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The first step of photosynthesis in plants is the absorption of
sunlight by pigments in the antenna complexes of photosystem II
(PSII), followed by transfer of the nascent excitation energy to the
reaction centers, where long-term storage as chemical energy is
initiated. Quantum mechanical mechanisms must be invoked to
explain the transport of excitation within individual antenna.
However, it is unclear how these mechanisms influence transfer
across assemblies of antenna and thus the photochemical yield at
reaction centers in the functional thylakoid membrane. Here, we
model light harvesting at the several-hundred-nanometer scale of
the PSII membrane, while preserving the dominant quantum effects
previously observed in individual complexes. We show that excita-
tion moves diffusively through the antenna with a diffusion length
of 50 nm until it reaches a reaction center, where charge separation
serves as an energetic trap. The diffusion length is a single parameter
that incorporates the enhancing effect of excited state delocalization
on individual rates of energy transfer as well as the complex kinetics
that arise due to energy transfer and loss by decay to the ground
state. The diffusion length determines PSII’s high quantum efficiency
in ideal conditions, as well as how it is altered by the membrane
morphology and the closure of reaction centers. We anticipate that
the model will be useful in resolving the nonphotochemical quench-
ing mechanisms that PSII employs in conditions of high light stress.
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The first step of photosynthesis is light harvesting, the ab-
sorption and conversion of sunlight into chemical energy. In

photosynthetic organisms, the functional units of light harvesting
are self-assembled arrays of pigment–protein complexes called
photosystems. Antenna complexes absorb and transfer the na-
scent excitation energy to reaction centers, where long-term
storage as chemical energy is initiated (1). In plants, photosystem
II (PSII) flexibly responds to changes in sunlight intensity on a
seconds to minutes time scale. In dim light, under ideal condi-
tions, PSII harvests light with a >80% quantum efficiency (2),
whereas, in intense sunlight PSII dissipates excess absorbed light
safely as heat via nonphotochemical quenching pathways (3).
The ability of PSII to switch between efficient and dissipative
states is important for optimal plant fitness in natural sunlight
conditions (4). Understanding how PSII’s function arises from
the structure of its constituent pigment−protein complexes is a
prerequisite for systematically engineering the light-harvesting
apparatus in crops (5–7) and could be useful for designing arti-
ficial materials with the same flexible properties (8, 9).
Recent advances have established structure−function rela-

tionships within individual pigment−protein complexes, but not
how these relationships affect the functioning of the dynamic
PSII (grana) membrane (10). Electron microscopy and fitting of
atomic resolution structures (11) place the pigment−protein
complexes in the grana membrane in close proximity, enabling
long-range transport. Indeed, connectivity of excitation between
different PSII reaction centers has been discussed since 1964
(12), suggesting that the functional unit for PSII must involve a

large area of the membrane. Two limiting cases have been used
to model PSII light harvesting: The lake model assumes perfect
connectivity between reaction centers across the membrane; al-
ternatively, the membrane can be described as a collection of
disconnected “puddles” of pigments that each contain one re-
action center (1, 13). At present, however, resolving the spatio-
temporal dynamics within the grana membrane on the relevant
length (tens to hundreds of nanometers) and time (1 ps to 1 ns)
scales experimentally is not possible. Structure-based modeling
of the grana membrane, however, can access this wide range of
length and time scales.
The dense packing of the major light-harvesting antenna

(LHCII, discs), which is a trimeric complex, and PSII super-
complexes (PSII-S, pills) in the grana membrane is shown in Fig.
1 A and B. PSII-S is a multiprotein complex (14) that contains
the PSII core reaction center dimer, along with several minor
light-harvesting complexes and LHCII (Fig. 1A, Inset). Elec-
tronic excited states in LHCII and PSII-S are delocalized over
several pigments (15–17), making conventional Förster theory
inadequate to describe the excitation dynamics. On the protein
length scale, generalized Förster (18, 19) calculations between
domains of tightly coupled chlorophylls agree very well with
more exact methods [e.g., the zeroth-order functional expansion
of the quantum-state diffusion model (ZOFE) approximation to
non-Markovian quantum state diffusion (20)] for simulating the
excitation population dynamics (21, 22). This agreement suggests
that the primary quantum phenomenon involved in PSII energy
transfer is the site basis coherence that arises from excited states
delocalized across a few (approximately three to four) pigments.
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Here, we construct a generalized Förster model for the ∼104
pigments covering the few-hundred-nanometer length scale of
the grana membrane that correctly incorporates the dynamics
occurring within and between complexes on the picosecond time
scale. We show how delocalized excited states, or excitons, in
individual complexes affect light harvesting on the membrane
length scale. The formation of excitons is sufficient to explain the
high quantum efficiency of PSII in dim light. The model, by
being an accurate representation of the complex kinetic network
that underlies PSII light harvesting, provides mechanistic ex-
planations for long-observed biological phenomena and sets the
stage for developing a better understanding of PSII light har-
vesting in high light conditions.

Results and Discussion
Simulation of Fluorescence Data from Thylakoid Membranes. To
generate examples of the mixed (Fig. 1A) and segregated (Fig.
1B) organizations previously observed (11), we performed
Monte Carlo simulations of 200 nm × 200 nm patches of the
grana containing coarse-grained PSII-S and LHCII particles
(23). In the segregated membrane, PSII-S and LHCII separate
into PSII-S arrays and LHCII pools. Modern, minimally invasive
imaging methods such as atomic force microscopy can resolve
the location of the PSII-S, not the LHCII. On the other hand, the
Monte Carlo model contains a small number of energetic

interactions based on in vivo phenomenology and generates
physically reasonable positions for both the PSII-S and LHCII.
We superimposed the crystal structures of the chlorophyll pig-
ments in PSII-S (14) and LHCII (24) on these simulations (Fig.
S1) to establish the locations of all of the chlorophylls in a grana
patch (Fig. 1A, Bottom). We assume that the energy transfer
kinetics within LHCII and PSII-S are the same as that calculated
previously on isolated complexes (17). Inhomogeneously aver-
aged rates of energy transfer between domains on different
complexes were calculated using generalized Förster theory. The
inhomogeneously averaged rate matrix gives the correct overall
dynamics and is representative of the energetics of PSII (Fig.
S2), while decreasing the computational cost by several orders of
magnitude. We modeled photochemistry in the reaction centers
with two phenomenological “radical pair” (RP) states. The rate
constants between the RP states are those established in previous
work on the PSII-S (17). The many parameters of the model
have been set in a self-consistent fashion, such that they simul-
taneously reproduce the time-resolved fluorescence of each type
of isolated PSII-S (17) and the picosecond dynamics of LHCII
(16) and the core complex (15).
The simulation of the chlorophyll fluorescence decay of the

mixed membrane (black solid line), which is the predominantly
observed morphology (25), shows excellent agreement with the
experimental data (red dotted line) from dark-adapted

Fig. 1. Accurate simulation of chlorophyll fluorescence dynamics from thylakoid membranes using structure-based modeling of energy transfer in PSII. (A
and B) The representative mixed (A) and segregated (B) membrane morphologies generated using Monte Carlo simulations and used throughout this work.
PSII-S are indicated by the light teal pills, and LHCII, which are trimeric complexes, are indicated by the light grey-green circles. The segregated membrane
forms PSII-S arrays and LHCII pools. As shown schematically in A (Bottom) existing crystal structures of PSII-S (14) and LHCII (24) were overlaid on these
membrane patches to establish the locations of all chlorophyll pigments. The light teal and light grey-green dashed lines outline the excluded area associated
with PSII-S and LHCII trimers respectively, in the Monte Carlo simulations. The chlorophyll pigments are indicated in green, and the protein is depicted by the
grey cartoon ribbon. PSII-S is a twofold symmetric dimer of pigment−protein complexes that are outlined by black lines. LHCII-S (strongly bound LHCII), CP26,
CP29, CP43, and CP47 are antenna proteins, and RC indicates the reaction center. The inhomogeneously averaged rates of energy transfer between strongly
coupled clusters of pigments were calculated using generalized Förster theory. (C) Simulated fluorescence decay of the mixed membrane (solid black line) and
the PSII component of experimental fluorescence decay data from thylakoid membranes from ref. 26 (red, dotted line). Inset shows the lifetime components
and amplitudes of the simulated decay as calculated using our model with a Gaussian convolution (σ = 20 ps) (black line) or by fitting to three exponential
decays (green bars).
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thylakoids in ref. 26 (Fig. 1C). Unlike all previous models of PSII
light harvesting (27–29), our model contains no free parameters,
and thus the agreement achieved here was not guaranteed a priori.
The simulation predicts a photochemical yield of 0.82, which is also
in excellent agreement with the estimated value of 0.83 derived from
chlorophyll fluorescence yield measurements (2). The agreement
with membrane data suggests that the speedup of excitation transfer
due to delocalized excited states (see, e.g., ref. 30) is sufficient to
explain the high quantum yield of PSII in ideal, dim light conditions.
Our model demonstrates that extracting the amplitude and

lifetime components by fitting the fluorescence decay curve does
not correctly describe the underlying kinetics of PSII light har-
vesting. The simulated decay can be fit well to a sum of a few
exponentials (Fig. 1C, Inset, green bars), as is frequently done to
extract the amplitude and lifetime components (31). However,
the fit does not capture the complex distribution calculated from
the rate matrix (Fig. 1C, Inset, black solid line). In particular, the
computed fluorescence lifetime contributions reveal more than
three clusters including a long lifetime (>700 ps) contribution
that is unresolved by fitting the fluorescence decay to three ex-
ponentials. Simulating the excitation dynamics underlying the
fluorescence decay indicates that the longer lifetime components
are due to excitation initiated farther away from reaction centers
(Movies S1 and S2).

Excitation Dynamics in the Grana Membrane. To understand the
excitation dynamics in the membrane, we simulated excitation
energy flow from single pigment−protein complexes in LHCII
pools, PSII-S arrays, and mixed membranes (Movies S3–S7). To
determine the effect of charge separation on excitation move-
ment, we simulated the PSII-S arrays and mixed membranes
both with and without the RP states in the reaction centers. We
quantified excitation transport in these simulations by calculating
the time dependence of the variance of the excitation probability
distribution (Fig. 2A). Transport across the grana was well de-
scribed by fitting the equation

σ2ðtÞ− σ2ð0Þ=Atα [1]

where σ2ðtÞ is the variance at time t, σ2ð0Þ is the variance of the
initial distribution of excitation, and A and α are fit parameters.

For α= 1, transport is diffusive, whereas subdiffusive transport
results if α is significantly less than 1. For the LHCII pool (Fig.
2A, green triangles), and for both the mixed membrane and PSII-S
array without RP states (Fig. 2A, red and blue dashed lines,
respectively), α≈ 1, and thus transport within the antenna can
be considered diffusive. However, transport for both the mixed
and PSII-S array cases with RP states (Fig. 2A, red and blue solid
lines, respectively) was subdiffusive (α< 0.75). Subdiffusivity can
occur when the energetic differences between sites is on the
order of or greater than kBT. We calculated the ΔG for the
RC→ RP1 (radical pair 1) step to be −5.5kBT on the basis
of our previously published rates (17). Thus, RP1 serves as an
energetic trap that causes subdiffusive transport. The energy
transfer rates in our model are averaged over inhomogeneous
realizations, which could mitigate the slowdown of diffusion that
occurs when the width of the inhomogeneous distribution is
greater than kBT (24). The largest standard deviation of exciton
energies across an inhomogeneous distribution in our model is
107 cm−1 (17), which is significantly less than kBT at room
temperature (210 cm−1).
Delocalization-enhanced transfer between domains of tightly

coupled chlorophylls enables fast, diffusive energy transport on
the grana membrane length scale. We calculated the diffusion
constant D and net displacement L as a function of time to
reduce the complex multiscale excitation dynamics to single
parameters.

σ2ðtÞ− σ2ð0Þ= 4Dt=L2. [2]

In our simulations, the excitation diffusion coefficient ranges
from 1 to 5 × 10−3 cm2/s (Fig. S3), which is in good agreement
with singlet−singlet annihilation measurements that suggested
a lower limit of 1 × 10−3 cm2/s (32). Diffusive transport is
consistent with predictions from PSII-S (17, 21) and suggests
that, in the grana, excitation energy flows neither “direction-
ally” nor energetically downhill on “preferred pathways” (10).
The diffusion length LD, which is defined as the minimum net
displacement in one dimension achieved by 37% of the exci-
tation population, was 50 nm in the PSII antenna (Fig. 2B).
This value compares favorably with measurements from other
heterogeneous molecular light-harvesting materials, such as

Fig. 2. Excitation transport in grana membranes. Simulation of excitation movement in the five grana membrane configurations shown in the legend: mixed
membrane with and without the RP states in the reaction center, PSII-S array with and without the RP states, and LHCII pool. In each case, excitation was
initiated on a single pigment−protein complex. (A) The change in the spread of excitation over time. The diffusion exponent (Eq. 1) is shown on the right of
the plot. (B) Fraction of surviving excitation as a function of net displacement L from the initial starting point. The dashed line, where the fraction of surviving
excitation is 1=e, demarcates the excitation diffusion length (LD). The dimensions of some of the configurations were too small to calculate an LD, so linear
extrapolation was used to approximate it (line segments that do not include markers). Using the same extrapolation, the fraction of surviving excitation goes
to 0 when L is ∼70 nm for the LHCII pool.
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quantum dot arrays [30 nm (33)], crystalline thin films [20 nm
(34)], and conjugated polymer aggregates [60 nm in exceptional
cases (35)].

The Role of Diffusion Length in the Functional Behavior of PSII. The
diffusion length in the antenna and the spatial distribution of
open reaction centers determine the photochemical yield of
PSII. Excitation moves through the antenna on a relatively flat
energy landscape until it experiences a rapid downhill transition
to the charge-separated state in the reaction centers, which
serves as an effective trap. Therefore, the LD in the antenna sets
the length scale over which an excitation can efficiently reach an
RC. We sought to use this principle to explain two longstanding
observations observed in the intact membrane. First, we explored
the effect of the formation of PSII-S arrays, which have been
observed since the 1970s (e.g., ref. 36), on PSII quantum yield.
Second, we simulated the effect of reaction center closure to
understand the nonlinear (“hyperbolic”) dependence of the rate
of oxygen evolution (photochemical yield) with the fraction of
open reaction centers, which was first observed in the 1960s (12).
In natural conditions, RCs close in response to stresses that re-
sult in the rate of light absorption exceeding downstream elec-
tron transfer or photodamage of the reaction center.
We mapped the photochemical yield upon excitation of each

LHCII and PSII-S in both the mixed and segregated membranes.
The average yield when excitation is initiated on a PSII-S is 0.9 in
both membranes. However, the mean yield of the LHCIIs in the
mixed membrane, 0.75, was significantly higher than that in
the segregated membrane, 0.49 (Fig. 3B). Most of the LHCIIs in
the mixed membrane are surrounded by PSII-S within a radius of
LD, which led to the 82% maximum quantum efficiency of the
membrane upon uniform chlorophyll a (ChlA) excitation (Fig. 3A,
Left). The segregated membrane had a 70% maximum quantum
efficiency, because it contains LHCIIs that are surrounded by few
reaction centers within LD (Fig. 3A, Right). In line with this

reasoning, energetically disconnecting an LHCII from reaction
centers, as has been proposed (26), requires an LHCII to be in the
middle of a pool with a radius of ∼70 nm at protein densities and
LHCII:PSII ratios typically observed in plants (Fig. 2B).
Joliot and Joliot (12) attributed the hyperbolic dependence of

photochemical yield with fraction of open reaction centers to
“excitonic connectivity,” or the transfer of excitation from a closed
reaction center to another reaction center in the membrane. The
lack of a physically sound model has prevented the determination of
the connectivity and also opened the door to other suggestions for
the cause of the hyperbolic dependence (37). We first closed dif-
ferent fractions of reaction centers in the both the mixed and seg-
regated membranes (Fig. 4). For each fraction of closed
reaction centers simulated, we calculated 20 independent re-
alizations of reaction center closures and plotted the mean
value. Both simulations reproduce the curvature seen in the data
originally taken by Joliot and Joliot (12) on the green alga
Chlorella, as reproduced in ref. 37 (Fig. 4, Inset, compares the
mixed membrane simulation with the data). The data have been
normalized to have the same quantum yield with all reaction
centers open and all reaction centers closed as the mixed mem-
brane. We assumed that the fraction of open reaction centers in
the data from ref. 37 varies between 0 and 1. For all fractions of
closed reaction centers, we see that the mixed membrane achieves
a higher quantum yield than the segregated membrane. To un-
derstand the origin of the observed nonlinear shapes, we directly
simulated the connectivity for a reaction center in the mixed
membrane by closing (Fig. S4; Electron Transfer Model) one or both
of the two reaction centers in a PSII-S and calculated the
probability that excitation started on the closed reaction center
reached any other reaction center in the membrane. Closing a
single reaction center in a PSII-S resulted in an average con-
nectivity of 83%, whereas closing both of the reaction centers
reduced the average connectivity to 75%. These values suggest
that light harvesting in the grana membrane resembles the lake
model (connectivity ≈ 100%) more than the puddle model
(connectivity = 0). The dimerization of the PSII-S offers only a
small benefit over a monomer, at the PSII:LHCII ratios and
protein densities typically observed, in contrast to previous pre-
dictions (38). Ninety-eight percent of the connectivity was due to
reaction centers within an LD of the closed reaction center. The
hyperbolic dependence of photochemical yield with the fraction
of open reaction centers is the result of the relatively large
number of PSII-S within any given membrane patch of radius LD

Fig. 3. The diffusion length in the antenna determines the effect of grana
membrane morphology on photochemical yield. (A) Excitation was initiated
at each LHCII in both the mixed (Left) and segregated (Right) morphologies.
The color of the LHCII indicates the fraction of excitation that results in
productive photochemistry (Φ; see colorbar on far right) as simulated with
our model. The circles with radius LD indicate the area of the membrane
accessible to excitation initiated at the center of the circle. (B) Histograms
representing the distribution of Φ for the mixed (Left) and segregated
(Right) membranes using the coloration from A.

Fig. 4. Simulation of the effect of closing reaction centers on photochem-
ical yield. The solid blue line indicates the mixed membrane and the dashed
green line the segregated membrane. Each calculated photochemical yield
(Φ) along the membrane curve represents an average over different con-
figurations of closed RCs. The standard deviation of each distribution along
the mixed membrane is represented by black bars. (Inset) Comparison of the
mixed membrane simulation with data (open black diamonds) from ref. 12,
as reproduced in ref. 37.
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and the relatively weak trapping behavior associated with closed
RCs (SI Results and Discussion).

Concluding Remarks
Our model of PSII light harvesting uses insights from structural
biology, advanced spectroscopy, and theory to reproduce ob-
served phenomena spanning 5 nm to hundreds of nanometers
and 1 ps to 1 ns. The excitation diffusion length, given a spatial
distribution of open reaction centers, is a single parameter that
accurately determines PSII function. The diffusion length effectively
integrates the complex dynamics occurring on shorter time and
length scales, and might be used to develop accurate coarse-grained
models. Our model does not incorporate nonphotochemical
quenching, as the mechanisms of this process are still under
debate. However, our model will serve as a useful framework for
determining how proposed mechanisms play out in the func-
tional membrane. Our model can be extended to address the
dynamics occurring on longer length and time scales by, for ex-
ample, incorporating the unappressed regions of the thylakoid
that contain Photosystem I (11) to address spillover excitation
from PSII, and ultimately can be integrated into systems models
of the biochemistry in the thylakoid (39) to fully describe the
light reactions of photosynthesis.
On the pigment length scale, our work indicates that the

dominant quantum effect involved in PSII energy transfer in
physiological conditions is the formation of delocalized states, or
excitons. Further development of models that are consistent
from low-temperature transient absorption to room temperature
fluorescence lifetime measurements will complete our un-
derstanding of how function arises from structure in PSII. As
these more exact models (e.g., refs. 20, 22, and 40) become ca-
pable of handling systems of the size considered here (∼104−105
Chl), we expect that our coarse-grained simulations will be re-
fined, but that the basic picture described here will remain valid.

Materials and Methods
Structures of Grana Membrane. The positions and orientations of PSII-S and
LHCII in the mixed and segregated membranes shown in Fig. 1 were de-
termined using Monte Carlo simulations, as previously described in ref. 23
and in SI Materials and Methods. Representative configurations from the
stroma-side-up layers of the Monte Carlo simulations were selected for
analysis. For each configuration, chlorophyll coordinates were assigned for
each pigment−protein particle by aligning the center and axis of rotation of
the chlorophyll coordinates from refs. 14 and 24 to the center and axis of
rotation of the simulated particle (Fig. 1A, Inset). As discussed and motivated
in ref. 17, we have substituted the structure of an LHCII monomer in the
place of the minor light-harvesting complexes in PSII-S. Because simulated
LHCII particles were radially symmetric, an axis of rotation was randomly
selected for each LHCII particle. For additional discussion of the chlorophyll
configurations, see SI Materials and Methods.

Excitation Energy Transfer Theory. We followed the approach of Novoder-
ezhkin and Renger for treating excitation transport through LHCII (16, 41)
and PSII core complexes (15), as we described in our previous work on PSII
supercomplexes (17). In this model, chlorophylls are grouped into well-
defined domains of tightly coupled chlorophyll. Within a domain, we as-
sume infinitely fast thermalization, and, between domains, we assume a
generalized Förster hopping model. Domains, on average, extend over
two to four pigments, and the hopping transport assumes that excitons
are always localized within one domain. We have shown previously that
this approach can reproduce the time-resolved fluorescence curves mea-
sured for isolated PSII supercomplexes (17). Separately, we have shown
that this description of excitation transport for PSII supercomplexes also
reproduces the transport time scales observed using a non-Markovian

treatment using ZOFE (21). ZOFE has been shown to reproduce results
using the hierarchical equations of motion method on the Fenna−Mat-
thews−Olson complex (20).

Rate Matrix for PSII Light Harvesting. To efficiently simulate excitation transport
across themembrane, we propagate the probability of finding anexcitation in
a domain of a pigment−protein complex or an electron transport com-
partment in the reaction centers at time t after initial excitation. The master
equation formalism was used to calculate the population dynamics,

_PðtÞ=KPðtÞ, [3]

where K is a rate matrix containing the first-order thermally averaged rate
constants of excitation transfer between all compartments in the network,
and PðtÞ is the vector of compartment populations.

K is composed of all energy transfer and loss pathways in the grana
membrane. The energy transfer rates between domains of tightly coupled
chlorophylls were calculated using generalized Förster theory and averaged
over inhomogeneous realizations. For a full discussion of this approach, see SI
Materials and Methods. Electron transfer in open reaction centers was
treated using a simple kinetic model using two kinetic compartments deno-
ted as RP states RP1 and RP2 that is described in ref. 17 and in more detail in
SI Materials and Methods. Electron transfer in closed reaction centers was
modeled by making the irreversible step in our model (kirr) equal to 0 and
fitting the remaining rates (kcs and krc) to fluorescence lifetime data taken on
intact leaves (42) (SI Materials and Methods). The nonradiative decay constant
from each domain knr was (2 ns)−1 (17). The fluorescence rate constant for
each exciton was scaled by its transition dipole moment squared with the
average fluorescence rate constant across all excitons set to (16 ns)−1 (17).

Simulations of Excitation Dynamics and Yield. Solving Eq. 3 for PðtÞ gives

PðtÞ=CetΛC−1Pð0Þ, [4]

where C is a matrix which contains the eigenvectors of K, Λ is a diagonal
matrix containing the eigenvalues of K, and Pð0Þ is the initial vector of
populations. Calculating the eigenvalues and eigenvectors needed for Eq. 4
required the use of supercomputers with ∼30 GB of memory.

Except for the connectivity calculations, Pð0Þ was for uniform ChlA exci-
tation either across the membrane or on a single LHCII or PSII-S. The pho-
tochemical yield was calculated by summing over the populations in all RP2
states at t = 1 s. To calculate the excitonic connectivity, all excitation was
started on the reaction center domain of a PSII monomer or dimer that
cannot perform productive photochemistry. The remaining reaction centers
in the membrane were given very high rates of irreversible trapping from
the reaction center domain. The connectivity was calculated by summing up
the population of trapped excitation at t = 1 s. Fluorescence decays were
calculated using the equations described in ref. 17.

Fig. 4 required the calculation of the photochemical yield for several
hundred membrane configurations because of the need for repeated sam-
pling (Nsample = 50 for the mixed membrane and 25 for the segregated
membrane) of the spatial distribution for a given number of open reaction
centers. Thus, for these calculations, we used a trajectory-based approach
that efficiently reproduced calculation of the yields using Eq. 4 at two to
three orders of magnitude smaller computational cost. We describe this
approach in SI Materials and Methods.
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