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ABSTRACT Self-aggregation of isolated plant light-harvesting complexes (LHCs) upon detergent extraction is associated with
fluorescence quenching and is used as an in vitro model to study the photophysical processes of nonphotochemical quenching
(NPQ). In the NPQ state, in vivo induced under excess solar light conditions, harmful excitation energy is safely dissipated
as heat. To prevent self-aggregation and probe the conformations of LHCs in a lipid environment devoid from detergent inter-
actions, we assembled LHCII trimer complexes into lipid nanodiscs consisting of a bilayer lipid matrix surrounded by amembrane
scaffold protein (MSP). The LHCII nanodiscs were characterized by fluorescence spectroscopy and found to be in an un-
quenched, fluorescent state. Remarkably, the absorbance spectra of LHCII in lipid nanodiscs show fine structure in the carot-
enoid and Qy region that is different from unquenched, detergent-solubilized LHCII but similar to that of self-aggregated,
quenched LHCII in low-detergent buffer without magnesium ions. The nanodisc data presented here suggest that 1), LHCII
pigment-protein complexes undergo conformational changes upon assembly in nanodiscs that are not correlated with downre-
gulation of its light-harvesting function; and 2), these effects can be separated from quenching and aggregation-related
phenomena. This will expand our present view of the conformational flexibility of LHCII in different microenvironments.
INTRODUCTION
The photosystem II (PSII) antenna can switch from a fluores-
cent to a fluorescence-quenched state under intense illumina-
tion in a process called nonphotochemical quenching (NPQ).
In this photoprotective mode, the light-harvesting antennae
are involved in downregulation of photosynthesis and harm-
ful light energy is rapidly dissipated as heat (1). The fluores-
cence-quenched state can be induced in vitro in aggregated
major or minor antenna complexes, and a comparison of
the pigment’s spectroscopic properties strongly suggests
that the in vitro and in vivo photophysical mechanisms are
similar (2,3). However, the origin of the photophysical
processes that lead to the NPQ state is the subject of much
debate, and several mechanisms have been proposed for the
associated reversible switch in pigment configuration. It
has been suggested that a carotenoid radical cation acts as
a quencher of the chlorophyll excited states (4), and that
conformational changes in the minor antennae can modulate
the chlorophyll-zeaxanthin (Chl-Zea) charge-transfer
quenching (5). Alternatively, Chl-Chl charge transfer states
in LHCII oligomers were proposed to be an intermediate
for the fluorescence quenching process (6), characterized
by a far-red emitting state (7). Several studies suggested
that fluorescence quenching is induced by conformational
changes in the major LHCII antenna. The occurrence of
a conformational change in this protein was demonstrated
by resonance Raman, which showed a twist in the neoxanthin
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(Neo) carotenoid when the antenna system switched from
a light-harvesting to an energy-dissipating state in vivo (3).
Similar Raman features are observed upon self-aggregation
of LHCII, which induces fluorescence quenching in vitro.
It was proposed that the protein conformational change alters
the interaction between a lutein (Lut) and Chl, transferring
the light energy from Chl to a low-lying carotenoid excited
state in the energy-dissipating mode (3). Another model,
also based on Car S1-Chl interactions, suggests a photophys-
ical mechanism in which short-living, low excitonic carot-
enoid chlorophyll states serve as traps and dissipation
valves for excess excitation energy (8,9).

In the work of Ilioaia et al. (10), LHCII fluorescence
quenching was induced by extraction of detergent from iso-
lated LHCII proteins entrapped in gels, which precludes
protein aggregation. The results strongly support the con-
cept that the process of fluorescence quenching is caused
by intramolecular conformational changes rather than pro-
tein aggregation per se (10). In a recent study involving
single-molecule fluorescence experiments on isolated
LHCII trimers, spectral fluctuations were attributed to small
conformational changes in the pigment-protein scaffold
(11). The conformational diffusion of single LHCII trimers
is controlled by the local environment, which can shift the
dynamic equilibrium between strongly and weakly fluo-
rescing states (12). The level of fluorescence quenching in
in vitro aggregates is modulated by a variety of factors,
including the detergent concentration, pH, ionic strength,
and Mg concentration (13–15). In addition, it was recently
shown that the quenching behavior and aggregate size of
doi: 10.1016/j.bpj.2011.09.055
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LHCII complexes depend on the presence of different thyla-
koid membrane lipids (16).

Few studies have concentrated on the mechanism of NPQ
in liposome-reconstituted photosystem II (PSII) antenna
complexes that mimic protein-lipid interactions (17,18). In
such systems, protein aggregation and the degree of fluores-
cence quenching are not easily controlled. Thus, the effects
of self-aggregation, conformational switching, and protein-
lipid interactions, all of which have been suggested to play
a role in the mechanism of NPQ, are not easily measured
independently.

Here, we introduce what to our knowledge is a new plat-
form to study the behavior of single light-harvesting com-
plexes (LHCs) in a lipid environment. We assembled LHCII
trimer complexes into lipid nanodiscs (nanometer-sized lipid
bilayer discs surrounded by a membrane scaffold protein
(MSP)) (19). We used two types of MSPs (MSP-E3D1 (20)
and ZAP1 (21)) that, according to their lengths, can form
nanodiscs with ~12 nm and ~10 nm diameters. A schematic
picture of a lipid nanodisc and the size of the LHCII trimer
complex inside a 12 nm nanodisc is shown in Fig. 1. Under
optimized conditions, assembly of LHCII trimers into E3D1
and ZAP1 membrane discs formed nanodiscs with 12–14 nm
and 10–15 nm diameters, respectively. The fluorescence
yields of the LHCII-E3D1nanodiscswere found to be compa-
rable to those of LHCII trimer complexes solubilized in
buffered detergent solution. Interestingly, the absorbance and
fluorescence excitation spectra were not identical to deter-
gent-solubilized LHCII with respect to fine structure in the
Soret and Qy regions. We hypothesize that substituting deter-
gent for lipid interactions induces conformational changes
that are unrelated to quenching or aggregation phenomena,
illustrating the conformational flexibility of LHCII pigment-
protein complexes in different microenvironments.
MATERIALS AND METHODS

Overexpression and purification of the MSPs
E3D1 and ZAP1

The plasmid for ZAP1 (21) was a kind gift from Drs. S. Banerjee and T.P.

Sakmar (Rockefeller University, New York), and the plasmid MSP1E3D1
FIGURE 1 Schematic picture (A) of a lipid nanodisc formed by a dimer

of two membrane scaffold proteins and (B) top view of the LHCII trimer

complex scaled inside a 12-nm nanodisc.
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(22,23) was obtained from Addgene (Cambridge, MA). Both cDNA

constructs were N-terminally extended with a His-tag and cloned into a

pET28a plasmid with a kanamycin-resistant backbone. The purified plas-

mids were transformed into competent BL21 (DE3) Escherichia coli,

Rosetta2 strain (EMD Biosciences, Darmstadt, Germany), and plated on

LB-agar containing appropriate antibiotics. A single colony was grown

overnight at 37�C in 30 ml LB medium containing 30 mg/ml kanamycin

with shaking at 180 rpm to generate a starter culture. The starter culture

was added to 0.5–1 liter of Terrific Broth (TB) medium (Sigma-Aldrich,

St. Louis, MO) and incubated at 37�C with shaking at 180 rpm until an

OD585 of 0.6–0.7 was reached. MSP production was induced by adding

isopropyl b-D-1-thiogalactopyranoside (IPTG) to a final concentration of

1 mM. The cells were harvested 3–4 h after induction by centrifugation

(3000 � g, 30 min). The cell pellet was resuspended in storage buffer

(40 mM Tris, 0.3 M NaCl, 2 mM phenylmethanesulfonylfluoride, 5 mM

2-mercaptoethanol, and one tablet per 50 ml complete EDTA-free protease

inhibitor (Hoffman-La Roche AG, Basel, Switzerland) in MilliQ, pH 8.0)

and stored at �80�C.
The stored cell pellet was thawed on ice, and lysozyme (12.5 mg/500 ml

culture; NBC Cleveland, OH) and Benzonase Nuclease (3 ml/500 ml

culture, purity > 99%; EMD Biosciences) were added. After 30 min of

incubation on ice, Tergitol-type NP-40 (10%; Sigma-Aldrich) was added

at 125 ml/500 ml culture. The suspension was sonicated five times for

45 s under ice-cooling to disrupt the cells, followed by centrifugation

(3000 � g, 30 min, 4�C). We purified the MSP from the supernatant using

immobilized metal affinity chromatography exploiting the His-tag, in a

batchwise procedure modified from (23,24). The supernatant was incubated

overnight under rotation at 4�C with Ni-NTA Superflow beads (Qiagen,

Qiagen Benelux B.V., Venlo, The Netherlands; 6 ml beads per liter of

culture) that were preequilibrated with buffer A (40 mM Tris, 0.3 M

NaCl, 1 mM NaN3, pH 8.0). The loaded beads were then washed sequen-

tially with the following volumes and buffers: 3 bead volumes (BV) of

buffer B (40 mM Tris, 0.3 M NaCl, 1% NP-40, pH 8.0), 3 BV of buffer

C (40 mM Tris, 0.3 M NaCl, pH 8.0), 3 BV of buffer D (40 mM Tris,

0.3 M NaCl, 20 mM imidazole, pH 8.0), and 0.5 BV of buffer A with

50 mM imidazole. The MSP was then eluted several times with 0.5 BV

of buffer A with 200 mM imidazole until the A280 was reduced substan-

tially, and finally two or three times with 0.5 BVof buffer A with 400 mM

imidazole to complete the elution. The purified protein was assayed for

purity via SDS-PAGE and silver staining, and the fractions were stored

at �20�C.
This procedure produced two bands for ZAP1 at ~30 and 26 kDa, both of

which are competent in nanodisc formation, and one band for E3D1 at

32 kDa.We determined theMSP concentration from the A280 using a molar

absorbanceof 23,000Mol�1.cm�1 forZAP1 (21) and29,900Mol�1.cm�1 for

E3D1 (23). The yield of purified MSP varied between 100 and 200 mg/liter

of culture.
LHCII isolation

We isolated trimeric LHCII complexes from spinach as previously

described (25) using anion-exchange chromatography and the detergent

n-dodecyl b-D-maltoside (b-DM) for solubilization of the complexes.
Preparation of LHCII-lipid nanodiscs

For incorporation of the LHCII in lipid nanodiscs, the LHCII complexes

solubilized in DM were first mixed with soy asolectin lipids (Sigma) solu-

bilized in b-nonylglucoside (NG) to a final molar ratio of LHCII/lipid/

detergent of 1:60:420, taken the NG and b-DM together. The mixture

was incubated for 15 min. Subsequently, the MSP E3D1 or ZAP1 was

added to a final LHCII/MSP ratio of 1:2, 1:3, or 1:6, and the mixture was

again incubated for 15 min. As a control, we prepared a sample in which

no scaffold proteins were added in this step. Detergent extraction, leading
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to the assembly of LHCII-MSP lipid nanodiscs or proteoliposomes in the

control sample, was accomplished by complex formation with heptakis

(2,6-di-O-methyl)-b-cyclodextrin (Sigma-Aldrich), added as a solid in

one step or in three steps to a final molar ratio of 1:1 cyclodextrin/detergent

(26). The samples were incubated for 45 min in total and finally subjected to

centrifugation (80,000� g, 30 min, 4�C) to separate the nanodiscs from any

large aggregates and liposomal material. The collected supernatant was

dialyzed against detergent-free buffer (20 mM Hepes/KOH, pH 7.8,

10 mM NaCl, and 3 mM EDTA) for removal of the cyclodextrin-detergent

complexes and stored at �80�C until further use. The control sample

without MSP proteins would form LHCII-containing proteoliposomes

that were collected from the pellet. The absorbance spectra of the control

before and after centrifugation show that no free LHCII is present in the

supernatant (see Fig. S1 in the Supporting Material), confirming that the

LHCII complexes were taken up by the lipid membranes or sedimented

as LHCII aggregates. All steps were performed at 4�C.
Steady-state absorbance and fluorescence
spectroscopy

We measured fluorescence excitation and emission spectra using a

commercial spectrophotometer (Jobin Yvon, Fluorolog) with excitation

and emission bandwidths of 2 nm. The LHCII nanodiscs were diluted in

buffer containing 20 mM Hepes/KOH, pH 7.8, 10 mM NaCl, and 3 mM

EDTA, and measured in 1�1 cm cuvettes. To prevent potential aggrega-

tion of the LHCII nanodiscs through stacking interactions, we added no

MgCl2. For 77K measurements, the LHCII nanodiscs were diluted in

40% Hepes buffer and 60% glycerol (v/v) and cooled in a nitrogen-bath

cryostat to 77K. We measured absorbance spectra on a Cary 50 spectro-

photometer, using a 1 nm slit width for the absorbance wavelength and

a path length of 1 cm. We determined the room-temperature fluorescence

quantum yields (QY) of the samples relative to LHCII in buffered 0.03%

b-DM solution by comparing the room-temperature transmission (1-T) and

steady-state fluorescence spectra of the respective samples.
Time-resolved fluorescence spectroscopy

Time-resolved emission measurements were performed at room tempera-

ture with a Streak camera setup. The samples were placed into a 1�1 cm

quartz cuvette and stirred continuously while excitation was performed at

the very edge of the cuvette. The absorbance of the sample was 0.1–0.15

at 400 nm. We generated excitation pulses of 400 nm (~100 fs) with vertical

polarization using a titanium:sapphire laser (Coherent, Santa Clara, CA)

with a regenerative amplifier (Coherent, MIRA seed and RegA) that was

used to pump an optical parametric amplifier (Coherent, OPA). The repeti-

tion rate was 50 kHz with pulse energy of 0.2 nJ in the sample, which

resulted in <0.05% excited Chls per pulse. The data were analyzed with

the use of global analysis techniques (27).
Electron microscopy

LHCII nanodiscs were prepared by the negative staining method with 2%

uranyl acetate (28). Electron microscopy was performed on a Philips

CM120 transmission electron microscope (FEI, Eindhoven, The Nether-

lands) operated at 120 kV.
RESULTS

Morphological characterization of the LHCII
nanodisc preparations

The electron micrograph pictures of the different prepara-
tions show that at the highest molar ratio of E3D1/LHCII
(6:1), homogeneous discs of 12–14 nm diameter are formed
(Fig. 2 A), matching the length of the E3D1 scaffold protein
(23). Under the same conditions, the ZAP1/LHCII disc
preparation showed a more variable size distribution,
ranging from 10 to 20 nm, with an average diameter of
15 nm (Fig. 2 B). We could not distinguish the LHCII
trimers inside the discs by negative-staining electron
microscopy (EM), probably because the major part of the
LHCII protein is embedded inside the membrane matrix
in the discs. Atomic force microscopy studies on bacterio-
rhodopsin (Br) nanodiscs have shown that incorporating
membrane proteins can increase the disc sizes compared
with empty discs (29). We presume, therefore, that the
ZAP1 nanodiscs of ~10 nm diameter represent empty discs
enclosed by a single dimer of ZAP1 proteins (21), and the
larger discs contain LHCII. The control experiment per-
formed without addition of MSP resulted in larger proteoli-
posomes with a strong tendency to stack together (Fig. 3).

Reducing the MSP/LHCII ratio resulted in inhomoge-
neous mixtures of small discs (10–15 nm), larger discs
(20–40 nm), and disc-shaped particles (~100 nm; not
shown). The diameters of the intermediate-sized discs are
a multiple of 10 and 12 nm, which suggests that these discs
are formed by a multiple of MSP dimers. During the deter-
gent removal step in the LHCII-nanodisc sample, two
processes compete with each other: the LHCII complexes
have a high tendency to self-aggregate, whereas the MSPs
associate with lipids or lipid-LHCII mixtures to form closed
discs that prevent further self-aggregation. The outcome of
these two processes will strongly depend on their kinetics,
and hence on the MSP/LHCII ratio. In the case of LHCII,
this ratio has to be raised to 6:1 to largely prevent LHCII
self-aggregation. For proteins with a low tendency to aggre-
gate, this ratio can be lowered (23). For instance, we found
that using a 2:1 molar ratio of E3D1 to reaction center (RC)
protein produced homogeneous 13-nm particles, as deter-
mined by dynamic light scattering (not shown).
Spectral properties of the LHCII nanodisc
preparations

Room-temperature absorbance and fluorescence spectra of
the LHCII-nanodisc preparations confirmed that the LHCII
complexes were in a well-folded, functional state inside the
nanodisc membrane matrix, exhibiting fluorescence energy
transfer among the LHCII pigments. The inhomogeneous
preparations had a decreased fluorescence QY, consistent
with the idea that they consist of a mixture of small discs
with unquenched single LHCII trimers together with larger
discs and sheets with fluorescence-quenched LHCII aggre-
gates. Fig. 4 shows the 77K fluorescence emission spectra
of the different preparations. The fluorescence intensity was
scaled to the fluorescence maxima around 678 nm. The inset
shows the fluorescence peak that is ~0.5 nm red-shifted
for the homogeneous LHCII-ZAP1 and LHCII-E3D1 1:6
Biophysical Journal 101(10) 2507–2515



FIGURE 2 Electron micrographs of the (A) LHCII-

E3D1 nanodiscs and (B) LHCII-ZAP1 nanodiscs

prepared at an MSP/LHCII ratio of 1:6. The scale

bar is 100 nm.
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preparations, and further red-shifted for the inhomogeneous
LHCII-nanodisc preparations and the LHCII proteolipo-
somes. The room-temperature fluorescence QYs relative
to LHCII in buffered 0.03% b-DM solution are indicated
in the figure. The spectra of the inhomogeneous prepara-
tions contained a distinct shoulder at 700 nm. The ratio
between the 680 and 700 nm band is commonly used as
a measure for aggregate formation (30). Interestingly, the
F700/F680 peak ratio of the LHCII-ZAP1 1:2 was substan-
tially lower than in the control sample with LHCII proteoli-
posomes (0.22 vs. 0.38), although the fluorescence yields
relative to unquenched LHCII were similar (0.40 vs.
0.37). This suggests that the fluorescence 700 nm emission
band at 77K and the fluorescence quenching at room
temperature are not strictly correlated.

Fig. 5 shows the room-temperature absorbance spectra of
the homogeneous LHCII-ZAP1 and LHCII-E3D1 nano-
discs, and LHCII trimers solubilized in 0.03% b-DM. The
spectra were normalized at 405 nm because there are no
apparent changes in this region, and the spectra are less
affected by light scattering in this region than in the region
below 400 nm. This normalization procedure is somewhat
Biophysical Journal 101(10) 2507–2515
arbitrary, but it allows a good comparison of the subtle
changes in the spectral properties of the various prepara-
tions. Significant spectral differences between LHCII in
b-DM and the nanodiscs are observed in the Soret, carot-
enoid, and Qy regions. Fig. 6 shows the absorbance differ-
ence spectra obtained by subtracting the normalized
absorbance spectra of LHCII solubilized in 0.03% b-DM
from those of the LHCII nanodiscs. In the Soret region,
most prominent in all spectra are negative bands around
416 and 444 nm, and in the range of 472–486 nm. The
spectra in the Qy region show a positive band at 661 and a
negative band at 676 nm. The spectra are remarkably similar
to the spectra of aggregated LHCII in low-detergent buffer
without magnesium ions (Mg, shown in trace 5 in the
same figure) except for the lack of an additional positive
band at 683 nm in the Qy region. The bottom trace (trace
6) in Fig. 6 presents the difference spectrum of aggregated
LHCII in highly diluted detergent solution in the presence
of 5 mM MgCl2. This trace clearly shows that upon Mg
addition, a broad band at 500 nm appears and the positive
band at 683 nm is much more pronounced. The difference
spectrum in trace 6 resembles the absorbance difference



FIGURE 3 Electron micrograph of the control sample prepared without

MSP. The scale bar is 100 nm.

FIGURE 5 Room-temperature absorbance spectra of the LHCII-E3D1

(red, dotted) and LHCII-ZAP1 (blue, dashed) nanodiscs prepared with an

LHCII/MSP ratio of 1:6, and unquenched LHCII trimers solubilized in

0.03% b-DM (black solid line). The spectra are normalized at 405 nm.
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spectra of aggregated LHCII reported by Ruban et al. (31).
In addition, the fluorescence is further quenched with the
QY relative to unquenched LHCII trimers, decreasing
from 0.28 to 0.13. In contrast, addition of MgCl2 over
a range of 1–40 mM to a solution with LHCII in nanodiscs
did not significantly affect the absorbance spectra or the
fluorescence QY (not shown), and no changes were ob-
served in the LHCII nanodisc particle size distribution in
EM micrographs.
FIGURE 4 77K fluorescence emission spectra of LHCII-ZAP1 1:2

(LHCII/MSP) (blue, RT QY ¼ 0.40), LHCII-E3D1 1:2 (red, RT QY ¼
0.66), LHCII-ZAP1 1:6 (green, RT QY ¼ 0.75), and LHCII-E3D1 1:6

(orange, RT QY ¼ 0.84), and the control sample containing LHCII proteo-

liposomes (gray, RT QY ¼ 0.37). The thick-lined black spectrum is of

LHCII trimers solubilized in 0.03% b-DM buffer. RT QY is the room-

temperature fluorescence QY relative to LHCII trimers in 0.03% b-DM.

The inset shows the emission peaks around 680 nm, with (from left to right)

LHCII trimers in 0.03% b-DM, LHCII-E3D1 1:6, LHCII-E3D1 1:2,

LHCII-ZAP1 1:6, LHCII-ZAP1 1:2, and LHCII proteoliposomes.
Similar features were detected in the 77K fluorescence
excitation spectra (Fig. 7). The fluorescence excitation
spectra, which are less affected by light scattering than
the absorbance spectra, were normalized at 380 nm. Fig. 8
shows the 77K fluorescence excitation difference spectra,
based on the normalized fluorescence spectra of LHCII in
Fig. 7 and obtained by subtracting LHCII solubilized in
0.03% b-DM from those of the LHCII nanodiscs or from
the control LHCII proteoliposomes. Both the ZAP1 and
E3D1 nanodiscs in the homogeneous and inhomogeneous
preparations, as well as the control sample containing LHCII
in proteoliposomes, again show fine structure in the
FIGURE 6 Room-temperature absorbance difference spectra of (trace 1)

LHCII-ZAP1 1:2, (trace 2) LHCII-E3D1 1:2, (trace 3) LHCII-ZAP1 1:6,

and (trace 4) LHCII-E3D1 1:6 nanodiscs, and LHCII aggregates in

0.0003% b-DM buffer prepared (trace 5) without Mg and (trace 6) with

5 mM MgCl2, obtained by subtracting the absorbance of unquenched

LHCII in 0.03% b-DM. QY values are relative to the QYof LHCII trimers

in 0.03% b-DM. The original absorbance spectra were normalized at

405 nm.

Biophysical Journal 101(10) 2507–2515



FIGURE 7 77K fluorescence excitation spectra of the LHCII-E3D1 (red,

dotted) and LHCII-ZAP1 (blue, dashed) nanodiscs prepared with an

LHCII/MSP ratio of 1:6, and unquenched LHCII trimers solubilized in

0.03% b-DM (black solid line). The emission wavelength was 680 nm.

The spectra are normalized at 380 nm.
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difference spectra with negative bands at 416, 441, 470–472,
and 488 nm. For completeness, we note that normalizing the
fluorescence spectra at 405 nm (as was done for the absor-
bance spectra) did not change these wavelengths, and only
shifted the baseline of the difference spectra. Because the
control sample (proteoliposomes) had a low signal/noise
ratio, its spectrum was smoothed with a binomial fit, and
both the original spectrum (dotted line) and the smoothed
spectrum (solid line) are presented.

For the 1:6 LHCII/MSP disc preparations of the E3D1
and ZAP1 nanodiscs, the fluorescence lifetimes were probed
FIGURE 8 77K fluorescence excitation difference spectra of (trace 1) the

control sample containing LHCII proteoliposomes, (trace 2) LHCII-ZAP1

1:2 (LHCII/MSP), (trace 3) LHCII-ZAP1 1:6, and (trace 4) LHCII-E3D1

1:6 nanodiscs, obtained by subtracting the 77K excitation spectrum of

unquenched LHCII in 0.03% b-DM. The emission wavelength was

680 nm. QY is the room-temperature fluorescence QY relative to LHCII

trimers in 0.03% b-DM. The original fluorescence excitation spectra

were normalized at 380 nm.

Biophysical Journal 101(10) 2507–2515
with a Streak camera system and compared with those of
detergent-solubilized LHCII. The LHCII E3D1 and ZAP1
nanodiscs had a major component lifetime of 3.3–3.5 ns
and a smaller 340–390 ps component, whereas the deter-
gent-solubilized LHCII had a dominant lifetime component
of 3.5 ns with a very small contribution of a 1.3 ns compo-
nent (Fig. 9 and Table 1).
DISCUSSION

A comparison of the two types of MSP shows that only the
larger E3D1 protein yielded very homogeneous LHCII-
nanodisc preparations with a size distribution that can be
expected from the length of this MSP (23). We presume
that a minimal disc size of ~12 nm diameter is necessary
for proper incorporation of LHCII trimers into the discs,
and that the use of a smaller MSP, such as ZAP1, leads to
discs that cannot be smoothly fit with a single MSP dimer,
allowing less control over the final LHCII-nanodisc struc-
ture. In addition, because of the tendency of LHCII to
self-aggregate, one must ensure high MSP/LHCII ratios
to obtain homogeneous LHCII nanodiscs. It is interesting
to also note the formation of discs whose diameter sizes
are a multiple of the MSP lengths. This suggests that by
optimizing the LHCII nanodisc preparation protocol and
adding subsequent purification steps, one might also obtain
a set of small LHCII aggregates of discrete sizes.

From the fluorescence data we obtained for the homoge-
neous LHCII-E3D1 nanodisc samples, we can conclude
that the LHCII trimers incorporated inside the nanodiscs
are not subject to quenching of their fluorescence. The small
(~340 ps) lifetime component in the fluorescence decay
could reflect small impurities with small (i.e., <100 nm)
LHCII aggregates. No large particles were observed in
this sample in the electron micrographs, which suggests
that substantial quenching can be induced in small aggre-
gates. Global analyses of the streak image spectra of LHCII
solubilized in 0.03% b-DM reveals a dominant 3.5 ns
FIGURE 9 Decay-associated spectra of the 3.5 ns fluorescence lifetime

component (solid squares) and 0.34 ns component (open triangles) of

LHCII-E3D1 nanodiscs prepared with a LHCII/MSP ratio of 1:6.



TABLE 1 The fluorescence lifetimes and corresponding

decay-associated spectra amplitudes of LHCII trimers in

detergent and of LHCII trimers in the lipid nanodiscs, prepared

with an LHCII/MSP ratio of 1:6

Sample tfluor (ns) Amplitude

LHCII in 0.03% b-DM 3.4 0.99

1.3 0.01

LHCII-E3D1 3.5 0.89

0.3 0.11

LHCII-ZAP1 3.3 0.80

0.4 0.20
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component, whereas two long lifetime components of ~2
and 3.8 ns were measured for unquenched LHCII trimers
via photon counting techniques (32). This could reflect the
fact that Streak images only directly probe the first 1.5 ns
after the excitation pulse, and longer lifetimes are estimated
with the use of the back sweep (27). For Chl in natural
membranes in unquenched states, shorter lifetimes (~2 ns)
have been reported (33,34), and similar lifetimes were re-
ported for the longest lifetime component of LHCII recon-
stituted in proteoliposomes (17). In the study by Moya
et al. (17), the fluorescence quenching was shown to depend
on the lipid/protein ratio, and the average lifetime decreased
from ~2 ns to ~1 ns when the lipid/protein ratio was
decreased from 6.6 to 2.2 (mole/moles). This was ascribed
to protein-protein interactions at low lipid/protein ratios,
which lead to a strong increase in the amplitude of a
~0.3 ns lifetime component. The fact that the fluorescence
of single LHCII trimers embedded in lipid nanodiscs has
a dominant lifetime component of 3.5 ns suggests that the
shorter ~2 ns Chl lifetime observed in vivo or for LHCII re-
constituted in proteoliposomes results from protein-protein
contacts between trimers, crowding, and/or induced lateral
pressure in natural membranes. We did not attempt here to
mimic photosynthetic membranes by using natural lipid
compositions, and we also presume that lipid packing is
less rigid in small nanodiscs than in crowded photosynthetic
membranes that are densely packed with proteins.

Considering that the homogeneous preparations of LHCII
in 12–14 nm lipid nanodiscs are unquenched and in a
nonaggregated state, it is remarkable that the difference in
electronic absorbance compared with detergent-solubilized
LHCII shows fine structure that in the Soret, carotenoid,
and Qy regions is similar to aggregated LHCII diluted in
low-detergent buffers without Mg2þ ions. In addition, no
clear correlation is observed between the amplitude of the
peaks and the decrease in the fluorescence QY. This strongly
suggests that the observed absorbance spectral changes in
our samples are not caused by aggregation or quenching.
Because the nanodisc diameter is only about twice that of
a LHCII trimer, we cannot exclude the possibility that the
LHCII protein interactswith theMSP scaffold protein, result-
ing in the observed spectral changes. A comparison of the
behavior of LHCII inside lipid nanodiscs with studies of
LHCII in liposomes prepared at very high lipid/protein ratios,
and under conditions that stringently avoid LHCII aggrega-
tion, could be useful for assessing the possibility of LHCII-
MSP interactions. Recently, Grinkova et al. (35) successfully
designed extended MSP constructs that form larger nano-
discs of ~17 nm diameter. The use of these extended MSPs,
if they are carefully prepared to avoid incorporation of
more than one trimer per nanodisc, could be an alternative
way to reduce any LHCII-MSP interaction, because they
are less likely to occur in nanodiscs of increased size.

However, the similarity of the LHCII-nanodisc absor-
bance difference spectra with the difference spectra of
LHCII aggregates prepared in buffer without Mg suggests
that the observed spectral changes reflect the effects of ex-
tracting detergent and substituting the detergent shell for
LHCII-lipid or LHCII protein-protein contacts. The positive
band at 683 nm in the Qy region is absent for all LHCII
nanodisc preparations. This 683 nm band and the 500 nm
band are much more enhanced in difference spectra of
aggregated LHCII upon addition of Mg. It is well known
that Mg induces stacking of thylakoid membranes in vivo
(36,37) and the addition of >100 mM MgCl2 induces stack-
ing and enhanced lateral aggregation of LHCII in vitro (15).
The increased sizes of the LHCII aggregates in Mg buffer
may very well lead to absorbance flattening, and the differ-
ence spectra may be subjected to absorbance artifacts in the
form of flattening-related distortions (38,39).

The bottom spectrum in Fig. 6 of aggregated LHCII in the
presence of 5 mM MgCl2 resembles the difference in absor-
bance that has been reported for isolated LHCII in aggregated
minus trimeric state in vitro, and for isolated thylakoids in the
NPQ minus Fm state in vivo (30). The insensitivity of the
electronic absorbance profile of LHCII trimers in nanodiscs
to Mg suggests that the nanodisc compartmentalization
prevents not only lateral self-association of LHCII but also
Mg-mediated self-association into stacks. The resolution of
the EM micrographs is not high enough to completely
exclude stacking of nanodiscs into dimers in the presence
ofMg, but it certainly can be concluded that noMg-mediated
large lateral or three-dimensional aggregates were formed in
the nanodisc samples.

In contrast to the LHCII nanodiscs, the control sample
contained fused LHCII proteoliposomes that might mediate
stacking of LHCII. This could explain the difference in
emission properties of the inhomogeneous nanodisc prepa-
rations and the proteoliposome control, with respect to the
relation between the F700/F680 ratio in the 77K fluores-
cence spectrum and the room-temperature fluorescence QY.

The band at 500 nm that is strongly enhanced in aggre-
gated LHCII in the presence of Mg corresponds to lutein
1 (Lut1) (1,40,41), The þ/� bands at 676/661 nm in the
Qy region correspond to Chl a. These bands are more intense
in the nanodisc spectra than in the spectra of aggregated
LHCII, and correspond to a small blue shift in absorbance
for LHCII in nanodiscs. This is in contrast to the red shift
Biophysical Journal 101(10) 2507–2515
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that is observed both for aggregated LHCII and for chloro-
plasts in the NPQ state (42). The negative peak at 472 nm
probably corresponds to Chl b and the band at 486 nm to
neoxanthin (Neo) (1,41,43). The negative band at 444 nm
could correspond to Chl a or to lutein 2 (Lut2). Conforma-
tional changes may occur near these pigment sites, inducing
a change in the electronic states of Neo, Lut2 or Chl a, and
Chl b.

The 77K fluorescence excitation difference spectra in
Fig. 8 resemble the 77K fluorescence excitation difference
spectra of chloroplasts in the NPQ minus Fm states (42)
by having a negative band around 440 nm, which, however,
is more pronounced for the LHCII nanodiscs, and a small
negative shoulder at 488 nm, which is more pronounced
for the chloroplasts in the NPQ state. The small shoulder
at 488 nm could reflect small amounts of aggregated LHCII
in the disc samples because its contribution is higher in
preparations with a lower fluorescence yield. The 440 nm
band, however, is more pronounced for the unquenched,
homogeneous disc preparations. In that respect, it is note-
worthy that a similar negative band observed in difference
spectra of native membranes in NPQ minus Fm states is
correlated with quenching-induced changes in the pigment
or protein configuration. This suggests that the conforma-
tional space available to the LHCII trimer has specific
substates that are shared by certain functional transitions.

More-extended experiments must be performed before
we can characterize how LHCII protein conformational
and pigment electronic states are modulated by the nanodisc
assembly. Preliminary resonance Raman experiments sug-
gest that conformational differences occur between LHCII
in nanodiscs and detergent-solubilized or aggregated
LHCII, demonstrating the conformational flexibility of the
LHCII pigment-protein complex in adaptation to different
microenvironments.
CONCLUSION

Lipid nanodiscs represent a new, to our knowledge, platform
for studying isolated LHCs in a lipid environment that is
devoid of detergent interactions while avoiding protein
self-aggregation. Nanodisc samples are suitable for spectro-
scopic experiments in which light scattering should be
diminished, and for single-molecule studies that require
attachment to a substrate. In in vitro studies of the NPQ
behavior of isolated light-harvesting proteins, one can in-
duce fluorescence quenching by removing detergent from
the buffer. To date, the effects of detergent removal and
in vitro fluorescence quenching have not been characterized
independently. Our first results from LHCII lipid nanodiscs
show that LHCII trimer complexes embedded in the disc
membranes are unquenched, but suggest that conforma-
tional changes occur when the LHCII proteins are trans-
ferred from a detergent to a lipid environment. Further
experiments to spectroscopically characterize the protein
Biophysical Journal 101(10) 2507–2515
and pigment conformations of LHCII in different microen-
vironments are currently in progress.
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