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B IOPHYS ICS

Energetic driving force for LHCII clustering in plant
membranes
Premashis Manna1†*, Madeline Hoffmann1†, Thomas Davies2, Katherine H. Richardson2,
Matthew P. Johnson2, Gabriela S. Schlau-Cohen1*

Plants capture and convert solar energy in a complex network of membrane proteins. Under high light, the
luminal pH drops and induces a reorganization of the protein network, particularly clustering of the major
light-harvesting complex (LHCII). While the structures of the network have been resolved in exquisite detail,
the thermodynamics that control the assembly and reorganization had not been determined, largely
because the interaction energies of membrane proteins have been inaccessible. Here, we describe a method
to quantify these energies and its application to LHCII. Using single-molecule measurements, LHCII proteolipo-
somes, and statistical thermodynamic modeling, we quantified the LHCII-LHCII interaction energy as ~−5 kBT at
neutral pH and at least −7 kBT at acidic pH. These values revealed an enthalpic thermodynamic driving force
behind LHCII clustering. Collectively, this work captures the interactions that drive the organization of mem-
brane protein networks from the perspective of equilibrium statistical thermodynamics, which has a long
and rich tradition in biology.
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INTRODUCTION
Biological function is replete with protein-protein interactions that
change the enthalpy (H ) and entropy (S) of the system. As a result
of the second law of thermodynamics, the spontaneous formation
of these interactions requires a decrease in the state function called
the Gibbs free energy (G), defined as G = H − TS, where T is the
temperature. The use of ideas from equilibrium thermodynamics
and its microscopic partner, equilibrium statistical mechanics, has
a long and rich tradition in biology (1, 2). In particular, the appli-
cation of statistical thermodynamics to protein-protein interactions
has been a powerful tool for understanding processes such as mul-
tivalent binding (3), complex formation (4), and hydration of
protein complexes (5). However, these studies have been primarily
limited to globular proteins because of the challenges associated
with studies of membrane proteins. As a result, a thermodynamic
understanding of the many biological interactions within mem-
branes is missing. Here, we develop an approach to quantify the
thermodynamic parameters for membrane protein interactions
and apply this approach to the most abundant membrane protein
on Earth, light-harvesting complex II (LHCII) from green plants.

In plants, solar energy is absorbed by a network of LHCII and
other photosynthetic proteins and used to drive a cascade of bio-
chemical processes that ultimately convert CO2 to carbohydrates.
In the membrane, these proteins are found at high density (80%)
in an arrangement that has been revealed in exquisite detail. For in-
stance, the structure of the photosystem II (PSII)–LHCII supercom-
plex was solved at 3.2 Å resolution through single-particle cryo–
electron microscopy (6). Such high-resolution structures show the
position of the proteins, yet the energetics of the protein-protein in-
teractions that control the assembly and organization of such

complexes remain elusive. Through these structural studies, it has
also been established that the organization and composition of
the plant supercomplexes change with growth conditions. In partic-
ular, under high light, such as direct sun, LHCII forms clusters as
part of a set of photoprotective processes known as nonphotochem-
ical quenching (NPQ) (7, 8). The photosynthetic machinery is sus-
ceptible to damage by photoinduced reactive oxygen species (ROS)
(8), and the fast component of NPQ prevents ROS formation by dis-
sipating excess energy as heat (9, 10). NPQ is activated through the
formation of a ∆pH across the membrane, which is generated by
proton accumulation from water splitting (11). Up to 60% of
NPQ occurs in LHCII (12), where conformational changes of the
protein are thought to activate dissipative pathways within the em-
bedded chlorophyll (Chl) and carotenoids (Car). An equilibrium
between light-harvesting and dissipative conformations of LHCII
likely plays a role in regulating the extent of NPQ in plants and
algae (13–15). It has been shown that interactions between LHCII
and other proteins, such as PsbS or other LHCII, likely modulate
this equilibrium (16, 17). In particular, it has been long established
that LHCII clusters under many different conditions (18–23), yet
the thermodynamic origin of this clustering and how it is enhanced
in vivo under NPQ conditions all remain unclear. The tendency to
form clusters at all is unexpected, owing to the net negative charge
of −31e for LHCII trimers. Thus, the thermodynamic driving forces
behind the (re)organization of the thylakoid membrane are missing
in the literature, including the related parameters, e.g., entropy, en-
thalpy, and Gibbs free energy.

In this article, we introduce a method to quantify the interaction
energies of membrane proteins and the thermodynamic driving
forces associated with the membrane organization, which we
apply to LHCII. We performed single-molecule spectroscopy of
proteoliposome samples and modeled the photophysics and ther-
modynamics of the protein clusters within the proteoliposomes.
By fitting the model to the experimental single-molecule data, the
interaction energies were extracted. The LHCII-LHCII interaction
energy was found to be attractive in nature, consistent with
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observations of clustering, and in the range of several kBTs, where kB
is the Boltzmann constant. The interaction energy at low pH in-
creased in magnitude by ~30% compared to neutral pH, which
drives a transition from moderately clustered LHCII configurations
to strongly clustered ones. Quantification of the free-energy change
associated with the pH drop established that the pH-driven cluster-
ing of LHCII is primarily enthalpy-driven with a magnitude in the
tens of kBT (i.e., few kilojoules per mole), indicating strength suffi-
cient to induce LHCII clustering yet weak enough for easy revers-
ibility. These results provide a microscopic basis for the dynamic
regulation of membrane protein interactions, which may underlie
the responsive nature of membrane protein organization and
function.

RESULTS
LHCII-proteoliposome system to probe protein-protein
interactions
We investigated the protein-protein interactions between LHCII
using proteoliposomes with a systematically increasing number of
LHCII. The proteoliposomes were prepared by first extruding the
thylakoid lipid mixture through a polycarbonate membrane with
25-nm pore radii to generate liposomes of a well-controlled size.
The liposomes were mixed with LHCII to form LHCII-containing
proteoliposomes and were purified via a sucrose gradient for a final
homogeneous sample (fig. S1). The LHCII-to-lipid ratio was varied
to produce LHCII proteoliposomes with an average number of
LHCII, <N>, from less than 1 to 10. The ratios were selected on
the basis of lipid size, LHCII size, and the measured incorporation
efficiency of LHCII (20). The calculated <N> was confirmed
through the advent of spectroscopic signatures of LHCII-LHCII in-
teraction, as discussed below. Successful formation of the proteoli-
posomes was determined through dynamic light scattering (DLS),
which showed a single peak indicating a monodisperse sample with
a hydrodynamic radius of ~30 to 45 nm (fig. S2). The hydrodynamic
radius of the proteoliposomes increased with LHCII content, likely
due to the hydrophilic surface of LHCII (table S1) (24). Linear ab-
sorption and emission spectra of the purified LHCII proteolipo-
somes (figs. S3 and S5) showed that the intact LHCII trimeric
structure was maintained.

LHCII quenching with increasing protein density
The fluorescence lifetime reports on the overall photophysical path-
ways, and several studies have established that it decreases in the
presence of LHCII-LHCII interactions (18, 19). To characterize
the overall dependence of the lifetime on the protein density, we
performed ensemble time-resolved fluorescence measurements.
The fluorescence decay traces were best fit with a biexponential
function, and the average lifetimes were calculated from these two
terms (fig. S8). To investigate the distribution of fluorescence life-
time values, we performed single-molecule time-resolved fluores-
cence measurements (figs. S14 and S15). The lifetimes were
extracted from the single-molecule data by fitting the fluorescence
decay curves to single exponentials using maximum likelihood es-
timation (Fig. 1A and section S8). Although a biexponential func-
tion yielded the best fit for the ensemble decay curves, a single-
exponential function was used owing to the lower signal-to-noise
ratio in single-molecule data. Single-molecule measurements
require high excitation fluences, and so light-harvesting proteins

photodegrade during the observation time. To minimize the
effect of photodegradation, the lifetime was only characterized im-
mediately upon illumination before any changes in the emission
properties. The fluorescence lifetimes were measured and analyzed
from many individual LHCII proteoliposomes (~100) for each
sample to generate lifetime histograms as shown in Fig. 1B.

The average (squares) and median (circles) lifetimes from the
ensemble and single-molecule measurements, respectively, for all
LHCII-proteoliposome samples at neutral and at acidic pH are
shown in Fig. 1C and tables S2 and S3. The lifetime values decreased
with protein density and with the pH drop in both ensemble and
single-molecule measurements, revealing two types of quenching
processes: (i) cluster-dependent quenching and (ii) pH-dependent
quenching.
Cluster-dependent quenching
The ensemble measurements yielded an average lifetime of 2.67 ns
for <N> = 1, consistent with previous work (25). The single-mole-
cule measurements yielded a slightly shorter median lifetime of 2.45
ns for <N> = 1, likely due to a small remaining effect of photode-
gradation. The lifetimes gradually decreased with protein density
down to 1.88 ns for <N> = 10 for the ensemble data and 1.22 ns
for <N> = 10 for the single-molecule data, all at pH 7.5. These
values give an overall ~30 and ~50% reduction for the ensemble
and single-molecule data, respectively (Fig. 1D), corresponding a
~3 to 5% reduction per LHCII. In addition, a ~20% difference
between the ensemble and single-molecule measurements
emerged at higher protein densities. Photodegradation typically
results in the generation of quenchers, which can also quench
neighboring proteins. The effect of photodegradation is thus ex-
pected to increase with protein density, consistent with these obser-
vations (25, 26).
pH-dependent quenching
The lifetimes were also measured after overnight incubation at pH 5
and decreased from the pH 7.5 values for the samples with <N> = 1,
2, and 5 (Fig. 1, C and E). For LHCII proteoliposomes with high
(<N> > 5) protein density, long incubation times (>150 hours)
are required for LHCII to fully equilibrate into clustered configura-
tions in the membrane (section S6). However, proteoliposomes
become unstable after a few days, particularly at low pH, so the
pH dependence of these samples could not be investigated. The life-
time of LHCII-proteoliposome samples with <N> = 1 decreased to
an average of 2.57 ns for the ensemble data and a median of 2.02 ns
for the single-molecule data, corresponding to a <10% reduction.
This minor quenching at low pH could be either due to a pH-de-
pendent conformational change of LHCII or a change in the local
electrostatic environment.

Similar to the pH 7.5 data, the lifetimes at pH 5 gradually de-
creased as the protein density increased down to 1.67 ns for <N>
= 5 for the ensemble data and 0.96 ns for <N> = 5 for the single-
molecule data. Themagnitude of the pH-induced lifetime reduction
increased with protein density as shown in Fig. 1E. The pH-induced
reduction rose to ~25 and ~30% for the ensemble and single-mol-
ecule data, respectively (Fig. 1E), for <N> = 5, corresponding to a
~5% reduction per LHCII. The difference inmagnitude between the
ensemble and single-molecule data is likely due to the presence of
photodegradation in single-molecule data, which is more prevalent
at low pH. Overall, the larger reduction in lifetime with the pH drop
for higher protein densities likely arises from the ability of these
samples to adopt more clustered configurations.
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Extraction of LHCII-LHCII interaction energies
The quenching with increasing protein density arises from protein-
protein interactions between LHCII. Thus, the fluorescence lifetime
provides a reporter for LHCII-LHCII interactions, where shorter
lifetimes indicate more (stronger) LHCII-LHCII interactions and
longer lifetimes indicate fewer (weaker) LHCII-LHCII interactions.
On the basis of this dependence, we developed an analysis method
to quantitatively extract LHCII-LHCII interaction energies from the
single-molecule lifetime distributions of the LHCII proteolipo-
somes as illustrated in Fig. 2 (section S15).

In the first step of our method (Fig. 2A), we developed a stochas-
tic model adapted fromGruber et al. (27) to predict the fluorescence
lifetimes of LHCII clusters of different sizes. This model takes
known photophysical properties of LHCII and incorporates the in-
fluence of singlet-triplet annihilation and the dependency of such
annihilation process on cluster size (n), which arises from the
ability of a triplet excitation to quench singlets in the surrounding
LHCII within the cluster. Figure 2B displays the lifetime as a func-
tion of n. Themodel predicts a lifetime of 2.5 ns for n = 1, consistent
with the experimental value of 2.7 ns for the <N> = 1 proteolipo-
somes, which decreases to <0.5 ns for n = 20. Thus, singlet-triplet
quenching can serve as a reporter of n in proteoliposomes, although
it is unlikely to be the quenching pathway responsible for NPQ (8,

28). Incorporation of a separate quenching pathway had minimal
impact on this model (fig. S27).

In the second step of our method (Fig. 2C), we characterized dif-
ferent configurations of the same number of proteins (N) contain-
ing different cluster sizes (n). For a given number of proteins, the
possible number of configurations (m) was computed. For instance,
withN = 5, seven different configurations are possible, ranging from
completely clustered to completely unclustered as illustrated in
Fig. 2C. The probability of formation (w) of each configuration
was also computed on the basis of their geometry, which depends
on the number of proteins, the size of the proteins, and the size of
the proteoliposome (section S12). As expected,w decreased for con-
figurations with more clustering. The lifetime of each configuration
was also calculated using the lifetime of its constituent clusters as
described above.

In the third step, we quantified the equilibrium populations of
each configuration, which depend on both the enthalpy and the
entropy of the system. The enthalpy of the LHCII proteoliposome
system can be mathematically described as a function of pairwise
LHCII-LHCII interaction energy (J ), while the entropy is related
to the probability of formation (w). Figure 2D displays the popula-
tion of different configurations for N = 5 as a function of J.

Fig. 1. pH- and cluster-mediated quenching of LHCII in the liposome. (A) Schematic of LHCII proteoliposomes immobilized on a coverslip for single-molecule mea-
surements. A representative single-molecule fluorescence transient shows the fluorescence decay (blue) and its single-exponential fit (black). (B) Representative lifetime
distributions obtained from single-molecule measurements of LHCII-proteoliposome samples with an average number of proteins per liposome (<N>) of 5 at pH 7.5
(blue) and 5.0 (pink). The dotted vertical lines are the medians of the distributions. (C) Lifetimes of the LHCII-proteoliposome samples at pH 7.5 (blue) and 5 (pink) at
various protein densities. (D) Density- and (E) pH-induced lifetime drop of the proteoliposomes at different protein densities (see section S5). Circles and squares rep-
resent the values from the ensemble and single-molecule measurements, respectively.
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In the fourth step, we generated simulated lifetime distributions
from the number of proteins (N), the relative populations of the dif-
ferent configurations with a given N, and the lifetimes of each con-
figuration (figs. S30 and S31). Figure 2E displays the simulated
lifetime distributions (gray) overlaid with the experimental lifetime
distribution (blue) for <N> = 5 at J of −8, −5, and −2 kBT. The

simulated lifetime distribution is in good agreement with the exper-
iment at J = −5 kBT, indicating that the value of J is in that vicinity.

In the final step, the simulated lifetime distributions for all <N>
were globally fit to the experimental ones at each pH using
maximum likelihood estimation to extract J (section S15).
Figure 2F shows the log-likelihood estimates as a function of J

Fig. 2. Extraction of LHCII-LHCII interaction energies from single-molecule lifetime data. (A) Stochastic kinetic model of the excited state relaxation pathways of
isolated and clustered LHCII. The ovals represent states with different numbers of singlets (black) and triplets (red). G(t) is the excitation rate; k and kT are rate constants for
linear de-excitation from singlet and triplet states, respectively; kISC is the intersystem crossing rate constant; and kST is the rate constant for singlet-triplet annihilation. (B)
Fluorescence lifetime computed from the model in (A) as a function of the number of LHCII complexes in a cluster, n. (C) All possible cluster configurations of LHCII
proteoliposomes upon the incorporation of a total number of proteins, N, of five and the lifetime of each configuration estimated from the model. (D) The populations of
these seven configurations [color-matched to the boxes of the respective configurations in (C)] are displayed as a function of LHCII-LHCII interaction energy, J. (E) The
relative populations of these configurations are used to obtain lifetime distributions (gray histograms) at J = −8, −5, and −2 kBT. The simulated distributions are overlaid
with the experimental lifetime distribution (blue histograms). (F) Results of global fits of the simulated distributions to the experimental ones to extract J at pH 7.5 (blue)
and 5 (pink).
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(fits for individual samples are shown in fig. S32). The best fits for
the LHCII-LHCII interaction energy were obtained at −5.4 and
−7.2 kBT for the samples at pH 7.5 and pH 5, respectively. The neg-
ative values signify that LHCII-LHCII pairwise interaction energies
are attractive in nature, and the attraction is strengthened by ~2 kBT
upon the pH drop.

Free-energy driving force for LHCII clustering in liposomes
Using the identified interaction energies, we quantified the free-
energy driving force associated with the reorganization of LHCII
into clusters upon a pH drop. We derived the following expression
for the free-energy driving force (∆∆G) for the transition of LHCII
proteoliposomes from neutral to low pH

ΔΔG ¼
Xm

i¼1
ΔΔHiðJÞ � kBT � ln

Xm

i¼1

wl;i

wn;i

 !

ð1Þ

where ∆∆Hi(J ) is the change in enthalpy associated with ith config-
urations andwl,i andwn,i are the probabilities of such configurations
at pH 5.0 and 7.5, respectively. The first term of the right-hand side
of the above equation represents the enthalpy change, and the
second term represents the change in entropy for this transition.
For <N> = 5, enthalpy and entropy changes were found to be
−12.7 kBT and −4.5 kBT, respectively. These values show that this
transition is mildly exothermic in nature and associated with a re-
duction in entropy presumably due to a more restricted organiza-
tion with clusters. From the changes in enthalpy and entropy, the
Gibbs free-energy change is quantified as −8.2 kBT for <N> = 5.
For other protein densities, the free-energy changes ranged from
−2 to −19 kBT (Fig. 3A and table S9). While the magnitudes of
the changes in entropy, enthalpy, and Gibbs free energy all in-
creased with protein density, the change in entropy only increased
slightly, whereas the change in enthalpy increased appreciably, and
so the free energy became even more dominated by the enthalpic
contribution at high protein density.

Free-energy driving force for enhanced LHCII clustering in
the intact chloroplast
To quantify the free-energy change that drives the enhancement of
clustering under high light in vivo, we analyzed the freeze-fracture
electron micrographs of the intact spinach chloroplasts reported by
Johnson et al. (7) (section S18). The dark-adapted (vio, dark) and
light-adapted (zea, light) membranes were assigned to light-har-
vesting and dissipative states, respectively, based on the reported
NPQ values (7). Particle picker transforms of the electron micro-
graphs were used to identify the LHCII organization in the mem-
brane (Fig. 3B and section S18). The transforms were analyzed for
each ~88 nm–by–88 nm region of the micrographs, which is similar
in surface area to the proteoliposomes. On the basis of the extracted
membrane organizations and the LHCII interaction energies ex-
tracted from the LHCII-proteoliposome experiments, we calculated
∆∆H associated with the transition from the light-harvesting to a
dissipative state. The average value of ∆∆H in the chloroplast
scaled similarly to the values from the LHCII proteoliposomes.
For instance, in proteoliposome with <N> = 10, we calculated
∆∆H ~−28 kBT associated with the transition from high to low
pH. Now, with a fivefold increase in the density (<N> = 50) in
the chloroplast, the change in enthalpy is found to be ~−115 kBT.
The large error associated with the ∆∆H value in the chloroplast

reflects the stochasticity in protein organization in the different
regions of the membrane.

DISCUSSION
Molecular-level origin of LHCII-LHCII interactions
We quantified the LHCII-LHCII interaction energy as −5.4 kBT at
neutral pH and at least −7 kBT at acidic pH (Fig. 2F, section S15, and
fig. S31). The negative sign implicates these interaction energies are
indeed attractive. Schneider and Geissler (29) estimated LHCII-
LHCII stacking interactions across the stromal gap as −4 kBT
based on the electrostatic attraction between two correspondingly
charged parallel plates in an aqueous solution of counter ions.
Therefore, the lateral LHCII-LHCII interaction obtained in the
current work is ~30% stronger than the predicted stacking interac-
tion, consistent with the formation of lateral protein networks
within the thylakoid membrane (7, 30, 31).

The interactions between the proteins can be viewed as a balance
between electrostatic repulsion and van der Waals attraction forces
(32–34). We calculated the net surface charge of an LHCII trimer at
pH 7.5 to be −31e, which arises from the carboxyl groups associated
with the glutamic acid and aspartic acid residue side chains (35, 36).
The van der Waals attraction arises because of the interactions
between uncharged molecules with permanent and/or instanta-
neously induced electrostatic dipole moments. As the measured
LHCII-LHCII interaction energy is attractive in nature, the attrac-
tive van der Waals force must overpower the repulsive electrostatic
force. Consistently, a recent computational study showed that PSII-
LHCII interactions are attractive because of the same balance of van
der Waals and electrostatic forces (37). Because most charges in
LHCII are localized at the terminal regions, the transmembrane
part of the protein is largely hydrophobic in nature. This charge dis-
tribution minimizes the electrostatic repulsion between LHCII
trimers, thereby leading to enhanced van der Waals attraction.
The net charge and overall surface charge density are highly depen-
dent on the membrane lipid composition, local ionic strength, and
charged residues, so the specific amplitudes of the two opposing
forces are likely adjusted by these factors in vivo. For example, phos-
phorylation of LHCII introduces additional negative charges, which
likely increase the electrostatic repulsion among LHCII and weaken
the LHCII-LHCII lateral interactions (32, 38, 39). Alternatively,
with an abundance of cations in the medium, the effective net
charge of LHCII is decreased, and the magnitude of the repulsive
interactions is also decreased, strengthening the LHCII-LHCII in-
teractions. The effect of screening on LHCII interactions has been
observed by Kirchhoff and coworkers using positively charged ions
(K+, Mg2+) (32).

What could be the molecular-level origin of enhanced interac-
tion at low pH? Van der Waals forces depend on the size of the pro-
teins, interprotein distances, and the dielectric constant of the
medium, all of which are nearly constant between low and neutral
pH.We propose that the net electrostatic repulsion between the pro-
teins decreases at low pH due to the screening effect of H+, the pro-
tonation of negatively charged lipids in the membrane, or the
protonation of certain negatively charged amino acid residues of
LHCII exposed to the solvent. Our estimation of the net surface
charge of LHCII proteins (Q) in low and neutral pH supports this
hypothesis (Fig. 3C and section S15). The surface charge of LHCII is
mostly located at its edges facing the stromal and lumenal sides of
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the membrane, while the central transmembrane region is largely
neutral. The strength of Q was found to decrease from −31e at
pH 7 to −19e at pH 5, corresponding to a 38% reduction of negative
charge at low pH consistent with the measured ~30% increase in
pairwise interaction energy.

Enhanced LHCII clustering at low pH
Intense work in the past few decades has found that LHCII is a
major site for NPQ in higher plants and that ∆pH is necessary
for its trigger (7, 12, 40–42). Numerous previous studies have also
revealed the tendency of LHCII proteins to cluster (18, 19, 21, 23).
Our statistical thermodynamical modeling explains the clustering of
LHCII and its enhancement at low pH, providing a basis for the
organization of LHCII and its dependence on NPQ conditions.
LHCII-LHCII interactions are required for cluster formation, as
the population of clustered configurations in the proteoliposomes
is near zero when the interaction energy is not present, i.e., at
J = 0 (Fig. 2D). At neutral pH, where moderate interactions are
present (J = −5.4 kBT ), a variety of configurations coexist primarily
containing a mixture of clustered and unclustered LHCII. The in-
teraction energies produce an enthalpic driving force (∆H) that
overcomes the entropic driving force (∆S) associated with isolated
LHCII to induce moderate clustering. At low pH, where stronger
interactions are present (J = −7.2 kBT ), the population of clustered
configurations considerably increases because of the exponential
dependence on enthalpic energy [∆H(J ), see Materials and
Methods; Eq. 5]. For instance, in the LHCII proteoliposomes with
<N> = 5, the percentage of the completely clustered configuration,
where all five LHCII form a single cluster, is 25% at the neutral pH
and increases to 74% at low pH (fig. S34). Ultimately, the difference
in interaction energies leads to an enthalpic driving force (∆∆H )
that induces a transition from moderately clustered configurations
at neutral pH to heavily clustered configurations at low pH.

LHCII clustering from a thermodynamic perspective
We also quantified the changes in enthalpy (∆∆H), entropy (∆∆S),
and free energy (∆∆G) for LHCII clusters associated with the tran-
sition from a light-harvesting (neutral pH) to dissipative (low pH)
state (Fig. 3A). Our extracted parameters established a free-energy
driving force for enhanced clustering, which is consistent with in
vivo observations. The change in enthalpy is favorable (∆∆H < 0)
owing to the attractive LHCII-LHCII interactions. In contrast, the
change in entropy is unfavorable (∆∆S < 0), as expected from the
reduced probabilities of highly clustered configurations. The larger
magnitude of the enthalpic term as compared to the entropic term
leads to a ∆∆G < 0, enabling spontaneous or thermodynamically
feasible enhancement of LHCII clustering at low pH (table S9).
Thus, these results show that the enhanced clustering of LHCII in
the liposome or natural thylakoid membrane at low pH is primarily
driven by enthalpy.

The magnitude of the enthalpic term increases dramatically with
protein density owing to the additional possible interactions, which
scale combinatorically with the number of LHCII. In contrast, the
magnitude of the entropic term only changes minimally owing to
the relatively dilute LHCII density (Fig. 3A). That is, the similar
number of configurations available for all the proteoliposome
samples in this low-density limit leads to similar entropic values.
The increase in the magnitude of ∆∆H and, thus, the magnitude
of ∆∆G, makes the clustering process more exergonic in nature as

Fig. 3. Free-energy change of pH-induced clustering of LHCII. (A) The changes
in enthalpy (∆∆H ), entropy (∆∆S), and Gibbs free-energy (∆∆G) in the LHCII pro-
teoliposomes (circles) and chloroplasts (square) for the pH-induced (i.e., high
light–induced) clustering. The error bars are the SEs. (B) Masks produced by thresh-
olding the freeze-fracture electron micrographs of the intact spinach chloroplasts
of the dark-adapted (vio, dark) and light-treated (zea, light) samples reported in (7).
The square boxes are the ~88 nm–by–88 nm regions over which the thermody-
namics parameters involving a transition from dark to light organizations were cal-
culated. (C) Schematic of lateral interactions between two LHCII apo proteins at pH
of 7.5 (left) and 5 (right). LHCII proteins are shown as potential energy surfaces
generated by the Adaptive Poisson-Boltzmann solver in PyMOL with the net
surface charges of the proteins (Q) also displayed.
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protein density increases. However, at the even higher protein den-
sities found in the chloroplast (equivalent to <N> = 50), the mag-
nitude of the free-energy change may be different compared to its
liposome counterpart. The thylakoid environment is extremely
crowded with different proteins, so the entropic term for LHCII
clustering may be smaller owing to the smaller effective area. The
clustering in vivo is likely more complicated owing to the presence
of other proteins. The membrane reorganization in vivo may, there-
fore, be affected by a contribution from ∆S, similar to the contribu-
tion of this parameter to state transitions (43). While the values may
be modified, the free-energy driving forces quantified here are on
the order of a few kBTs and, thus, represent values large enough
that they likely induce the membrane reorganization under NPQ
conditions yet are low enough so that their effect can be reversible
through thermal motion and modulated by other external factors.

The lateral interactions of membrane proteins play an important
role in the regulation of photosynthesis and numerous other funda-
mental biological processes. Large-scale molecular dynamics simu-
lations have been applied to investigate such interactions (37, 44).
However, unlike globular proteins, experimental characterization
of membrane protein interactions had not been possible. Here, by
using single-molecule spectroscopy and statistical thermodynamic
principles, we have developed a method that directly quantifies
LHCII-LHCII interactions. This method can be applied to probe
the interactions among other photosynthetic proteins within the
PSII-LHCII supercomplexes (30, 31) and can be readily extended
to other membrane protein networks with the use of exogenous
fluorophores.

In conclusion, we extracted the lateral interaction energies at
neutral and acidic pH for LHCII, the most abundant membrane
protein on Earth. The LHCII-LHCII interaction energy at neutral
pH is approximately −5 kBT, which creates a strong but reversible
binding to form clusters of various sizes. The interaction energy is
~30% stronger at pH 5 compared to at pH 7.5, which drives a tran-
sition from moderate clustering to strong clustering. The free-
energy change associated with the pH drop is dominated by enthal-
py and on the order of 10s kBTs, which is strong enough to form
clusters but low enough to be reversible and regulated by other cel-
lular factors. These values capture the underlying mechanisms
behind the observed yet previously unexplained reorganization of
the plant membrane, which is thought to play an active and impor-
tant role in the regulation of photosynthesis. Such dynamic and re-
sponsive reorganization of membrane networks is a fundamental
component of biological function. Overall, this work presents a
framework to analyze membrane protein interactions using equilib-
rium statistical thermodynamics that can be extended to investigate
membrane organization for a range of biological systems.

MATERIALS AND METHODS
Preparation of LHCII proteoliposomes
LHCII proteins used in this work were purified from the dark-
adapted spinach as described in detail elsewhere (25). The detailed
protocol for the preparation of LHCII proteoliposome at neutral pH
(pH 7.5) and their characterizations are reported in the Supplemen-
taryMaterials (section S3) of this article and also in (25). For the low
pH measurements, proteoliposome prepared at neutral pH was in-
cubated for ~10 to 12 hours at [20 mM MES and 40 mM NaCl (pH

5)]. The size of the incubated liposomes was monitored at the dif-
ferent phases of incubation using DLS (fig. S10).

Ensemble measurements
Absorption and emission spectra of the LHCII samples were col-
lected using an Epoch Microplate Spectrophotometer (BioTek)
and a Cary Eclipse Fluorescence Spectrophotometer, respectively
(figs. S3 to S5). The samples were syringe filtered (GE Healthcare
Life Sciences; pore size, 0.22 μm) to discard any aggregates before
the measurements.

The fluorescence decays were measured with a Time-Correlated
Single Photon Counting (TCSPC) module (Time Tagger 20,
Swabian Instruments). For excitation, a tunable fiber laser [Femto-
Fiber pro, Toptica Photonics, 80-MHz repetition rate, 130-fs pulse
duration, 610 nm, 4-nm full width at half maximum (FWHM)]
passed through a pinhole and directed into a home-built confocal
microscope. The excitation was focused by an oil-immersion objec-
tive (UPLSAPO100XO, Olympus, NA 1.4) onto the sample placed
on a coverslip. The emission of the samplewas collected through the
same objective and separated from the excitation using a dichroic
(ZT647rdc, Chroma) and band-pass filter (ET700/75m, Chroma
and ET690/120×, Chroma). The fluorescence decay was fit by iter-
ative reconvolution with a biexponential function using the mea-
sured instrument response function (IRF) of the system with a
homebuilt MATLAB code. The IRF was measured by the scattered
signal to be ~400 ps (FWHM). The average lifetime values were ob-
tained through an intensity-weighted average of the fitted biexpo-
nential lifetime constants (table S2 and fig. S8).

Single-molecule measurements
The filtered samples were diluted to ~15 pM LHCII in 20 mM
HEPES and 40 mM NaCl (pH 7.5) (for neutral buffer) or 20 mM
MES and 40 mM NaCl (pH 5) (for acidic buffer). For the measure-
ment at neutral pH (pH 7.5), we used an enzymatic scavenging
mixture containing 2.5 mM protocatechuic acid and 25 nM proto-
catechuate-3,4-dioxygenase. A mixture of 20 nM pyranose oxidase
from microorganism (Creative Enzymes, Shirley, NY), catalase (1.2
μg/ml; Sigma-Aldrich), and 100mMglucosewas used as scavenging
solution for low pH measurements. For the low pH measurements,
argon gas was also used to avoid intense photobleaching. The pro-
teoliposomes were immobilized on a homemade or commercial
(Bio 01 low-density glass coverslip, 22 mm by 22 mm, Microsurfa-
ces Inc.) biotinylated coverslip via neutravidin-biotin interactions.
The method of single-molecule data collection and analysis has
been described in sections S7 and S8.

Modeling
Stochastic modeling of LHCII clusters
We developed a model of the excited states of LHCII clusters to
predict the fluorescence lifetimes. Upon photoexcitation of their
singlet states, Chl molecules relax via several competing pathways
(45): (i) radiative decay from the Chl singlet states (1/k ~ 5 ns);
(ii) intersystem crossing to Chl triplet states (1/kISC ~ 10 ns),
which subsequently transfer to Cars. Under the high excitation
fluence and repetition rate of single-molecule measurements,
there can be a substantial accumulation of such Car triplets. The
Car triplets de-excite any singlet excited states via singlet-triplet an-
nihilation (46), which has been extensively described in LHCII (27,
47). In this study, the average number of proteins in the
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proteoliposome is 10 or below, and these discrete numbers of
trimers are best described with a stochastic model, similar to
Gruber et al. (27) (section S13). The contribution of singlet-
singlet annihilation is insignificant (<2.7%) under the excitation flu-
ences used in this work and therefore was excluded from the model.

Owing to the influence of S-T annihilation, the excited-state life-
time of a single LHCII depends on the triplet concentration. As-
suming a random distribution of triplet quenchers over LHCII
aggregates and the S-T annihilation process being independent of
their spatial coordinates, the dependence of lifetime on the triplet
concentration ([T ]) can be calculated (46, 47)

τ ¼
1

kþ kISC þ kST � ½T�
ð2Þ

where k, kISC, and kST are the rate constants of the radiative decay,
intersystem crossing, and singlet-triplet annihilation, respectively
(27). The equation also assumes that the triplet population has
reached a quasi-stationary condition as the decay of triplet states
(microseconds) is much slower than the singlet state decay (nano-
seconds). The rate constants used in this model were obtained from
(27) and shown in section S13. At higher illumination intensities,
the triplet state population ([T ]) increases, resulting in an enhanced
quenching of the singlets (Eq. 2). In the first step of the analysis, we
described the excited-state lifetime of LHCII and LHCII clusters
(Fig. 2A). To validate our model, we performed intensity-depen-
dent single-molecule measurements of unclustered LHCII (fig.
S28). The lifetime decreased with illumination intensity, as expect-
ed. The model predictions matched reasonably well with the
median values of the experimental lifetime distributions (table S7).

The amount of S-T annihilation is also dependent on the cluster
size (48). As the size of the cluster increases, the singlets can be
quenched by triplets from other LHCII, increasing the probability
of the S-T annihilation. In the small clusters investigated here, we
assume that a triplet present in a single LHCII can quench the ex-
citations in the entire cluster. In this limit, the total number of ef-
fective triplets or magnitude of triplet quenching can be modeled to
increase linearly with the cluster size. Therefore, for a cluster con-
sisting of n number of LHCII molecules, the lifetime of its singlet
excited state is given as

τ ¼
1

kþ kISC þ kST � ðn � ½T�Þ
ð3Þ

where [T ] is the triplet concentration in an isolated LHCII. Next,
we used this model to calculate the excited-state lifetime as a func-
tion of the size of the LHCII cluster (n) as displayed in Fig. 2B. Sto-
chastic modeling of LHCII photophysics, characterization of the
different clusters and their equilibrium populations, generation of
simulated lifetime distributions at different protein-protein interac-
tion energies (J ), and extraction of J based on maximum likelihood
estimation have been described in detail in the Supplementary
Materials.
Cluster configurations and populations
At high protein densities, LHCII clusters form on liposomes that
exhibit quenching of the fluorescence emission (19, 48). The
cluster formation mimics the in vivo formation of LHCII arrays
under high light conditions (7, 49). In the second step of the analysis
(Fig. 2C), we characterized the clusters by using a classical statistical
mechanics description of an interacting system (50). The

configurations for a given number of proteins, N, can be obtained
by solving the equation below (section S10) (50)

XN

l¼1
l �ml ¼ N ð4Þ

where the system forms ml number of clusters of l proteins. The m-
matrix constructed from the solutions to the equation above con-
tains the possible configurations of the N proteins, i.e., the sizes
of the clusters. For example, when N = 5, seven different configura-
tions of the five LHCII are possible as shown in Fig. 2C. In the most
clustered configuration (left), all the LHCII form one cluster of five
proteins, whereas in the least clustered configuration (right), the
proteins are all separated. As the number of proteins increases,
the number of configurations also increases (fig. S16B). For in-
stance, when N = 10, 42 different configurations are possible.

However, the probability (w) of forming these different types of
configurations varies depending on the total number of proteins in-
volved (N), the geometry of clusters, i.e., the connectivity of the pro-
teins in the configurations and also the available area to form the
clusters. For instance, the probability of forming a cluster of two
proteins in a liposome can be estimated as follows: Assuming that
one LHCII protein is already on the liposome, if we incorporate
another protein, what is the chance that the second protein will
be within 1-nm distance (which is our definition of the cluster) to
the first one to form a cluster of two proteins versus both remain
unclustered. It turns out to be that assuming zero interactions
between the proteins, the probability of forming two clusters on a
liposome with a radius of 25 nm is only 0.006. The probability of
forming different types of configurations on a spherical surface
(w) is discussed in detail in the Supplementary Materials
(section S12).

The lifetime of each configuration is computed by first calculat-
ing the lifetime for each cluster within the configuration using the
model values displayed in Fig. 2C and, second, by combining the
values to describe the full configuration. Figure 2B shows that the
configurations with more clustering are characterized by a shorter
lifetime and lower probability of formation (w).

At equilibrium, the complex interplay between entropy and en-
thalpy determines the population of a configuration (51). In a clus-
tered system like the LHCII proteoliposomes, the enthalpy (∆H )
can be mathematically represented as a function of the pairwise in-
teraction energy between proteins.We introduce this parameter, the
pairwise LHCII-LHCII interaction energy, as J. For a given number
of LHCII in the liposome, the equilibrium population of the ith
configuration (pi) depends on the probability of forming that con-
figuration (wi) and its total enthalpy [∆Hi(J )] in the following way

pi ¼ wi � e�
ΔHiðJÞ
kBT ð5Þ

where kB and T are the Boltzmann constant and temperature,
respectively.

The enthalpy [∆H(J )] of a configuration depends on how the
LHCII proteins are clustered in that configuration. For instance,
in a configuration of five LHCII where two and three proteins are
clustered (Fig. 2C), ∆H(J ) is given as

ΔHðJÞ ¼ ð2 � 1Þ � J þ ð3 � 1Þ � J ¼ 3J ð6Þ
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Figure 2D displays the population of the seven configurations for
N = 5 as a function of J. When J is close to zero, mostly unclustered
configurations are favored as there is no energetic driving force to
form clusters. In contrast, when J is large (close to −10 kBT ), clus-
tered configurations are favored. At an intermediate J, populations
with both clustered and unclustered configurations coexist.
Simulated lifetime distribution and extraction of LHCII-LHCII
interaction energy
For a liposome with a certain number of LHCII embedded in it, we
simulate the possible cluster configurations, their excited state life-
times, and relative populations from our model. This enables us to
generate the lifetime distribution of that sample (section S15). First,
the number of proteins incorporated into a given liposome, N, is
selected with a probability given by a Poissonian distribution with
the average value, <N>, for the sample. All possible configurations
for N are modeled. For instance, if an N of five is selected, we model
all seven configurations as shown in Fig. 2C. The relative population
of these configurations depends on the pairwise LHCII-LHCII in-
teraction energy (J ) as discussed above (Fig. 2D). Next, at a certain J,
a possible configuration is selected and weighted by its relative pop-
ulation. The lifetime of that configuration is computed from the sto-
chastic model as discussed above (also in section S13). This whole
process is repeated multiple times to generate a lifetime distribution
for that sample at a particular J (Fig. 2E).

Free-energy change calculation
At equilibrium, the Gibbs free-energy (∆∆G) change for a transi-
tion from neutral to low pH is described in the following way

ΔΔG ¼ � kBTlnðKeqÞ ¼ � kBTln
Xm

i¼1

pl;i

pn;i

 !

ð7Þ

where Keq is the equilibrium constant, and pn,i and pl,i are the
population of the ith configurations at neutral (pH 7.5) and low
pH (pH 5), respectively. m is the number of possible configurations
for a given number of proteins embedded in the liposome as dis-
cussed above. Now, the population of the ith configuration, pi, is
given as shown in Eq. 5. Inserting Eq. 5 in Eq. 7 and slightly rear-
ranging, we obtain Eq. 1, which is used to compute the free-energy
change of the transition from neutral to low pH (see also
section S17).

Supplementary Materials
This PDF file includes:
Sections S1 to S18
Figs. S1 to S37
Tables S1 to S9
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