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Abstract

The high-resolution crystal structure of the trimeric major light-harvesting complex of 

photosystem II (LHCII) is often perceived as the basis for understanding its light-harvesting and 

photoprotective functions. However, the LHCII solution structure as well as its oligomerization or 

aggregation state may generally differ from the crystal structure and, moreover, also depend on its 

functional state. In this regard, small angle scattering experiments provide the missing link by 

offering structural information in aqueous solution at physiological temperatures. Here we use 

small angle scattering to investigate the solution structures of two different preparations of 

solubilized LHCII employing the non-ionic detergents n-octyl-β-D-glucoside (OG) and n-dodecyl-

β-D-maltoside (β-DM). The data reveal that the LHCII–OG complex is equivalent to the trimeric 

crystal structure. Remarkably, however, we observe a stable oligomer comprising three LHCII 

trimers in the case of the LHCII-β-DM preparation implying additional pigment-pigment 

interactions. The latter complex is assumed to mimic trimer-trimer interactions which play an 

important role in the context of photoprotective non-photochemical quenching.
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Photosynthetic light-harvesting complexes (LHCs) are pigment-protein complexes evolved to 

collect solar radiation and to transfer resulting excitation energy to the photochemically active 

reaction centers (for reviews see e.g. 1, 2, 3). The trimeric light-harvesting complex II (LHCII) is 

the major antenna complex of green plants and algae. Its structure is well characterized by X-ray 

crystallography 4, 5 revealing 14 chlorophylls (Chls) and four carotenoids (xanthophylls, oxygen 

derivatives of carotenes) bound per apo-protein monomer. Center-to-center distances between 

Chls in the order of only 8-10 Å suggest sizeable excitonic interactions between the pigments to 

enable efficient excitation energy transfer (EET) 6-9. In contrast, a previous medium-resolution 

structure 10 had suggested rather weak excitonic delocalizations in Chl heterodimers 11, 12. Trimeric 

LHCII comprises various combinations of the different apo-proteins Lhcb1-3, which are 

characterized by weakly variant spectroscopic properties 13, 14. 

While the crystal structure of LHCII is well known at almost atomic resolution, it is important to 

keep in mind that spectroscopic studies on light-harvesting functions are usually carried out using 

samples in solution. It is likely that solubilized membrane proteins may - in general - have different 

structural features than proteins in crystals. For example, small angle neutron scattering (SANS) 

indicated slightly larger ab initio structures of Photosystems I (PSI) 15 and II (PSII) 16 in solution 

at physiological temperatures compared with the corresponding X-ray crystal structures. This was 

explained by increased flexibility of PSI and PSII in solution 15, 16. In the case of LHCII, molecular 

dynamics simulations suggest that different structural domains of LHCII including the stromal 

loop, and, especially, the N-terminus may deviate from the crystal structure 17. Furthermore, 

structural differences between solubilized membrane proteins and protein crystal structures were 

observed using solution nuclear magnetic resonance (NMR) spectroscopy 18, 19. NMR was also 

used to determine the solution structures of solubilized LHCII in light harvesting and quenched 

states 20, in which the quenched state was induced by extracting the detergent form the buffer 

solution during the sample preparation. A comparison of the two NMR structures revealed altered 

interactions between certain Chls a and neoxanthin as well as Chl-lutein interactions in the 
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dissipative state. Similar observations were made using non-linear spectroscopic techniques 21. It 

also appears that Chls exhibit increased flexibility in unquenched, detergent-solubilized LHCII at 

physiological temperatures 20. This is in line with results of quasielastic neutron scattering (QENS) 

data indicating a drastic increase of protein dynamics towards room temperature due to availability 

of additional conformational substates 22, 23.

It is also important to note that application of different detergent types to extract and stabilize 

LHCII from thylakoid membranes leads to different spectroscopic characteristics 24. For example, 

protein stability may be affected in the presence of detergent molecules by disrupting protein-

protein, pigment-protein and protein-lipid interactions 18, 25-28. Therefore, the choice of an optimal 

detergent to solubilize LHCII becomes a critical task to maintain a functionally active, native-like 

structure for in vitro biophysical studies.

In addition to possible deviations between crystal and solution structures, LHCII also displays a 

remarkable structural flexibility in vivo 29, so that - depending on its functional state - 

oligomerization or aggregation state may play an important role. For example, inevitable 

fluctuations of light intensity in nature often cause “overload” of the reaction centers’ (RCs’) 

capacity leading to potential damage 30. It was shown that aggregation of LHCII leads to a 

pronounced decrease in Chl fluorescence yield and lifetime and is thus assumed to mimic the major 

photoprotective mechanism against excess excitation denoted as non-photochemical quenching 

(NPQ)  21, 31-41. The molecular details of NPQ are still subject of an intense scientific debate 29, 42. 

There may be different mechanisms including quenching via the first excited singlet state (S1) of 

lutein 39, 43 via a Chl–Chl charge transfer state 42, 44 or via other channels 45-47. In addition, CD 

spectra of LHCII aggregates and of unstacked thylakoid membranes were found to be very similar, 

emphasizing the importance of trimer-trimer interactions in-vivo 48. Electron microscopy studies 

assessed mutual distances between LHCII in membranes 49. It was suggested that in the NPQ state 

the average inter-trimer distances can become significantly shorter, implying the establishment of 
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protein clusters resembling LHCII aggregates in vitro 50-52. 

Therefore, the question of oligomerization and/or aggregation of LHCII depending on isolation 

protocol and on detergent type is of great importance. Small angle neutron and X-ray scattering 

(SANS and SAXS, respectively) have proven to be appropriate experimental techniques to study 

the latter questions. The use of the small angle scattering techniques provides access to unique 

structural information on shape, domain organization and aggregation interactions of biomolecules 

in solution 53-55. The combination of SAXS and SANS techniques is widely used to study large, 

flexible and glycosylated proteins, to which high resolution structural techniques, such as 

crystallography and NMR cannot be easily applied. SANS and SAXS have also been successfully 

employed in photosynthesis research 56, 57. For example, neutron studies of plant thylakoid 

membranes have revealed a size of the grana unit-cell of 157 Å in solution 58, 59, the hydration 

dependence of PS II membrane spacing 60, the structural arrangement of cyanobacterial thylakoid 

membranes 61, 62, but also on state transitions in Chlamydomonas reinhardtii 56. SANS is especially 

powerful to determine solution structures of assemblies of pigment-protein complexes 63. In 

addition, SANS was also used to characterize the solution structure of LHCII, 51 PsbO from 

cyanobacterial PSII 64, 65, the bacterial light-harvesting complex LH2 in solution at physiological 

temperatures 66 and of trimeric PSI 67, 68. 

In this study, we investigate the solution structure of solubilized LHCII using two different 

preparation protocols employing the non-ionic detergents – n-octyl-β-D-glucoside (OG) and n-

dodecyl-β-D-maltoside (β-DM), respectively. Both detergents are widely used to solubilize 

membrane proteins 65, 69, but may influence the protein stability and affect protein-protein 

interactions. In addition, following Voigt et al. 21 we address the influence of the detergent 

concentration on the oligomerization and aggregation state of LHCII.
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Solution Structure of the LHCII-OG complex: In a first step, the structure of LHCII in a water-

based solution of OG at a detergent concentration of 1.8 % as previously used by Cardoso et al. 65

was investigated by SAXS measurements at the NanoStar instrument at room temperature. Figure 

1 shows the scattering intensity of the LHCII-OG sample as a function of scattering vector q. The 

protein concentration in the sample solution was about 1 mg/ml in order to minimize protein-

protein interactions. The SAXS curve of the LHCII-OG sample indicates that the sample is 

virtually free of aggregation. This is corroborated by the Guinier plot of the measured SAXS curve 

presented in the inset of Figure 1, which shows the expected linearity for q-values below 0.0015 

Å-2. The slope of the linear range yields a radius of gyration Rg equal to 31.2 ± 1 Å which is in 

good agreement with previous results 65. Furthermore, the SAXS curve of the LHCII-OG sample 

exhibits a pronounced peak with a maximum at a q-value of about 0.18 Å-1(Figure 1). The latter 

peak corresponds to a small particle with an average radius size of about 25-35 Å. Thus, we assume 

that this feature of the scattering profile corresponds to free OG micelles. Accordingly, we applied 

a model to fit the SAXS data of the LHCII-OG complex consisting of two components: i) a 

cylinder model representing the LHCII – detergent complex (see the red solid line in Figure 1), 

and ii) a spherical core-shell model accounting for the free OG micelles (see the blue dotted line 

in Figure 1). Table I provides the fitting parameters of the combined model, which satisfactorily 

describes the SAXS data including the separate peak at q ~0.18 Å-1 (see Figure 1). According to 

this analysis, LHC II-OG complexes are characterized by a cylinder radius of about 43 Å and by 

a height of about 50 Å. Especially, the latter value appears to be consistent with the thickness of 

the thylakoid membrane, into which native LHC II is embedded 4, 5, 56, 59. The outer radius of the 

OG micelles is found to be about 28 Å.
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Figure 1, upper panel. SAXS data of LHCII-OG complexes (green dots) in aqueous solution. The grey 
solid line represents the contribution of the LHCII–OG complex, while the grey dashed line gives the 
contribution of the free OG micelles. The black line is the overall fitting curves, which is a linear 
superposition of the two components. The inset shows the Guinier region of the measured SAXS curve 
with a linear fit according to the eq. (1). The resulting Rg is equal to 31.2 Å. Lower panel. Pair-distance 
distribution functions P(r) obtained from SAXS and SANS experiments in this study. The green curve 
shows the P(r) functions calculated using Gnom from the LHC II–OG SAXS data; the blue curve represents 
the P(r) function for the case of the LHCII–β-DM SAXS data and the red line LHCII–β-DM SANS data in 
100% D2O. For comparison, we also present the P(r) function (black line) calculated from the crystal 
structure of LHCII (1RWT). 4
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Table I. Fitting parameters for SAXS curves of LHCII–OG and LHCII – β-DM using a 
superposition model.

Cylinder LHCII–OG SAXS LHCII–β-DM SAXS LHCII – β-DM SANS

100% D2O

Data is shown in Figure 1 Figure 5B Figure 5A

Scaling factor A 0.5±0.05 1.1±0.05 0.00135±0.0005
Rcyl (Å) 43±5 62±5 62±5
L (Å) 50±8 50±8 50±8
ρcyl (10-6 Å-2) 11 11 3
ρsolv (10-6 Å-2) 9.46 9.46 6.36

Spherical core-shell OG micelle β-DM micelle β-DM micelle

Scaling factor B 83.7±1 103±1 0.00001±0.000005
rcore (Å) 13.6±4 13.8±4 13.8±4
rsphere (Å) 28,1±4 30.8±4 30.8±4
ρcore (10-6 Å-2) 8.75 8.75 -0.1
ρshell (10-6 Å-2) 9.66 9.66 1
ρsolv (10-6 Å-2) 9.46 9.46 6.36

Power law, C*q-p aggregation

Scaling factor C 
(10-6)

not used 33±1 not used

p 3 3 3
background (arb. u.) 3.60 3 0.0027
Sqrt(X2/N) 4.8 1.6 8.2

Figure 1 also shows the corresponding pair-distance distribution function P(r) of the LHCII-OG 

complex (green line) obtained from an IFT analysis of the experimental SAXS curve. It is 

important to note that the latter analysis was restricted to the q-range smaller than 0,085 Å-1, where 

the data are dominated by the scattering of the cylinder component while the contribution of the 

spherical core-shell is small and widely structureless. The P(r) function of the LHCII-OG complex 

(green line) has an asymmetrical shape with a peak at 38 Å, while Dmax is about 94 Å. The latter 

value is larger than the Dmax of 80 Å expected from the pdb structure of trimeric LHC II 4, 5. The 
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larger experimental value of Dmax is consistent with the presence of an OG detergent belt around 

the longest dimension of the LHCII structure. 

Figure 2: Structure reconstruction of the LHCII–OG complex based on the SAXS data shown in Figure 1. 
The top (Panels A and C) and lateral (Panels B and D) views are shown with conserved size proportions. 
The gray spheres correspond to the structure reconstruction of the complex according to the Monte Carlo 
simulations from the P(r) function using DAMMIF (see Figure 2, green line). The latter structure is 
superimposed with the LHCII trimer (green) 4. with an additional detergent belt of OG molecules (blue).

In a next step, we proceed with a structure reconstitution of the LHC II-OG complex using the 

DAMMIN software routine. Figure 2 shows the top and lateral views of the crystal structure of 

trimeric LHCII compared with the reconstituted structure (see grey spheres in panels A and B of 

Figure 2), which corresponds to the experimental P(r) function. A mismatch between the crystal 

structure of trimeric LHCII and the reconstituted structure is visible in the region of the 

hydrophobic surfaces of LHCII, which are surrounded by the thylakoid membrane in vivo. Thus, 
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the additional structure can likely be attributed to OG molecules shielding the hydrophobic part of 

LHCII from the solvent. A single OG molecule has a length of ~15 Å which fits the space 

suggested by the DAMMIF structure. Panels C and D of Figure 2 show the structure of the LHCII-

OG complex assuming a monolayer of OG molecules. We constructed the detergent belt by 

applying PYMOL70 and assuming the closest packing of detergent molecules. Based on the above 

model, it is also possible to estimate the number of OG molecules in the LHCII-OG complex to 

be about ~250 (7 rows of ~36 OG molecules in a row). Finally, we verified the structure of the 

LHCII-OG complex as shown in Figure 2 by creating a modified pdb structure including the OG-

belt and by using CRYSOL to calculate a theoretical SAXS curve. The latter curve compares well 

with the experimental SAXS data of Figure 1 (not shown) and thus finally corroborates our model 

of the whole LHCII-OG complex, which is consistent with the trimeric form of LHCII as in ref.65.

Solution Structure of the LHCII-β-DM super complex: The solution structure of the LHCII–β-

DM complex was investigated using SANS experiments at the YuMo instrument. The 

concentration of β-DM in the buffer solution was about 0.03%, which is above the critical micelle 

concentration of ~ 0.01%. However, the concentration of β-DM was significantly lower than the 

concentration of OG in the SAXS experiment discussed above, where we observed isolated 

LHCII-trimers. The choice of the initial β-DM concentration was based on previous measurements 

on isolated LHCII with β-DM using nonlinear polarization spectroscopy 21. In the latter study, it 

was inferred indirectly from spectroscopic data that commonly used detergent concentrations 

(around or slightly above the critical micelle concentration) do not lead to complete trimerization 

of LHCII and residual aggregation persists up to β-DM concentrations of > 0.06%21. 
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Figure 3, upper panel: SANS data of LHCII-β-DM complexes obtained at different protein concentrations 
and at a contrast of 100% D2O. Green dots correspond to the measurement at a protein concentration of 5 
mg/ml; blue dots – 2.5 mg/ml and red dots – 1 mg/ml. The inset shows the Guinier plot of the same SANS 
data. Lower panel: SANS data of LHCII (red dots) at the protein concentration of 1 mg/ml in 100% D2O 
solution with β-DM (0.03%). The grey solid line represents the contribution of LHCII–β-DM, while the 
grey dashed line indicates the contribution of β-DM micelles. The black line indicates the final fitting curve, 
which is linear superposition of the two components. The inset gives the Guinier region of the measured 
SANS curve with a fit according to the eq. (1). Rg is 48.6 Å.
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SANS data directly reveal the oligomerization state of a protein in aqueous solution. Figure 3 

shows SANS data of LHC II-β-DM complexes and corresponding Guinier plots for different 

protein concentrations in 100% D2O thus representing the entire LHCII–β-DM complex as the 

SAXS data above. A closer inspection of the SANS data of Figure 3 reveals that the data of the 

two higher protein concentrations do not tend towards a plateau for decreasing q-values, but rather 

exhibit a tendency towards an increasing signal with decreasing q. This is a typical signature of 

protein aggregation. In contrast, a linear behavior in the Guinier region indicating absence of 

aggregation is present only at the lowest protein concentration of 1 mg/ml (see insert of Figure 3). 

Remarkably, the experimental Rg of 48.6 Å is pronouncedly higher than the Rg value found for 

LHCII–OG complexes above (see also Table I).

In order to further investigate the structure of the LHCII–β-DM complexes, we performed a model-

depended analysis of the SANS curve at the lowest protein concentration of 1 mg/ml (Figure 3). 

As above, we applied a model consisting of a cylinder representing the LHCII – detergent complex 

and of a spherical core-shell accounting for detergent micelles. The fit parameters obtained for the 

LHCII–β-DM complex are listed in Table I. A comparison with those of the LHCII–OG complex 

suggests that the cylinder lengths are about 50 Å in all cases and thus again consistent with the 

transmembrane length of LHC II 4, 5, 56, 59. However, the cylinder radius of the LHCII–β-DM 

complex of about 62 Å is significantly larger than in the case of the trimeric LHCII–OG complex. 

This finding is also supported by the P(r) functions derived from the LHCII–β-DM SANS data 

(see Figure 1), which are generally shifted towards larger radii compared with the trimeric LHCII–

OG complex. The shape of the solution structure of the LHCII–β-DM complex was constructed 

from the P(r) function shown in Figure 1 using the DAMMIN program. The resulting structure 

represented by grey spheres in Figure 4 is approximately three times larger than that of the LHCII–

OG complexes described above, which indicates the formation of higher order oligomers. 
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In order to determine the size of the LHCII–β-DM complex, we first assumed an oligomeric 

structure, in which each LHCII trimer was surrounded by a monolayer β-DM belt as inferred 

before for the case of PSI trimers by Le et al. 68. Hence, the interaction between the LHCII–β-DM 

trimers would be mediated via the β-DM head groups. However, this structure turned out to be too 

large to fit the measured SANS data (not shown). Instead, a proper fit of the SANS data of the 

LHCII–β-DM complex required the assumption of an oligomer comprising three LHCII trimers, 

which is surrounded as a whole by one β-DM belt at the hydrophobic intra-membrane surface of 

LHCII trimers (see Figure 4). Within the above model, the three interacting LHCII trimers appear 

to be associated at their hydrophobic regions. In contrast, it was suggested in ref. 4 that the contact 

between LHCII-digalactosyl diacylglycerol (DGDG) proteoliposomes in the Type III crystal 

lattice was assumed to be via hydrophilic polar groups of DGDG lipids. 

In additional SAXS experiments (see supplementary material), we followed the idea suggested 

previously to achieve a re-trimerization by increasing the β-DM concentration21. However, the 

super-complex of three LHCII trimers reported above remains stable even at a much higher β-DM 

concentration of 1.0 % (see Table I and the P(r) function shown in Figure 1).

Turning back to the structural models, Figure 4 shows the structure of the LHCII-β-DM complex, 

in which β-DM molecules form a monolayer belt that surrounds the hydrophobic part of the three 

interacting LHCII trimers. A monolayer belt is consistent with our SANS experiments with 

contrast variation (see supplementary material), but also similar to the β-DM detergent belts of 

PSI and PSII 16, 69, 71. This structure of LHCII oligomers with β-DM detergent belt was constructed 

using PYMOL 70 assuming the closest possible packing of detergent molecules. Based on the latter 

model, we estimate a number of β-DM molecules in the LHCII–β-DM complex of about 504. 

Finally, the structure of the LHCII–β-DM complex was verified using CRYSON to calculate the 

resulting SANS data for the complex with detergent belt. The resulting theoretical curves 

correspond well to the experimental small angle scattering data (not shown). 
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Figure 4: Structure reconstruction of LHCII–β-DM based on SANS and SAXS data. The top (Panels A 
and C) and lateral (Panels B and D) views are shown next to each other with conserved size proportions. 
The gray spherical structure is the reconstruction of the complex according to the Monte Carlo simulations 
from the P(r) function (see Figure 1D, red line). The sphere structure is superimposed with the LHCII 
oligomer (green, blue and yellow cartoons) with an additional detergent belt of β-DM (red lines).

Implications for functional studies Our combined SANS/SAXS approach directly reveals that 

LHCII may adopt different quaternary structures in solution depending on preparation method as 

well as on detergent type and on protein concentration. The LHCII-OG complex is found to be 

trimeric and similar to the crystal structure, while the LHCII–β-DM complex appears to be an 

oligomer consisting of three trimers. This shows that the quaternary structure of solubilized LHCII 

may generally differ from that of its crystal structure giving rise to unexpected inter-trimer 

pigment-pigment and protein-protein interactions. These results partly corroborate those of Voigt 

et al. 21, who inferred the presence of higher oligomeric states of LHC II in buffer solution based 

on the observation of non-linear spectroscopic properties varying with detergent concentration. 
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Furthermore, our data show that aggregation of the LHCII–β-DM complex can be detected at 

relatively low protein concentrations. However, a transition from oligomeric structures of the 

LHCII–β-DM complex to well-separated trimers upon increase of detergent concentration was not 

reproduced in the present study. Rather, the oligomeric structure of LHCII consisting of three 

trimers appeared to be quite stable and did not tend to break apart with increasing β-DM 

concentration. Trimer-trimer interactions of LHCII were also reported based on circular dichroism 

(CD) data48 showing that LHCII aggregates isolated according to ref. 72 do not convert to isolated 

trimers at a β-DM concentration of 0.1%. In contrast, another LHCII–β-DM preparation used for 

hole burning 73 and neutron scattering experiments 22, 23 was shown to be trimeric by gel filtration 

chromatography 74. This indicates that the oligomerization state appears to be determined by 

preparation method rather than by the detergent used.

Potential implications of trimer-trimer interactions for the spectroscopic properties of LHCII were 

discussed e.g. by Lambrev et al. 48. CD data of LHCII aggregates and unstacked thylakoid 

membranes were found to be very similar, while those of solubilized LHCII differed mainly in the 

spectral range of carotenoids. The latter study concluded that trimer-trimer interactions might 

mimic the native organization of LHCII in the thylakoid membrane, where close contacts between 

LHCII trimers have significant impact on the pigment interactions and may play a role in EET and 

in the formation of energy-dissipative states 48. Because solubilized LHCII was shown not to 

exhibit pigment-pigment interactions stemming from intertrimer interactions, a likely candidate 

for a pigment affected by the latter intertrimer interactions is neoxanthin, which is largely 

protruding out of the otherwise rather compact LHCII crystal structure. However, neoxanthin is 

also in close contact to several Chls including Chl b606 and Chl a604. The latter observation may 

explain why the CD data of Lambrev et al. 48 do also show smaller differences between solubilized 

LHCII and aggregates in the Chl spectral range. It is especially interesting, however, that Chl a604 

was alternatively proposed to be associated with the lowest energy state of LHCII 9, 73 so that 

protection against excess excitation energy by NPQ via interaction with neoxanthin at this pigment 
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site seems to be physiologically important. The LHCII oligomer comprising a trimer of trimers 

shows that stable complexes mimicking trimer-trimer interactions can be prepared and can be used 

to study the signatures of corresponding pigment-pigment interactions using spectroscopic 

techniques.

4. Conclusions

Our combined SANS/SAXS approach provides important insight into structural properties of 

LHCII in buffer solutions and directly reveals that LHCII may adopt different quaternary 

structures depending on detergent type and isolation procedure. Especially, we report for the first 

time that LHCII may form stable nonamers in buffer solution. This suggests that the 

structure/oligomerization state of LHCII in solution used for spectroscopic studies must not 

necessarily correspond to that of the high-resolution crystal structures. As a consequence, 

additional pigment-pigment interactions may arise and open up alternative channels for excitation 

energy transfer and/or NPQ. It can be anticipated, that the hitherto unknown protein-protein 

interactions observed here may play a role in the formation of energy-dissipative states of LHCII 

and constitute a missing link to understand the photoprotective mechanism in LHCII.
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