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ABSTRACT: Photosynthesis begins when a network of pigment−protein complexes
captures solar energy and transports it to the reaction center, where charge separation
occurs. When necessary (under low light conditions), photosynthetic organisms perform
this energy transport and charge separation with near unity quantum efficiency.
Remarkably, this high efficiency is maintained under physiological conditions, which
include thermal fluctuations of the pigment−protein complexes and changing local
environments. These conditions introduce multiple types of heterogeneity in the
pigment−protein complexes, including structural heterogeneity, energetic heterogeneity,
and functional heterogeneity. Understanding how photosynthetic light-harvesting
functions in the face of these fluctuations requires understanding this heterogeneity,
which, in turn, requires characterization of individual pigment−protein complexes.
Single-molecule spectroscopy has the power to probe individual complexes. In this
review, we present an overview of the common techniques for single-molecule fluorescence spectroscopy applied to
photosynthetic systems and describe selected experiments on these systems. We discuss how these experiments provide a new
understanding of the impact of heterogeneity on light harvesting and thus how these systems are optimized to capture sunlight
under physiological conditions.
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1. INTRODUCTION
Photosynthesis converts sunlight to biomass, providing energy
for most life on Earth, as illustrated in Figure 1.1 Photosynthesis
begins with light harvesting, in which absorption of solar energy
and subsequent transport of the absorbed energy occur within
sophisticated networks of pigment−protein complexes. Ab-
sorbed energy migrates through these networks to reach a
dedicated complex, known as the reaction center, where charge
separation occurs. Remarkably, photosynthetic organisms
exhibit near unity quantum efficiency under low light
conditions, meaning nearly all absorbed photons can drive a
charge separation event.1 This achievement is particularly
striking under physiological conditions because, at room
temperature, thermal fluctuations introduce dynamics into the
nuclear degrees of freedom. These are stochastic dynamics that
result in heterogeneity of molecular structure. As discussed in
section 2, this structural heterogeneity causes heterogeneity in
the energetic landscape and, in turn, function (Figure 2).2−4

While all of these characteristics are highly related, they provide
a framework to explore how heterogeneity manifests in
photosynthetic systems. In particular, it is not fully understood

how photosynthetic systems overcome the barriers or traps
introduced by heterogeneity that lower the efficiency of energy
transport. Here, we describe the ways in which single-molecule
spectroscopy has explored the heterogeneity that exists
alongside highly efficient energy transport.
The first step toward reconciling these two features is

understanding the extent of structural, energetic, and functional
heterogeneity. Thermal fluctuations, a major source of
structural heterogeneity, are asynchronous, and thus their
impact on energy and function averages out in ensemble
measurements. In contrast, single-molecule experiments enable
characterization of individual pigment−protein complexes to
build up the distribution of behaviors. By probing single copies,
we recover information that is lost in the process of ensemble
averaging.
Because of the questions described above, photosynthetic

systems have been a long-standing target for single-molecule
spectroscopy. Less than a decade after the first single-molecule
experiments,5,7,8 single light-harvesting complexes were ob-
served for the first time.9 These observations launched a large
body of fruitful research to understand the role of heterogeneity
in photosynthetic solar energy conversion. These efforts have
focused on the light-harvesting complexes, responsible for
initial absorption and energy transport, from a diverse set of
photosynthetic systems, including purple bacteria,10−13 green
sulfur bacteria,14 cyanobacteria,12,15,16 and higher plants.17,18

The first single-molecule experiments on photosynthetic
systems explored structural heterogeneity within light-harvest-
ing complex 2 (LH2) from purple bacteria.19 In the intervening
years, a series of experiments have characterized the molecular
basis of this heterogeneity, how it impacts the excited state
manifold, and the conformational dynamics exhibited by LH2.2

These tools have been extended to other photosynthetic

Figure 1. Overview of photosynthesis in plants and algae. Energy is absorbed in the antenna chlorophyll and migrates to the reaction center, where
charge separation occurs. The charge-separated state produces an electrochemical gradient across the membrane, which drives downstream
biochemical reactions to generate biomass. Here, we focus on photosynthetic light harvesting, which is the initial absorption and energy migration
processes indicated by the dashed box.

Figure 2. Photosynthetic pigment−protein complexes exhibit heterogeneity in structure, energy, and function. Thermal fluctuations of the protein
structure change the magnitude of the electrodynamic couplings between the molecules, which changes the excited state manifold and the function.
In sections 4, 5, and 6, we describe single-molecule experiments that explore each type of heterogeneity.
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complexes, including light-harvesting complex II (LHCII) from
green plants.20 In these experiments, the multiple functional
roles of LHCII were explored, in particular how LHCII
responds to conditions that mimic different solar inten-
sities.17,18 LH2 and LHCII have been the most widely studied
photosynthetic systems at the single-molecule level. However,
part of the power of single-molecule techniques is that they
have been broadly applicable to photosynthetic systems. For
these systems, applying these techniques has revealed new
insight into the potential energy landscape of photosynthetic
proteins, which, even more generally, provides insight into
protein structural dynamics.
Here, we present insights from single-molecule experiments

on not only LH2 and LHCII but also on other photosynthetic
systems. While the field of single-molecule fluorescence
spectroscopy on photosynthetic systems is too large to describe
all results in a single review, we highlight experiments on
several different photosynthetic systems performed at both
cryogenic and physiological temperatures to illustrate the
breadth of the field.
Single-molecule studies of photosynthetic systems have been

primarily performed with fluorescence-based techniques.21

Thus, here we introduce the single-molecule fluorescence
microscopes commonly used for photosynthetic systems.
Because of the sensitivity required for a single-molecule
fluorescence observation, the detector is a major consideration
in the design of an experiment. While there have been many
improvements in fluorescence experimental tools, the develop-
ment of high sensitivity and low noise detectors (avalanche
photodiodes, CCD cameras, and CMOS cameras) has in
particular driven progress in single-molecule investigation.22,23

In this paper, we review single-molecule fluorescence
experimental tools in the context of research progress on
photosynthetic systems. In section 2, we begin by providing a
brief background on photosynthetic light harvesting and solar
energy conversion. In section 3, we present the technical
aspects of single-molecule fluorescence spectroscopy by
summarizing the experimental considerations and techniques
used to achieve single-molecule sensitivity. In sections 4, 5, and
6, we then describe ways in which these single-molecule
experiments explore the static and dynamic heterogeneity
exhibited by photosynthetic systems. In particular, we present
examples of physical insights gained in the following key areas:
(1) observation of conformational dynamics (structural
heterogeneity); (2) characterization of the excited states
(energetic heterogeneity); and (3) exploration of photophysical
processes, such as energy transfer (functional heterogeneity).
Through these experiments, single-molecule spectroscopy
reveals the heterogeneity within light-harvesting systems,
which is an important step in understanding how they flourish
in complex and dynamic natural environments. While here we
focus on natural systems, single-molecule experiments can also
be used to explore and characterize the heterogeneity in
artificial light-harvesting systems.24,25 The energetic hetero-
geneity revealed through these experiments provides a critical
parameter in identifying how well we reproduce natural
function. In future directions, comparing this parameter for
natural and artificial systems can aid the optimization of
artificial light-harvesting devices.

Figure 3. Comparison of structures of the antenna (top row) and reaction centers (bottom row). The light-harvesting complexes are: (a) LHCII
from higher plants is a pigment−protein complex where the protein matrix (gray) surrounds the embedded pigments (Chl a in green, Chl b in blue,
and carotenoids in pink);26 (b) the chlorosome from green sulfur bacteria is a molecular aggregate formed from BChl;27 and (c) LH2 from purple
bacteria is a pigment−protein complex where the protein matrix (gray) surrounds the embedded pigments (BChl a in red and blue and carotenoids
in orange).28 The reaction centers, with only cofactors shown, are (d) the photosystem I reaction center with the so-called “special pair”, the Chl a
that serves as the site of charge separation (pink), the Chl a (green, and cyan), the quinones (yellow),29 and the iron−sulfur cluster (gray); (e) the
photosystem II reaction center with the Chl a (pink and green), the pheophytin (cyan), the quinones (yellow), and the nonheme iron (gray);30 and
(f) the type-II bacterial reaction center with the BChl (pink and green), the bacteriopheophytin (cyan), and the quinones (yellow), and the nonheme
iron (gray).31 While the antenna complexes exhibit a variety of architectural motifs, the basic structure of the reaction center is much more highly
conserved.
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2. PHOTOSYNTHETIC LIGHT HARVESTING AND
SOLAR ENERGY CONVERSION

The early events in photosynthesis occur within a protein
network that can be divided, roughly, into two parts: (1) the
antenna, and (2) the reaction center. The antenna, which
consists of light-harvesting complexes, is responsible for the
initial absorption and energy migration. As illustrated in Figure
3, top, the light-harvesting complexes exhibit a large variety in
size, shape, and architectural motif as well as pigment and
protein composition and cellular location. These complexes
range from a ∼10 nm protein structure with embedded
pigments to a ∼100 nm pigment-only molecular aggregate.
Despite these striking differences, single-molecule spectroscopy
has served as an incisive tool to explore each of these
complexes, including their structures, conformational dynamics,
and excited state manifolds. In sections 4−6, we will present
examples of how single-molecule spectroscopy has provided
insight into these light-harvesting complexes.
The reaction centers are responsible for the final energy

transport steps, charge separation, and charge transport. As
illustrated in Figure 3, bottom, reaction centers across multiple
organisms exhibit a more conserved architectural motif.
Furthermore, the primary (charge transfer) pigments within
reaction centers are always circular tetrapyrroles, e.g.,
chlorophyll (Chl) and bacteriochlorophyll (BChl). Observing
fluorescence from the reaction center is challenging because the
cations that result from the electron transport chain quench the
excited states. However, observing fluorescence from the
antenna complexes has been relatively straightforward. While
not all antenna complexes are single-molecule visible, single-
molecule cryogenic and room temperature experiments have
successfully characterized the heterogeneity in excited states
and explored the conformational dynamics of the protein
structure, as discussed in sections 4 and 5 below. However,
cryogenic experiments have also overcome the limitations of
observing RC fluorescence to successfully probe the trap (red-
shifted) states, as discussed in section 6 below for photosystem
I (PS I) from higher plants.
In this section, we give an overview of the components of

pigment−protein complexes and their dynamics. We also
introduce two well-studied photosynthetic systems, the light-
harvesting complexes from purple bacteria and from higher
plants.

2.1. Pigment−Protein Complexes

Photosynthetic pigment−protein complexes are specialized
proteins with the position and orientation of the embedded
pigments finely tuned to produce efficient and directional
energy and electron flow. Because the sun is a low density
energy source (∼1 kW/m2), the pigments are packed within a
protein matrix at a high concentration to maximize solar
absorption. For example, the pigments within the major light-
harvesting complex of photosystem II (LHCII) are found at
∼0.3 M.26 This concentration is 2 orders of magnitude above
the advent of concentration quenching for these pigments in
solution.32 Within the protein matrix, the pigments are
positioned with intermolecular distances and relative orienta-
tions that minimize quenching processes and optimize for
energy transport.
The high concentration of these pigments, or dense packing,

means that there are only a few angstroms between pigments
and between the pigments and the surrounding protein. These
short distances lead to significant pigment−pigment (J) and

pigment−protein (λ) electrodynamic couplings, as illustrated in
Figure 2, left.6 The balance of these couplings determines the
excited state energies and drives the energy transport
dynamics.33−35 Notably, these couplings are the same order
of magnitude as kBT at room temperature (200 cm−1).6 kBT
determines which of the conformational substates are thermally
accessible. Structural differences among the conformational
substates introduce heterogeneity in intermolecular interac-
tions. This includes heterogeneity in the transition energies of
the pigments (diagonal disorder) induced by changing
pigment−protein distances and orientations and heterogeneity
in the pigment−pigment coupling (off-diagonal disorder)
induced by changing pigment−pigment distances and orienta-
tions. Notably, the diagonal disorder is the same order of
magnitude as the intermolecular couplings themselves and, as a
result, the balance of the pigment−pigment and pigment−
protein couplings changes.6 This changing balance, in turn,
introduces heterogeneity in the excited state manifold and the
dynamics of energy transport (Figure 2). Single-molecule
spectroscopy has shown that absorption, energy transport, and
dissipation properties vary from complex to complex and within
a single complex over time, features which are lost in ensemble
measurements because the variation in these properties is
averaged over a huge number of molecules.
To describe these complexes and their dynamics, we

construct a Hamiltonian for the total pigment−protein
complexes following ref 36. The Hamiltonian can be
constructed from the diabatic Hamiltonian for the individual
pigments in their protein environment. For an individual
pigment, j, this is given by

φ φ φ φ̂ = ̂ | ⟩⟨ | + ̂ | ⟩⟨ |H x H x H x( ) ( ) ( )j j j g j j g j g j e j j e j e, , , , , , (1)

where the two terms represent the Hamiltonian for the ground
and excited states, respectively, modulated by all the environ-
mental (e.g., protein) and nuclear degrees of freedom (xj). As
discussed above, in a photosynthetic complex, the individual
pigments are closely spaced within their surrounding environ-
ment. As a result, they couple to each other with the pigment−
pigment couplings (Jij). Thus, the Hamiltonian for a pigment−
protein complex (ĤPPC) containing N pigments is given by

∑

∑
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φ φ φ φ φ φ
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Although the pigment−pigment couplings (Jij) can, in principle,
be modulated by the environmental and nuclear degrees of
freedom (xj), we assume the nuclear dependence of these
parameters is small. The neglect of these modulations has been
justified by numerical calculations that show the modulation of
the electronic transitions is the dominant effect in these types
of linear aggregates.37

With this Hamiltonian, the Franck−Condon transition
energy (ℏΩj) of the jth pigment is given by

ℏΩ = ̂ − ̂H x H x( ) ( )j j e j j g j, , (3)

For an ensemble, the transition energy for the pigment is a
Boltzmann-weighted average of the transition energies from all
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possible nuclear configurations. Within a pigment−protein
complex, the transition energy varies from pigment to pigment
due to electrochromic shifts induced by different protein
environments.38 The size of these variations depends on the
system, but they are approximately kBT at room temperature.6

For a single pigment−protein complex, the transition energy of
the diabatic state of each pigment experiences fluctuations due
to the dynamics of the nuclear and environmental degrees of
freedom (in particular, the surrounding protein environment).

The fluctuations are described by the collective energy gap
coordinate

̂ = ̂ − ̂ − ℏ⟨Ω ⟩u H x H x( ) ( )j j e j j g j j, , (4)

Importantly, the collective energy gap coordinate describes
information about fluctuations in both the ground and excited
state due to the surrounding degrees of freedom. This term for
the fluctuating collective energy gap is used in models to
describe the excited state dynamics after photoexcitation.33,36,39

As described above, the modulations of the electronic transition

Figure 4. Pigment−protein complexes are optimized by pigment selection, protein environment, and protein dynamics. (a) Common pigments in
photosynthetic light harvesting are shown. The carotenoid beta-carotene (left, orange box) is abundant in plants, fruits, and vegetables. Carotenoid
variants have a photoprotective role in many photosynthetic organisms. Chl a (center, green box) is found in higher plants, green algae, and some
bacteria. Chls are circular tetrapyrroles, and Chl variants are the major light-harvesting pigment in these organisms. Phycocyanobilin (right, blue box)
is a phycobilin pigment. Phycobilins are open tetrapyrroles that covalently bind to the protein structure. Phycobilin variants are the light-harvesting
pigments in cyanobacteria, red algae, and cryptophytes. (b) Photosynthetic systems achieve broad solar coverage (gray line) through this set of
pigments (orange, green, and blue lines indicate absorption spectra of carotenoid, Chl a, and phycocyanin, respectively), with further spectral tuning
by different substituent groups to generate other pigment variants and by electrochromic shifts induced by the protein-binding pocket. (c) A
simplified model of the protein energy landscape is shown (right). The multiple levels of barrier heights as a function of a generalized nuclear
coordinate gives rise to the so-called hierarchy of conformational substates, as well as conformational switching between these substates. This rugged,
dynamic protein energy landscape combines with pigments to produce photosynthetic pigment−protein complexes (left). In these complexes,
pigments are embedded within a surrounding protein scaffold, with just a few angstroms between the neighboring pigments and between the
pigments and the surrounding protein. As a result, the conformational dynamics of the protein introduces dynamics into the electronic structure.
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are known as diagonal disorder and the modulations of the
pigment−pigment couplings (J) are known as off-diagonal
disorder because these are the diagonal and off-diagonal
elements, respectively, of the electronic Hamiltonian.
From this framework, we extract several features that are

explored through single-molecule experiments, as described in
sections 4, 5, and 6. The first is that the excited states
interrogated spectroscopically are the delocalized eigenstates of
the pigment−protein Hamiltonian. Because of the pigment−
pigment couplings, Jij, the eigenstates are no longer the diabatic
states of the individual pigments. Instead, they are delocalized
states consisting of linear combinations of the excited states of
the uncoupled pigments. As described in section 5, single-
molecule spectroscopy provides insight into this delocalization.
Furthermore, the nuclear and environmental degrees of
freedom modulate the electronic transition energies. Thus,
these degrees of freedom impact the excited state energies, and
the dynamics of these degrees of freedom produce changing
excited state energies and dynamics. Because protein dynamics
occur on many time scales, fluctuations in the collective energy
gap emerge on many time scales. Single-molecule spectroscopy
directly or indirectly accesses several of those time scales.
The building blocks to construct the pigment−protein

complexes are a few pigments and a surrounding protein
matrix. In many photosynthetic organisms, including higher
plants, green algae, and bacteria, the pigments are chlorophyll
variants and carotenoids. These two pigments serve comple-
mentary purposes. (Bacterio)chlorophyll are porphyrins with a
rigid, planar structure (Figure 4a, center). They serve as the
primary light-harvesting molecule (Figure 4b), with a relatively
long excited state lifetime (∼ns) that allows for energy and
charge transfer processes to occur. In contrast, carotenoids are
polyenes with a long, floppy structure (Figure 4a, left). They
serve as accessory light harvesters by rapidly transferring energy
to the chlorophyll. In addition, triplet states are rapidly
transferred to the carotenoids. They provide photoprotection
by rapid dissipation of these chemically active triplet states.40

Furthermore, they may also provide additional photoprotection
through their short excited state lifetime (∼ps) that allows for
rapid dissipation of potentially damaging excess energy.40 Thus,
this combination of pigments enables photosynthetic systems
to retain both light-harvesting and photoprotective function-
alities.

2.2. Protein Dynamics and Spectral Diffusion

One major challenge in describing pigment−protein complexes
is characterizing how the protein matrix impacts the pigments.
That is, how do fluctuations in the protein matrix impact the
electronic excited states (fast dynamics) and what are the
conformational substates (slow dynamics). Changes in the
excited state energies due to the dynamic protein environment
are known as spectral diffusion. Single-molecule spectroscopy
provides insight into these multitime scale dynamics.
Single-molecule spectroscopy is a powerful tool for

identifying individual conformational substates and elucidating
the dynamics that govern the transitions between substates. We
use a reaction coordinate picture to describe the potential
energy landscape as shown in Figure 4c.41,42 A rugged
landscape exhibits more complex (multitime scale) dynamics
than crystalline systems43,44 due to the variety of potential
energy barrier heights between different conformational
substates, which create an effective hierarchy of substates,
illustrated in Figure 4c.44−46 Conformational variation results in

changes to the fluorescent emission, mediated by perturbation
of the interaction between the environmental degrees of
freedom and the pigment.47,48 High energetic barriers between
substates (and thus slow dynamics) result in discrete peak
positions, known as inhomogeneous broadening. Low energetic
barriers (and thus fast dynamics) result in a broadened line
shape in absorption and fluorescence spectra, known as
homogeneous broadening. The spectral peak of a lone molecule
in a protein is significantly broadened (several 100 cm−1) by
these faster fluctuations. Although proteins often have a
continuum of barrier heights and thus time scales of protein
fluctuations, inhomogeneous and homogeneous broadening are
divided by protein dynamics longer than and shorter than the
time scale of the experiment, respectively.6,46,49

In single-molecule experiments, the fluorescence emission
exhibits temporal dynamics as the protein switches between
conformational substates. Changes in fluorescence emission on
the second time scale report on conformational substates with a
high potential energy barrier.11,12,18,50,51 For example, in the
bacterial photosynthetic antenna protein complex, LH2, the
room temperature fluorescence spectrum showed a temporal
change in peak position of a few 100 cm−1 on a time scale of
seconds.50,51 Thus, at room temperature, single-molecule
observations provide information on slow dynamics, which
give rise to the inhomogeneous line width.
On the other hand, fast dynamics, which give rise to the

homogeneous line width, is averaged out during the measure-
ment, as indicated by broadened spectral peaks such as those
observed for single LH2 complexes.11,50,51 Indeed, spectral
diffusion can occur on a nanosecond scale in a biological system
at room temperature, even if the system is at equilibrium.52 As a
result, conformational substates with a low energy barrier in the
energy landscape are obscured, even at the single-molecule
level.
Cryogenic conditions provide a powerful tool to increase the

resolution of protein dynamics and conformational substates.
At low temperature, especially liquid-helium temperature, the
fast dynamics are slowed down or almost completely
frozen44,52,53 and the lower tier of the energy landscape
becomes resolvable.46,44,52,53 Spectral hole burning verified that
spectral dynamics took place on time scales longer than about
100−1000 ms at cryogenic temperature.53 Thus, cryogenic
single-molecule spectroscopy provides access to substates in the
lower energy landscape. Cryogenic conditions narrow the
spectral line width by freezing out the fast dynamics.54 By
combining cryogenic conditions with single-molecule spectros-
copy, we can thus obtain the intrinsic line shapes of single
molecules, which reveal the photophysical properties of the
embedded pigments.

2.3. Bacterial Photosynthesis

Light-harvesting complexes from purple bacteria are the most
widely studied photosynthetic systems at the single-molecule
level because of their exceptional photostability. In purple
bacteria, photosynthetic light harvesting occurs in membrane
structures, known as chromatophores. The chromatophore
membrane contains transmembrane pigment−protein com-
plexes, including the peripheral light-harvesting complexes
(LH2) and light-harvesting complex 1 (LH1), which surrounds
the reaction center (RC).55 The peripheral light-harvesting
complexes perform the initial absorption and energy transport
steps. Excitation energy is transferred from the LH2 network to
LH1 and then to the RC. The RC sits in the center of the LH1.
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In this transport process, excitations generally move downhill in
energy but must overcome an energetic barrier to reach the
RC.2

The structures of the peripheral light-harvesting complexes,
as well as the organization within the membrane, vary by
species and growth conditions. The peripheral light-harvesting
complex, usually known as LH2, has a cylindrical structure.2

This structure for Rhodopseudomonas (Rps.) acidophila strain
10050 is shown in Figure 5a. The cylindrical structure emerges
from the association of eight, nine, or ten protein subunits
depending on growth conditions and species.56 For example,
two well-studied species, Rps. acidophila and Rhodobacter (Rb.)
sphaeroides are nonameric, whereas Rhodospirillum (Rsp.)
mobilizchianum is an octamer. Furthermore, for certain species,
such as Rhodopseudomonas palustris, the number of subunits has
been shown to change with light conditions.57 The functional
implication of the variation in number of subunits remains an
open question.
The cylindrical structure of the LH2 protein gives rise to a

ring organization of the BChls. In many species, including the
well-studied Rps. acidophila and Rb. sphaeroides, this produces
two concentric BChl rings known as the B800 and B850 rings,
named by the wavelengths of their absorption maxima.28 This
LH2 variant is also referred to as B800-850. Depending on the
species and growth conditions, the protein structure, and thus
the absorption maxima, vary. For example, Rps. acidophila strain
7050 grown under low light produces a light-harvesting
complex with absorption peaks at 800 and 820 nm, or B800-
820 (also known as LH3).2 For the B800-850 variant of LH2,
each subunit contains one carotenoid and three BChls, with
one in the B800 ring and two in the B850 ring. In the B800
ring, the BChls are weakly coupled to their neighbors. In
contrast, in the B850 ring, the BChls are strongly coupled to
their neighbors, which gives rise to excited states delocalized
across several pigments.2,58

Because of the cylindrical motif, the electronic structure of
the B850 ring is often modeled as a circular aggregate. In the
absence of disorder, that is, identical transition energies on all
pigments, the excited states become delocalized over the entire
ring. This delocalization gives rise to a series of doubly
degenerate states in addition to two nondegenerate states as
illustrated in Figure 5b.2 The lowest energy state (k = 0) is a
dark state. The oscillator strength is in the two degenerate

states k = ±1, which are perpendicular to each other across the
B850 ring. While the circular aggregate model provides a useful
framework, in reality thermal fluctuations destroy the
degeneracy of the subunits, which can confine the excited
states. Estimates of the resulting delocalization lengths vary
from two BChl to near-complete delocalization over the ring.
These estimates are discussed in detail in ref 2 and 58.
While LH2 has a relatively low fluorescence quantum yield

(∼4%), it is more photostable than many other pigment−
protein complexes, such as those from higher plants.59 This,
together with the fact that inhomogeneity in the excited state
energies of the LH2 is an order of magnitude greater than that
of most other photosynthetic complexes,6 make it an ideal
target for single-molecule investigations.

2.4. Plant Photosynthesis

In light harvesting, the general structural organization and
mechanisms of higher plants share many similarities with purple
bacteria. As in purple bacteria, energy migrates through local
networks of light-harvesting complexes to reach a dedicated
location, the reaction center (RC), where charge separation
occurs. There are two types of photosystems, photosystems I
(PS I) and II (PS II), each containing one of two types of
reaction centers (Figure 6a−d). In higher plants, light
harvesting occurs within membrane stacks, known as the
thylakoid, and PS I and PS II are spatially separated within the
thylakoid. PS II is found in the stacked region of the membrane
known as the grana, while PS I is found in the peripheral
membrane area known as the stroma lamellae.63 Single-
molecule studies of PS I have revealed hidden details of the
electronic structure, as discussed in section 6. Light-harvesting
complexes associate with both PS I and PS II.6,64 The primary
light-harvesting complex of PS II (LHCII) is found in plants
and green algae, and single-molecule experiments of LHCII
have been particularly insightful.
As shown in Figure 6d, the architectural motif of light-

harvesting complexes from higher plants differs from the
analogous light-harvesting complexes from purple bacteria.
LHCII is a trimeric complex. Within each constituent
monomer, the pigments are bound into nonequivalent binding
sites. Each monomer contains eight Chl a’s, six Chl b’s, and
four carotenoids.26 Energy rapidly transfers on a femto- and
picosecond time scale from the carotenoids and Chl b to Chl

Figure 5. Light harvesting in purple bacteria. (a) The light-harvesting apparatus in purple bacteria consists of antenna complexes (primarily LH2)
that surround LH1, which contains a reaction center. Energy migrates from the antenna to the reaction center, where charge separation occurs. LH2
has a cylindrical structure with 8−10 subunits (depending on the species), each of which contains three BChl (red, blue) and one carotenoid
(orange). The BChl are organized into two concentric rings, the B800 (blue) and B850 (red) rings.28,56 (b) Electronic structure of the B850 ring
without inhomogeneity. The equivalency of the BChl binding pockets and the strong coupling between the BChl produces a band-like structure in
which the excited states are completely delocalized over the 18 BChls that form the B850 ring.2 In reality, thermally induced inhomogeneity between
the subunits is thought to partially localize the excited states.
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a,62,65 and fluorescence occurs out of the Chl a band. Through
single-molecule experiments, the intrinsic heterogeneity of this
important complex can be explored. Although LHCII has a
higher quantum yield (22%) than LH2 (∼4%), at the single-
molecule level the emission rate is lower due to the
photophysics of the triplet state.59 Despite this limitation,
there have been extensive single-molecule investigations,
including characterization of the conformational dynamics of
LHCII that may play a role in the photoprotective process
known as nonphotochemical quenching (NPQ).
Whereas purple bacteria perform anoxygenic photosynthesis,

plants, algae, and cyanobacteria perform oxygenic photosyn-

thesis. The advent of oxygenic photosynthesis introduced the
four-electron process of water splitting.1 As a result, the light-
harvesting machinery must produce four electrons in quick
succession to prevent the formation of reactive intermediates.
To achieve this even under low light conditions (e.g., cloudy
days), higher plants have an excess of light-harvesting
complexes that regulate the energy transport chain so that
the amount of excitation energy does not exceed the capacity of
the reaction center. This regulation is part of NPQ. NPQ
protects the reaction center by preventing absorbed energy
buildup, which can form deleterious photoproducts.66−69

The short-time component of NPQ is the dissipation of
excess energy in the light-harvesting complexes during periods
of intense sunlight. While the light-harvesting complexes are
known to be the site of dissipation, the molecular mechanism of
the dissipation process remains under debate, although several
models have been proposed that include conformational
changes to produce energy-transfer, charge-transfer, or Chl-
carotenoid excited states.70,71 Single-molecule studies of these
light-harvesting complexes have explored the mechanisms, via
the conformational dynamics, that may play a role in NPQ.

3. SINGLE-MOLECULE FLUORESCENCE
SPECTROSCOPY

Fluorescence spectroscopy is a powerful and ubiquitous tool for
two key reasons: (1) the observed fluorescence depends on the
population in the excited state, which in turn depends on all
processes occurring off the excited state. Thus, multiple
processes can be explored via the observed fluorescence; and
(2) fluorescence is detected free from the background of the
incident laser by spectral and spatial filtering, and thus the
signal from single objects is relatively easy to detect. In this
section, we discuss experimental considerations, both for the
sample and for the apparatus, for a variety of single-molecule
fluorescence experiments.
Single-molecule fluorescent detection requires optimization

of the signal-to-noise (SNR) ratio. In conventional optical
measurements, we detect a signal from a bulk sample
containing approximately 105 or more molecules. Decreasing
the sample size down to a single molecule decreases the signal
level, driving the need to optimize the SNR for single-molecule
observations. In this section, we describe the three key aspects
for optimization, the sample (section 3.1), the optical setup
(section 3.2), and the detectors (section 3.3). Specifically, these
three aspects require the following: (A) the particle must be
sufficiently emissive for single-molecule detection and isolated
from other copies or contaminants to minimize background.
Meeting this criterion requires a fluorescent signal strong
enough to overcome the noise due to the thousands of
molecules in the surrounding environment. (B) The optics
must be designed to constrain the illuminated area to a small
excitation volume to decrease the background and for high
collection efficiency of the emission to maximize the SNR. (C)
The detector must be highly sensitive with low noise.72

Experimental design depends on the desired combination of
parameters and the time resolution required for these
parameters. In single-molecule studies of photosynthetic
systems, these parameters are fluorescence intensity, lifetime,
anisotropy, and spectrum. Here, we introduce different optical
schemes used in single-molecule experiments73 and current
detector technology and trade-offs. We discuss how detection
of these parameters is optimized by the sample (section 3.1),
the optics (section 3.2), and the detectors (section 3.3), and

Figure 6. Light harvesting in higher plants. (a) Model of the PS I
supercomplex from higher plants. (b) The structural model of the PS I
and peripheral antenna Lhca,60,61 containing 92 Chl a (light green) in
the core and 45 Chl a (green) and 12 Chl b (blue) in Lhca (PDB:
4XK8).60 Electron transfer cofactors are shown in red. (c) Model of
the PS II supercomplex from higher plants. The core complexes
including the PS II reaction center is surrounded by the primary
antenna complex, LHCII. (d) The structural model of a trimeric
LHCII, where each monomer contains eight Chl a (green) and six Chl
b (blue) (PDB: 1RWT).26 (e) Schematic of the pathways of energy
flow in LHCII. Energy rapidly relaxes from the Chl b (blue bar) to the
Chl a band (green bar) on a femto- to picosecond time scale. The
excited state (exciton) levels are shown with their composition of
chlorophyll in the nomenclature of ref 26. Adapted from ref 62.
Copyright 2016 American Chemical Society.
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how improvements in all these areas have driven progress in
single-molecule spectroscopy.
3.1. Sample Considerations

3.1.1. Principles of Fluorescence. Fluorescence is the
radiative decay from the electronic excited state to the
electronic ground state. As illustrated in Figure 7, upon

absorption of a photon, a molecule is promoted to the excited
state. After excitation, the molecule can undergo radiative
(fluorescence) or nonradiative decay back to the ground state.
Thus, fluorescence is only one of many pathways that can occur
from the excited state surface. Fluorescence intensity and
lifetime depend on the relative time scales of these processes.74

The fluorescence intensity (IF) is determined by the following
parameters:

∝ Φ =
+ + +

I k
k k k kAbs
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where the fluorescence intensity (IF) over absorbance (Abs) is
proportional to the fluorescence quantum yield (ΦF), which is
given by the rate of radiative decay (kF) over the sum of all rates
(radiative decay, kF, internal conversion, kIC, intersystem
crossing, kISC, and charge transfer photochemistry, kP). The
observed fluorescence lifetime (τobs) is determined by these
same parameters, as follows:
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where the time scales (τ) are the inverse of the rates (k). From
these two equations, we can extract the following relationship,

τ τ τ∝ =I k /F F obs obs F (7)

As shown by this equation, relative changes in fluorescence
intensity and observed lifetime can indicate the parameter
changing within the photosynthetic complex. Specifically,
proportional changes in intensity and observed lifetime are
caused by a change in kIC, kISC, or kP. In contrast, more complex
scaling between intensity and observed lifetime is caused by a
change in kF or in multiple parameters. Thus, correlated
measurements of these two variables allow the microscopic
parameter to be determined. This provides insight into the

physical mechanism behind changes in the photophysical
pathways.11,18

Fluorescence spectra can report on the energetics of the
excited states. As excited state energies shift, the peak of the
fluorescence can undergo a corresponding shift as a signature of
these dynamics.

3.1.2. Signal to Background in Single-Molecule
Experiments. A single-molecule visible particle must undergo
thousands of excitation and emission cycles to allow collection
of a sufficient number of photons for analysis. The ability to
undergo these cycles emerges from several specific photo-
physical characteristics, including absorption cross-section,
fluorescence quantum yield, and photobleaching quantum
yield. These characteristics vary widely depending on the
photosynthetic system. This variation allows some systems,
such as LH2, to be well studied at the single-molecule level,
whereas others, such as the Fenna−Matthews−Olson complex
from green sulfur bacteria, cannot be observed at the single-
molecule level.75 Here, we review these photophysical
characteristics, which have driven the choice of photosynthetic
systems.72

First, the particle must have a high absorption cross-section
to allow sufficient excitation, which for a molecular dye is often
a value comparable to the size (∼1 Å2).21 Excitation properties
are generally reported as the molar extinction coefficient at the
maximum of their absorption peak.76 For chlorophylls, the
extinction coefficient is ∼70000 cm−1 M−1 at the maximum of
their Qy absorption (660 nm for Chl a).77

Second, the particle must be a strong emitter, which comes
from two parameters. The first is that the fluorescence quantum
yield, ΦF, as defined in eq 5 above, is high, with a value as close
to unity as possible.76 For photosynthetic antenna complexes,
the values are generally 0.04 to 0.10 for chlorophyll-containing
complexes and as high as 0.98 for phycobiliproteins.11,58,78 The
second parameter is that the photobleaching quantum yield,
ΦB, is low. The inverse of this parameter, 1/ΦB, reports on the
average number of excitation cycles before photobleaching.21

Photobleaching is a general term used in single-molecule
spectroscopy to describe the photodegradation of a fluorescent
particle. This process is hypothesized to occur via radical
formation or via a photo-oxidative process, mediated by
reactive intermediates generated from the triplet state.79−81 In
single-molecule experiments, photobleaching quantum yield is
reduced by the addition of triplet scavengers and by oxygen
removal, either through scavengers or deoxygenation with
argon or nitrogen.82,83 At room temperature, most molecular
dyes photobleach after the emission of ∼106 photons.21 The
average number of photons that a specific fluorescent particle
will emit before photobleaching is given by ΦF/ΦB.

21 While
ideally both of these parameters are optimal, for chlorophyll-
containing complexes the low photobleaching quantum yield
enables single-molecule studies despite the relatively low
fluorescence quantum yield. That is, although the signal level
is lower than other single-molecule visible systems, extended
observation times enable studies of these systems.
In photosynthetic complexes, the pigments are chlorophyll,

carotenoids, and phycobilins. The more rigid structure of the
tetrapyrroles (chlorophyll and phycobilins) gives rise to a
longer excited state lifetime (∼ns), because the rigidity
decreases the number of vibrationally mediated nonradiative
decay channels. The longer lifetime provides a window for solar
energy conversion. In many organisms, including higher plants
and purple bacteria, chlorophylls are found neighboring

Figure 7. Simplified schematic of photophysical pathways in
photosynthesis. Upon absorption of a photon (upward arrow), excited
Chl (Chl*) can transfer an electron (Chl+Chl−), which drives
downstream biochemistry. On a much slower time scale, the excited
state can undergo fluorescence decay (kF, dotted line) and intersystem
crossing can produce triplet states (ChlT), which generate deleterious
photoproducts. To prevent photodegradation, photosynthetic systems
activate internal conversion (kIC, wiggly line) pathways that safely
dissipate excess energy. In higher plants and algae, these processes are
known as nonphotochemical quenching (NPQ).
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carotenoids and the triplet states have a high efficiency (near
100%) of transfer from the chlorophyll to the carotenoid. This
prevents triplet-state-mediated photobleaching and decreases
the photobleaching quantum yield. This pathway is thought to
play an important photoprotective role under natural
conditions as well.84

3.1.3. Sample Preparation. To ensure the detected signal
arises from only one particle at a time, single-molecule
experiments require a dilute sample at ∼pM level in which
the particles are separated either spectroscopically or spatially.
For spatial separation, a distance greater than the size of the
point spread function separates target particles. The point
spread function is the 3D diffraction pattern of light emitted
from an infinitesimal point source, which is transmitted to the
image plane via an objective. The plane wave of light produces
an Airy disk pattern on the focal plane. The disk size, the
diameter of the first dark ring of the diffraction pattern, is given
by 1.22 λ/NA, where NA is the numerical aperture of the
objective and λ is the wavelength of light. Therefore, the spatial
resolution of the fluorescence image in a traditional imaging
system is restricted to the wavelength scale of the laser source.85

In recent years, a suite of imaging techniques have emerged
with high spatial resolution beyond diffraction limit.85,86

However, these approaches are not required for single-molecule
spectroscopy on photosynthetic complexes, which is strongly
focused on revealing physical and photochemical properties of
individual complexes rather than imaging their spatial
distributions in vivo. Therefore, the most straightforward
approach is dilute samples.
Traditionally, dilute samples have been prepared by

immobilizing single proteins at picomolar concentrations
through two approaches: (1) encasing the sample in a polymer
matrix, such as poly(vinyl) alcohol (PVA), by spin-coating a
thin film of sample mixed with polymer onto a coverslip
(Figure 8a); and (2) attaching the sample to a functionalized

charged surface, such as poly-L-lysine coated coverslip, via
nonspecific electrostatic interactions (Figure 8b).
For cryogenic experiments, a dilute sample is spin-coated on

a coverslip or placed in a cavity between two coverslips and
rapidly frozen to preserve its native state.87 A cryostat or an
insulated Dewar flask is used to maintain temperature.88,89 The
superfluid state of liquid helium under negative pressure is used
to achieve temperatures down to 1.5 K.
Upon immobilization, both a polymer environment and

electrostatic interactions can introduce perturbations to the true
protein structure. Even localized interactions may cause
significant structural changes in proteins through allosteric
effects.90,91 The excited state manifold and dynamics of
photosynthetic pigment−protein complexes are highly sensitive
to angstrom-scale structural changes. As a result, these two
immobilization approaches have at times produced conflicting
results, which may be due to the effects of the immobilization
method. For example, results differ on whether disorder in LH2
emerges from elliptical or localized distortions.10

To minimize potential perturbations from immobilization,
Cohen and Moerner developed a novel single-molecule
technique, the anti-Brownian electrokinetic (ABEL) trap,
which merges microfluidics and microscopy to enable extended
observation of single particles in solution. The ABEL trap is
implemented in a modified confocal microscope, in which the
laser beam scans an observation area and the sample is held in a
microfluidic cell (Figure 8c).3,92,93

The ABEL trap functions via a closed-loop feedback system.
The first step is position determination of the single particle
under observation. Position determination is achieved by
scanning the laser beam. When the laser beam overlaps with
the particle, the particle emits a photon. Upon detection of the
photon, the particle position is inferred based on the known
laser position. The microfluidic cell contains integrated
electrodes. Application of a voltage induces an electrokinetic

Figure 8. Sample immobilization for single-molecule spectroscopy. (a) Photosynthetic systems can be immobilized by spin-coating at low
concentration in a polymer matrix, such as poly(vinyl) alcohol (PVA). (b) In another approach, photosynthetic systems can be immobilized by
electrostatic interactions with a poly-L-lysine coated coverslip. (c) The ABEL trap enables extended solution-phase observation of single fluorescent
objects. The ABEL trap merges microscopy and microfluidics to implement a closed-loop feedback system. A diffusing fluorescent object enters into
an observation region defined by a scanning laser beam. When the laser beam overlaps with a particle, it emits a photon. Because the position of the
laser beam is known, upon detection of a fluorescent photon, the position of the particle is known. Electric fields are applied in x and y (the
horizontal and vertical axes on the diagram) to induce electrokinetic flow to move the object to the center of the observation region. By repeating
this cycle faster than diffusion, the object is maintained in the field of view until it enters a dark state, at which point it diffuses away.
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flow that returns the particle to the center of the observation
region. Repeating this cycle on a microsecond time scale
counters the millisecond process of diffusion. In more recent
incarnations of the ABEL trap, position estimation is refined
using knowledge of particle diffusion and real-time estimates of
diffusion parameters. Thus, the ABEL trap has been used to
simultaneously measure both photophysical parameters (fluo-
rescence emission intensity, lifetime, and spectrum)11,12 and
structural parameters (diffusion coefficient and mobility,
reporting on size and charge, respectively).93,94 The ABEL
trap is not limited to report on excited state properties but also
processes such as oligomerization or dissociation. While there
are many approaches to study photosynthetic systems, the
solution-phase environment in the ABEL trap is a new platform
particularly well-suited to investigate heterogeneity and
dynamics of soluble photosynthetic proteins.11,12,15,18,95

On the other hand, the ABEL trap has several drawbacks.
First, it is much more difficult to construct than a traditional
single-molecule confocal experiment, as it requires fabrication
of the microfluidic sample cells and extensive coding to
implement the closed loop feedback system. Second, the ABEL
trap does not work well for dim emitters or to study blinking
(entering of dark states). It relies on position determination via
photon detection, which requires a certain photon detection
rate to maintain trapping. Therefore, dim emitters do not
provide sufficient photons and blinking events cause the object
to diffuse out of the trapping region. Third, the trap requires an
electric field to induce electrokinetic flow for trapping. An
electric field can induce structural or energetic changes, such as
by the Stark effect. However, for photosynthetic systems, the
field strengths are 1 to 2 orders of magnitude below those used
in Stark experiments.96

The final consideration for sample preparation is the solution
surrounding the photosynthetic system. The components of the

buffer are critically important for maintaining the native state of
the protein. First, for membrane proteins, low detergent
concentration causes aggregation or other structural changes,
which can induce photophysical changes.97 In some single-
molecule experiments, these effects have been used to explore
aggregation-induced photophysics. Second, glycerol is often
added to prevent evaporation or as a cryoprotectant, yet
glycerol has been shown to alter the photophysics.98 This has
been extensively characterized for PS I at the single-molecule
level.98,99 However, ensemble studies have also shown that
glycerol impacts the photophysics in other photosynthetic
systems, such as the Fenna−Matthews−Olson complex from
green sulfur bacteria.100 In combination, these studies suggest
that glycerol should be added with caution, if at all, to the
solution for studies of photosynthetic systems.

3.2. Fluorescence Microscopy Techniques for
Single-Molecule Measurements

Several microscopy techniques have been used for photo-
synthetic systems. The choice of technique depends on the
experiment, including the desired observables (intensity,
lifetime, polarization, spectrum), time resolution, speed of
data collection, and parallelization. Here, we review commonly
used techniques.

3.2.1. Wide-Field Epifluorescence Microscopy. Wide-
field epifluorescence microscopy has long been used to observe
the cell tissues and subcellular structure of organisms. The
introduction of fluorescent dye labeling techniques allowed
further access to the cell interior and to proteins at the single-
molecule level. These advances have extended the application
of single-molecule microscopy to many fields of research.
Conventional epifluorescence microscopes were initially

shown to enable single-molecule observations by suppressing
background and stray light.101 Figure 9a shows a schematic

Figure 9. Schematic of the fluorescence microscopes generally used for single-molecule experiments. (a) Epifluorescence or wide-field microscopy.
(b) Total internal reflection fluorescence microscopy employing prism (left) and objective (right) to induce an evanescent light field close to the
coverslip surface, where index-matching immersion oil is necessary. (c) Confocal microscopy where a CCD detector is used to measure fluorescence
spectrum of single molecule. The excitation and fluorescence light are shown in green and orange, respectively. CCD detector in confocal
microscopy is used to measure fluorescence spectrum of single molecule. In these microscopies, a liquid immersion (oil, water, or silicon) objective is
often utilized for high resolution observation with a high NA of more than 1.
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representation for an epifluorescence microscope, in which
noncollimated excitation light diffused by a lens is weakly
focused onto the sample and illuminates an area of around 10
μm in diameter on the focal plane of the objective.
Fluorescence from each molecule is collected by the same
objective, isolated from the excitation light using a dichroic
mirror and emission filters, and detected as a 2D image by a
CCD detector. If the fluorescence intensity is higher than the
background, including luminescence, scattering, and stray light
from the substrate, solution and the optical system itself, then
individual molecules can be observed as bright spots.
Obtaining a clear image with high spatial resolution requires

efficient collection of the weak fluorescence from a single
molecule. For efficient collection and high spatial resolution,
the choice of objective numerical aperture (NA) is important.
The NA is described by

θ= ×nNA sin (8)

where n is the refractive index of the medium between the
target molecule and the objective, and θ is the half-opening
angle of the objective. The minimized focal spot size is the
diffraction-limited spot, and the diffraction-limited sizes along
the focal plane of the objective (xy-plane) and along the
perpendicular optical axis (z-axis) become smaller in
proportion to NA and NA2, respectively. As the spot size
becomes smaller, the spatial resolution of the image improves
and background light decreases. Therefore, the NA should be as
high as possible. Typically, single-molecule observations utilize
liquid (oil, water, or silicon) immersion objectives. An oil (n =
1.52) immersion objective exhibiting a high NA of >1.4 is
useful for observing a single molecule close to the coverslip
surface, as is the case in spin-coated samples, because the
refractive index of oil matches well with that of the coverslip,
thus eliminating any optical aberrations. If the target molecule
is in aqueous solution or inside a cell, water (n = 1.33, NA =
∼1.2) and silicon (n = 1.40, NA = ∼1.3), respectively, are
better choices for the immersion objective. Although these
media provide lower NAs, spherical aberration due to
mismatched n is suppressed.102−104

3.2.2. Total Internal Reflection Fluorescence (TIRF)
Microscopy. Although epifluorescence microscopy can be
used to simultaneously observe an entire wide-field image
containing many individual particles, it suffers from background
luminescence from the illumination of out-of-focus fluoro-
phores. One method for background luminescence suppression
in wide-field measurements is to restrict the volume of
illumination, which can be achieved using total internal
reflection fluorescence (TIRF).105,106

In TIRF microscopy, the evanescent light field induced by
total internal reflection is used for illumination. This evanescent
light field occurs on the interface between two dielectric media
with different refractive indices and decays exponentially as a
function of distance from the interface.105,107,108 For example,
the penetration depth of the evanescent field of a 532 nm light
source is estimated to be 100−200 nm, depending on the
incident angle.107−109 Therefore, the area to be illuminated is
confined to the immediate vicinity of the interface, thereby
suppressing background luminescence.73

TIR is usually created using a prism or an objective. Figure
9b, left, shows a schematic of the prism-type TIRF microscope,
in which the evanescent field is induced on the boundary
between the sample and the coverslip on the side opposite to
the objective.110 The prism can induce a broad evanescent

field111 and is thus used to widen the optical field-of-view.
However, because the objective gathers fluorescence radiated
from the other side, its working distance must be long and the
sample medium should be made as thin as possible. These
requirements are removed in the objective-type TIRF micro-
scope,112 in which excitation light is focused on the back focal
plane at the edge of the objective with a high NA so that the
evanescent field occurs on the objective side instead (Figure 9b,
right). Nonetheless, the optical field-of-view in the objective-
type TIRF is restricted, and the SNR is deteriorated by an
increase in light scattering within objective.
TIRF microscopy was used to investigate heterogeneity in

the transition dipole moments and fluorescence spectra of
single chlorosomes, the light-harvesting antenna from green
sulfur bacteria.14,113 The highly polarized evanescent field,107

which leads to variations in the excitation efficiency of the
molecule depending on the orientation of the molecular
transition dipole moments, allowed structural dynamics and
nanoscale geometry to be monitored at the single-molecule
level114,116

3.2.3. Confocal Microscopy. TIRF microscopy is often
used to produce a 2D image of the surface of the specimen with
low background luminescence and permits simultaneous
observation of multiple single molecules. On the other hand,
confocal microscopy is used to probe the interior of biological
specimen as well as molecules in solution. Notably, in confocal
microscopy, we can achieve rapid and multiparameter
detection, including fluorescence intensity, lifetime, polar-
ization, and spectra. Figure 9c shows the schematic setup for
confocal microscopy.
The essential difference between a confocal microscope and

the wide-field microscopes described in the first section is the
use of pinholes. In a confocal microscope, excitation light is
passed through a pinhole and focused onto the focal plane of
the objective at the diffraction limit to illuminate a restricted
elliptical volume of <1 μm3 = 1 femto L. Out-of-focus
background light is cut off by the pinhole on the detector side
so that only fluorescence from the focal spot is detected with a
high signal-to-background ratio.73 An APD detector with high
sensitivity and low dark noise allows for detection of weak
single-molecule fluorescence. A 3D fluorescence image can also
be obtained by scanning the position of the specimen and/or
laser spot. In one approach, the sample position is scanned with
a piezoelectric stage. In a second, x−y (2D) laser scanning is
achieved by changing the incident angle of the excitation light
with a tilting mirror117−120 or a moving stage.121,122 z-Axis
(3D) laser scanning can also be performed by changing the
divergence of the incident beam.122

In solution or a cellular matrix, fluorescence from a single
target molecule is often obscured by other light sources,
including autofluorescence. The major advantage is that
confocal microscopes can be used to make point observations
when a single molecule is located on the focal spot so that it is
the dominant source of fluorescence for that restricted area.
Because of this advantage, confocal microscopy is the most
common technique for single-molecule spectroscopy on
photosynthetic systems.
The detection system can be designed to observe the desired

combination of fluorescence brightness (intensity), polar-
ization, lifetime, and spectrum. By combining confocal
microscopy with time-correlated single photon counting
(TCSPC) that enables time-tagged photon detection, fluo-
rescence lifetimes on the scale of nanoseconds can be measured
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for individual molecules.123 A commonly used version of
confocal microscopy for single-molecule studies of photo-
synthetic systems detects the fluorescence spectrum by using a
CCD spectrometer instead of an APD detector. A line-scanning
spectromicroscope allows for rapid measurement of the
fluorescence emission spectrum at any position in 3D space
with diffraction-limited resolution. This technique has, for
example, permitted spatial mapping of the stoichiometric ratios
between photosynthetic components in cyanobacterial cell.124

Scanning the excitation wavelength while monitoring fluo-
rescence intensity provides the fluorescence excitation spec-
trum, which is related to the absorptive properties of single
molecules. Both excitation and emission spectra were also
measured in a single molecule to investigate the correlation
between the spectral properties of the ground and excited
states.125 By incorporating a wave plate in the laser or detection
path and rotating polarization angle of the excitation and
emission lights, we can also estimate the angle of the transition
dipole moment of single molecule. The polarization analysis
has revealed dynamics in the excitonic structure of light-
harvesting complex9,126 and been utilized to identify spectrally
overlapped emitters in a large pigment−protein complex.127

3.2.4. Cryogenic Microscopy. As described above, the
objective lens must be positioned as close to the sample as
possible in order to maximize the collection solid angle for
detection of single-molecule emission. For experiments at room
temperature, high NA aberration-corrected compound objec-
tives, composed of multiple lenses, can be easily obtained. In
cryogenic experiments, however, samples are often located in
the cooling space, or immersed in a liquid refrigerant as shown
in Figure 10a, i. This prevents delicate high-quality objectives
from being used because the refrigerant may distort or even
damage the optics. As such, cryogenic microscopy requires
special objectives and setups as shown in Figure 10b. This is an
especially important consideration for reaction center-contain-
ing photosynthetic systems. Even at low temperatures, count
rates for these systems are as low as tens of counts per second.
Many important single-molecule experiments on photo-
synthetic systems have been performed at cryogenic temper-
atures and have required highly efficient objectives compatible
with cryostats. Thus, a major experimental challenge is the
development of objectives, which motivates the discussion here.
First, the objective may be positioned inside or outside of the

cryostat (Figure 10a, i and ii, respectively), the former being
preferred in early cryogenic spectroscopy of single molecules
embedded in a crystalline matrix.128 Single molecules were
illuminated by a diffraction-limited light beam produced by
lens,129−131 concave parabolic mirror,132 pinhole,133 or optical
fiber8 placed near the sample within the cryostat (Figure 10b,
i−iv, respectively). The first cryogenic single-molecule
spectrum of the biological complex, LH2, was observed with
an aspheric singlet with NA = 0.55 incorporated into a confocal
microscope.117,134 Gradient index optics with a NA of 1.08
increased the collection efficiency in cryogenic experiments
(Figure 10b, v).118 While an improvement, singlet lenses
cannot correct chromatic aberration.
To compensate for aberration, alternative objectives have

been developed, including: (1) A compound objective with NA
= 0.85 at liquid helium temperatures (Figure 10b, vi);119,135 (2)
a solid immersion reflective object with NA = 0.72 that corrects
chromatic aberration and was developed especially for
cryogenic microscopy (Figure 10b, vii);136 and (3) a new
Schwarzschild-type reflective object (NA = 0.6) that consists of

a single fused silica piece with two spherical mirrors coated on
two opposite surfaces (Figure 10b, viii),137 which reduces
optical aberrations and is robust against the cold. Further
improvements decreased the spherical aberration138 and
expanded the use of cryogenic microscopy into the IR
region,139 enabling broad wavelength regimes121,139 and two-
photon excitation experiments.140 The latest model, in which
one of the coupled mirrors has an aspherical curve, has
achieved an NA of almost unity (0.99).141,142 Meanwhile,
immersion objectives were also used at low temperature143,144

and enabled high NA (1.25) observation,145 although they can
work only at temperatures higher than the melting point of the
immersion fluid (liquid propane, iso-pentane, or propanol).
Another method for resolving optical aberrations in single-

molecule spectroscopy involves placing the high-quality
compound objective outside the cryostat (Figure 10a, ii).

Figure 10. (a) Arrangement of the objective within a cryogenic
microscope. The objective is positioned close to a sample inside (i)
and outside (ii) the cryostat or in the vacuum space (iii). (b)
Schematic of various objectives designed for high collection efficiency
while maintaining the sample at cryogenic temperatures. Excitation of
the sample and collection of fluorescence were achieved by (i)
aspherical lens, (ii) concave parabolic mirror, (iii) pinhole/lens, (iv)
optical fiber/concave parabolic mirror, (v) gradient refractive index
lens, (vi) compound lens, (vii) solid immersion reflecting objective,
and (viii) single component reflecting objective. Transmissive
objectives and reflective surfaces are shown by bold lines in light
blue and black, respectively. The green bold line represents a sample
plane.
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However, in such cases the NA must be relatively low (∼0.6)
because the optics are far away from the sample.146,147

Recently, a novel setup, in which the compound objective
was placed in the vacuum space in the vicinity of the sample
(Figure 10a, iii) has permitted high NA (0.9) observation of
single molecules at cryogenic temperature.120 This setup can
also be beneficial for measurements at temperatures higher than
the boiling points of liquid helium (4.2 K) and nitrogen (77 K)
because the space between the objective and the sample is filled
by vacuum instead of with liquid refrigerant, eliminating the
effect of vibrations caused by refrigerant boiling. As such,
sophisticated objectives with near-maximum NA and no
aberration have the potential to extend the application of
cryogenic single-molecule spectroscopy to many light-harvest-
ing systems that, while intriguing, have so far not been
investigated due to their low fluorescence quantum yield such
as photosynthetic reaction centers from different species.
As discussed previously, single molecules can be resolved

either spectroscopically or spatially under cryogenic conditions.
Spectroscopic methods have primarily been applied to the
observation of single molecules doped in a crystalline
matrix.8,131−133,148−150 For such experiments, the microscope
does not require a scanning system to obtain fluorescence
images and to trace the position of the target molecule in its
focal spot.8,130−133 However, in most single-molecule measure-
ments of light-harvesting system, targets are spatially dispersed
and observed individually with a confocal microscope. In
cryogenic confocal experiments, the laser scanning system is
positioned outside of the cryostat and is therefore easy to
control but requires more space and does not allow perfect in-
plane scanning due to angular dispersion. Another scanning
system involves scanning the sample position directly with a
piezoelectric stage located in the cryostat and cooled together
with the sample.135,141,151 The range for precise scanning of
piezoelectric stages under cryogenic conditions is limited to
approximately a few tens of micrometers, so a fine-movement
piezoelectric stage is often stacked on top of another stage with
a larger but coarser travel range to permit wide scanning.151

Cryogenic spectroscopy has an additional technical benefit
that results from the narrowing of the spectral line width, which
enhances the absorption cross section. The fluorescent power
saturation of single molecules occurs at a much lower excitation
power at cryogenic temperatures (∼100 mW/cm2) than at
room temperature (∼100 kW/cm2).129,152 This removes the
need for intense excitation light, which decreases the amount of
undesirable background emission. Added to this, the photo-
damage by the excitation light is mitigated at cryogenic
temperatures, resulting in a reduced probability for photo-
bleaching of the target molecule.153,154 As a result, long
acquisition times and averaging times become possible,
enabling the conformational substates to be characterized and
the dynamics between them to be monitored. The long
averaging times are especially important for photosynthetic
samples because they often exhibit very low fluorescence
quantum efficiency, as in LH1 (8.1%), LH2 (9.9%),58 and LHC
II (22%)155 at room temperature.
The first cryogenic single-molecule spectrum was obtained

for a molecule doped in a solid in which the absorption
spectrum was measured with double frequency modulation.5

Subsequently, fluorescence excitation spectra were also
obtained at cryogenic temperatures with enhanced signal-to-
noise ratio.8 This approach was used in the first observation of
the pigment−protein complex, LH2,117 and has since been

applied to many light-harvesting, photoreceptive systems,
including the photosynthetic complexes of LH254,156,157 and
low-light LH2-analogues,158−161 LHCII,162 chloro-
somes,4,14,115,163 the photosynthetic antenna-reaction center
complexes of LH1−RC,164−166 PS I,127 and PS II.167,168

3.2.5. Advanced Microscopy Techniques. In addition to
the conventional microscopies above, several other more
advanced techniques have been developed. Scanning probe
microscopy (SPM) has been widely applied to single-molecule
studies.169 In the near-field scanning optical microscopy
(NSOM or SNOM) using an aperture probe,170 the tapered
single mode fiber probe provides a small illumination area
through an evanescent wave near the tip end.171 Scanning the
sample or probe position while collecting fluorescence from a
single molecule with a far-field objective produces an image at
spatial resolution below the diffraction limit.171,172 While
NSOM is not necessary for single-molecule spectroscopy of
dilute samples, and thus has not been used for single-molecule
spectroscopy of photosynthetic systems, it has been applied to
spatially resolve energy transfer through arrays of photo-
synthetic complexes173 and to detect the photocurrent induced
in photosynthetic reaction centers.174−177

NSOM is only one of several approaches that have been
developed to resolve objects below the diffraction limit. Other
superresolution techniques include those that rely on a sparse
subset of emitters (e.g., PALM/STORM) or engineering of the
point-spread function (e.g., STED).178 Because photosynthetic
membranes are crowded, techniques that require a sparse
subset of emitters at a given time are not straightforward to
implement. However, in future experiments, point-spread
function engineering may allow heterogeneity in these systems
to be studied in situ.
In the experimental apparatuses described in the previous

sections, single-molecule fluorescence experiments measure the
properties of fluorescence after excitation by a single photon.
The fluorescence lifetime is on a nanosecond time scale for
photosynthetic complexes, limiting the time resolution. In a
technological step forward, van Hulst and co-workers have
applied a technique they pioneered, known as smPP (single-
molecule pump probe) spectroscopy, to LH2.179,180 In this
technique, there is a two-pulse excitation scheme or a single
beam that has a temporal profile with a controllable delay
between different frequency components of the beam.
Fluorescence intensity is monitored as a function of the time
delay between the two beams or the frequency components.
The delay time encodes femtosecond time scale information on
the fluorescent signal.181,182 The van Hulst group used this
approach to explore excited state coherences.179 From this data,
the authors reported heterogeneity in the frequencies and time
scales of the coherences for single LH2 complexes. In addition,
van Grondelle and co-workers used this approach to investigate
the heterogeneity in energy transfer dynamics.183 Future
experiments will undoubtedly extend this technique to other
complexes and questions.

3.3. Detectors and Data Analysis

The primary observables for single-molecule experiments are
fluorescence intensity, lifetime, polarization, and spectrum. The
first three observables can be detected on single-element
detectors, whereas fluorescence intensity, polarization, and
spectra can be detected on array detectors. Here, we discuss the
benefits of different detectors and detector technology and how
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the detected signal can be analyzed to reveal the desired
microscopic parameters.
3.3.1. Detectors. The major considerations for detectors

are: (1) sensitivity because of the weak fluorescent emission of
a single molecule, which is reported as quantum efficiency; (2)
noise, including dark noise and readout noise; (3) pixel size;
and (4) time resolution, which is particularly important for
fluorescence lifetime measurements. Here, we discuss these
considerations for different detector technologies.
Detectors used for single-molecule measurements184−186 can

be organized into two main classes: (1) single-element and (2)
array. Single-element detectors are primarily used in confocal
microscopy. These devices detect photons with high efficiency
and time resolution. In single-molecule experiments, time-
correlated single-photon counting (TCSPC) is used to measure
fluorescence lifetime. In TCSPC, a pulsed laser excites the
sample, inducing fluorescence emission. The fluorescent
photon is detected with an instrument response time of tens
to hundreds of picoseconds, depending on the detector, and the
detection time is recorded with a precision determined by the
detection electronics (as low as 4 ps). Subsequent analysis is
then used to extract the lifetime.
Array detectors (most commonly 2D arrays) access the

spatial distribution of the photons, but lifetime data is not
detectable. Array detectors record 2D images for epifluor-
escence (wide-field) and total internal reflection fluorescence
(TIRF) techniques or a fluorescence spectrum with confocal
microscopy, where the fluorescence is spectrally dispersed on
the photosurface of the array. In the following sections, we
elaborate on the advantages of different types of detectors. The
nature of the sample parameters (signal level, time scale, etc.)
drives the choice of detector.
3.3.1.1. Single-Element Detectors. Single-element detectors

are the major tools for measurement of fluorescence intensity
and lifetime. Thus, the primary considerations are sensitivity
and time resolution. Early experiments involving observations
of single molecules used photomultiplier tube (PMT)
detectors,8,187 which employ CsTe, GaAsP, and GaAs photo-
cathodes exhibiting quantum efficiencies of ∼30% for UV light,
∼45% for visible light, and ∼15% for near-IR light. Although
they have temporal resolutions of a few hundred picoseconds
and large detection diameters of approximately 10 mm, PMT
are inherently fragile because even brief overexposure to light
can induce a high voltage that can damage the detector.
The introduction of single-photon-counting avalanche diodes

(SPADs) with high quantum efficiency has facilitated the
observation of single-molecule fluorescence.188 In the visible
region, the quantum efficiency of a typical thick reach-through
SPAD has been shown to reach >70%.189 While the temporal
resolution is similar to that of the PMT, its detection area
(∼150 μm) is much smaller. For measurements of short
fluorescence lifetimes, the thin reach-through SPADs provide
higher temporal resolution (<100 ps).190,191 While these
detectors traditionally have lower QE, the QE has been
improved in the recently developed red-enhanced thin
SPADs.192

Hybrid photodetectors (HPDs) were also developed with
improved signal-to-noise ratio, pulse height resolution, and
timing resolution. HPDs are a PMT employing a silicon
avalanche diode (AD) instead of traditional multiple dynodes
as electron multiplier. HPDs enable photon counting measure-
ments with a temporal resolution of less than 100 ps.193

3.3.1.2. Array Detectors. Single-element detectors provide
high sensitivity and time resolution for single-molecule
experiments. However, single molecules often require long
acquisition times to accumulate enough data for statistical
analysis. Therefore, to parallelize the observation of single
molecules, the two-dimensional array detectors described below
have been utilized for wide field observations. Furthermore,
these array detectors enable spectrally resolved fluorescence
measurements. Recently, one-dimensional array detectors have
emerged as an alternative for both spectrally resolved and
lifetime measurements.111

The charge-coupled device (CCD) camera is the most
common 2D array detector and is available in a variety of frame
rates, pixel sizes and counts, quantum efficiencies, dynamic
ranges, and noise levels, including thermal, shot, and read-out
noise. The wide range of instrumental parameters makes the
choice of CCD specific for the set of microscopic parameters.
For single-molecule measurements, CCD cameras with high
sensitivity and low noise are used to maximize the detection of
the emitted photons.
CCD cameras can either be front-illuminated or back-

illuminated depending on the location of the polysilicon
electrode. In a front-illuminated (FI) CCD, the polysilicon
electrode that coats the surface of the array absorbs some
incident light, leading to a low QE of <40% for visible light and
almost 0% for UV light. A back-illuminated (BI) thin CCD
lacks the polysilicon substrate. BI-CCD has a QE of >90% in
the visible region and >40% even in the UV region.194

However, the read-out noise increases with high frame rate and
the cost is higher than the FI-CCD. A fully depleted BI-CCD
increases the QE in the NIR region to ∼90%.195 Because of the
high QE, BI CCDs are used for single-molecule measurements.
High signal-to-noise ratios comes from either cooled CCDs

or intensified CCDs, including intensified CCD (I-CCD),
electron-bombarded CCD (EB-CCD), and electron multi-
plication CCD (EM-CCD). For experiments in which a high
signal-to-noise ratio is valued over fine time resolution, cooled
CCDs become the appropriate choice. Cooling the detector to
around −100 °C by liquid nitrogen or Peltier element
significantly reduces thermal noise and thus allows the long-
time accumulation of photoinduced charges to supersede the
read-out noise.
On the other hand, high frame rates (fine time resolution)

can be achieved with intensified CCDs. Early single-molecule
experiments used I-CCDs or EB-CCDs. Notably, the I- and
EB-CCD cameras multiply photoelectrons ejected from a
photocathode, and thus their QEs depend on not only a CCD
chip but also on the material of the photocathode. The I-CCD
is composed of a photocathode input plane, a microchannel
plate (MCP), and a phosphor screen in addition to the
standard CCD array.196 The incident photons are converted
into photoelectrons on the input plane and accelerated toward
the phosphor screen by a high voltage field. When passing
through the MCP, many secondary electrons are induced by
collision of the photoelectrons with the walls of the MCP and
induce photon production at the phosphor screen, which is
coupled to the CCD by a lens or fiber. The resultant output
then is an intensified image of the sample. Depending on the
photocathode material, the QE is as high as ∼40% in the visible
and ∼20% in the near-IR region.184 However, these values are
still small compared to the cooled and EM-CCDs (described
below) that require no photocathode. Additional drawbacks
include the need for high voltage, which makes I-CCD
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especially vulnerable to excess illumination, and noise due to
the fluctuation of the amplification factor. Nevertheless, I-
CCDs do have some advantages: (1) the dynamic range can be
widened from the analogue region for intense light to the
digital region for photon-counting by adjusting the MCP gain,
and (2) the I-CCD can achieve nanosecond time resolution for
time-resolved imaging by rapidly controlling the voltage applied
to the MCP. In the EB-CCD, photoinduced electrons are
accelerated with high voltage of a few kilovolts and bombarded
onto the CCD surface, where the impact energy generates a flux
of secondary electrons.197 This simplified structure provides

higher spatial resolution and lower excess noise than the I-
CCD.
EM-CCDs have emerged as the most ubiquitous camera for

single-molecule experiments because of their low noise and
high sensitivity. The EM-CCD is an intensified camera in which
the signal can be enhanced several thousand-fold on each CCD
chip before analogue-to-digital conversion in order to overcome
the read-out noise.198−200 This contrasts with other intensified
CCDs, where signals are amplified before arrival at the chip.
Nevertheless, the EM-CCD has the same basic architecture as
other cooled CCDs. The back-illuminated thin CCD provides a
high quantum efficiency of >90% in the visible region.

Table 1. Comparison of the Advantages and Applications of Various Single-Element and Two-Dimensional Array
Photodetectors

type detector quantum efficiency advantages applications

single-
element

PMT 30% (200 nm)a high gain time-sensitive experiments

45% (600 nm) wide photosurface
15% (800 nm)

HPD 35% (350 nm)b wide photosurface FCS
45% (600 nm) high time resolution short fluorescence lifetime measurements
15% (800 nm) low after-pulsing

SPAD (thick) 25% (400 nm)c high QE weak light detection
75% (600 nm) low dark count
60% (800 nm)

SPAD (thin) 20% (400 nm)d low dark count TCSPC
55% (600 nm) high time resolution Short fluorescence lifetime measurements
40% (800 nm)

2D array CCD (back-illuminated) 60% (400 nm)e High QE weak/rare photon detection
80% (600 nm)
90% (800 nm)

CCD 90% (400−800 nm)f high QE high SNR without fast frame rate
requirement

(cooled) low noise

CCD (image-intensified) 35% (400 nm)g ultra high frame rate (∼GHz) time resolved imaging
45% (600 nm) larger gain than EB- and EM-CCDs visualization of fast dynamics

analogue and digital compatible

CCD (electron-bombarded) 35% (400 nm)g higher spatial resolution than I-CCD fluorescence imaging at low light level
45% (600 nm) lower multiplication noise than EM- and

I-CCDs

CCD (electron
multiplication)

55% (400 nm)h high QE weak/rare photon detection

95% (600 nm) multiplication with no photocathode fluorescence spectroscopy of single
molecule

70% (800 nm) high spatial resolution localization based super resolution
microscopy

high frame rate (∼kHz)
resistance to excess exposure

CMOS 40% (400 nm)i very high frame rate (∼MHz) time resolved imaging of single particle
80% (600 nm) lower cost than CCD
50% (800 nm)

aCsTe, GaAsP, and GaAs photocathodes, respectively. bBialkali, GaAsP, and GaAs photocathodes, respectively.207 cτ-SPAD.189 dRed-enhanced
SPAD.208 eFully depleted BI-CCD camera.195 fFor example, Andor Technology’s BEX2-DD type BI-CCD camera. gGaAsP photocathode. hFor
example, Hamamatsu Photonics’ ImagEM X2 EM-CCD camera. iFor example, Hamamatsu Photonics’ ORCA-Flash4.0 V2 CMOS camera.
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Furthermore, by prolonging the accumulation time with low
amplifier gain and cooling down to reduce noises, the EM-CCD
can also operate as a highly sensitive standard CCD camera. By
binning pixels, the frame rate of <100 Hz with full frame
resolution can be increased to 1000 Hz.
The complementary metal-oxide semiconductor (CMOS)

camera is an alternative technology that has become
increasingly popular for single-molecule experiments. CMOS
performance has improved to be competitive with that of
CCDs. CMOS employs system-on-chip design where each pixel
chip executes independent analogue-to-digital conversions.
This has allowed the rapid read-out of data in real time and
high-speed imaging with ∼10 μs time resolution.201 As in
intensified CCDs, CMOS has been combined with EB tubes
(EB-CMOS)202 and MCP (I-CMOS).203,204 The quantum
efficiency of the CMOS has traditionally been significantly
lower than that of the EM-CCD. However, recent products
have improved this to ∼80% in the visible region. Additionally,
CMOS cameras are generally offered at a lower cost than EM-
CCDs. Thus, these new developments in 2D array detector as
well as in some multipixel detectors such as HPD205 and SPAD
arrays206 will expand the available instrumentation for single-
molecule experiments (Table 1).
3.3.2. Data Analysis. Analysis of the detected fluorescence

is an important and challenging part of a single-molecule
experiment. While in practice this process must be optimized
for each experiment, we describe several common approaches.
From single-molecule measurements, we can obtain fluctua-
tions in fluorescence intensity or photon counts, temporal
characteristics (photon arrival time, the interval time between
photon detections, and the delay time relative to laser
excitation), and optical properties (wavelength and polar-
ization). To extract information about the excited states, energy
transfer dynamics, and protein conformation from the limited
number of detected photons, several analytical methodologies
have been developed. Here, we overview these methodologies
and their applications to photosynthetic systems. In combina-
tion with instrumental and technical improvements discussed
above, advances in single-molecule analysis will provide even
more fruitful information about molecular characteristics and
dynamics.
3.3.2.1. Fluorescence Intensity. The most widely and

straightforwardly detected parameter is the fluorescence
intensity or photon counts. In many single-molecule experi-
ments of light-harvesting systems, analysis of time-averaged
fluorescence intensity has been used to investigate the
molecular inhomogeneity and quenching properties.9,209,210 In
this analysis, the detected photons are integrated over a given
time window (e.g., 1−100 ms) to determine an intensity level.
Here, the time resolution is determined by the bin time
required. One major drawback to this approach is that time-
averaging of the detected photons has been shown to lead to
artifacts in further analysis.211−213 Essentially, increasing the
time window for a sufficient signal-to-noise ratio to determine
the intensity level also averages over the dynamics of the
system. In studies of phenomena such as blinking, this problem
has also been shown to produce artifacts, which may also be
present in studies of photosynthetic systems.194

As an alternative approach, methodology from information
theory provides a way to estimate a physical parameter as
precisely as possible from the photon stream.214 Watkins and
Yang developed a method that uses a generalized likelihood
ratio test to determine the location of changes in intensity.215

Importantly, the change point analysis is applied to the entire
record of detected photons, each with a recorded arrival time,
without any temporal binning. After determining the location
of changes in intensity, the intensity level between each change
is found by averaging the detected photons for that interval.
Using photon streams recorded with single-photon counting
methods, change point analysis has revealed fluctuations in
fluorescence intensities in photosynthetic systems, including
allophycocyanin (APC),12 LH2,11,216 and LHCII.18 Change
point analysis has been shown to access dynamics down to the
microsecond time scale.216

Once the intensity levels have been defined, they are
categorized as distinct states via a clustering algorithm (e.g., k-
means, Gaussian mixture model) or a user-defined cutoff value,
often to separate emitting (on) and nonemitting (off) levels.
The dwell times (length of time before a transition) of the
states are often analyzed, in particular for the on and off states.
In many different systems studied at the single-molecule level,
the probability distribution of dwell times of the materials
exhibited inverse power law behavior, with exponents between
1 and 2.217 Photosynthetic systems exhibited similar behavior,
and a detailed analysis of the dwell time has been performed for
several systems, including LH2216 and LHCII.209

While these analysis focus on millisecond to second
dynamics, correlation function approaches have the potential
to access faster dynamics. Fluorescence correlation spectrosco-
py (FCS) is a microscopy technique in which molecular
properties are determined from the temporal dynamics of the
fluorescence data.218−221 The photon-by-photon (time-tagged)
measurement enables analysis of temporal correlations of not
only fluorescence intensity but also photon arrival time, interval
time between photon detections, and delay time relative to the
laser excitation.222,223 From FCS, we can investigate fluctuation
amplitude and its time scale, reflecting diffusion properties and
intermolecular dynamics224,225 as well as triplet state
kinetics.226,227 With this approach, the time resolution is
limited by the interval time between consecutive photons and
not by the bin time, allowing the observation of fast dynamics
that are averaged out by binning in photon counting
distribution analysis. With two photon counting detectors to
eliminate afterpulsing and dead time effects,228 FCS has
submicrosecond time resolution.123 Similar analyses can be
performed on single-molecule fluorescence, either from freely
diffusing or immobilized particles to gain the same submicro-
second resolution. While microsecond dynamics have been
resolved for LHCII using pulse modulation, correlation
function approaches offer another alternative to analyze the
recorded data stream and access faster dynamics.59

3.3.2.2. Lifetime Analysis. Simultaneous determination of
fluorescence intensity and lifetime has been a useful tool to
explore nanosecond dynamics in photosynthetic systems at the
single-molecule level.11,12,15,18,59 By correlating these two
variables, distinct conformational states have been identified.
To determine the fluorescence lifetime, the delay times relative
to laser excitation for a detected photon stream are used to
construct a histogram. By fitting the recorded histogram, the
fluorescence lifetimes are extracted. While ensemble measure-
ments use nonlinear least-squares methods to fit the histogram,
single-molecule data is often in the low count limit and thus is
most accurately fitted with a maximum-likelihood estimation
approach.229,230 In this method, the parameters of a statistical
model are estimated given the detected histogram. In general,
the model used is an excited state decay convolved with the
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instrument response function plus the background profile,
which is measured separately.12 Here, the temporal resolution
of the lifetime is determined by the instrument response
function, which ranges from ∼50 ps to 1 ns, depending on the
detector and electronics used. The time required for acquisition
of sufficient photons to extract a lifetime (i.e., 100 ms to 1 s)
depends on the fluorescence quantum yield, the laser intensity,
and the detection efficiency of the microscope.
3.3.2.3. Spectral Analysis. The analyses based on the

fluctuations in fluorescence intensity and lifetime, as described
above, are useful to reveal protein dynamics. Spectral analysis of
single molecules is particularly valuable for reporting on
pigment−protein and pigment−pigment dynamics. Spectral
analysis has been applied to a variety of light-harvesting systems
to investigate these photophysical properties and their
dynamics.127,148,156,163 The measurement time required for
acquisition of emission spectrum or scanning on the whole
region of excitation spectrum is usually hundreds of milli-
seconds to a few seconds to obtain a sufficiently high signal-to-
noise ratio. The time required depends on the fluorescence
quantum yield and the detection efficiency of the microscope.
Observation of a pure homogeneous spectrum and the protein
dynamics for low energy barriers often requires cryogenic
temperatures.
At cryogenic temperatures, the spectrum is homogeneously

broadened with the zero-phonon-line (ZPL) and broad phonon
side band (PSB) clearly distinguished.231 Analysis of the
intensity distribution between the ZPL and PSB peaks provides
the Huang−Rhys or Debye−Waller factor. The Huang−Rhys
factor serves as a quantitative measure of the electron−phonon
coupling strength, which reports on the interaction between the
pigment and protein environment.232,233 Analysis of the
Huang−Rhys factor, along with peak width and peak position,
revealed both electron−phonon coupling and the existence of
exciton self-trapping in LH2.125,234 The fine structure of a
single-molecule spectrum also allowed the excited-state energy
level and the exciton structure to be estimated with a Frenkel
exciton model.235,236

Spectral time series provide information about fluctuations in
peak position, shape, and polarization. While large peak shifts
are often observed at room temperature,209,237,238 cryogenic
temperatures slows the dynamics to permit obervation of
temporal changes in spectral properties.46 These dynamics are
often assumed to be related to spatially localized structural
changes, commonly described as the transitions within a two-
level system (TLS). To reveal how pigments couple within the
TLSs in the protein complex, the distributions of spectral first
and second moments or cumulants, corresponding to spectral
center of mass and line width, respectively, are calculated from
spectral time series of each single particle.239,240 The first
cumulant distribution is fit by a Gaussian profile,239,240

indicating that pigments interact with densely packed
TLSs.241 The TLSs are divided into two classes, corresponding
to the interior and exterior of the protein, by a multi-Gaussian
fit.240 The distribution of ZPL position also gives information
about dynamics. Because the probability of ZPLs increases if
the dynamics are slower than spectral scanning, the ZPL
distribution emphasizes the difference in time scale of the
dynamics of individual pigments. The rate of peak shift is
obtained by tracking the peak position.46 The Arrhenius plot of
the rate constant enables a quantitative estimate of the potential
barrier between conformational substates in energy land-
scape.242

Photosynthetic systems contain multiple pigments and thus
often exhibit complicated spectra with many peaks. Analysis of
these peaks also enables insight into the underlying dynamics.
2D correlation analysis identifies peak pairs with and without
correlation in synchronous and asynchronous spectra,
respectively.243 This was applied to investigate the dynamics
of excitation energy flow network in PS I.244 On the other
hand, a multivariate statistical analysis (MSA) pattern
recognition approach245,246 can be applied to classify specific
signals from the spectral series. In the analysis, diagonalization
of the covariance or correlation matrix of a spectral series
produces eigenvectors, each corresponding to a discrete
spectrum. Similar eigenspectra are then grouped and averaged
to improve signal-to-noise.247 Thus, spectral properties of
pigments linked via dynamics can be retrieved from the time
series of single-molecule spectra.

4. STRUCTURAL HETEROGENEITY: ASYNCHRONOUS
CONFORMATIONAL DYNAMICS

In sections 4−6, we present examples of how single-molecule
spectroscopy provides insight into photosynthetic solar energy
conversion. In this section, we focus on how single-molecule
spectroscopy has revealed the structural heterogeneity within
photosynthetic systems. This structural heterogeneity emerges
from conformational dynamics that consist of structural
fluctuations due to thermal motion and switching between
distinct states. These dynamics occur on many different time
scales and thus produce both static and dynamic heterogeneity.
Static heterogeneity is the differences between individual
protein conformations, which may exchange on a time scale
slower than the seconds to minutes of data collection. Dynamic
heterogeneity is the conformational changes that occur on a
time scale accessible to single-molecule techniques. Impor-
tantly, static and dynamic heterogeneity are indistinguishable in
ensemble measurements, motivating the need for single-
molecule approaches.

Single-molecule techniques uniquely access two types of
heterogeneous dynamics: (1) asynchronous dynamics, where
different members of the ensemble are at different states, and so
the dynamics average out; and (2) multistep dynamics, where
only the first step can be synchronized in the ensemble. In
photosynthetic systems, many of the conformational dynamics
are asynchronous, driving the need for single-molecule
approaches to study these systems. Essentially, here we observe
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structural heterogeneity via its impact on the energetic
heterogeneity of photosynthetic systems.

4.1. Protein Dynamics

Thermal fluctuations of the protein structure are stochastic and
thus are one important class of asynchronous dynamics. The
local protein environment impacts the absorption and emission
properties. Here, we explore these dynamics for LH2. LH2 has
been one of the most intriguing light-harvesting systems for
single-molecule spectroscopy for almost two decades because of
both its inhomogeneity and its exceptional photostabil-
ity.2,156,163,248 In the structural model from X-ray crystallog-
raphy, LH2 complexes exhibit circular symmetry, as shown in
Figure 11. This well-defined molecular structure has been the
foundation for interpreting studies of LH2 function and for
models of its electronic structure. However, the structural
fluctuations of LH2 destroy the equivalency of the subunits.
The resultant inhomogeneity in excited state energies is an
order of magnitude larger than other photosynthetic light-
harvesting complexes, driving many of the scientific questions
about LH2 (Figure 12).75

Monitoring the single-molecule spectrum of the B800 band
of the LH2 complex serves as a useful probe to directly observe
changes in the local protein environment and thus dynamics of
the energetic landscape. The temporal shift of the peak
position, meaning the dependence of the shift amplitude per
unit time, i.e., shift rate, implies a rugged surface surrounding
the potential minimum in the energetic landscape.239,240 The
single-molecule spectrum of B800 displayed three sizes of
spectral fluctuations: (1) large jumps (∼several 100 cm−1) of
peak position, which appeared as anticorrelated lines; (2)
spectral changes (∼5 cm−1) between two successive measure-
ments, which, after hundreds of such measurements, led to an
averaged line width of ∼50 cm−1; and (3) rapid fluctuations in
individual spectra, which led to a broadening (∼several cm−1)
of each peak.46 The rates for these spectral changes at 1.4 K
were estimated to be 0.001−0.01, 0.03−1, and more than 1 s−1,
respectively. These fluctuations were interpreted as protein
dynamics between three tiers in the potential energy landscape,
where the higher-energy tier corresponds to the specific
arrangements of the atoms such as those in the protein
scaffold, and the lower-energy tier reflects the vibrational
degrees of freedom.46 The Arrhenius plot of the rate for the
spectral shift at the temperature range of 5−18 K revealed
several activation energies of <10 cm−1 for the protein
dynamics,242 suggesting that single-molecule spectroscopy is

useful for observing the local potential surface and dynamics
that are obscured in the ensemble system. On the basis of the
observed magnitude of the dynamics, the site energies of the
neighboring BChl a’s can occasionally become very close to
each other. As discussed in section 2, the excited state is
characterized not only by the intermolecular interaction of
adjacent molecules (J) but also the difference between their site
energies (ΔE), i.e., the ratio (J/ΔE). Fluctuations of the site
energy cause a change in the ratio, which produced temporal
changes in the delocalization of the excited state on the BChl
a’s in B800. The existence of this dynamic delocalization was
demonstrated by the changing angle between the molecular
transition dipole moment of the BChl a’s.126

4.2. Non-Photochemical Quenching

Photosynthetic complexes exhibit not only thermal fluctuations
of their structure but also conformational changes between
functional states. In particular, conformational changes are
thought to underlie the mechanisms by which oxygenic

Figure 11. (a) LH2 from 45° (left) and top (right) with pigments and protein (top) and only pigments (bottom); (b) linear absorption spectrum of
LH2 with BChl (red) and carotenoid regions (blue) indicated.

Figure 12. Fluorescence excitation spectra of LH2 complexes at 1.2 K.
(a−d) Fluorescence excitation spectra display fluorescence intensity as
a function of excitation wavelength. Excitation spectra of single LH2
complexes reveal narrow peaks in the B800 band and broad peaks in
the B850 band. The linewidths, positions, and heterogeneity of these
features report on the excited state manifold of LH2. (e) The
ensemble excitation spectrum, which can also be reproduced by
summing the single-molecule excitation spectra. From ref 148.
Reprinted with permission from AAAS.
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photosynthetic systems protect themselves from photodamage.
Oxygenic photosynthesis produces oxygen, yet oxygen also
generates deleterious photoproducts by reacting with the triplet
state formed on excited chlorophyll. To prevent these
photoproducts, light harvesting is regulated via a series of
mechanisms that prevent the buildup of excess energy under
high light conditions. Collectively, these mechanisms are
known as nonphotochemical quenching (NPQ). The rapid
component of NPQ, qE or energy-dependent quenching,
dissipates excess energy as heat.71 In higher plants, qE has been
shown to be activated by a drop in pH and a change in
carotenoid composition.68 Furthermore, the antenna complexes
have been implicated as the site of quenching. As a result,
studies have focused on the primary antenna complex in green
plants, LHCII.
The activation of photoprotection involves a functional

switch, which produces functional heterogeneity. The mecha-
nism behind this switch is thought to be a conformational
change. Here, we describe experiments to explore the structural
heterogeneity that may underlie the functional heterogeneity.
Using single-molecule spectroscopy, the changing conforma-
tions of LHCII and homologous antenna complexes under
conditions that mimic high and low light have been extensively
studied.11,18,209,210

4.2.1. Characterization of Partially-Quenched Con-
formations. Single-molecule measurements have been used to
identify the conformational states of LHCII. One series of
experiments used the ABEL trap (discussed in section 3), a
technique that enables solution-phase measurements, allowing
the intrinsic conformational dynamics to be revealed without
the structural perturbations that may be introduced by
attachment. By simultaneously measuring fluorescence intensity
and lifetime, correlations between these parameters emerge.
Importantly, these correlations are information inaccessible
with ensemble-averaged techniques. As shown in Figure 13,
these correlations reveal three distinct populations. The most
likely molecular origin behind these different populations is
conformational states based on their long time scale (seconds)
and other photophysical analysis, including similar contribu-
tions from triplet states, as discussed in more detail in ref 18. In
addition to an unquenched conformation, two partially
quenched conformations were observed. Because lifetime and
intensity changed proportionally, the quenching was attributed
to a nonradiative decay process of the emissive state. The
emissive state neighbors a carotenoid, and thus the quenched
state was assigned to a conformation where the Chl−carotenoid

distance decreases, enabling energy transfer to the carotenoid.
Notably, one of the partially quenched conformations increases
in relative population under conditions that mimic high light,
indicating it may be related to photoprotection.18 Thus,
structural heterogeneity revealed through single-molecule
measurements may be the cause of functional heterogeneity.
In a recent exciting experiment, these switches into partially

quenched states have been unambiguously assigned to
conformational changes. A series of experiments on the light-
harvesting antenna from cyanobacteria, the phycobilisome,
observed these same types of conformational dynamics.
Notably, the rate of transitions decreased with the addition of
cross-linkers, which stabilize the protein structure.249 Thus,
these experiments provide compelling evidence that these
switches into quenched states emerge from structural changes.

4.2.2. Populations of Quenched States. Single-molecule
spectroscopy has also identified and explored other functional
forms of LHCII that may be important to photoprotection. In
addition to partially quenched conformations, LHCII also
transiently enters an almost entirely quenched, or dark, state.
This type of transient entry into a dark state, known as blinking,
has been observed in a host of single particles, including
molecular, materials, and biological systems. On the basis of a
series of single-molecule fluorescence experiments studying
blinking in LHCII, the quenched state was proposed to arise
from a conformational change and serve as the state responsible
for NPQ.209,250,251

To explore these conformational dynamics, the distribution
was characterized for a series of conditions that mimic effects of
high light (low pH, zeaxanthin enrichment, and low detergent
concentration). Low detergent induces aggregation, and LHCII
aggregation within the membrane has been proposed to drive
the switch into the quenched conformation. In a series of
experiments, blinking increased with all conditions that mimic
high light. Furthermore, under these conditions, a population of
quenched, red-shifted states appears, which the authors assign
to a conformation in which the emissive state has mixed
excitonic/charge transfer character. Overall, these experiments
revealed the population in quenched states increases with a pH
drop, zeaxanthin composition, and a decrease in detergent.251

Thus, the observed structural heterogeneity was controlled by
the surrounding environment, which provides a handle to
regulate functional heterogeneity.

4.2.3. Role of Lhca. In higher plants, the antenna
complexes are divided into two categories, Lhcas and Lhcbs.
These complexes are highly homologous, with similar pigment

Figure 13. Conformational landscape of LHCII. (a) The probability distribution in intensity-lifetime space of LHCII complexes. Population is
observed in three regions, labeled as I, II, and III. (b) The relative populations in these three regions changes under conditions that mimic high light,
where the relative population of states II and III increase. (c) Grouping of pigments within LHCII that, according to the working model, reorganize
upon switching between states. If the carotenoid (pink) moves left, the carotenoid can quench the Chl a (green), in which the emissive states are
localized. Quenching of Chl a would result in state III. If the carotenoid moves to the right, the carotenoid can quench the Chl b (blue), preventing
energy from reaching the emissive state, which produces state II. Reproduced from ref 18. Copyright 2015 American Chemical Society.
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composition and spectroscopic properties. The major differ-
ence is thought to arise from the presence of a charge transfer
state in the Lhcas that is localized on two of the Chl a
pigments. LHCII is formed from any combination of three of
Lhcb1−3. Thus, in studies of LHCII, the Lhcbs have been
extensively studied at the single-molecule level. The Lhcas have
been proposed to play a role in photoprotection,252 and one
possible mechanism is conformational switching into a
photoprotective state. The role of Lhca in NPQ remains
controversial, and so single-molecule studies provide a valuable
tool to characterize the conformational dynamics, and to begin
to explore whether photoprotective functionality exists.
In a series of single-molecule experiments, the room

temperature spectral dynamics of Lhcas in monomeric and
dimeric form were characterized. Interestingly, whereas LHCII
primarily emits at ∼680 nm and occasionally switches to a red
state, Lhca4 primarily emits between 690 and 730 nm and
occasionally switches to the state with ∼680 nm emission.17

Thus, the energetic heterogeneity revealed conformational
dynamics that report on both the intrinsic flexibility of the
proteins and highlight that these homologous proteins most
likely exhibit the same conformational states. However, one
conformation is stabilized for the Lhcbs and the other for the
Lhcas. Through single-molecule spectroscopy, this relationship
between conformational states emerged.

4.3. Conformational Switches in Purple Bacteria

Conformational heterogeneity has also been observed in LH2,
the analogous light-harvesting complex from purple bacteria.
While the associated functional heterogeneity is not clear,
several conformations have been identified and characterized.
In this section, we discuss conformational switching of LH2
driven by light intensity (part 1) and by pH (part 2).
4.3.1. Intensity-Dependent Conformational States.

Individual conformations were identified through correlated
measurements of fluorescence brightness and lifetime. Using
the ABEL trap, the intrinsic conformational dynamics of LH2
were revealed. As illustrated in Figure 14a, fluorescence

brightness (intensity) and lifetime data identified two
previously unknown emissive states. On the basis of the direct
proportionality between intensity and lifetime, these states
correspond to an unquenched and a quenched conformation.11

LH2 exhibits switching between the quenched and
unquenched conformations. Rates of transitions were deter-
mined by monitoring the switches for many individual
complexes. Notably, switching from the unquenched to
quenched conformation increases linearly with excitation
intensity (Figure 14d), indicating a photoactivated process. In
contrast, switching from the quenched to unquenched
conformation is independent of excitation intensity (Figure
14e), indicating a thermal process. As a result of this switching
functionality, LH2 complexes convert into a quenched
conformation under high light intensities. The newly activated
quenching has a nanosecond time scale, which is competitive
with intersystem crossing, providing an alternative to triplet
formation. LH2 switches from the quenched to the ground
(unquenched) conformation via thermal fluctuations of the
protein. Thus, the protein structure contains an intrinsic
feedback loop with photoprotective functionality.11 Although
the anoxygenic bacteria that contain LH2 do not require
protection from reactive oxygen species, it is notable that they
have an intrinsic feedback loop, as opposed to the cellular
feedback loop in oxygenic photosynthesis, as discussed above.
Although there is no evidence of a physiological photo-
protective role, this photoprotective ability may become
important for light levels used to illuminate mixed biological/
inorganic artificial solar energy devices that integrate LH2
complexes.253 These devices are often installed in an oxygenic
atmosphere and, through concentrators, under solar intensities
orders of magnitude higher than under standard sunlight.254,255

Furthermore, it has been speculated that this conformational
change may be representative of conformational dynamics that
were the evolutionary precursor for NPQ in oxygenic
photosynthesis.216

In a later series of experiments, the dynamics of these
conformational changes have been investigated on longer time

Figure 14. Room-temperature single LH2 measurements of fluorescence intensity, lifetime, and spectra. (a) Intensity-lifetime traces reveal large,
concomitant changes in intensity and lifetime. (b) Fluorescence spectra of the intensity levels in (a) reveal occasional spectral shifts (868 nm in level
I to 873 nm in level II). (c) Plot of intensity levels with their concomitant lifetime for single LH2 complexes excited for carotenoid (515 nm)
excitation with 12 μJ/cm2/pulse. A Gaussian mixture model (rainbow lines) reveals that two clusters, states A and B, emerge from these levels. (d)
The rate of transition from state A to B as a function of excitation intensity for carotenoid and B850 excitation. The rate increases linearly with
excitation intensity, indicating a photoactivated process. (e) The rate of transition from state B to state A as a function of excitation intensity. The
rate is independent of excitation intensity, indicating a thermal process.
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scales. Individual LH2 complexes were immobilized and
observed for over an hour. The extended observation time
allows the dynamics of individual complexes to be monitored
over multiple transitions.216 Notably, these observations
revealed that, for some of the conformations, individual LH2
complexes “remember” their previous conformation. For
example, if an LH2 complex begins in an initial conformation
and then switches to a second one, it is more likely to return to
the initial one than would be predicted by the overall rates of
switching from the second to the initial one. These results led
to the surprising conclusion that the protein structure of an
individual LH2 complex retains conformational memory. A
changing height of the energy barrier between states may be the
underlying cause of the observed conformational memory. The
ability of a protein structure to retain a preference for a
previous conformation, even through several conformational
changes, may serve a role in switchable functionality.
Furthermore, these properties of protein dynamics observed
in photosynthetic systems may be generalizable. Photosynthetic
systems contain spectroscopic reporters (pigments) with
properties highly sensitive to the surrounding protein environ-
ment. Thus, structural heterogeneity can be read out with high
sensitivity via the pigment properties. The conformational
memory observed here might be a mechanism for introducing
different functionality into individual proteins. Notably, this
observation requires time-ordering information, which is
hidden in ensemble experiments.
4.3.2. pH-Dependent Switching. Conformational dynam-

ics driven by pH have been explored for LH2 complexes from
Rhodovulum (Rdv.) sulfidophilum.238 Perhaps unique to this
species, the B850 band undergoes a pH-dependent spectral
shift. At pH 7.0, the B850 band shifts from its usual maximum
of 850 down to 832 nm as a result of a breakage of the H-bond
between the BChl and their neighboring Trp44 and Tyr45
amino acids. The introduction of the spectral shift has been
ascribed to species-specific glutamic acid residues that are
thought to become protonated at low pH. Therefore, the
conformational changes introduce corresponding energetic
changes.
Single-molecule experiments monitored the spectral dynam-

ics of these LH2 complexes. The dominant emission spectrum
peak is at 858 nm. However, under low pH conditions, the
distribution of spectral maxima blue-shifts by a few nanometers
and is asymmetric, extending down to 830 nm. The spectral
dynamics were assigned to exploration of the conformational
space, which, in turn, depends on pH.238

4.4. Photo-Induced Heterogeneity

Single-molecule spectroscopy can determine the full distribu-
tion of conformations. In single-molecule experiments, laser
fluence is generally orders of magnitude above that of sunlight,
which leads to rapid cycling through the excited state and
relaxation to a distribution of conformations. Thus, a significant
population may access conformations that rarely occur under
lower light intensities, causing hidden states to become
characterizable. In many systems, heterogeneity in fluorescence
spectra, intensity, and lifetime increases as a result of high
excitation intensity.
Single-molecule experiments on LH2 at room temperature

explored the spectral dynamics of the fluorescence emission.
While the ensemble fluorescence spectral maximum is ∼870
nm, single LH2 complexes were observed to emit with spectral
maxima throughout the range of 870 ± 10 nm. Furthermore,

individual complexes underwent shifts in the spectral maxima.
Notably, the magnitude and frequency of these shifts increased
with excitation fluence.50 Thus, the ability of single-molecule
spectroscopy to characterize the full distribution of behaviors
allowed the conformational states with red- and blue-shifted
emission to be observed.
Single-molecule experiments on peridinin chlorophyll

protein (PCP) from dinoflagellates revealed photoinduced
heterogeneity in both intensity and lifetime.95 PCP is trimeric,
where each protein contains four peridinin and two chlorophyll.
PCP is unusual in that the carotenoids (peridinin) serve a
major role in light absorption, and the pigments are arranged to
transfer energy with high efficiency from the peridinin to the
chlorophyll. In PCP, the population of low intensity states and
short lifetime states emerged under high excitation intensity.
However, the dominant state remained a higher intensity and
longer lifetime state.95 Thus, these results illustrate conforma-
tional states hidden by the dominant population in ensemble
experiments.

5. ENERGETIC HETEROGENEITY: CHARACTERIZATION
OF THE EXCITED STATE MANIFOLD

In the previous section, we discussed structural heterogeneity of
photosynthetic systems, including conformational fluctuations
and dynamics. In this section, we focus on the energetic
heterogeneity that emerges from the structural heterogeneity.
While the contributions from all the conformations are
averaged out in an ensemble experiment, single-molecule
spectroscopy allows individual conformations to be interro-
gated, revealing differences in their excited state manifolds. We
describe ways in which single-molecule spectroscopy enables
characterization of these excited state manifolds.

We primarily focus on the excited state manifold of LH2.
While crystallized LH2 complexes exhibit 9-fold symmetry, as
discussed in the previous section, the structural fluctuations of
LH2 destroy the equivalency of the subunits, leading to
localization of the excited state. Understanding the true
electronic structure that results from this inequivalency is
essential for understanding LH2. Single-molecule spectroscopy
has revealed characteristics of the electronic structure that are
hidden in ensemble measurements, including structural
symmetry, heterogeneity of the excited states, coupling strength
between pigments, and coupling strength between pigments
and the protein environment.
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5.1. Localized vs Delocalized States

In photosynthetic pigment−protein complexes, the close
spacing between pigments leads to delocalized excited states.
Characterizing this delocalization is difficult, however, because
it depends on several parameters (pigment−pigment coupling,
pigment−protein coupling, and site energies). The fluorescence
excitation spectrum shows fluorescence intensity as a function
of excitation energy, which reveals spectral properties that
report on the delocalization. The excitation spectra of single
LH2 complexes at cryogenic temperatures were used to explore
the excited states in both the B800 and B850 bands.
From analysis of the spectral width, the delocalization of the

excited states within the two rings of LH2 can be identified. As
shown in Figure 11b, the ensemble B800 and B850 peaks
exhibit similar spectral widths. In contrast, as shown in Figure
12, the single-molecule excitation peaks exhibit a clear
difference in spectral width.148 In particular, the B800 band
consists of several narrow peaks dispersed at different
wavelengths, whereas the B850 band exhibits two broad
peaks, sometimes together with a third peak at shorter
wavelengths.148

The difference in spectral widths emerges from the difference
in delocalization of the states in the B800 and B850 bands. As
discussed in section 2 above, the excited states are delocalized
over multiple individual pigments. The extent of delocalization
is characterized by the ratio between the pigment−pigment
coupling of adjacent pigments (J) and the difference between
their site energies (ΔE), i.e., J/ΔE. In the B800 band, the
pigment−pigment coupling is estimated to be about 24 cm−1256

as opposed to the variation in site energy of 125 cm−1.148

Within this band, the excited states are primarily localized on
the individual pigments, and the spectral width emerges
primarily from the homogeneous line width, which ranges
from 2 to 10 cm−1 at 1.5 K.153 These linewidths are close to
lifetime limited (based on the time scale of B800 to B850
energy transfer) but also include additional broadening from
vibronic relaxation, delocalization, or B800 to B800 energy
transfer.
In the B850 band, the pigment−pigment coupling is

estimated to be 200−400 cm−1.66 As discussed, the strong
coupling within the B850 band produces highly delocalized
excited states, driving rapid reorganization around the B850
ring. The linewidths of the peaks in the B850 band range from
50 to 250 cm−1, with an average value of 120 cm−1. This
corresponds to total dephasing times from 20 to 100 fs, in
agreement with ensemble results for energy reorganization
around the B850 ring.

5.2. Identification of Inhomogeneous Linewidth

The fluorescence excitation spectra of individual LH2
complexes also report on the inhomogeneity, or static disorder,
in both the B800 and B850 rings. Disorder emerges from
multiple types of structural fluctuations, and identifying the
molecular origin of the static disorder in LH2 has been a long-
standing question. Understanding static disorder requires
identifying both the magnitude and type of disorder, and
single-molecule experiments have investigated both questions.
In this section, we focus on the magnitude of disorder and, in
section 5.3 below, we focus on the type of disorder.
As shown in Figure 12, fluorescence excitation spectra of the

B850 band exhibit two broad, separated peaks. According to the
working model, the splitting of the two broad peaks in the B850
band is caused by the energetic disorder of the BChl a’s. Within

this working model, analysis of the single-molecule spectrum
provides an estimate of the magnitudes of different types of
disorder that emerge from deformation of the B850 ring,235,236

which were found to be 250 cm−1.
In addition to the broad B850 band, statistics of the position

of the well-separated peaks in the B800 band enabled an
estimation of the site energy disorder within the B800 band,
which was found to be 130 cm−1.153 This inhomogeneity
reflects the slight difference in the local protein environment,
that is, the local minima in the energy landscape of a protein.
Thus, here structural heterogeneity leads to energetic
heterogeneity. The fluctuations of the site energies caused
changes in the electronic coupling and temporal delocalization
of the excited state on the BChl a’s in B800. These changes
were analyzed based on the temporal change of the angle
between the molecular transition dipole moments of the BChl
a’s.126 Intracomplex heterogeneity of excitonic delocalization
has been proposed to explain why the number of peaks at the
B800 band is fewer than the number of BChl a’s in the B800
ring. Furthermore, the fluorescence excitation spectrum
observed with individual LH2 at 1.2 K showed narrow peaks
at the absorption region of B800, and spectral properties such
as the peak position, amplitude, and line shape were
significantly different between individual LH2s.117 Thus, both
intra- and intercomplex energetic heterogeneity have been
identified and characterized.

5.3. Structural Origin of Energetic Heterogeneity

As described above in section 5.1, thermal fluctuations of the
protein structure destroy degeneracy between subunits, which
localizes the excited states as discussed in section 2.3.257

However, the structural motions that arise from these
fluctuations have not been identified and, as a result, identifying
the type of disorder has been a long-standing challenge. In
terms of the type of disorder, there are two major questions:
(1) diagonal (ΔE) or off-diagonal (J) disorder, which is
whether the disorder emerges from heterogeneity in the site
energies of the individual pigments (ΔE) or in the distances
and orientations between the pigments (J); and (2) correlated
or uncorrelated disorder, which is whether the disorder
emerges from elliptical deformations of the cylindrical structure
or from local deformations. In a series of cryogenic and room
temperature single-molecule experiments, the details of the
emissive properties of LH2 were explored to address the nature
of the disorder.
At 1.4 K, the type of energetic disorder in the B850 ring

(diagonal/off-diagonal and random/correlated) was analyzed
based on the distribution of the splitting width, the intensity
ratio, and the relative orientation of the transition dipole
moment.258 Within the framework of the model, the disorder
was found to predominantly arise from fluctuations of the site
energies (diagonal disorder) with both an uncorrelated
component and a correlated component, where the correlated
component emerges from elliptical deformations of the B850
ring.235,236,258 Thus, structural asymmetry of the B850 ring58

was verified at the single-molecule level. Temporal fluctuations
of the structural asymmetry were also reported at room
temperature.9

At room temperature, polarization-dependent single-mole-
cule experiments on LH2 revealed anisotropic emission, which
the authors ascribed to elliptical deformations of the cylindrical
structure,9 in agreement with the low temperature results.236 In
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this way, information about the structural heterogeneity that
underlies the energetic heterogeneity was determined.
The possible role of the attachment strategy was investigated

through a series of experiments. In early experiments, LH2
complexes were adsorbed to a mica surface. In later
experiments, both anchored and unanchored LH2 complexes
were held in place with a spin-cast layer of PVA.259 Here, the
anchored complexes exhibited anisotropic emission. The
increased anisotropy was ascribed to tilt induced by being
anchored during the spin-casting process. This follow-up
experiment illustrates the sensitivity of the photophysics of
photosynthetic proteins to perturbations.
In a separate series of experiments, fluorescence intensity and

spectra were measured for LH2 complexes immobilized via
electrostatic interactions with a poly-L-lysine coated surface.
From these experiments, a distribution of spectral maxima was
extracted. The majority of complexes were centered at 865−
870 nm, corresponding to the peak of the ensemble
spectrum.50,260 However, 1−5% of the complexes exhibited
spectral maxima ±10 nm from the ensemble peak. The authors
reproduced the observed heterogeneity using a disordered
exciton model.6 In this model, heterogeneity is introduced by
uncorrelated nonequivalency of the BChl binding sites in the
B850 ring, as opposed to the correlated nonequivalency that
would arise from an elliptical structure.10 In contrast to
previous studies,9 the authors ascribe the structural motion to
be localized on individual subunits due to agreement between
their experimental results and theoretical model. Once again,
here energetic heterogeneity informed on the underlying
structural heterogeneity.
More recently, single-molecule experiments have been

performed on LH2 using a technique known as the ABEL
trap, which is described in section 3.1.3 above.11 The ABEL
trap removes the uncertainty produced by these different
immobilization strategies because it allows single photo-

synthetic complexes to be interrogated in a solution-phase
environment. In these experiments, heterogeneity in the
spectral position of the fluorescence maxima was observed, as
illustrated in Figure 14. However, in this case, the complexes
only exhibited spectra maxima ±5 nm from the ensemble
maximum and only ∼5% of the intensity changes were
accompanied by a spectral change.11 The rarity of the spectral
changes suggests that the energetic barrier between the
spectrally distinct conformations is high. Thus, while the
exact nature of the conformational dynamics that underlie the
spectral heterogeneity was not resolved, it was found to involve
a high-energy structural motion.
Overall, an important factor in characterizing energetic

heterogeneity is the identification of perturbations due to
nonphysiological local environments. These perturbations have
been shown to alter other emissive properties. For example, the
photobleaching quantum yield of LH2 increases in detergent
micelles relative to a phosopholipid bilayer environment
composed of dimyristoylphosphatidylcholine (DMPC).261

Conversely, LH2 complexes in a bilayer of dioleoylphosphati-
dylcholine (DOPC) showed almost the same spectral proper-
ties for the B850 band as that in a micelle.13 This discrepancy
was thought to originate from the difference between the
phase-transition temperatures of the two phospholipid
bilayers.261 Additionally, the use of different detergents, n-
octyl-β-D-glucopyranoside (OG)261 and lauryldimethylamine
N-oxide (LDAO),13 may create different micelles that also
contribute to the conflicting results. The influence of detergent
on the deformation of photosynthetic complexes has also been
observed in the LH1−RC complex.166 Thus, energetic
heterogeneity can emerge both from the properties of the
protein matrix and from that of the surrounding environment.
5.4. Observation of Electron−Phonon Coupling

In the LH2 low temperature excitation spectrum, the narrow
peaks within the B800 band also provide information on the

Figure 15. Cryogenic fluorescence emission spectra of LH2. (a) Fluorescence emission spectra of a single LH2 complex, measured 1000 times in a
row with exposure time of 5 s at 1.2 K. (b) Five representative spectra of emission profile exhibiting a sharp ZPL at the high-energy end of the
spectrum together with a PSB. Adapted with permission from ref 234. Copyright 2016 American Chemical Society. (c) Emission spectra showing a
signature of ZPL (blue/light-blue) and broad featureless band (red/orange). The vertical axis is valid for the ZPL trace, because the PSB trace has
been offset by +15 for clarity. Adapted with permission from ref 125. Copyright 2016 American Chemical Society.
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electron−phonon coupling of the BChl a in the binding
pocket.233,247 The electron−phonon coupling can be consid-
ered the interaction between the excited state and the collective
vibrational mode of the binding pocket/protein environment,
here referred to as the phonon. The spectrum of a single
molecule at low temperatures is essentially made of a sharp
ZPL and a broad PSB, where the former corresponds to the
electronic transition with no change in the number of the
vibrational modes of the binding host while the latter
corresponds to the electronic transition coupled with the
excitation of a vibrational mode (Figure 15).125 On the basis of
the area under these two peaks, the electron−phonon coupling
strength can be found using the Huang−Rhys or Debye−
Waller factor.231−233 The coupling differed between species of
photosynthetic bacteria based on the binding motif for BChl a
in B800.233 In addition, species with weak coupling showed a
larger spectral shift than those with strong coupling. Thus,
spectral analyses serve as a sensitive probe for investigating the
interaction of the pigment with the binding site.
The electron−phonon coupling for the B850 band was also

obtained from the fluorescence emission spectrum of
LH2.125,234 The emission peak could be mainly classified into
two types: (1) type I, displaying a superposition of the ZPL and
PSB, thus indicating the weak coupling strength at the shorter-
wavelength (blue) region, and (2) type II, displaying a
featureless broad peak at the longer-wavelength (red) region.125

The temporal fluctuations between these two states, i.e.,
alternative observations of the type I and II emission peaks with
time, was demonstrated.234 Interestingly, a spectral feature in
the emission was not reflected in the fluorescence−excitation
spectrum, even for the same LH2. Hence, it was assigned to the
formation of the self-trapped exciton state.125 Thus, fluo-
rescence excitation and emission spectroscopy at the single-
molecule level give us distinct information on the excited state,
i.e., the former monitors the initial state when it is “born” and
the latter monitors the final state when it “dies.”

5.5. LH1 and LH1−RC Heterogeneity

Single-molecule spectroscopy has also been used to explore the
energetic heterogeneity of another protein from purple bacteria,
LH1. The light-harvesting protein LH1 is an elliptical assembly
of 30−56 strongly coupled BChl a molecules that form a ring
surrounding the RC. The ring produces an electronic structure
described by a circular aggregate model, similar to LH2. Three
different molecular organizations of the LH1 ring structure
have been reported: (1) O-shaped closed ring structure
containing 32 BChl a’s,262−264 (2) C-shaped incomplete ring

structure containing 30 BChl a’s,265 and (3) an S-shaped
dimeric complex containing 56 BChl a’s266,267(Figure 16).
Atomic force microscopy (AFM)268 revealed that the LH1−RC
complex from Blastochloris (B.) viridis and Rhodospirillum (R.)
rubrum formed the O-shaped ring.262,263 Recently, the clear
crystal structure of the LH1−RC complex from Thermochro-
matium (T.) tepidum was determined at 3.0 Å resolution,
unveiling a circular arrangement with an ellipticity of ∼0.9.264
The C-shaped ring structure was determined at 4.8 Å resolution
with the LH1−RC complex from Rhodopseudomonas (Rps.)
palustris, where a single transmembrane helix (protein M)
cracked the ring and broke the O-shaped structure.265 The S-
shaped arrangement, which was determined at 8 Å resolution
with the LH1−RC complex from Rhodobacter (Rb.) sphaeroides,
was a dimer made of two C-shaped rings where the PufX
polypeptide was located on the binding surface between the
two rings.266 Thus, the type of deviation from the original O-
shaped configuration is species-specific. Each arrangement gives
rise to a distinct electronic structure, allowing the electronic
structure to report on the molecular organization.
The fluorescence excitation spectrum of the main LH1

absorption band of an individual LH1−RC complex at
cryogenic temperature is used as the signature of this molecular
organization. This is a broad band that can be decomposed into
two peaks, with transition dipole moments orthogonal to each
other, analogous to the two peaks within the B850 peak for
LH2 shown in Figure 12.164 These two peaks correspond to the
lowest allowed states. As described in section 2, these states are
degenerate in a circular aggregate and thus the spectral splitting
between the two peaks arises from elliptical protein
deformation. The splitting amplitude was used to distinguish
between molecular organizations of the LH1 ring for different
species and conditions. For example, the splitting amplitude
was estimated for the O-shaped LH1 of Rhodospirillum (R.)
rubrum.165 The amplitude was smaller than that in other
species, indicating a more ring-like structure in this organism.
The changing electronic structure at the single-molecule level

also helped to elucidate the role of another polypeptide found
in the photosynthetic membrane in some species of purple
bacteria, known as PufX. LH1−RC complexes from Rhodo-
bacter (Rb.) sphaeroides contain PufX, which sits on the binding
surface between two neighboring LH1 rings (Figure 16c).266

PufX is essential for the formation of the S-shaped architecture
and its depletion caused the formation of monomeric and
completely circular rings, as in the O-shaped type.267,269 The
fluorescence excitation spectrum of the LH1−RC from
Rhodopseudomonas (Rps.) palustris was compared with that

Figure 16. Observed molecular organizations of the LH1 ring. (a) O-shaped closed ring composed of 32 BChl a’s from Thermochromatium tepidum
(PDB: 3WMM),264 (b) C-shaped incomplete ring composed of 30 BChl a’s from Rhodopseudomonas palustris (PDB: 1PYH),265 and (c) S-shaped
dimeric complex composed of 56 BChl a’s from Rhodobacter sphaeroides (PDB: 4V9G).266 BChl a molecules in LH1 are shown in red. The light-blue
molecules indicate electron transfer cofactors in the RC. Blue and pink cylinders represent a transmembrane helix (protein M) and PufX
polypeptide, respectively.
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from the PufX-deleted strain of Rb. sphaeroides.270 The
individual LH1−RCs from the PufX-deleted strain showed
two broad peaks, whereas those from Rps. palustris exhibited
narrow lines at the long wavelength side of the broad peak.270

These narrow lines could be explained with the excitonic
structure for a ring arrangement with a physical gap, i.e., the C-
shaped structure.270 These results suggested that Rps. palustris
forms the C-shaped structure.270 The splitting amplitude of
Rhodopseudomonas (Rps.) acidophila164 was similar to the C-
shaped Rps. palustris,166 suggesting it also forms a C-shaped
structure.
The energetic separation between the two peaks was also

used to estimate the influence of the environment on ring
structure deformation. The splitting amplitude for LH1
embedded in DOPC bilayer was smaller than that for a
detergent-solubilized LH1.271 In addition, the distribution of
the splitting amplitude was narrower for LH1 in DOPC.271

Thus, membrane conditions enhanced the conformational
stability of LH1, as was also the case with LH2.261 LH1−RC
solubilized with dodecyl-β-D-maltoside (DDM), a mild
detergent, and spin-coated with PVA exhibited the same
spectral signatures as complexes in the membrane.166,272

Finally, comparison of the splitting profiles of the isolated
LH1 and the LH1−RC complex demonstrated that interactions
with the RC stabilizes the ring structure of LH1.165

5.6. Electronic Structure of Supramolecular Aggregates

As discussed in section 5.1 for the delocalized states within
LH2, single-molecule spectroscopy provides a tool for
characterizing the nature of the excited states within a
molecular aggregate. The chlorosome is a molecular aggregate
(∼105 BChl) that serves as the antenna complex for green
sulfur photosynthetic bacteria273 as well as acidobacteria.274

Because of the large number of BChl, which produce a single
broad absorption band, studies of the chlorosome are
notoriously challenging. However, single-molecule spectrosco-
py has revealed structural and dynamical heterogeneity within
these aggregates. Here, we address how structural heterogeneity
generates heterogeneity within the excited state manifold. In
section 6, we go on to discuss how structural heterogeneity
impacts the energy transfer efficiency for this system.
Chlorosomes are known as the largest antenna employing

BChls c, d, and e and their homologues as main pigments. It has
an ellipsoidal structure with a size of ca. 100−200 nm × 20−60
nm × 10−20 nm,275 containing the BChl molecules together
with carotenoids and quinones, depending on the spe-
cies.276−278 Intriguingly, the supramolecular structure is organ-
ized by self-assembly without interaction with a protein scaffold
and stabilized by a hydrogen bonding network between
pigments inside a lipid monolayer. The huge antenna allows
the phototroph to survive under the extremely low light in the
deep sea, where the light flux is less than 0.002 μmol photons
m−2 s−1 or only geothermal radiation is available.279,280 Because
of its supramolecular structure, the chlorosome has been an
ideal model for artificial light-harvesting devices.281 However,
the pigment composition and organization in the chlorosome
vary, partially based on growth conditions.282−285 The resulting
structural heterogeneity and size variation make it difficult to
experimentally determine the molecular structure by crystallog-
raphy. Other techniques including cryoelectron microscopy, X-
ray diffraction, and solid-state nuclear magnetic resonance have
been used to propose various mesoscopic structural models for
the BChl such as rod elements, concentric multicylinders,

scrolls, or curved lamellae (Figure 17a).286−292 To differentiate
between these structures, and the heterogeneity within them,
single-molecule spectroscopy has been applied at both room
and cryogenic temperatures.

The excited state manifold was found to vary with species,
growth conditions, and sample preparation. In the first
observation of a single chlorosome, the fluorescence spectrum
was measured at room temperature with chlorosomes isolated
from a green filamentous photosynthetic bacterium Chloroflexus
(Cfl.) aurantiacus.113 The spectral properties (peak position,
width, and shape) were similar among individual chlorosomes.
A more heterogeneous distribution was found in the
chlorosomes from Chlorobaculum (Chl.) tepidum, reflecting
various compositions of BChl c homologues.14,294 The cooling
to 13 K red-shifted and narrowed the fluorescence spectrum of
the single chlorosome of Chl. tempidum, while the effect was
much smaller for Cfl. aurantiacus.146 The large temperature
dependence of the Chl. tempidum chlorosome was explained by
the dense exciton states of the BChl c self-aggregates.
Additionally, the disorder in the cryogenic fluorescence
spectrum of single chlorosome from Chl. tepidum, composed
of at least two Gaussian components, seemed also to be

Figure 17. (a) Schematic structure of the chlorosome. BChl aggregates
densely packed in a lipid monolayer have been proposed to form rods,
multicylinders, scrolls, or lamellae. The light energy absorbed by the
BChls is transferred to BChl a in baseplates and then to the reaction
center. (b) (i) Angular dependence of fluorescence spectra at 13 K of
single chlorosomes from Cfl. aurantiacus, arranged from bottom to top
according to the polarizing angle of detection, each rotated by 20°.
The fluorescence peaks around 760 and 820 nm are ascribed to BChl c
aggregates and BChl a in baseplates, respectively. The smooth lines
indicate fitting curves calculated by skewed Gaussian functions. (ii)
Angular dependences of the fluorescence peak of BChl c in BChl
aggregates (circle) and BChl a in baseplates (cross). The solid lines
represent fitting curves. Adapted from ref 293, Copyright 2016
American Chemical Society.

Chemical Reviews Review

DOI: 10.1021/acs.chemrev.6b00195
Chem. Rev. XXXX, XXX, XXX−XXX

Z

http://dx.doi.org/10.1021/acs.chemrev.6b00195


generated from the BChl c homologues.146 Conversely, the
highly homogeneous chlorosomes, which were carefully
isolated from Chl. tepidum grown on better controlled
conditions (light intensity, cell density, and growth time),
showed less spectral disorder.295 It was also demonstrated that
the fluorescence spectrum depended on the ambient environ-
ment by comparing single chlorosomes adsorbed on a quartz
plate to those floated in a liquid solution.146 These experiments
demonstrated that the single-molecule spectrum of the
chlorosome is a highly sensitive reporter of the structure and
that structural heterogeneity emerges based on species, growth
conditions, and the local environment.
Polarization experiments were used to identify the excited

states. The orientation of the principal transition dipole of BChl
c self-aggregates in single chlorosomes was estimated from the
dependence of the fluorescence emission on excitation
polarization (Figure 17b).293,296 The three transition dipoles
along the x, y, and z axes, which correspond to the membrane
normal, parallel to the membrane surface, and the chlorosomal
long axis, respectively, in the internal coordinates of the
chlorosome, were determined. The dipole intensity ratio μx/μy/
μz was evaluated to be 0.43/0.43/1 and 1/0.76/0.76 for the
BChl c and BChl a in chlorosome from Cfl. aurantiacus,293 and
0.3/0.5/1 and 1/0.6/0.1 for those from Chl. tepidum.296 The
mutual arrangement between the BChl c and the BChl a was
consistent with the structural model of chlorosome, where the
normal of the ring plane of BChl a in baseplate was situated in
parallel to the z-axis.297,298 The chlorosome from Cfl.
aurantiacus showed high cylindrical symmetry, while that
from Chl. tepidum was slightly distorted.296 The cylindrical
symmetry of the Chl. tepidum chlorosome was also estimated by
two-dimensional polarization fluorescence microscopy, where
the polarization dependence for both excitation and emission
lights were simultaneously measured.295,299 By analyzing the
modulation depth, a symmetrical cylinder model was
proposed.295 The high symmetry, which was not found in the
Chl. tepidum chlorosome frozen in solution,296 may come from
the homogeneous chlorosome preparation.295 The polarization
dependence of the fluorescence excitation spectroscopy at 1.5 K
separated two absorption peaks within the absorption spectrum
of a single chlorosome.4,115 The distributions of the peak
position and the energetic gap and phase difference between
these two peaks were compared to those calculated based on
the structural models of the BChl c self-aggregates, including
the closed cylinder, concentric double cylinders, and scrolls.4

The polarization dependence at the single-molecule level in
combination with modeling revealed the underlying structure of
the supramolecular antenna system. Furthermore, unique
among the antenna, the extremely high density of pigments
allows other spectroscopic and structural techniques to be used
at the single copy level. This includes linear dichroism via
absorption detection294 as well as circular dichroism via
fluorescence detection.300 These methodologies applied to
single chlorosomes provide additional experimental bench-
marks for structural models of the aggregated BChl that form
the complex.
Finally, while the chlorosome is known to contain a large

number of BChl, not only their structure but also their
concentration have remained open questions.276,277 To remove
any uncertainty caused by the large chlorosome aggregate,
single-molecule measurements were used to precisely count
and study chlorosomes in solution.278 The spatial distribution
and number of single chlorosomes were measured by 3D

scanning confocal microscopy and then compared to the
concentration of the BChl molecule extracted by acetone into
solution. This approach enabled an accurate estimation of the
concentration of BChl molecule within the chlorosome, 1.4 ×
105 and 9.6 × 104 per chlorosome from Chl. tepidum and Cfl.
aurantiacus, respectively.278 The concentration is a key
parameter in generating structural and energetic models of
the chlorosome.

6. FUNCTIONAL HETEROGENEITY: EXPLORATION OF
PHOTOPHYSICAL PATHWAYS

We have described how single-molecule experiments reveal
conformational dynamics (section 4) and the impact of
conformational heterogeneity on the excited state energies
(section 5). Here, we describe single-molecule measurements
that uncover functional heterogeneity, including hidden aspects
of the photophysics and energy transfer pathways. Photo-
synthetic energy transfer occurs on a femto- to picosecond time
scale. While single-molecule experiments have been primarily
limited to the nanosecond process of fluorescence, fluorescence
parameters report on the photophysical processes and can be
used to extract information about the excited state dynamics.
We discuss heterogeneity in energy transfer pathways (section
6.1), observation of trap (red) states (section 6.2), and
quenched states that emerge in the photodegradation process
(section 6.3).

6.1. Energy Transfer Pathways

One application of fluorescence is to characterize the efficiency
and the route of energy transfer within the light-harvesting
apparatus. Here, we describe a few examples of this application.

6.1.1. Energy Transfer in Purple Bacteria. In purple
bacteria, upon absorption of a photon, energy transfers from
LH2 to LH1 to the RC, where charge separation occurs.301,302

To investigate the energy transfer processes between these
complexes, photosynthetic units composed of an LH1−RC
complex and LH2 antenna were analyzed using cryogenic
single-molecule spectroscopy.303,304 This unit emitted fluo-
rescence from LH1 with excitation of the LH1−RC and
LH2.304 In addition, these fluorescence intensities exhibited the
same response to polarizing rotation of the excitation light.304

These results suggest that excitation energy is efficiently
transferred from LH2 to LH1−RC.
Fluorescence excitation and emission spectra were also

observed from LH2 and the LH1−RC self-assembled in a lipid
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bilayer.303 LH2 and an S-shaped LH1−RC dimer from Rb.
sphaeroides exhibited efficient energy transfer from LH2 to
LH1−RC. On the other hand, in the photosynthetic unit made
up of LH2 from Rb. sphaeroides and a C-shaped LH1−RC
monomer from Rps. palustris, the B850 peak in the excitation
spectrum was reduced while a B850 fluorescence emission peak
appeared, indicating a decrease in efficiency. The progress in
the reconstitution of the photosynthetic unit enables
investigations into the energy transfer processes between
light-harvesting complexes, which are an important, yet poorly
explored, piece of light harvesting.
6.1.2. Energy Transfer in Green Sulfur Bacteria.

Heterogeneity in energy transfer efficiency has also been
explored in green sulfur bacteria. The chlorosome, the antenna
from green sulfur bacteria, absorbs energy and rapidly
transports the absorbed energy to a neighboring pigment−
protein complex, the baseplate, shown in Figure 17a.305 The
baseplate is embedded in the membrane envelope of the
chlorosome and mediates energy transfer from the chlorosome
to the reaction center.298 At cryogenic temperatures, the
spectral peak from the baseplate-containing chlorosome
narrows to clearly distinguish two fluorescence peaks (Figure
17b). These peaks originate from BChl c self-aggregates
(chlorosome) and BChl a (baseplate).146,306 The intensity
ratio of the BChl a peak to the BChl c peak in the fluorescence
spectrum of the single chlorosome reflects the energy transfer
efficiency from BChl c self-aggregates to BChl a in baseplate.
This ratio was found to be distributed widely from 0.1 to 0.8.146

The red-shifted BChl c aggregate trasfers energy more
efficiently, most likely because the shift toward BChl a peak
increases the spectral overlap and thus the Förster rate of
energy transfer. The heterogeneity in the energy transfer
efficiency, stemming from the energetic heterogeneity, may
increase at physiological temperatures, enabling the chlorosome
to adapt to various growth conditions.

6.1.3. Energy Transfer in Higher Plants. The primary
antenna in green plants, LHCII, is trimeric. Single-molecule
experiments on LHCII were used to explore the energy transfer
pathways between monomers. LHCII monomers exhibited a
highly polarized fluorescence emission at room temperature.20

In contrast, LHCII trimers exhibited a much less polarized
emission at temperatures ranging from 1.2 K to room
temperature. These results suggest that each monomer within
the trimer contains an emissive state, as opposed to one
monomer serving as the trap, or terminal, state in the energy
transport chain.20 Furthermore, the lack of temperature
dependence in the polarization of the trimeric emission
indicates that each monomer functions relatively independ-
ently. That is, at temperatures where the emissive states of the
monomer are separated by an energy gap greater than kBT, one
would expect excitations to transfer to the monomer containing
the lowest energy emissive state. However, these results
indicate most excitation energy does not transfer between
monomers.
In higher plants, energy transfers through a relatively flat

energetic landscape of light-harvesting complexes yet reaches
the reaction center with high efficiency. Remarkably, these
results suggest that energy transfers through the light-harvesting
complexes in a constrained pathway that is not entirely dictated
by energetics, perhaps offering insight into the design of the
pathway of energy flow.

6.2. Red States

The energy transfer dynamics within photosynthetic complexes
maintain their efficiency under physiological conditions, which
can introduce structural fluctuations. Within the protein matrix
of each complex, pigments are densely packed such that
interpigment and pigment−protein electrodynamic couplings
are strong and therefore highly sensitive to intermolecular
distances. These two characteristics suggest the presence of
shallow irregularities on the free energy surface of photo-

Figure 18. (a) Molecular arrangement of pigments in cyanobacterial PS I (PDB: 1JB0).29 Top view from stromal side onto the membrane plane
(top) and side view (bottom). Candidates for red-Chl a aggregates are shown in red. The green molecules belong to the RC core. The linker Chl a’s
in the spatial gap between the antenna assembly and the RC core are shown in blue. (b) Time dependent fluorescence spectra of a single PS I
complex from T. elongatus at 1.4 K. The averaged spectrum is shown on top. The side panel shows time traces of the fluorescence intensities
integrated on the wavelength ranges Λ1 (blue) and Λ2 (green), where the former corresponds to the zero phonon line and the latter to a part of the
broad peak. Adapted from ref 244. Reprinted with permission from the National Academy of Sciences.
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synthetic proteins. At room temperature, thermal energy is
sufficient to overcome these potential barriers to transfer
through the photosynthetic apparatus. In contrast, at low
temperatures, proteins become trapped within wells. Therefore,
cryogenic temperatures remove thermal motion, enabling
studies of energetic heterogeneity and resultant functional
heterogeneity that are obscured at room temperature.
Cryogenic single-molecule spectroscopy has been applied to

PS I, a large pigment−protein containing ∼100 Chl a molecules
(Figure 18a),29,127,307 most of which primarily absorb sunlight
and rapidly transport the excitation energy to the RC. This
energy transfer and the subsequent charge separation are highly
efficient and restrict fluorescence emission. As such, PS I
exhibits a low fluorescence quantum yield that is currently
undetectable at the single-molecule level at room temper-
ature.308 There is also a special class of Chl a molecules called
red-Chl a, which has been hypothesized to not only mediate
energy transfer from the antenna complex to the RC but also to
quench deleterious excess excitation energy. The absorption
peak of the red Chl as is 30 nm more red-shifted than that of
the Chl a in the RC core (700 nm). This spectral shift requires
an unfavorable, uphill transport of energy to the RC core, and
so excitation become temporarily trapped by the red-Chl a
aggregate. Under physiological conditions, the environment
provides enough thermal energy to dislodge the trapped
energy. As a result, the energy transfer and the subsequent
charge separation are highly efficient, limiting the intensity of
fluorescence emission so that PS I is currently undetectable at
the single-molecule level at room temperature.308 However, at
low temperatures, the thermal energy is too low to dislodge the
trapped energy, and therefore the fluorescence quantum yields
are enhanced 10−20-fold compared to those at room
temperature.309,310 This temperature-dependent enhancement
in fluorescence emission was also observed in individual PS I’s,
where the average activation energy of single PS I’s was
estimated to be 500 cm−1, thus allowing for fluorescence
analysis of PS I at the single-molecule level.311

Cryogenic experiments on the fluorescence emission
spectrum of single PS I’s have been used to characterize the
red-Chl a aggregates. The spectroscopic data as well as the high
resolution crystal structure was used to assign the individual red
states to specific Chl a within the molecular structure.311,29,307

The nomenclature is based on the absorption maxima, and so
the Chl a have been known as C708, C715, and C719 in
Thermosynechococcus elongates,312,313 C706 and C714 in
Synechocystis PCC 6803,314 and C708 in Synechoccocus PCC
7002.315 Thus, energetic heterogeneity was observed via the
ability of the red states to function as traps at cryogenic
temperatures.
The fluorescence emission spectra were used to explore

spectral diffusion in single PS I’s from T. elongates,
Synechocystis316 PCC 6803,49 and Synechoccocus PCC
7002.315,127 It was found that all spectra at 1.4 K exhibited
zero-phonon lines (ZPLs) that shifted between frequencies and
in distribution ranges during sequential measurements and a
broad peak caused by these fast and wide spectral shifts.49 At a
higher temperature (∼10 K), smaller and fewer ZPLs were
observed and a larger broad peak was observed due to thermal
acceleration of spectral shifts.317 Hidden ZPLs were revealed
after selectively bleaching some red-Chl a pools318 or by
reducing the acquisition time. With the shortest acquisition
time possible (1 s), the spectral diffusion ranges of each ZPL in
the three species were analyzed and assigned to well-known

red-Chl a pools.49,127,315,316 An additional red-Chl a pool, not
observed in ensemble measurements, was also revealed by
analyzing the ZPL spectral diffusion.315 Other hidden red-Chl a
pools, whose ZPLs were broadened by fast spectral diffusion
and embedded in the broad peak, could be identified by
analyzing the polarization properties of the emission
spectrum49,127,315,316

In all, cryogenic single-molecule spectroscopy of the PS I has
revealed the spectral characteristics of ZPLs corresponding to
two to four red-Chl a pools, depending on species. These pools
exhibit similar, species-independent, spectral diffusion, which
have allowed for the identification of specific red-Chl a
aggregates based on spectral characteristics.127 These pools of
Chl a cannot be observed in ensemble measurements.
However, the ability of a single-molecule experiment to isolate
and explore individual copies allowed these hidden states to be
characterized.
The mechanism behind the spectral diffusion of the ZPL was

explored in PS I of Synechocystis PCC 6803 by comparing H2O
and D2O buffers.232 It was found that D2O exchange caused the
line width to narrow and the spectral diffusion rates to decrease.
The hydrogens responsible for these spectral dynamics most
likely come from amino residues and internal water molecules
close to the pigment. Notably, the fluctuation of the hydrogens
involved in bonding with Chl a’s induced spectral dynamics
even at cryogenic temperatures.232

The above measurements focused mainly on analyzing
distinct contributions from red-Chl a pools and identifying
the spectral dynamics of each pool. However, these pools are in
fact connected to each other in the energy transfer network of
the PS I light-harvesting antenna complex and their spectral
dynamics are intricately linked. Correlation analysis between
the red pools showed anticorrelations in fluorescence intensities
(Figure 18b), suggesting switching between two excitation
energy transfer pathway, which cannot be observed in ensemble
measurements.244 Through these experiments, functional
heterogeneity is uniquely accessible and so dynamic changes
in the energy transfer network in large, complex light-harvesting
systems were identified. These approaches have been recently
applied to PS II as well.167,168

6.3. Photodegradation Pathways and Isolation of Subunits

Single-molecule experiments are usually performed at fluences
orders of magnitude higher than sunlight. As a result,
photosynthetic proteins photodegrade during these experi-
ments. By monitoring the photodegradation pathway, two types
of information emerges: (1) characterization of photodamage,
and the intermediates in this process; and (2) isolation of
individual subunits.
As described in section 2, above, the excited state energies

and dynamics emerge from the coupled pigments within
photosynthetic proteins. As a result, identifying the properties
of individual pigments within the proteins is often challenging.
However, during the photodegradation pathway, individual
pigments photobleach and no longer contribute to the
spectroscopic properties. Photobleaching is stochastic and so
is not synchronized among the pigments. After one pigment
photobleaches, the others can be interrogated. Thus, the
intermediates in the photodegradation process offer an
opportunity to observe the spectroscopic properties of
individual pigments without the complication of multiple,
coupled pigments.
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Analysis of the photodegradation pathway has been used to
characterize the spectroscopic properties of the pigments within
APC.15 APC is a component of the light-harvesting antenna in
cyanobacteria. In cyanobacteria, initial absorption and energy
transport primarily occurs in extra-membrane structures, known
as phycobilisomes, that are constructed of a central core and
surrounding rods. The cores are cylinders made up of four
trimers of another type of protein that loosely organize into
hexamers and are held together by linker proteins. APC forms
from three monomers that self-associate to form a trimer. Each
monomer consists of an α and β protein subunit, both of which
contain a single phycobilin pigment.319,320 The chlorophyll in
LH2 and LHCII are held within the surrounding protein by
noncovalent ligation within a pigment binding pocket. In
contrast, the phycobilin is covalently bound to the protein in
the pigment-binding pocket. As a result, the phycobilin
photophysics are even more sensitive to the surrounding
protein.
In APC, differentiating and characterizing the photophysics

of the α and β pigments has been challenging. Analyzing the
photodegradation pathway allowed the emissive properties of
the two pigments to be individually observed. Figure 19

illustrates the distribution of fluorescence brightness, spectrum,
lifetime, and polarization for all intermediates within the
photodegradation pathway. Analysis and modeling of these
results revealed that the α pigment has a longer lifetime and
blue-shifted spectrum as compared to the β pigment.15 Thus,
the differences in the pigment photophysics were visible
through the photodegradation pathway. These properties are
hidden within an ensemble experiment.
A second notable aspect of these results is that, upon

photobleaching, the pigments often convert into quenchers that
lower the fluorescence of their neighbors. The photo-
degradation process creates a trap, or sink, for excitation
energy. APC is just one component of a much larger structure,
the phycobilisome. Thus, under conditions that cause photo-

damage, an APC creates a trap, preventing excitation from
damaging the rest of the phycobilisome. This limits the damage
(and repair efforts) to one location within the large
photosynthetic antenna.

7. CONCLUSION AND OUTLOOK
In this review, we have discussed single-molecule studies of
photosynthetic systems, highlighting examples of physical
insight into photosynthesis garnered over the past two decades.
In particular, these studies explore structural heterogeneity,
including conformational dynamics (section 4), energetic
heterogeneity, including characterization of different excited
state manifolds (section 5), and functional heterogeneity,
including distinct photophysical pathways (section 6). As
illustrated with these studies, single-molecule spectroscopy of
photosynthetic systems has made significant progress, yet
challenges remain. These challenges fall into technological,
biological, and application areas.
In terms of technological challenges, one emerging area is

resolution on the time scale of energy transfer, namely femto-
and picoseconds, at the single-molecule level. As discussed in
section 3, a new experiment to measure energy transfer
dynamics at the single-molecule level has been developed.
Scientifically, ultrafast temporal resolution at the single-
molecule level will enable a new understanding of the
heterogeneity in energy transfer dynamics. It is the hetero-
geneity in these dynamics that is key to determining how light
harvesting is robust to thermal fluctuations of the protein
structure.
A second technological challenge is combining the

advantages of cryogenic and room temperature experiments.
In cryogenic experiments, the narrower linewidths and slower
conformational dynamics aid in characterizing the congested
spectra of photosynthetic systems. In contrast, in room
temperature experiments, the native conformational dynamics
are accessible. To connect the behavior at different temper-
atures, Orrit and co-workers developed a temperature cycle
technique, where a focused infrared beam causes highly
localized and hence a fast and precisely controllable temper-
ature gradient only near the target molecule.119,321,322 The
short heating and cooling cycles of a single biomolecule allowed
the dynamics at each temperature to appear as a series of
snapshots, thus identifying conformational substates from each
clear spectrum at cryogenic conditions. Applying this technique
to photosynthetic complexes would provide new insight into
their potential energy landscape.
In terms of biological challenges, one area is moving toward

more physiological sample conditions. Single-molecule experi-
ments require high photon fluxes and a low concentration of
emitters, which means proteins must be separated from their
cellular neighbors. Furthermore, attachment methods often
require nonphysiological solutions or interactions. Because of
the exquisite sensitivity of photosynthetic proteins to their local
environment, performing these experiments under near-
physiological conditions would improve the reliability and
relevance of the results.
A second biological challenge is increasing the diversity of

photosynthetic proteins. LH2 has been extremely well studied,
partially due to its high photostability. The advent of more
sensitive detectors, better optics, and more effective oxygen
removal approaches enables studies of more diverse, and
dimmer, organisms, such as cryptophytes, green algae, and
higher plants. Furthermore, in the face of our growing energy

Figure 19. Emissive properties of allophycocyanin (APC) monomers.
Single-molecule experiments correlating fluorescence intensity, spec-
trum, and lifetime identified different photodegradation products and
their molecular origin. Monomeric APC contains two pigments.
Individual pigments photobleached (purple) or converted into a
quencher (black). Figure adapted from ref 15. Reprinted with
permission from the National Academy of Sciences.
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needs, a number of bioinspired light-harvesting systems for
solar energy applications have been developed.323,324 Similar to
the work on natural systems presented here, there is the
opportunity to understand their functionality through single-
molecule spectroscopy, which can, in turn, drive the
optimization of these devices.
Taken together, these challenges provide an opportunity to

advance the technology and science of single-molecule
spectroscopy on photosynthetic systems. Despite decades of
study, the complexity and diversity of photosynthetic organisms
means that much remains to be learned.
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the Freie Universitaẗ Berlin. In 2012−2015, he worked with Prof.
Michio Matsushita at Tokyo Institute of Technology as JSPS
postdoctoral fellow, where he studied bacterial reaction centers with
cryogenic single-molecule spectroscopy. In 2015, he joined the Prof.
Gabriela Schlau-Cohen group at the Massachusetts Institute of
Technology. His current interests focus on the development of
single-molecule spectroscopy and the elucidation of dynamics-function
relationship associated with the photochemical processes in photo-
synthetic systems.

Wei Jia Crystal Chen received her B.Sc. in chemical physics from the
University of Toronto in 2015. She is currently working towards a
Ph.D. in the Schlau-Cohen group at the Massachusetts Institute of
Technology as an NSERC fellow. Her research focuses on the
heterogeneity in energy transfer properties in bioinspired light-
harvesting complex analogues.

Gabriela Schlau-Cohen is an Assistant Professor in the Department of
Chemistry at the Massachusetts Institute of Technology. Before
joining the faculty at MIT, Gabriela was a Postdoctoral Fellow of the
Center for Molecular Analysis and Design at Stanford University,
where she worked with Prof. W. E. Moerner from 2011 to 2014. Dr.
Schlau-Cohen received her Ph.D. in Physical Chemistry in 2011 from
the University of California, Berkeley, where she worked under the
direction of Prof. Graham Fleming as an AAUW American Fellow. She
received her B.S. in Chemical Physics in 2003 from Brown University.
She is the recipient of a Beckman Young Investigator Award and the
Smith Family Award for Excellence in Biomedical Research, and she
was selected as a CIFAR Azrieli Global Scholar. Her research group
uses single-molecule spectroscopy and ultrafast spectroscopy to
explore the energetic and structural dynamics of biological systems
with a focus on photosynthetic light harvesting.

ACKNOWLEDGMENTS
We thank Dr. Michal Gwizdala, Dr. Justin Caram, Dr. Steven
Quinn, and Prof. Akihito Ishizaki for critical readings of the

manuscript. We thank the Smith Family Foundation Excellence
in Biomedical Research Award and the Center for Excitonics,
an Energy Frontier Research Center funded by the U.S.
Department of Energy, Office of Science, Office of Basic Energy
Sciences, under Award no. DE-SC0001088 for support.

REFERENCES
(1) Blankenship, R. E. The Basic Principles of Photosynthetic Energy
Storage. In Molecular Mechanisms of Photosynthesis; Wiley Blackwell:
Hoboken, NJ, 2014; pp 6−7.
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Observation of Tiers in the Energy Landscape of a Chromoprotein: A
Single-Molecule Study. Proc. Natl. Acad. Sci. U. S. A. 2003, 100,
15534−15538.
(47) Friedrich, J.; Gafert, J.; Zollfrank, J.; Vanderkooi, J.; Fidy, J.
Spectral Hole-Burning and Selection of Conformational Substates in
Chromoproteins. Proc. Natl. Acad. Sci. U. S. A. 1994, 91, 1029−1033.
(48) Gafert, J.; Friedrich, J.; Vanderkooi, J. M.; Fidy, J. Structural
Changes and Internal Fields in Proteins: A Hole-Burning Stark Effect
Study of Horseradish Peroxidase. J. Phys. Chem. 1995, 99, 5223−5227.
(49) Brecht, M.; Radics, V.; Nieder, J. B.; Studier, H.; Bittl, R. Red
Antenna States of Photosystem I from Synechocystis PCC 6803.
Biochemistry 2008, 47, 5536−5543.
(50) Rutkauskas, D.; Novoderezkhin, V.; Cogdell, R. J.; van
Grondelle, R. Fluorescence Spectral Fluctuations of Single LH2
Complexes from Rhodopseudomonas Acidophila Strain 10050.
Biochemistry 2004, 43, 4431−4438.
(51) Rutkauskas, D.; Olsen, J. D.; Gall, A.; Cogdell, R. J.; Hunter, C.
N.; van Grondelle, R. Comparative Study of Spectral Flexibilities of
Bacterial Light-Harvesting Complexes: Structural Implications. Bio-
phys. J. 2006, 90, 2463−2474.
(52) Shibata, Y.; Kurita, A.; Kushida, T. Real-Time Observation of
Conformational Fluctuations in Zn-Substituted Myoglobin by Time-
Resolved Transient Hole-Burning Spectroscopy. Biophys. J. 1998, 75,
521−527.
(53) Störkel, U.; Creemers, T. M. H.; den Hartog, F. T. H.; Völker, S.
Glass versus Protein Dynamics at Low Temperature Studied by Time-
Resolved Spectral Hole Burning. J. Lumin. 1998, 76−77, 327−330.
(54) Tietz, C.; Chekhlov, O.; Drab̈enstedt, A.; Schuster, J.;
Wrachtrup, J. Spectroscopy on Single Light-Harvesting Complexes at
Low Temperature. J. Phys. Chem. B 1999, 103, 6328−6333.
(55) Scheuring, S.; Sturgis, J. N. Chromatic Adaptation of
Photosynthetic Membranes. Science 2005, 309 (5733), 484−487.
(56) Scheuring, S.; Rigaud, J.-L.; Sturgis, J. N. Variable LH2
Stoichiometry and Core Clustering in Native Membranes of
Rhodospirillum Photometricum. EMBO J. 2004, 23, 4127−4133.
(57) Scheuring, S.; Gonca̧lves, R. P.; Prima, V.; Sturgis, J. N. The
Photosynthetic Apparatus of Rhodopseudomonas Palustris: Structures
and Organization. J. Mol. Biol. 2006, 358, 83−96.
(58) Monshouwer, R.; Abrahamsson, M.; van Mourik, F.; van
Grondelle, R. Superradiance and Exciton Delocalization in Bacterial
Photosynthetic Light-Harvesting Systems. J. Phys. Chem. B 1997, 101,
7241−7248.
(59) Gruber, J. M.; Chmeliov, J.; Krüger, T. P. J.; Valkunas, L.; van
Grondelle, R. Singlet-Triplet Annihilation in Single LHCII Complexes.
Phys. Chem. Chem. Phys. 2015, 17, 19844−19853.
(60) Qin, X.; Suga, M.; Kuang, T.; Shen, J.-R. Structural Basis for
Energy Transfer Pathways in the Plant PSI-LHCI Supercomplex.
Science 2015, 348 (6238), 989−995.
(61) Mazor, Y.; Borovikova, A.; Nelson, N. The Structure of Plant
Photosystem I Super-Complex at 2.8 Å Resolution. eLife 2015, 4,
e07433.

Chemical Reviews Review

DOI: 10.1021/acs.chemrev.6b00195
Chem. Rev. XXXX, XXX, XXX−XXX

AF

http://dx.doi.org/10.1021/acs.chemrev.6b00195


(62) Schlau-Cohen, G. S.; Calhoun, T. R.; Ginsberg, N. S.; Read, E.
L.; Ballottari, M.; Bassi, R.; van Grondelle, R.; Fleming, G. R. Pathways
of Energy Flow in LHCII from Two-Dimensional Electronic
Spectroscopy. J. Phys. Chem. B 2009, 113, 15352−15363.
(63) Andersson, B.; Anderson, J. M. Lateral Heterogeneity in the
Distribution of Chlorophyll-Protein Complexes of the Thylakoid
Membranes of Spinach Chloroplasts. Biochim. Biophys. Acta, Bioenerg.
1980, 593, 427−440.
(64) Croce, R.; van Amerongen, H. Light-Harvesting and Structural
Organization of Photosystem II: From Individual Complexes to
Thylakoid Membrane. J. Photochem. Photobiol., B 2011, 104, 142−153.
(65) Schlau-Cohen, G. S.; Calhoun, T. R.; Ginsberg, N. S.; Ballottari,
M.; Bassi, R.; Fleming, G. R. Spectroscopic Elucidation of Uncoupled
Transition Energies in the Major Photosynthetic Light-Harvesting
Complex, LHCII. Proc. Natl. Acad. Sci. U. S. A. 2010, 107, 13276−
13281.
(66) Erickson, E.; Wakao, S.; Niyogi, K. K. Light Stress and
Photoprotection in Chlamydomonas Reinhardtii. Plant J. 2015, 82,
449−465.
(67) Croce, R.; van Amerongen, H. Natural Strategies for
Photosynthetic Light Harvesting. Nat. Chem. Biol. 2014, 10, 492−501.
(68) Niyogi, K. K.; Truong, T. B. Evolution of Flexible Non-
Photochemical Quenching Mechanisms That Regulate Light Harvest-
ing in Oxygenic Photosynthesis. Curr. Opin. Plant Biol. 2013, 16, 307−
314.
(69) Morosinotto, T.; Bassi, R. Non-Photochemical Quenching and
Energy Dissipation in Plants, Algae and Cyanobacteria. Advances in
Photosynthesis and Respiration; Demmig-Adams, B., Garab, G., Adams,
III, W., Eds.; Springer: Dordrecht, Netherlands, 2014; Vol. 40.
(70) Ruban, A. V.; Johnson, M. P.; Duffy, C. D. P. The
Photoprotective Molecular Switch in the Photosystem II Antenna.
Biochim. Biophys. Acta, Bioenerg. 2012, 1817, 167−181.
(71) Zaks, J.; Amarnath, K.; Sylak-Glassman, E. J.; Fleming, G. R.
Models and Measurements of Energy-Dependent Quenching. Photo-
synth. Res. 2013, 116, 389−409.
(72) Moerner, W. E.; Basche,́ T. Optical Spectroscopy of Single
Impurity Molecules in Solids. Angew. Chem., Int. Ed. Engl. 1993, 32,
457−628.
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(149) Köhler, J.; Disselhorst, J. A. J. M.; Donckers, M. C. J. M.;
Groenen, E. J. J.; Schmidt, J.; Moerner, W. E. Magnetic Resonance of a
Single Molecular Spin. Nature 1993, 363, 242−244.
(150) Wrachtrup, J.; Vonborczyskowski, C.; Bernard, J.; Orritt, M.;
Brown, R. Optical-Detection of Magnetic-Resonance in a Single
Molecule. Nature 1993, 363 (6426), 244−245.
(151) Hussels, M.; Konrad, A.; Brecht, M. Confocal Sample-Scanning
Microscope for Single-Molecule Spectroscopy and Microscopy with
Fast Sample Exchange at Cryogenic Temperatures. Rev. Sci. Instrum.
2012, 83, 123706.
(152) Nie, S.; Chiu, D.; Zare, R. Probing Individual Molecules with
Confocal Fluorescence Microscopy. Science (Washington, DC, U. S.)
1994, 266 (5187), 1018−1021.
(153) van Oijen, A. M.; Ketelaars, M.; Köhler, J.; Aartsma, T. J.;
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(237) Krüger, T. P. J.; Novoderezhkin, V. I.; Ilioaia, C.; van
Grondelle, R. Fluorescence Spectral Dynamics of Single LHCII
Trimers. Biophys. J. 2010, 98, 3093−3101.
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