2), and 

other membrane thicknesses with various ACL are calculated by 0.7 nm intervals for every four carbons 

according to the thickness of 18PC. 

The number of trimeric LHCII protein complexes per proteoliposome (P) can further be 

calculated as 

𝑃 =  
𝑁𝐿

𝑅𝐿𝐶
 (

1

𝑁𝐶
)   (2) 
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where RLC is the measured Lipid-to-Chl molar ratio of the proteoliposomal solution, and NC is the number 

of Chls in a LHCII trimer, taken from the crystal structure (Protein Data Bank code: 1rwt) [45]. 

The percentage surface occupancy of LHCII in each proteoliposomal preparation (P%) can be 

further calculated as 

𝑃% = 102 [
𝐴𝑃𝑃

4𝜋
(

𝑑

2
)

−2
]  (3) 

where AP is the approximate effective area of LHCII in the lipid membrane, here taken as 30 nm
2
, roughly 

approximated from the crystal structure [45] and freeze-fracture electron microscopy data [11]. 

2.4 Dynamic light scattering 

Dynamic light scattering (DLS) measurements were performed with DynaPro (Protein Solutions, Wyatt). 

The laser light source was 824.7 nm and the detector was placed at the scattering angle of 90°. A 3 mm 

path-length quartz cell was filled with 45 μL sample solution. Before a cell was introduced into the 

instrument, its outer surfaces were wiped gently with a sheet of soft lens-cleaning tissue. Every 

measurement was set for a 2 min wait time to allow solutions to be at rest and to get rid of bubbles in the 

cell. Laser power was set at 20% intensity. At least 50 successive DLS measurements were performed per 

sample with 10 s acquisition time at 20°C. For each liposome condition, the measurements consisted of 

three biological sample replicates. The particle size is described and calculated in terms of hydrodynamic 

diameter dH by the Stokes-Einstein equation (dH = kT/3ηπD), where k is the Boltzmann’s constant, T is 

the absolute temperature, η is the viscosity of the solvent, and D is the diffusion coefficient [46]. The 

wider bin in the histogram after 200 nm in 24PC was limited by the technique, for the intensity-weighted 

size distribution was acquired from intensity fluctuations of the light scattered by particles. This is 

considered to give even greater weighting to the large particles so that the bin becomes wider along with 

the bigger particle size. 

2.5 Cryo-electron microscopy 

For the morphological observation, 4 μL proteoliposomal sample was adjusted to 0.5 mg mL
-1

 lipid and 

loaded onto glow-discharged lacey copper grids with ultrathin carbon film (400 mesh, EMR, UK). 

Samples were vitrified at –183°C in liquid ethane using a Leica automatic plunge freezer EM GP2 (Leica 

Microsystems, Germany) with a 2.6 s blot time under 80% relative humidity at 4°C. The frozen grids 

were imaged on a JEM-2100 plus electron microscope (JEOL, Japan) equipped with a OneView Gatan 

camera (Gatan, USA) using the SerialEM software package [47]. The analysis of cryo-EM images allows 

us to measure the nearest-neighbor distances with a spatial resolution of 0.22 nm (single-pixel size in XY 
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direction). The original magnification of the measurement was ×50,000. Images were analyzed using the 

Image J software [48]. Statistical significance between results was determined using a Student’s t-test. 

2.6 Room temperature (293 K) chlorophyll fluorescence lifetime measurement 

Time-correlated single photon counting (TCSPC) measurements were performed using a FluoTime 200 

ps fluorometer (PicoQuant, Germany). Fluorescence lifetime decay kinetics were measured on LHCII and 

proteoliposomes (6 μg Chl mL
-1

) using excitation provided by a 470 nm laser diode at a 20 MHz 

repetition rate, with emission detected at 680 nm with a 2 nm slit width. These settings were chosen to be 

far below the onset of singlet-singlet exciton annihilation (< 0.1 pJ). The instrument response function 

(IRF) was ~50 ps. For lifetime analysis, FluoFit software (PicoQuant, Germany) was used by a multi-

exponential model with iterative reconvolution of the IRF. The quality of the fits was judged by the χ
2
 

parameter. Average lifetimes were calculated from an amplitude-weighted lifetime as described 

previously [49]. All the measurements were taken at room temperature. 

2.7 Steady-state absorption spectroscopy and fluorescence spectroscopy 

Absorption measurements were performed on an Aminco DW-2000 UV/Vis spectrophotometer (Olis 

Inc., USA). Absorption spectra were measured between 350 nm and 750 nm with 1 nm increments.  

Low-temperature (77 K) emission spectra were recorded by a FluoMax-3 spectrophotometer 

(HORIBA Jobin Yvon, France). The sample was cooled to 77 K with a liquid-nitrogen-cooled cryostat. 

Samples were measured at a concentration of 6 μg total Chl mL
-1

. Samples were excited at 436 nm with a 

5 nm spectral bandwidth. The emission spectra were acquired from 600 nm to 800 nm with a 1 nm slit 

and through a 630 nm long-pass filter. Fluorescence spectra were corrected in the program supplied by 

the manufacturer. 

2.8 SDS-PAGE 

The LHCII protein purity was confirmed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE) analysis. Proteins were added to the laemmli buffer and heated at 90°C for 10 min. 12% 

acrylamide/bis-acrylamide linear gels were employed (Mini-PROTEAN TGX Stain-Free Precast Gels, 

BioRad, USA). Gels were stained with Coomassie InstantBlue (Abcam, UK). An equal amount of Chl 

(0.33 μg) was loaded onto each lane per sample. The measurements were proceeded by three biological 

sample replicates. 

3. Results 

3.1 Structural and morphological features of the proteoliposomes 
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From dynamic light scattering (DLS) measurements, the hydrodynamic radii (R) of the LHCII 

proteoliposomes were obtained (Fig. 1). In general, particles in each condition were symmetrically 

distributed with a prominent peak, indicating that spherical liposomes were well formed, other than 

aggregates with random sizes. Fitting Gaussian curves to the histogram, it can be seen that unlike other 

proteoliposomes, the 10PC LHCII proteoliposome contains two main size distributions, with smaller 

particle sizes at 35 ± 2 nm (± SEM) and a broad peak at 101 ± 2 nm, likely indicating that the 10PC 

LHCII proteoliposome has a more complicated composition. Generally, proteoliposomes have a trend of 

increasing radius depending on longer acyl chain lengths (ACL), with the 24PC condition possessing a 

broad distribution and the biggest size at 173 ± 5 nm. Furthermore, as a control sample without protein 

incorporated, the size of empty 18PC liposomes was measured (Fig. S1), which had an average radius of 

83 ± 2 nm, similar to the 18PC LHCII proteoliposomes with the representative sizes of 81 ± 1 nm (Fig. 

1C). The 14PC possesses the average size in 67 ± 1 nm. We would like to further mention that both the 

free unincorporated LHCII aggregates and empty liposomes were not present in the preparations these 

measurements. This was ensured by the centrifugation step after the addition of BioBeads and further 

sucrose gradient separation steps (Fig. S4). Furthermore, the cryo-EM images for the proteoliposomal 

samples shown in Fig. S5 did not reveal any LHCII aggregates. 

Fig. 1. Size distributions for LHCII proteoliposomes with altered acyl chain length (ACL) determined by 

dynamic light scattering (DLS). Hydrodynamic radius (R) displays with a range of ACL (n) on LHCII 

proteoliposomes, which were constructed by phosphatidylcholine (PC), named nPC. The molar ratio of chlorophyll-

to-lipid was 1:70. The measurements were mean  SEM of three replicates, with fitting lines proceeded by Gaussian 

fitting. The fitting related full width at half maximum (FWHM) were evaluated as 25 ± 1 nm ( SD) and 112 ± 9 nm 

for 10PC, 49 ± 2 nm for 14PC, 59 ± 2 nm for 18PC, and 162 ± 12 nm for 24PC. 
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As the in vivo thylakoid membrane lipids mostly possess an ACL of 18 [35,36,50], 18PC LHCII 

proteoliposomes offer a comparable condition. The cryo-EM images of the 18PC proteoliposomes are 

shown in Fig. S2A. The proteoliposomes are unilamellar and display a bilayer membrane thickness of 

3.72 ± 0.02 nm (± SEM) (Fig. S2B) from the microscopic images. As a control, the image of the empty 

18PC liposome without LHCII incorporated is shown in Fig. S3A. Without LHCII, the bilayer thickness 

of the membrane decreased by 0.2 nm (Fig. S3B), indicating that LHCII protein may also have a minor 

modulating effect on membrane thickness [51]. 

To have an idea of the physiological status of the LHCII in proteoliposomes, the Chl insertion 

ratios were calculated for each preparation (Fig. 2) [42]. The 18PC condition has the highest yield of 

93.0% ± 2.0 (± SEM) of total Chl insertion, followed by a yield of 91.1% ± 0.7 in 14PC. This likely 

indicates that the 18PC maintains a favorable environment for the LHCII complex. At 10PC, only 75.8% 

± 2.3 of the starting Chl ended up in the proteoliposome, whilst the 24PC LHCII proteoliposome, only 

57.7% ± 4.5 of total Chl was inserted into the membrane. Unlike the 14PC and 18PC which likely 

represent bilayer thicknesses close to in vivo dimensions of the thylakoid membrane, the Chl insertion 

ratios do highlight the 10PC and 24 PC conditions as physiological extremes. 

 

Fig. 2. Chlorophyll (Chl) insertion ratio of LHCII proteoliposome with series of ACL at 293 K. The Chl 

insertion ratios were measured by 80% acetone extraction [42], with which the Chl in the form of aggregates were 

removed through centrifugation. Data are the average of three independent experiments ± SEM. The difference in 

insertion ratios between 14PC and 18PC is not statistically significant (P > 0.05), which is determined via a 

Student’s t-test. 

Based on the structural findings mentioned earlier, we can estimate the percentage surface 

occupancy of LHCII (P%) for each type of proteoliposome, providing insights into the density of the 

LHCII complex on the liposome's surface. The average P% for 18PC and 14PC is determined to be 4.79% 

and 4.80% respectively. In contrast, the 24PC condition exhibits a lower average P% of 3.31%, potentially 

attributed to the combination of a lower insertion ratio and larger liposome sizes. Regarding the 10PC 
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condition, the data were segregated into two subsets based on the observed heterogeneity in each sample 

(Fig. 1A). The smaller 10PC liposomes display a P% of 3.58%, while the larger 10PC liposomes exhibit a 

slightly higher P% of 3.90%. Hence, despite variations in Chl insertion rates among the different liposome 

types, the P% values remain consistently low and comparable for each condition. This suggests that the 

initial low Chl-to-Lipid ratio limits the chances of a significant degree of LHCII aggregation in all types 

of liposomes.  

Considering that the alteration of the membrane thickness through ACL affects both the sizes and 

the Chl insertion in proteoliposome, it is likely that multiple numbers of LHCII trimers per 

proteoliposome could provide LHCII with the possibility of aggregation in the membrane [52]. Yet, small 

P% values less than ~5% indicate a low LHCII occupancy in each proteoliposome condition. The P% 

percentage roughly equates to an average of 23 LHCII trimers per 14PC proteoliposome, 33 LHCII 

trimers per 18PC proteoliposome, 104 LHCII trimers per 24PC proteoliposome, and at extreme 5 LHCII 

trimers in the smaller 10PC liposome and 42 LHCII trimers in the larger 10PC liposome. For example, 

despite P% values of ~3.3% and ~3.6% for the 24PC and the smaller 10PC conditions, there are 104 and 5 

LHCII complexes in each, respectively. 104 trimers seems to be more likely to self-associate and form 

large oligomers more readily than in conditions with only 5 trimers [52]. However, since the liposome 

size varies one must compare the protein densities in the liposomes instead. Therefore, the calculated 

densities of trimers for the 10PC, 14PC, 18PC and 24PC were 1.25, 1.60, 1.60 and 1.19 trimers per 1000 

nm
2
, respectively. This indicates that in 10PC and 24 PC liposomes with quenched chlorophyll 

fluorescence the concentration of LHCII was even lower than in the ‘unquenched’ liposomes with 18CP.   
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3.2 Biophysical characterization of the proteoliposomes 

Fig. 3. The correlation between average fluorescence lifetime and series of ACL for LHCII proteoliposome at 

room temperature. A, 293 K fluorescence decay traces of trimeric LHCII in detergent and LHCII proteoliposomes. 

The excitation wavelength was at 470 nm, and the emission was measured at 680 nm. B, Correlation between the 

average amplitude-weighted fluorescence lifetimes (τavg) and ACL at 293 K. Line depicts the best fit of a 3-

exponential mode for a lifetime. Data are means of three independent experiments ± SEM. There is no significant 

difference in lifetime comparing 10PC to 24PC (P > 0.05), which is determined via a Student’s t-test. The 14PC 

shows a significant quenched lifetime compared to 18PC with a P value of 0.04 by the paired-t-test report. The open 

star corresponds to the 2 ns fluorescence lifetime of the natural thylakoid with a lipid ACL of 18. Statistical analyses 

of average lifetime are listed in Supplementary Table 1.  
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Through the measurement of the samples’ fluorescence lifetimes, the extent of LHCII quenching can be 

quantified. The isolated trimeric LHCII complex shows an average fluorescence lifetime of 3.65 ns (Fig. 

3) with a high purity identified by SDS-PAGE (Fig. S6), however, in vivo, while proteins preventing 

concentration quenching on Chls, LHCII is already partially quenched with a 2 ns Fm lifetime (when all 

PSII reaction centers are closed by light) [37,38]. For the 18PC LHCII proteoliposome (Fig. 3A), the 

sample has an average lifetime of 1.80 ± 0.12 ns (± SEM), similar to the Fm lifetime measured in 

thylakoid membranes [37,38]. In each condition, the average fluorescence lifetimes are 1.47 ± 0.06 ns for 

14PC, 0.55 ± 0.10 ns for 10PC, and 0.44 ± 0.04 ns for the 24PC condition. Most strikingly, whilst the 

decrease in ACL from 18PC to 14PC does result in quenching of the complex, larger quenching has been 

seen in both the 10PC and 24PC conditions (Fig. 3B). It is likely that the membrane dimensions of both 

are causing a conformational change of LHCII into the quenched state. 

Fig. 4. Appearance of the 77 K fluorescence emission spectra and the inverted 2
nd

 derivative spectra of the 

LHCII proteoliposomes. A, 77 K fluorescence emission spectra of trimeric LHCII in detergent and nPC LHCII 

proteoliposomes with altered ACL (n). The excitation wavelength was 436 nm. Spectra are normalized to their 

respective F680 peak. Figures are set as larger offsets according to higher peak at ~694 band. B, 2
nd

 derivative of the 

fluorescence spectra for 24PC and 10PC LHCII proteoliposomes. 

To investigate this further, we recorded 77 K fluorescence emission spectra in each condition (Fig. 

4A). As a reference, the LHCII trimer in detergent shows a single characteristic peak at 678 nm (F680) 

600 640 680 720 760 800

0.0

0.5

1.0

1.5

2.0

2.5

3.0A

F
lu

o
re

s
c
e
n
c
e
, 
re

l.

685

10PC

14PC

18PC

24PC

LHCII Trimer

680
694

678

660 680 700 720 740 760 780
-0.04

-0.02

0.00

0.02

0.04

0.06B

Wavelength, nm

24PC

10PC

6852
n
d

D
e
ri
v
a
ti
v
e
, 

re
l.

672

677

678

694

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

and its associated vibronic satellite. LHCII in 18PC LHCII proteoliposome shows a broader F680 

spectrum similar to that of in vivo thylakoid membrane at room temperature [37]. Following the decline 

of the ACL from 18PC, 14PC to 10PC, the shoulder peak at ~694 nm (F700) shows increasing 

contribution, causing the main F680 peak to be effectively broadened. Concurrently, the 678 nm band 

shows a gradual red shift of 2 nm to 680 nm, indicating a lower excited energy of the terminal emitter. 

For the 24PC condition, the F700 at 694 nm can be distinguished as an individual peak. However, the 

10PC condition has a very different profile. Here, it appears that there is a large broadening of the 685 nm 

peak (F685), resembling a similar 77 K fluorescence spectra to that of LHCII immobilized in 

polyacrylamide gels [22]. A further contrast between the 10PC and 24PC can be seen through the 2
nd

 

derivative of the fluorescence spectra (Fig. 4B). Here, it is clear that there are opposite contributions in 

each condition to 685 nm and 694 nm. The positive peak at 685 nm in 10PC LHCII proteoliposome (light 

blue) elucidates a bulk of molecules responsible for the 685 nm broadened peak. However, this is not 

present in the 24PC condition (dark blue). Therefore, the 2
nd

 derivative spectra are strong evidence 

supporting the idea that LHCII has a distinctly different protein conformation in 10PC compared to 24PC, 

where the chlorophyll environment was apparently different. However, the average chlorophyll 

fluorescence lifetimes for LHCII in 10PC and 24PC are very similar. 

In the structural characterization of the proteoliposomes, the 10PC particles show unique bimodal 

distributions in sizes, as illustrated by DLS. To separate these two forms of proteoliposome in 10PC, 

further sucrose gradient purification was performed (Fig. 5A). Here, we managed to resolve two bands, 

hereafter, band 1 (B1) and band 2 (B2). Through measurement of the fluorescence lifetimes at room 

temperature (Fig. 5B), 10 PC proteoliposomes in B1 were calculated with an average lifetime of 0.75 ns, 

whilst B2 has a shorter average lifetime of 0.29 ns. Thus, indicating that the denser proteoliposomes in B2 

are more quenched. Concomitantly, the 77 K fluorescence emission spectra are also highly divergent (Fig. 

5C). B1 has a broad shoulder at ~683 nm, resembling the bulk 10PC condition as in Fig. 4A. However, 

B2 is quite similar to the spectrum of the 24PC condition. Here, a dominant F700 band can be seen 

alongside the F680. The sorting of LHCII into two distinct conformations here is likely reflective of the 

changes in structural morphology, and of the overall strain on the LHCII complex enforced by the 10PC 

membrane. 
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Fig. 5. Bi-phasic distributions of 10PC LHCII proteoliposome and fluorescence properties. A, Sucrose density 

gradient separates the two-bands distributions (B1, B2) of 10PC LHCII proteoliposome at room temperature. B, 293 

K lifetime distributions of B1 (blue trace) and B2 (black trace). The excitation wavelength was 470 nm and probed 

at 680 nm. C, 77 K fluorescence emission spectra of B1 and B2 when excited at 436 nm. 

4. Discussion 

In the thylakoid membrane, the dynamics of the membrane and the lipids therein play intimate roles in 

fine-tuning the organization and conformation of the protein complexes within. Whilst many in vitro 

works have focussed on the role that individual lipid types play [35,52-54], the role of the apparent 

thylakoid membrane thinning has remained largely elusive [12]. Here, we have constructed a range of 

LHCII proteoliposomes from lipids with altered ACL to simulate thylakoid membrane thinning processes. 

4.1 The role of lipid acyl chain length in determining the structural features of proteoliposomes 
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As a large amount of imaging research has been done on liposomes, the strong evidence to show that the 

membrane thickness is determined by the ACL [28,29,31,32,55]. As previously reported, the typical 

membrane thickness of 18 ACL was 3.6–3.7 nm [28,34], and the membrane bilayer thickness decreases 

by approximately 0.6–0.7 nm for every four carbons [28,29,56]. Therefore, the most straightforward 

strategy is relating the membrane thickness to the ACL of lipids.  

However, the 10PC condition displays a certain morphological diversity. Here, there is a bimodal 

distribution of both liposomal size and particle density, representing two fluorescence quenching extents. 

10PC likely represents a condition wherein LHCII experiences structural stress, as further highlighted by 

a reduced yield of chlorophyll insertion into the liposome. On one hand, it is more likely that the 

extremely short 10 carbons of ACL in lipids can trigger the shrinking of LHCII into conformational 

change, thus allowing LHCII could conform to comfortably reside within. On the other hand, the bi-

phasic distributions may be linked with a change in the phase transition temperature (Tm) from the fluid 

liquid crystalline state to the ordered gel state of lipids [31,32]. The Tm has been shown to be heavily 

dependent on the ACL of the liposome with various protein concentrations [55,57-59]. Thus, it is possible 

that the Tm of our 10PC condition is around the temperature of the measurements, therefore, there will be 

a heterogeneous population of proteoliposomes in both the gel phase and fluid liquid phase, which may 

explain the biphasic distribution of 10PC seen here.  

4.2 The relationship between membrane thickness and energy-dissipative states of LHCII 

Here, we have made liposomes at a moderate LHCII density, similar to previously published works on 

both liposomes [52,60,61] and nanodiscs [62-66]. The 18PC condition shows an average fluorescence 

lifetime and spectra similar to that of LHCII in native thylakoid membranes [37,38]. Whilst it has been 

well characterized that increasing LHCII density in proteoliposomes causes quenching [34,52,67], here 

we show that any deviations in membrane thickness from that of dark-adapted in vivo membranes also 

cause LHCII to convert into a quenched conformation [11]. It is interesting that the light-harvesting states 

of LHCII are more accessible in the 18PC membranes whose thickness is closest to that of dark-adapted 

thylakoid membranes [35,36]. A preference for specific membrane thicknesses has also been shown in 

other intrinsic membrane proteins [32,68-71]. It appears that when placed in either 10PC or 24PC 

membrane, LHCII is much more likely to reside in a quenched conformation than in 18PC, one tuned for 

light harvesting. Furthermore, the results on the Chl insertion ratio proved the best matching of LHCII 

protein with the 18 ACL. It is likely that changes in the orientation of Chls and carotenoids in LHCII, 

induced here by changes in membrane thickness, direct LHCII into a quenched state. It is interesting that 

LHCII appears to intrinsically default to a quenched state when the membrane environment is altered. 

Indeed, due to the high concentration of pigments within the complex [45], it appears harder to retain the 

light-harvesting state rather than a quenched one. 
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Interestingly, whilst the 10PC and 24PC display similar average fluorescence lifetimes, the 77K 

fluorescence emission spectra are highly divergent. Thus, despite similar amounts of quenching, here 

LHCII is represented in two separate quenched conformations. The 24PC condition displays a spectrum 

highly similar to environments, in which LHCII is aggregated, as shown by the prominent F700 

[34,52,72]. However, the 10PC condition displays a large broadened 685 nm band, which appears to 

resemble the spectra of LHCII immobilized in gels [22], probably reflecting a particular quenched 

conformation of LHCII.  

4.3 Hydrophobic mismatch as the driving force of qE? 

Previously, it has been shown that both thinning of the lipid membrane or the flattening of proteins within 

can control both dynamics and conformations of each on both individual and ensemble levels 

[29,33,51,73]. Through a process known as hydrophobic mismatch, changes between the vertical 

hydrophobic lengths of the protein or lipid fractions of the membrane can control the orientation of the 

protein in the membrane [27,74,75], its accessible conformations [32], and its aggregation state in the 

membrane [76,77]. The structure of the solvent has been shown to be highly important in controlling the 

conformations of LHCII in detergent [78]. Thus, any changes in the lipid structure around LHCII will 

likely greatly affect its function in vivo [14,54,79]. It is well accepted that the thylakoid membrane 

becomes thinner upon illumination [15,16,80], however, it was only shown relatively recently that this 

tendency correlates with the extent of qE, but neither the intensity of illumination nor magnitude of ΔpH 

[12]. 

In this work, we have constructed in vitro LHCII-containing proteoliposomes with a range of acyl 

chain lengths of lipid. Static control of the bilayer membrane thicknesses allows for accurately capturing 

the state of illumination-trigger membrane thinning in vivo [12,15,80] and its effects on NPQ in LHCII. 

We have shown that thinning of the hydrophobic lipid fraction of the membrane is able to drive LHCII 

into individual quenched conformations and likely into aggregated states as well. Although the 

phospholipid bilayer enables us to establish an in vitro system to mimic both the mismatch scenarios, the 

native thylakoid lipids do impart an important influence on proteins. The lipid composition in thylakoid 

membrane is a mixture of MGDG, DGDG, SQDG and PG [60,81,82], and more than 90% of lipids reside 

in the bilayer locus [83]. Some of the MGDG and PG are integrated into the LHCII complex itself, and 

are responsible for LHCII trimerization and energy transfer efficiency [45,83,84]. Due to the conical 

shape of MGDG matching the hourglass shape of the LHCII, it provides lateral pressure in stabilizing 

trimeric LHCII [79]. Moreover, molecular dynamics simulations confirmed that the presence of MGDG 

leads to a significant increase of the physical pressure in the hydrophobic fatty acid moiety [85]. Changes 

in the lateral pressure profile may cause the neoxanthin distortion and the LHCII conformational change 

seen in the NPQ state [54]. Furthermore, the situation in vivo may be more complicated. Molecular 
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dynamics simulations have indicated that at low pH LHCII undergoes a conformational change into a 

quenched conformation where PsbS has been proposed to block the thylakoid lipid DGDG rearrangement, 

and allow LHCII transition into the quenched state, thus acting as a seeding point for further aggregation 

[12-14]. Thus, the nature of PsbS action within the hydrophobic mismatch state of LHCII remains to be 

further investigated, in vivo [5,7,12,86-88]. Furthermore, we would like to note that whilst the 10PC and 

24PC conditions cause a quenching of LHCII from ~2 ns to ~500 ps, the quenching of 14PC is smaller 

(~1.5 ns). This is particularly interesting as the 18PC to 14PC transition appears to most closely reflect 

the in vivo thinning of the thylakoid membrane of ~20% [80], which would only cause 25% decrease in 

the lifetime. Thus, it may be the case that specifically membrane thinning alone is not adequate to trigger 

qE in vivo. The effect of membrane thinning alongside the effects of ΔpH and the allosteric modulation of 

zeaxanthin and PsbS upon the qE locus, LHCII, remain fruitful topics for further exploration, as 

emphasized in other works on LHCII in proteoliposomes [60,89-91]. However, it may be the case that 

unlike the scenario laid out above (i.e. positive mismatch), the LHCII protein becomes thinner relative to 

the membrane (i.e. negative mismatch). Molecular dynamics simulations and linear dichroism spectra 

appear to show that LHCII becomes effectively flatter when in the quenched state [26,92]. The observed 

membrane thinning in the light may thus be caused by a flattening of LHCII rather than a change in the 

lipid phase of the membrane [12,15,16,80]. Under this scenario, comparing 24PC to 18PC may be an 

attractive scenario. Between these conditions, there is a large amount of quenching despite only a 25% 

change in the ACL. Therefore, the effects of PsbS, ΔpH, and zeaxanthin may allow this previously 

observed flattening of LHCII, giving the energetic drive for LHCII aggregation through negative rather 

than positive mismatch. 

In conclusion, we have shown that membrane thinning can induce quenching in LHCII. To 

disentangle the effects of protein-protein and protein-lipid interactions on the LHCII photoprotective 

switch, we have compared the structural and biophysical properties of LHCII proteoliposomes with 

varying ACL. Whilst the highest light-harvesting efficiency of LHCII is in a membrane of 18 carbons in 

ACL, similar to the in vivo thylakoid, further shortening or lengthening of the ACL will effectively 

quench LHCII and may provide the drive for LHCII aggregation. We further successfully separated two 

divergently quenched conformations of LHCII in 10PC proteoliposome. We suggest that hydrophobic 

mismatching between the vertical hydrophobic lengths of LHCII and lipids in the membrane could be the 

main driving force for qE in vivo. In essence, the hydrophobic mismatch between LHCII and surrounding 

proteins and lipids provides the energetic drive to change LHCII from a light-harvesting to a 

photoprotective state. We believe the proteoliposomal proof-of-concept of the hydrophobic mismatch 

hypothesis adds another important dimension to further understanding the regulation of light harvesting in 

the thylakoid membrane. 
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 Reconstitution of LHCII protein into liposomes with altered fatty acid chain length 

 Two quenched conformations of LHCII are physically separated 

 Hydrophobic mismatch is a probable trigger of the quenching, qE 

 Membrane thickness balances energy between light-harvesting and dissipative states 
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