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Controlled Disorder in Plant
Light-Harvesting Complex II
Explains Its
Photoprotective Role

Photosynthesis in plants is adapted to the continuous change in
environmental conditions by the operation of various regulatory
processes. To protect the photosynthetic apparatus from overexcitation and ensuing photodamage, the light-harvesting
antenna of photosystem II (PSII) has the ability to switch rapidly
between a state of efficient light utilisation and one in which
excess absorbed excitation energy is harmlessly dissipated as
heat, a process known as the energy-dependent component (qE)
of nonphotochemical quenching of chlorophyll fluorescence
(NPQ). Different mechanisms have been proposed to explain how
the energy is quenched in the qE state. The main component of
the PSII antenna, the trimeric light-harvesting complex (LHCII),
has been implicated as a major player, but the nature of the
transition into a dissipative state is unknown. Single-molecule
spectroscopy shows that individual LHCII trimers have an
intrinsic capacity to switch spontaneously, rapidly and reversibly
between states of differing chlorophyll fluorescence intensity
[Chapters 6 and 7]. Here, we have investigated this fluorescence
intermittency under conditions that mimic those associated in
vivo either with efficient utilisation of light or with qE. We
demonstrate that weakly fluorescing states of LHCII are
stabilised under conditions that mimic qE. Thus, qE is explained
by biological control over the intrinsic dynamic disorder in the
complex – the frequencies of switching establish whether the
population of complexes is unquenched or quenched.
Furthermore, we show that two distinct spectral signatures
accompany the formation of quenched states, suggesting more
than one mechanism for energy dissipation in this complex.

This chapter is based on the following manuscript:
T.P.J. Krüger, C. Ilioaia, M.P. Johnson, A.V. Ruban, E. Papagiannakis,
P. Horton and R. van Grondelle. Submitted.

Chapter 7

INTRODUCTION
LHCII is the major plant light-harvesting complex, accounting for >50% of all land-bound
chlorophyll. Together with the structurally similar monomeric complexes such as CP29, it
not only plays a central role in harvesting solar energy for photosynthesis (1) but also it is
the site of important physiological regulatory mechanisms which adapt plants to their
environments (2, 3). Each monomer of the LHCII trimer binds 14 chlorophylls (Chls), one
neoxanthin (Neo) and two luteins (Luts). Violaxanthin (Vio) is a fourth, weakly bound
xanthophyll (4) that via the enzymatic xanthophyll cycle is de-epoxidised to zeaxanthin (Zea)
in excess light (5). Under these excess light conditions, qE, triggered by the increase in the
pH gradient across the thylakoid membrane (∆pH), is enhanced by the action of the
xanthophyll cycle (2). Evidence suggests that more than one qE mechanism can coexist at
different sites within the PSII antenna and a prominent role has been assigned to LHCII and
CP29 (6-8). For CP29 the bound Zea has been proposed to be involved in qE (9) while for
LHCII both Lut (10) and Zea (11) have been implicated. Spectroscopy of LHCII trimers in the
quenched and unquenched state reveals differences in several bound pigments (2, 10, 1215), indicating small and specific changes in pigment-protein conformation upon the
formation of the quenched state. Since many of these spectroscopic features are also found
in chloroplasts and leaves when qE is induced (6, 10, 16), it strongly suggests that similar
conformational changes are involved in the mechanism of qE in vivo.
All these studies of quenched LHCII were performed on ensembles of molecules; samples
were described as being unquenched or in various extents of quenching. Although
quenching has been associated with conditions that induce protein aggregation (14, 17), it
was subsequently concluded that energy dissipation and the accompanying reversible
conformational changes are intrinsic features of each LHCII complex (7, 12). Hence, it has
been suggested that in vivo, under different light conditions, the size of the ∆pH and the deepoxidation state of the xanthophyll cycle determine the equilibrium between the different
quenched states of LHCII, so establishing the extent of qE (18). However, such ensemble
measurements, either in vitro or in vivo, cannot adequately test such a hypothesis: it needs
to be determined whether, in an unquenched sample, some complexes are in a quenched
state and whether complexes in an unquenched state have a spontaneous capacity to “visit”
a quenched state; i.e., whether the degree of quenching of an ensemble of LHCII complexes
is determined by a dynamic equilibrium established by the frequencies of transfer between
these states.
This chapter describes how single-molecule spectroscopy can be employed to investigate
this hypothesis. In particular, the amount of energy dissipation is examined in different
conditions known to be involved in vivo when qE takes place.

MATERIALS AND METHODS
LHCII Preparation
LHCII trimers were isolated from spinach photosystem-II-enriched particles by a sucrose
gradient as described previously (4). Vio-enriched trimeric complexes were obtained from
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dark-adapted spinach leaves and Zea-enriched trimers from spinach thylakoids that were
treated with 40 mM ascorbate at pH 5.5 (4). The two samples contained ~0.7 Vio and ~0.6
Zea per monomer, respectively, before further treatment (Table 7.1). Complexes that
represent the light-harvesting sample in Fig. 7.3 contained a smaller fraction of Vio (~0.4).
This sample is described in Table 7.2 and Figs. 7.5−7.7. Complexes were solubilised in 20
mM HEPES (pH 8), 1 mM MgCl2 and 0.03 % (w/v) n-dodecyl-β,D-maltoside (β-DM) [solution
1], diluted to a few pM, and attached onto a poly-L-lysine (Sigma) treated standard
microscope coverslip. The solution that was flushed through the sample cell (19) prior to
data acquisition determined the experimental environment: solution 1 mimicked the lightharvesting environment; addition of 15 mM sodium citrate to this solution facilitated
stabilisation of the pH at 5.5; and a detergent-free flushing solution was used to partially
remove the micelles around attached trimers. Oxygen in the flushing solution was
scavenged by the enzymatic system which comprised 200 μg/mL glucose oxidase, 7.5
mg/mL glucose, and 35 μg/mL catalase. Measurements were performed at 5°C. Complexes
survived for typically ~1 min before photobleaching irreversibly.
Table 7.1. Pigment composition of isolated LHCII after sucrose gradient ultracentrifugation
Complex

Neo

Vio

Ant

Lut

Zea

DEP

Chl a/b

LHCII (no extra

27.0 ± 2.1

10.3 ± 1.3

treatment)

(1.10 ± .10)

(.40 ± .05)

0.0

0.0

1.3 ± .1

LHCII dark

27.0 ± 2.1

18.0 ± 1.3

(Vio enriched)

(1.09 ± .05)

(.70 ± .05)

0.0

0.0

1.3 ± .1

LHCII light

27.0 ± 1.2

2.0 ± .2

2.0 ± .2

54.0 ± 2.2

15.0 ± 2.1

(Zea enriched)

(1.09 ± .05)

(.08 ± .01)

(.08 ± .01)

(2.1 ± .1)

(.6 ± .1)

84.0

1.3 ± .1

55.0 ± 1.6
0.0
(2.2 ± .1)
55.0 ± 1.6
0.0
(2.2 ± .1)

Complexes isolated from photosystem-II-enriched particles (4) after dark-adaptation of whole
plants for 12 hours (LHCII dark) or de-epoxidised at pH 5.5 in the presence of 40 mM ascorbate
(LHCII light).
Neo, Vio, Ant, Lut, Zea, DEP, Chl a/b: neoxanthin, violaxanthin, antheraxanthin, lutein,
zeaxanthin, de-epoxidation state and chlorophyll a/b ratio. Data of xantophylls are presented as
(xanthophyll / total xanthophyll), expressed as % and denote means ± S.E. from four replicates;
data of DEPs are displayed as (Zea + 0.5 Ant) / (total Vio + Zea + Ant) (in %); Chl a/b expresses
molar ratio. Values in brackets represent the Car content per monomer of protein (molar ratio),
considering that one monomer contains 14 Chls and a Chl/Car ratio of 0.29.

Single-Molecule Spectroscopy and Data Analysis
The experimental setup used to perform single-molecule confocal spectroscopy was
described in Chapter 2.3 (see also Refs. 19 and 20). A 632.8-nm helium-neon laser (JDS
Uniphase) excitation source with an intensity of 250 W/cm2 was used. Data of fluorescence
intensity and spectra were acquired in integration time bins of 10 ms and 1 second,
respectively, and analysed in MATLAB as described before (see Chapters 3, 5, and 6, and
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Refs. 20, 21, and 23). The single-molecule, trimeric identity of the complexes was
established by transitions into quenched or photobleached states that occurred within a
single time step and by fluorescence intensities of unquenched states that corresponded
well to the predicted value (Chapter 2.5). The weighted probability density was defined as
P (τ ) = N (τ ) ( N tot ∆tab ) , where ∆tab = (a + b) / 2 . N(τ) denotes the number of intensity levels
with dwell time τ, Ntot is the total number of intensity levels, and a and b are the time
differences between τ and the next longest and next shortest dwell times with non-zero
probability, respectively. Power-law fits (22) of the dwell time probability distributions were
conducted in the region τ ∈ [0.1, 20] s, using a least-mean-squares approximation of the
function P (τ ) ∝ τ m for quenched intensities and P(τ ) ∝ τ m e−τ τ c for unquenched
intensities. Here, m denotes the power-law slope and τ c the characteristic time after which
an exponential behaviour dominates the power-law behaviour.

RESULTS AND DISCUSSION
Recently, single-molecule spectroscopy has been applied to the study of quenching in LHCII
(see Chapters 5 and 6, or correspondingly, Refs. 21 and 23). It was found that single LHCII
trimers indeed exhibit dynamic fluorescence intensity and spectral fluctuations on
timescales of milliseconds to tens of seconds (Chapters 3 and 5). The intensity fluctuations
occurred abruptly between various distinct levels, most frequently between strongly and
weakly emitting states. This behaviour appears to be common to a wide range of
intrinsically fluorescent systems (22, 24), pointing to substantial underlying dynamic
disorder in these molecules. Moreover, fluorescence intermittency from LHCII exhibits
significant environmental dependence (Chapter 6 and Ref. 23), showing that the disordered
state of the LHCII molecule can be modulated by its direct environment. Therefore, it is an
appealing hypothesis that the exploitation and control of this inherent disorder provides the
molecular basis of qE.
We tested this hypothesis by analysing the changes in fluorescence intermittency from
single LHCII trimers when an environment which mimics the in vivo conditions giving rise to
efficient light harvesting was replaced with one which mimics the physiological conditions
associated with qE. The qE conditions were mimicked by partially removing the detergent
micelles around single, immobilised, Zea-enriched complexes and lowering the pH from 8 to
5.5. A pH of 5.5 typically occurs in the intrathylakoid lumen in vivo under qE conditions and
replacement of Vio with Zea mimics the xanthophyll cycle. A low detergent environment
promotes a strong quenching of LHCII in vitro (17) that displays many features that are
similar to qE (2). Such quenching can also be induced in immobilized complexes when
protein aggregation is prevented (12). Each of these three conditions was found to affect
the behaviour of LHCII under single-molecule conditions. In these experiments we resolved
the intensity fluctuations on a 10-ms timescale from sets of >100 individually measured
LHCII trimers in different environments. The histograms of these time-resolved intensities,
portrayed in Fig. 7.1A and B, consist of two broad peaks, the areas of which reflect the
relative dwell times in quenched and unquenched states, τ Q and τ unQ , respectively, where
“quenched” and “unquenched” refer to weakly and strongly emitting states, respectively.
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Figure 7.1. Properties of florescence intensity fluctuations from single LHCII trimers exposed to
different environments. (A,B) Histogram of intensities from individually measured trimers in
different environments. Intensity bins of 1 count per 10 ms (c/10 ms) are indicated by horizontal
steps. LH, qE, and low [DM] designate the light-harvesting mimicking state, qE-mimicking state, and
a low detergent concentration, respectively. (C) Relative dwell time in a quenched state ( τ Q ) and
average intensity (Iavg) of distributions in A and B, with matching colours. Error bars denote
standard errors, including calibration uncertainties of absolute intensities. The threshold between
quenched and unquenched states, denoted by the short, vertical lines, was defined as the minimum
between the quenched and unquenched histogram peaks in A and B or else as the intensity value
corresponding to the smallest slope in the same region. (D-F) Factor of increase in τ Q induced by
the pH, detergent, and Zea effect, respectively. X-axes denote environmental conditions that
0
remained constant. τQ represents the value before induced changes. (G-I) Similar as D-F but for Iavg.
Error bars denote standard errors in C.

For each combination of the three qE-related conditions, the values of τ Q and the average
fluorescence intensity, Iavg, are displayed in Fig. 7.1C. The environmentally induced changes
of these properties (Fig. 7.1D-I) indicate that each of the qE-related conditions consistently
resulted in an increase in τ Q and a decrease in Iavg. The changes in τ Q and Iavg imply that the
intrinsic disorder that gives rise to fluorescence intermittency was modulated by each of the
three qE-related conditions to favour energy-dissipating states. The Zea effect was the
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weakest and the detergent effect the most significant, in agreement with previous
ensemble measurements of LHCII quenching (2). Furthermore, any combination of these
three conditions incurred a stronger quenching effect than the individual conditions, the
most prominent effect occurring when all three were applied together, i.e., in the complete
qE-mimicking environment. Thus, there is a relationship between the mechanism(s) that
underlie(s) fluorescence intermittency in these complexes and the transition involved in qE;
i.e., the control over the intrinsic disorder in LHCII that gives rise to fluorescence
intermittency is the molecular basis for the physiological regulation of the fate of excitation
energy in these complexes.
The effect of the qE environment on the switching frequency between quenched and
unquenched states is shown in Fig. 7.2. The strong shift to quenched states resulted not
only from a substantial stabilisation of the quenched states but also from destabilising the
unquenched states, thereby retarding the fluorescence fluctuations (Fig. 7.2A). Thus, the
switching frequency into short-living quenched states decreased and the frequency at which
long-living quenched states were accessed increased, while the opposite effect occurred for
the unquenched states (Fig. 7.2A). The same effect is illustrated by the probability
distribution of the dwell times in quenched and unquenched states (Fig. 7.2B-C). In this
representation the slopes reflect the ease of relaxation of a quenched or unquenched state,
a steeper slope thus indicating that short-living states become more stable and long-living
states less stable. Thus, under qE conditions both the probability to access a quenched state
and the probability to dwell in this state for a relatively long time increased. The
fluorescence intermittency from LHCII can be described feasibly by considering an
equilibrium between the unquenched and quenched states, which can be shifted by the
local environment to favour one of these two states (Chapter 6 and Ref. 23).
To obtain more insight into the properties of the quenched states, we investigated their
corresponding spectral behaviour (Fig. 7.3). Under light-harvesting conditions there was no
relationship between quenched states and the observed red-shifted emission: no or only
small spectral shifts were related to strongly quenched states. In contrast, large spectral
shifts generally corresponded to a small degree of quenching, frequently even connected to
superradiant states (Fig. 7.3A). The lack of correlation between the peak wavelength and
the extent of quenching in this spectral window implies that the absorbed energy can be
quenched to different degrees, unrelated to the different spectral shapes, strongly
suggesting that the red-shifted emission (690-750 nm) from LHCII trimers involves a
different origin than fluorescence intermittency. The absence of large spectral changes for
the majority of switches into quenched states implies that the creation of the quenched
state leaves the set of excitonic states of the chlorophylls unaffected and thus must involve
only a subtle conformational change. Indeed, due to the rigidity of the LHCII trimer (25) and
the speed of intensity fluctuations between discrete levels, only small changes in the
pigment-protein system are likely. In the qE environment (Fig. 7.3B) the spectral
characteristics of the unquenched and quenched states with emission peaking below 760
nm were largely the same as for the light-harvesting conditions. This suggests that only
subtle structural changes are also responsible for the large equilibrium shifts to favour
energy-dissipating states. However, in the qE environment ~10% of the complexes
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exhibited a characteristic spectral band peaking at 770–790 nm in correlation with a switch
into a quenched state (Fig. 7.3B). This band was generally observed for only a part of the
measuring time (Fig. 7.3C-D) and was never observed for any of the investigated LHCII
complexes under light-harvesting conditions.
The two distinct spectral signatures that accompanied the formation of quenched states,
emission peaking at ~682 nm and 780 ± 10 nm, respectively, point to at least two different
mechanisms of quenching in these complexes. We propose that both mechanisms

Figure 7.2. Dwell time distributions of quenched and unquenched states in light-harvesting (LH)
(black) and qE (red) mimicking conditions. (A) Average frequency of occurrence of a reversible
transition from an unquenched intensity level into a quenched intensity level as function of the dwell
time in the state preceding (open circles) and succeeding the transition (filled circles). Intensity levels
between which fluctuations occurred were resolved as described in Chapter 5 and Ref. 21. An
intensity reduction of >70% defined a transition. Bins of dwell times are equally distributed along the
logarithmic axis, with the error bars indicating the bin widths. Inset shows same data normalised to
maxima. Data sets comprise data from >500 individually measured complexes. (B,C) Weighted
probability distribution of τ Q (B) and τ unQ (C) in each environment (points) and least-squares fits
(lines), together with the fitting results. Standard errors of fits are indicated in brackets. Data in A
3
were used. Data and fits of LH state were multiplied by 10 . See Materials and Methods for details.
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Figure 7.3. Spectral properties of the two types of energy-dissipating states. (A,B) Relationship
between the degree of fluorescence quenching (1− IQ/IunQ) and shift in fluorescence peak position
(∆FLP) of ~400 individually measured LHCII trimers under light-harvesting (A) and qE (B) conditions.
Black circles represent single-peak profiles corresponding to intensity decreases of at least 70%. Blue
triangles signify the redder peaks of double-peak profiles. Error bars depict standard deviations; for
calculations, see Appendix. Axis on top (green) indicates approximate peak position of quenched
state. (C,D) Example of spectral time trace under qE conditions, where the two spectrally distinct
types of quenched states are evident. Averages of “pure” states I, II and III (C), e.g., II corresponds to
~95% quenching and ∆FLP = 0. I/II denotes alternation between states I and II (D). Intensities are
expressed in counts per seconds (cps).

underlying fluorescence intermittency originate from Lut-Chl coupling in the Lut1 site, with
the primary mechanism involving energy transfer from a Chl singlet state to the Lut S1 state
(10) and the secondary mechanism employing mixing of a charge-transfer state of this Lut
with an excitonic state of the ensemble of Chls in this site. For both mechanisms to function
only a subtle protein conformational change would be required. In addition, the red-shifted
double-band emission spectra below 760 nm observed under light-harvesting conditions
have previously been suggested to originate from a Chl-Chl excitonic charge-transfer
interaction in the Lut2 site (Chapter 3 and Ref. 20), in accordance with the conclusion that
these spectral features originate from a site other than that of fluorescence intermittency.
The reversibility of all of the observed transitions suggests that the different LHCII states
are not artefactual but rather physiological states that also will be populated in vivo. Thus,
LHCII is revealed as a natural conformational nanoswitch that regulates the transfer or
emission of absorbed energy by rapidly and reversibly changing between unquenched and
quenched energy states. We have demonstrated that LHCII has the inbuilt capacity to adopt
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Figure 7.4. Model illustrating the molecular mechanism of the switches to red-shifted and two types
of energy-dissipating states under qE conditions. LHCII monomeric structure (29) in an unquenched
state, exhibiting emission at ~682 nm (top left). The induced uncertainty in the molecular positions
indicates the subtle structural difference in the unquenched structure as compared to the resolved
quenched structure. Key pigments involved in the establishment of the unquenched, red-shifted
states (20) (top right), spectrally non-shifted, quenched states (10) (bottom left) and spectrally
shifted, quenched states (bottom right). Straight, red arrows signify strong interactions; curved arrow
indicates a configurational twist; black arrows represent transitions between different states, with
the thickness giving a qualitative indication of the frequency of occurrence. See text for details.

four distinct conformational states, viz., two unquenched and two quenched states (Fig.
7.4). One quenched state and one unquenched state are characterised by red-shifted
fluorescence, where the red-shifted, quenched state occurs only under qE conditions.
Switching between all the states is rapid, spontaneous and reversible. We propose that a
subtle perturbation in the physico-chemical environment shifts the equilibrium to favour
one of these states. Thus, in vivo, associations with neighbouring LHCII molecules in the
ordered arrays of LHCII-PSII supercomplexes of the thylakoid membrane and the absence of
Zea are envisaged to stabilise the unquenched states, whilst interaction with PsbS (26),
protonation, and Zea binding (5) would shift the equilibrium to favour the quenched state
(18, 27).
This dynamic function of LHCII is shown here to depend not on a large conformational
switch between different states but rather on the subtle changes in pigment configurations
or environments that have their origin in the intrinsic disorder of these complexes that
allows them to switch between emissive and dark states. This intrisic disorder enables the
protein in each monomer to access numerous energetically similar substates of its energy
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landscape (28) with some of those substates having very different emission properties as a
consequence of the ordering of their excited states; e.g., a fluorescent state has the
carotenoid S1 level above the lowest exciton state while a quenched state has the
carotenoid S1 below the lowest exciton state. In the case of qE, plants exploit and control
this disorder specific coordinate of their energy landscape to provide a highly sensitive and
effective regulatory mechanism fundamental to their capability to use solar energy in
photosynthesis. Since such disorder is common in protein systems, it is highly likely that it is
exploited in a similar way in other biologically important processes.

APPENDIX
Effect of Sample Preparation on the Data Analysis
The intensity distributions and switching behaviour of samples A and B in Table 7.1 were
compared, as shown in Figs. 7.5−7.7. Neither the environment and method of sample
preparation nor the small difference in Vio content changed the intensity switching
properties. The comparable distributions verify the robustness of the analysis technique.

Table 7.2. Pigment composition of isolated LHCII after sucrose gradient ultracentrifugation

A

B

Complex

Neo

Vio

Ant

Lut

Zea

DEP

Chl a/b

LHCII (no extra

27.0 ± 2.1

10.3 ± 1.3

treatment)

(1.10 ± .10)

(.40 ± .05)

0.0

0.0

1.3 ± .1

LHCII dark

27.0 ± 2.1

18.0 ± 1.3

(Vio enriched)

(1.09 ± .05)

(.70 ± .05)

0.0

0.0

1.3 ± .1

LHCII light

27.0 ± 1.2

2.0 ± .2

2.0 ± .2

54.0 ± 2.2

15.0 ± 2.1

(Zea enriched)

(1.09 ± .05)

(.08 ± .01)

(.08 ± .01)

(2.1 ± .1)

(.6 ± .1)

84.0

1.3 ± .1

55.0 ± 1.6
0.0
(2.2 ± .1)
55.0 ± 1.6
0.0
(2.2 ± .1)

C

(A) Complexes isolated from spinach thylakoids as described in Ref. 30. (B,C) Complexes
isolated from photosystem-II-enriched particles (1) after dark-adaptation of whole plants for
12 hours (LHCII dark) or de-epoxidised at pH 5.5 in the presence of 40 mM ascorbate (LHCII
light). For details, see Table 7.1.
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Figure 7.5. Comparison of intensity distributions of single LHCII trimers for different sample
preparations. Histograms of trimers containing an average fraction of Vio (Table 7.1A) are coloured
in a lighter shade than those with a high Vio content (Table 7.1B). The experimental conditions are
designated by the legend. Intensity bins of 1 count per 10 ms (c/10 ms) are indicated by the
horizontal steps.

Figure 7.6. Comparison of switching frequency between unquenched and quenched states across the
corresponding dwell times for different sample preparations. Only reversible intensity decreases of
>70% from an unquenched intensity level into a quenched intensity level were considered. The
corresponding dwell times denote the time of residence in an intensity level before (open circles) and
after (filled circles) a transition. Intensity levels were resolved as described in Chapter 5 and Ref. 21.
Histograms of trimers containing an average fraction of Vio (Table 7.1A) are coloured in a lighter
shade than those with a high Vio content (Table 7.1B). Bins of dwell times are equally distributed
along the logarithmic axis, with the error bars indicating the bin widths.
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Figure 7.7. Comparison of resolved intensity level distribution for different sample preparations.
Sample A represents Table 7.1A and sample B Table 7.1B. The accessed intensity levels and
corresponding dwell times in the intensity levels were resolved by the algorithm described in Chapter
5 and Ref. 21. The different experimental conditions are depicted by the legends. Results for sets of
~100 individually measured complexes are shown. DM refers to the detergent ߚ-DM, and [DM]
denotes the detergent concentration.
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Data Analysis for Figure 7.3
Spectral properties were determined by skewed Gaussian approximations. To improve the
fits of double-band profiles with strongly overlapping bands, the peak position, width and
skewness of the bluer band were fixed at the average values of the fits to the non-shifted,
single-band spectra in the same spectral time traces. This approximation is supported by the
observation that the bluer band generally exhibited no observable spectral fluctuations
(Chapter 3 and Ref. 20). The fit parameters were averaged for spectra in a spectral time
trace that showed a similar behaviour, i.e., for all high-intensity spectra, quenched spectra
or red-shifted spectra. The time-resolved spectral fluctuations were included in the margins
of error. The black data cluster represents spectra for which the extent of spectral
fluctuations was generally dominated by the fitting uncertainties. For these data, timeresolved spectral fluctuations were neglected and the error bars are the standard deviations
of the fits to the averaged spectra. For the other data points, substantial time-resolved
spectral dynamics often occurred, so that the error bars are the standard deviations of the
fits to the time-averaged spectra, plus the standard deviations of the average peak positions
of the spectral time traces. The margin of error therefore represents the combination of the
accuracy or ease of the spectral fits and the amount of spectral dynamics in a spectral time
trace.
Intensity dynamics on timescales shorter than the experimental time resolution of one
second occurred very frequently, especially brief visits from unquenched states to quenched
states and back (see Chapter 5 and Ref. 21). The contribution of these subsecond
fluctuations was estimated as follows. For the unquenched states, the spectrum in a
spectral time trace with the highest intensity generally gave the best approximation of the
intensity of the unquenched state, assuming that the uncertainty caused by subsecond
intensity fluctuations exceeds the shot noise (i.e., the intrinsic statistical Poisson noise). To
account further for the underlying intensity dynamics, the negative error bars of the data
points that represent the extent of quenching were decreased. In particular, only the
uncertainty in the intensity of the quenched states was considered for these negative error
bars, whereas the positive error bars also included the shot noise of the unquenched states.
For the quenched states, brief visits to unquenched states occurred less frequently than vice
versa. However, the error in the background correction often exceeded the uncertainty
caused by the underlying intensity dynamics of these states, so that both factors were taken
into account to estimate the margin of error for the quenched intensities. The intensity of a
quenched state was approximated by the average intensity of all consecutive quenched
spectra. Considering double-band spectra, the spectra were frequently unrelated to a
quenched state, so that the intensity of both the single- and double-band spectra was
approximated by the highest-intensity spectra.
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