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Fluorescence Intermittency
from the Main Plant LightHarvesting Complex: Resolving
Shifts between Intensity Levels

We present a simple method to resolve discrete intensity shifts
from time-resolved single-molecule emission data. This new
method uses multiples of the standard deviation of the
measured intensities that are integrated into short time bins. By
applying the technique to trimeric units of the main lightharvesting complex (LHCII) of plants, it is shown that the
amount of information that can be extracted from an intensity
time trace increases considerably, thereby enlarging the
possibility to reveal new phenomena. It is demonstrated how
shot noise can lead to substantial deviations and misleading
interpretations when the conventional two-state kinetic model
for intensity fluctuations is applied. By first resolving the
accessed intensity levels, the artefactual effect of shot noise is
sufficiently reduced. The technique is particularly applicable to
analyse fluorescence intermittency from multichromophoric
systems.

This chapter is based on the following publication:
T.P.J. Krüger, C. Ilioaia, and R. van Grondelle (2011)
J. Phys. Chem. B 115: 5071–5082.
Reproduced with permission © American Chemical Society

Chapter 5

INTRODUCTION
Biomolecules are intrinsically complex systems that occur naturally in complex local
environments. This complexity gives rise to a broad distribution of the static and dynamic
properties of these systems, which in turn leads to heterogeneous interactions with the host
environment. Although in their native environments biomolecules often efficiently utilise
their statistically varying properties to serve specified functions, probing of these properties
generally leads to a significant loss of information, as these rich dynamics are partially or
completely masked by ensemble averaging. Nonetheless, time-resolved single-molecule
spectroscopy (SMS) has proved to be a powerful tool to remove this ensemble averaging,
enabling access to new information in a number ways, for example, by (i) providing a
probability distribution function for an experimental observable instead of a single, mean
value; (ii) differentiating between static and dynamic heterogeneity of the observables; and
(iii) exploring statistically rare events, for instance, transitions between different functional
states, of fundamental importance in biology.
SMS obviously did not come without its own challenges. The Poisson-distributed shot
noise, an intrinsic physical property of the emitted photons, constitutes a significant fraction
of the detected signal from single molecules. As a result, sufficiently long integration times
of detection are generally used to achieve a feasible signal-to-noise ratio (SNR). However,
this approach averages out dynamics on shorter timescales, which may consequently
complicate the analysis and interpretation. Specialised statistical analysis techniques are
therefore required to extract reliable information from the detected signal on the shortest
feasible timescales.
An example of a phenomenon that contains a substantial amount of information that is
often obscured by the shot noise is that of large, discrete, abrupt changes in the
fluorescence intensity during continuous excitation. This remarkable phenomenon was
revealed by SMS for a diverse range of fluorescing systems (1-17) and has gained much
interest since its discovery some 15 years ago (1). The intensity from these systems was
found to fluctuate among different levels, remaining constant for irregular periods, mostly
substantially longer than the excited triplet-state lifetime of any chromophore in the system.
Most transitions generally occurred between high and low intensity levels and on timescales
much faster than the experimental time resolution, giving the notion of fluorescence
intermittence, a behaviour which coined the names fluorescence intermittency and blinking.
A popular approach is to approximate this behaviour by assuming a single bright and single
dim state, where the dim state corresponds to the background level. In this way the
intensities are integrated into two large bins, corresponding to a so-called on and off state,
respectively. Simple methods are then employed to define an intensity threshold that
separates the on and off states, for example, a certain number of standard deviations above
the mean background signal (18-20), or the local minimum between the bright and dim
intensity peaks of the system’s intensity histogram (21). In addition, the experimental
integration time of detected photons is chosen such as to separate the noise of the on and
off states reasonably well. Intensity ﬂuctuations within an on state are often explained by
transitions to off states for periods shorter than the experimental time resolution, and vice
versa.
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Such a two-state model is not only a large oversimplification of the multiple statistically
significant intensity levels (22), but the properties of the on and off states are also strongly
affected by the choice of the intensity threshold and the experimental bin time (1, 21-25). In
addition, the shot noise of intermediate intensity levels often results in artefactual
fluctuations across the intensity threshold, which contributes to an additional deviation in
the calculated properties of the on and off states.
Although the bin time and intensity threshold values can be selected such as to reduce
artifacts (25-27), analysis techniques that exclude such subjective parameters are generally
more robust and less prone to bias. A frequently used alternative involves the use of
fluorescence correlation spectroscopy (28, 29) or autocorrelation functions (30), techniques
that still require a time-binning parameter but avoid thresholding and can even be applied to
freely diffusing particles. The drawback of such techniques is that they often reduce the
amount of information that can be resolved. In recent years a couple of statistical
approaches have been developed to circumvent time binning by exploiting the arrival time
of each detected photon (23, 31). One such a well developed technique is based on hidden
Markov models and can achieve a remarkably high time resolution but requires knowledge
of the underlying intensity dynamics (31). A more robust approach, based on Fisher
information theory and generally known as the change-point algorithm (23), eliminates time
binning, thresholding, and a presumed kinetic model altogether. This algorithm is capable to
resolve intensity shifts feasibly well and was shown to work equally well for detected
intensities binned into sufficiently short experimental time bins (32). By using an
agglomerative hierarchical grouping method, based on the Bayesian information criterion
(BIC), the algorithm proceeds to calculate the minimum number of statistically significant
states that sufficiently fit the data, and the resolved intensity levels are consequently binned
into these states. However, the BIC is not without criticism (33), for example, estimation of
the minimum number of states depends strictly on the chosen model of intensity states (23).
The assumptions of the change-point method have also been drawn into question (25).
Although this approach is statistically robust and can achieve a high time resolution, it is still
subject to the blurring effects of shot noise. From a visual inspection of fitted intensity traces
(see, e.g., Refs. 34 and 35), most of the large intensity transitions can be identified, but not
all of them.
In this work we provide an alternative and simple approach to resolving similar shifts
between discrete intensity levels by utilizing primarily multiples of the standard deviation of
the intensities in short time bins. Instead of employing a clustering procedure, such as the
BIC, we assume a continuous distribution of intensity levels and thus use all of the distinctly
resolved levels. A qualitative comparison of the properties of different intensity levels is
facilitated by binning the levels into contiguous bins of equal size. This simple approach is
applicable to a wide range of systems that exhibit fluorescence intermittency and provides
substantially more information than the popular two-state model.
Fluorescent dyes and semiconductor nanocrystals, the latter more commonly known as
quantum dots (QDs), are robust single-chromophore systems and popular model systems for
the analysis of fluorescence intermittency. In contrast, biomolecules have gained
considerably less attraction due to their relative instability in typical single-molecule
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environments. In particular, to date, only limited attention has been given to this
phenomenon from pigment-protein light-harvesting complexes (LHCs) (6, 12, 35-37). We will
apply our novel technique to analyze the intensity dynamics from the main light-harvesting
complex of plants (LHCII) to illustrate that biological macromolecules, and in particular LHCs,
can also be used in case studies, though the photoinstability of LHCs demands additional
criteria to acquire reliable data.
LHCII is a trimer of three very similar pigment-protein complexes, where the protein in
each monomer serves as a scaffold to keep 14 strongly coupled chlorophylls (8 Chls a and 6
Chls b) and 4 carotenoid pigments in a well-defined, dense arrangement. Such a strongly
coupled, multichromophore system gives rise to delocalisation of the excited states, a
property which generally leads to a larger spread of fluorescence intensity levels than for
single chromophores (6, 9, 35), making such systems good examples to investigate
fluctuations among multiple discrete emission levels. Furthermore, the dual function of LHCII
makes it an interesting biomolecule to study: in vivo, this system not only transfers the
excitation energy to neighboring LHCs with a remarkably high efficiency, but it is also
capable to dissipate excess energy by means of a feedback self-protection mechanism (3840).
In this work, fluorescence intermittency from LHCII trimers is investigated for the first
time to our knowledge. This study provides the basis for another study in this issue where
the strong environmental dependence of fluorescence intermittency from LHCII is
demonstrated and a mechanism for this phenomenon is proposed.

MATERIALS AND METHODS
LHCII Preparation
HCII trimers were isolated from spinach thylakoid membranes as described before (41), with
minor modifications to increase the purity of the sample (42), and solubilised in a buffer of
20 mM Tris at pH 8, containing also 1 mM MgCl2 and 0.03 % (w/v) n-dodecyl-β,D-maltoside
(β-DM). Poly-L-lysine (PLL; Sigma) was used as an immobilisation substrate. A ~10-pM drop
of the sample was deposited onto a PLL-coated standard microscope coverslip inside a
home-designed, hermetic, temperature-controlled sample cell (43). At room-temperature a
large fraction of complexes rapidly diffused to the substrate and bound to it. The MgCl2 in
the buffer solution served to enhance immobilisation. The cell volume was flushed with the
buffer solution described above, but which was devoid of oxygen. The oxygen scavenging
system consisted of 200 mg/mL glucose oxidase, 7.5 mg/mL glucose, and 35 mg/mL catalase
(all from Sigma). Scavenging was performed while flushing gaseous nitrogen through the
flushing buffer. The action of washing the sample cell with a deoxygenated buffer served to
remove the freely diffusing complexes and to immerse the bound complexes in an
essentially oxygen-free environment, thereby increasing the characteristic survival time
before irreversible photobleaching by about one order of magnitude. Accordingly, a
monolayer of well separated, immobilised complexes was created with a density of about 10
trimers per 100 µm2. Measurements were performed at ~5 °C to prolong the characteristic

90

Resolving Shifts between Intensity Levels

survival time by another order of magnitude compared to measurements performed at
room temperature.

Single-Molecule Confocal Spectroscopy
Complexes were irradiated with a 632.8-nm helium-neon laser (JDS Uniphase), exciting Chl a
or b with a very similar probability. The excitation light was focused to a near-diffraction
limit by using a Plan Fluorite 100× objective lens (Nikon, 1.3 NA, oil immersion). The
excitation and fluorescence photons were separated by means of a dichroic beam splitter
(Chroma Technology Corp., Z633RDC) and a fluorescence filter (Chroma Technology Corp.,
HQ645lp). A 100-µm diameter pinhole allowed transmission of the full Airy disk of the
fluorescence beam and served to suppress a fraction of the noise. The objective and dichroic
mirror were located inside a commercial inverted microscope (Nikon, Eclipse TE300). An
excitation power of 1.0 µW, corresponding to a focal irradiance of ~250 Wcm-2, was typically
used. A piezo stage (Physik Instrumente, P-713.8C) enabled raster scanning of regions up to
80×80 µm2. During a raster scan, the fluorescence photons were directed into an avalanche
photodiode (APD), and a raster-scanned intensity image was constructed in order to locate
fluorescent objects on the substrate (see Fig. 5.1). The APD was also used to acquire
fluorescence intensity time traces of selected complexes. The spectral integrity of a
fluorescing object was determined by investigating its spectrum as obtained by dispersing
the light by means of a grating (Optometrics LLC, HR830/800nm) onto a charge-coupled
device (CCD) camera (Princeton Instruments, Roper Scientific, Spec10:100BR). Only
complexes that exhibited an emission spectrum similar to the ensemble spectrum were
used. Identification of the complexes and the complete measurement routine, including
elimination of focal drift, were fully automated, as described previously (43).

RESULTS
Environmental Conditions and Data Screening
Unlike highly robust and photostable systems, such as QDs and fluorescing dyes, a number
of environmental conditions first need to be met and appropriate screening of the acquired
data done in order to obtain reliable single-molecule data from photosynthetic LHCII
complexes. First, an ideal environment would be one which mimics the natural environment
very well. Although single-molecule conditions are far from this reality, it has been shown
that much of the dynamics of single LHCs closely represents that of in vivo systems (44). The
interactions between the investigated system and the immobilisation substrate or light trap
are likely the largest artificial parameters. However, immobilisation is a requisite in SMS to
acquire a statistically relevant data set from one complex. The effect of different
immobilisation substrates and methods on fluorescence intermittency from LHCII falls
beyond the scope of this study. Considering the other environmental conditions for LHCII, it
was found that when the conventional in vitro environment is used, under single-molecule
conditions these complexes are highly photo-unstable (42), having a survival time before
irreversible photobleaching of only 1-2 seconds during continuous irradiation of ~250 Wcm-2
at ~630 nm. Removal of oxygen increased the survival time with one order of magnitude,
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strongly suggesting the involvement of reactive oxygen species in the process of
photobleaching. This is remarkable, considering the relatively high carotenoid content,
molecules which quench deleterious oxygen singlets and radicals. Decreasing the ambient
temperature to 5°C resulted in another order of magnitude increase of the survival time of
LHCII. Under these conditions, data sets accumulated under ~2 minutes of continuous
illumination could typically be acquired.
In a single-molecule study one obviously desires to optimise the SNR. One way to achieve
this is to simply increase the excitation intensity. However, whereas large excitation
intensities are often employed for QDs and dyes, the fluorescence intensity from LHCII
quickly saturates and the survival time drastically shortens in high light (42). This
fluorescence saturation results from singlet-triplet annihilation, a process in which a longliving carotenoid triplet formed by an earlier absorbed photon quenches the excitation (see
Chapter 2.5). Since the triplet lifetime of the carotenoids in LHCII approximately doubles
when oxygen is removed (45, 46), the fluorescence intensity of LHCII is halved under the
same conditions. Oxygen scavenging in these systems is therefore performed at the cost of
losing half of the signal. However, we favoured the significantly larger data set when oxygen
is scavenged and thereby excluded oxygen as a parameter in the investigated dynamics.
Another hindrance is the susceptibility of LHCII to small environmental changes under
single-molecule conditions. In these conditions, LHCII, which typically fluoresces at a peak
wavelength of 682 nm, occasionally switches irreversibly into a state characterised by a
spectral peak between 650 nm and 670 nm (42). This phenomenon, referred to as spectral
bluing, very likely originates from denaturation (47, 48) and was explained by inefficient
energy transfer from primarily excited Chl b to the Chl a molecules of the complex (42). One
explanation could be that when the Chl b molecules detach from the LHCII protein they
aggregate between the complex and the micelle surrounding the complex. Another anomaly
is an irreversible transition into a state that is characterised by no or weak fluorescence and
interspersed with rapid photon bursts. The flushing process utilised during oxygen
scavenging of the sample cell occasionally increased the fraction of complexes displaying
such spectral bluing and photon bursts. These anomalies were generally observed from the
onset of illumination. The irreversibility of the transitions into these states strongly suggests
unnatural states, and complexes displaying such behaviour were therefore disregarded. The
fraction of complexes displaying this behaviour could change significantly between different
sample preparations, but comprised at most a few percent for a typically used data set.
Under single-molecule conditions, the maximum fluorescence intensity often exhibits a
significant heterogeneity among different identical systems, even for single chromophores
(9, 35, 49). Such heterogeneity can directly be observed from a raster-scanned image, as
illustrated in Fig. 5.1 for LHCII. Raster scanning of a region of interest within the sample cell
identified a matrix of fluorescence spots, each representing a single fluorescing unit or a
small group of closely spaced fluorescing objects. Due to the high purity of the utilised
sample (42), the majority of the dimmer spots are most likely trimers in temporarily or
permanently quenched configurations. A fraction of the dim spots may represent monomers
or small aggregates that were artificially formed during the dilution and/or immobilisation
process, though the probability for such an event is unknown. The intrinsic intensity
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Figure 5.1. Fluorescence (FL) image (6 μm × 6 μm) of single LHCII assemblies at 5°C in an oxygen-free
environment. One pixel (px) corresponded to 0.5 μm × 0.5 μm. Raster scanning was performed at 3
ms/px at an excitation power of 200 nW (which corresponds to a peak intensity of ~50 Wcm-2). The
detected background was typically <6 counts/3 ms/px, with an average of ~1.5 counts/3 ms/px. The
density of spots is ~4 times higher than generally used.

heterogeneity necessitated additional data screening, not only to exclude the fraction of
contaminants, but more importantly, to reduce statistical artefacts: an intrinsically dim
complex gives rise to a relatively small SNR, thereby masking transitions between the
accessed intensity levels, so that normalisation underestimates the contribution of primarily
intermediate intensity levels. For this reason only the fluorescence spots that corresponded
to the expected fluorescence of a fully emitting trimer (see Chapter 2.5) were considered. In
Fig. 5.1, such spots are represented by peak values of 50–60 counts per 3 ms per pixel,
equivalent to intensities of 3000 ± 400 counts per 3 ms, integrated over the whole spot.
Considerably larger values, such as the single large peak in Fig. 5.1, very likely correspond to
more than one complex. Simultaneous excitation of uncoupled systems is highly feasible,
considering that the near-diffraction-limited excitation spot size (the theoretical limit of
which is ~ 1.2λ NA ~ 600 nm) is 2 orders of magnitude larger than the characteristic size of
a trimer (having a cross-sectional diameter of 7.3 nm (50)). Such simultaneous excitations
are largely reduced by using a duly diluted sample, but are obviously not eliminated.
Simultaneous excitation of two dim complexes often generates a maximum intensity similar
to that of a trimer in an unquenched conformation. A method often employed in SMS
studies to identify a single quantum unit is to look for transitions between a fully emitting
and a dark state within a single time step, where the fluorescence from the dark state
corresponds to the background level. We employed the same criterion to identify single
complexes. To also include in the analysis also super-radiant trimers and quenched trimers
that switched to unquenched states after the onset of illumination, most screening was
performed after data acquisition.
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The last filtering was based on sufficiently long survival times: only complexes that
survived longer than one-third of the average survival time of ~1 min were considered. In
this way more realistic values were obtained for the longest dwell times, where the dwell
time is defined as the time before a transition to a state with a different intensity is made.
The dependence of the fluctuation statistics on differing survival times was considerably
lessened by employing averaging over the whole ensemble instead of per complex. Data sets
comprising more than 100 feasible time traces after data screening were typically
considered.

Algorithm to Resolve Intensity Fluctuations
After performing sufficient data screening to ensure a reliable set of time-resolved
intensities, the transitions between distinct intensity levels can be resolved. We followed the
conventional way to elevate the signal above its noise by integrating the detected intensities
into equal time bins, thereby averaging out to a high degree the Poisson-distributed noise.
Although a larger bin time increases the SNR and consequently also the accuracy to resolve
intensity shifts, at the same time it reduces the time resolution and raises the possibility to
miss transitions into short-lived states. The accuracy of resolving intensity levels therefore
depends on an appropriate bin time. For LHCII under ~250-Wcm-2 excitation we typically
used 10-ms binned intensities, as shown in Fig. 5.2A, which gave rise to a SNR of ~9 for fully
emitting states.
We based the definition of an intensity shift on flexible thresholds that depend directly on
the shot noise. Consider n consecutive intensities {Ii}, for i = 1,… , n , that collectively
represent an intensity level with intensity defined by the mean I = 〈 I i 〉 . Considering the
Poisson-distributed nature of shot noise, the standard deviation of the noise is simply
σ = I , and {Ii} tend to follow a normal distribution for a sufficiently large n, implying that
the probability that for some value of i, Ii is more than 1σ from I is 31.7%. The same applies
to the data point In+1 if considered to be part of the same intensity level, i.e.,
P( I n+1 > I + σ ) + P( I n+1 < I − σ ) = 31.7% , which constitutes a relatively large fraction. This
probability can be decreased in two simple ways, viz., by considering
(i) Larger deviations from I, say kσ for a constant k; and
(ii) A small number, m, of consecutive data points.

(

) (

)

A reasonably small probability P ( m , k ) = P ∑ i =1 I n + i > m ( I + kσ ) = P ∑ i =1 I n + i < m ( I − kσ )
would indicate a large probability that a transition to a new intensity level is made. For
simplicity, we used a 1σ deviation (i.e., k = 1 ) for m ≥ 4 , and increasingly larger deviations
for smaller values of m. The probability that the average of four consecutive data points
exceeds 1σ is approximately equal to the probability that each of them exceeds 1σ on the
same side of I, which is 0.127%, i.e., P (4,1) ≈ 0.063% . Four such points are considered the
first four points of a new intensity level. Smaller values of m are also employed, considering
that similar probabilities are given by P(1,3.25), P(2,1.96), and P(3,1.37). These constraints
are applied not only on the averages of the new potential intensity level but also on {Ii}.
Furthermore, transitory points between two consecutive levels are treated as shot noise.
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Considering the background signal of typically ~15 counts per 10 ms (c/10 ms) for the
example in Fig. 5.2, intensity shifts of at least ~4 c/10 ms can be resolved for a transition
from a low-intensity level to higher intensities, where both levels are accessed for at least 40
ms. Similarly, a dwell time of 10 ms can be resolved for intensity shifts of at least ~14 c/10
ms after a low-intensity level. The given expressions are only applicable for a reasonably
large n, which generally is not the case. The value of k is therefore multiplied by a factor of
~1.2, a value which can be adjusted by visually inspecting the accuracy of the resolved
transitions. This factor also accounts for processes that increase the extent of noise, such as

Figure. 5.2. Two examples of a 10-ms binned intensity trace from a single LHCII trimer (A,E), and
illustrative excerpts to demonstrate the resolving power of the algorithm (B-D and F-H,
respectively). Measured intensities are shown in grey and the reconstructed traces as thick black
segments.
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fluctuations other than shot noise that cannot be resolved or that lead to an ambiguous
identification of levels with short dwell times.

Demonstration of Algorithm on Single LHCII Trimers
The performance of our algorithm is demonstrated on the two 10-ms resolved intensity
traces in Fig. 5.2. These examples include periods of substantial intensity heterogeneity (Fig.
5.2D,F,H). Visual inspection tells that in all examples the transitions were captured very well.
Missed transitions occurred only occasionally; for example, in Fig. 5.2B a lower intensity level
was very likely accessed for ~20 ms after ~1.5 s; and in Fig. 5.2D a small shift likely occurred
at time ~54.6 s, but this new level was captured only after the short transition at 55 s.
Evidently, what could be considered missed transitions indicate particular cases of ambiguity
caused by the shot noise. The shot noise is also responsible for inaccurate estimations of the
intensities of levels with short dwell times. However, a comparison of different short events
indicates that these estimations are often realistic; for example, the resolved intensities of
the short events in Fig. 5.2C are comparable, and similarly for the short events in Fig. 5.2G.
The intensities of the short events in Fig. 5.2B were possibly less accurately estimated;
however, the heterogeneity of the accessed intensity levels is confirmed by the long-living
states of the same complex in Fig. 5.2D, which were resolved more accurately.
Although the resolved intensity levels could be clustered into a minimum number of
statistically significant discrete levels, as performed by Watkins and Yang (23), we preferred
using all the resolved levels, the large number of which may represent a subset of a quasicontinuous distribution of intensity levels. The ranges of intensity levels that were
preferentially accessed can subsequently be differentiated by binning the levels into
contiguous bins of equal size.
Most transitions are made within a time bin, so that the exact instant of a transition is
accurate only to within ~10 ms. This inaccuracy is largest for dwell times of 10–20 ms.
However, the accuracy of longer dwell times could also be difficult to estimate: unresolved
transitions, most of which occur to states with <10-ms dwell times, result in an
overestimation of the dwell times. It is therefore important to estimate the fraction of
missed transitions, especially those obscured by the bin time. We will use the examples of
the 1-ms resolved intensity traces in Fig. 5.3. Fig. 5.3A shows a typical pattern, characterised
by fluctuations primarily between the highest and lowest intensity levels, whereas Fig. 5.3B
is a particular case of dynamic intensity fluctuations, including intermediate intensity levels.
Although intermediate intensities are now obscured by the shot noise, transitions between
the highest and lowest intensity levels with <10-ms dwell times can be identified reasonably
well. In Fig. 5.3A, four cases of very short events can be identified, all indicated by (*), with
only the event at ~0.9 s having a dwell time of <10 ms. Inspection of several other intensity
traces indicated that events with <10 ms dwell times were generally less abundant than
dwell times of 10–20 ms. Although some complexes did exhibit a considerable fraction of
<10-ms events (Fig. 5.3B), such cases were rare. It is therefore reasonable to assume that
large intensity shifts to <10-ms events affect the estimation of only a small fraction of the
resolved long dwell times for LHCII. A quantitative analysis of the <10-ms events will be
discussed together with Fig. 5.11.
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Figure 5.3. Two excerpts of 1-ms binned intensity traces from single LHCII trimers: a representative
example (A) and a particular case of rapid fluctuations (B). States with dwell times <2.5 ms are
indicated by (*).

By using this analysis technique we will first demonstrate the wealth of information that
can be extracted from an intensity time trace and consequently demonstrate how resolving
the intensity levels can considerably reduce the distortion of the dwell time probability
distributions that result from shot noise.

Analysis of Intensity Fluctuations
In this section, the various accessed intensity levels of a single LHCII trimer are resolved to
acquire information on the properties of its fluorescence fluctuations. The 10-ms resolved
intensity trace displayed in Fig. 5.4A is used as an example. The time trace shows evidence
that mainly two bright intensity levels were accessed, interspersed with brief visits to states
of lower intensity. The bright levels were not constant but exhibited relatively slow
fluctuations within the ranges 50–60 c/10 ms and 70–80 c/10 ms, respectively, which could
signify fluctuations of the levels themselves on a timescale of tens of seconds. In Fig. 5.4B
the distribution of the measured intensity values is compared with that of the resolved
levels. Evidently, the two bright intensity levels, denoted by L1 and L2, respectively, were
resolved well by our algorithm, and the extent by which these levels fluctuated is indicated
by the width of the “bands”. However, in the distribution of the individual, 10-ms resolved
intensity values, which is the conventional approach to analyze a time trace, the broad highintensity band completely lacks structure due to the strong blurring effect of the shot noise.
Based on this distribution, employing a two-state model would be the only reasonable
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Figure 5.4. (A) Intensity time trace of a single LHCII trimer; (B) corresponding histogram of the 10-ms
intensities values (line) and resolved intensity levels (bars). The corresponding number of 10-ms
binned values is depicted by the axis on top. Intensities were binned into units of 2 counts per 10 ms
(c/10 ms) and indicated by the vertical steps and bar widths, respectively. Distinct peaks in the
histogram of the resolved levels are labelled by L1, L2, and D.

approach. The discrepancy between the two distributions for the dim intensity levels (D)
results from the observation that these levels were generally visited for brief periods. Note
that the numerous instances of a rapid transition between the brightest (L1) and dimmest
(D) levels point to a single quantum unit.
Fig. 5.5 displays in different ways the information obtained from the resolved intensity
levels of the time trace in Fig. 5.4A. Fig. 5.5A confirms that the intensity levels were
distributed across a large range of values and were stable for a large range of durations. In
addition, high intensities clustered more around longer dwell times, whereas the opposite
was found for the low intensities. Integrating over the whole measuring time, the relative
time spent in the various intensity levels is shown in Fig. 5.5B for equally binned intensities,
where the contrast between the total dwell time in bright states and other states is
emphasised. Noteworthy is the large broadening of the 10-ms resolved intensity distribution
due to the shot noise. Fig. 5.5B also indicates that the measured complex spent more time in
L1 than in L2. This stems from the observation that L1 was visited more frequently than L2
(Fig. 5.5C), and that the average dwell time in L1 per visit was slightly longer than in L2 (Fig.
5.5A). Similarly, although dim states were visited frequently (Fig. 5.5C), the average time of
residence in these states was considerably shorter than for the brighter states (Fig. 5.5A,B).
In Fig. 5.5D, only rapid, reversible transitions between L1 and D were considered. This
selection of states is comparable to the conventional two-state approach used to investigate
fluorescence intermittency, though the intensity bins in the latter approach are generally
significantly larger. Fig. 5.5D demonstrates that transitions between L1 and D occurred most
frequently between relatively long on states (~1 s) and very short off states. This panel is
related to the probability to observe an on (respectively off) event of a given duration before
(respectively after) a large reduction in the intensity. In the next section, the strong effect of
shot noise on the on- and off-time probability distributions will be shown. It will be

98

Resolving Shifts between Intensity Levels

Figure 5.5. Different representations of the intensity fluctuation properties as obtained from
resolving the intensity shifts of the time trace in Fig. 5.4. (A) Distribution of resolved intensity levels
and corresponding time of residence. (B) Fraction of time that each of the resolved intensity levels
was accessed (bars), for intensity bins of 2.5 c/10 ms, and histogram of the 10-ms binned intensity
values (line), where the y-values were multiplied by 2.5 to facilitate comparison. (C) Number of times
that each of the resolved intensity levels was accessed in one minute, for intensity bins of 2.5 c/10
ms. (D) Number of times per minute that the intensity reversibly decreased with at least 70%, as
function of the dwell time in the bright state before (open circles) and in the dark state after (filled
circles) the transition. Bins of the dwell times are equally distributed along the logarithmic axis and
indicated by the step size. Error bars in all panels denote standard deviations.

demonstrated that the distributions are generally only reasonable when the resolved
intensity levels are employed and not the conventionally used individual intensity values.

Two-State Analysis
The probability distributions of on and off events are conventionally plotted on a doubly
logarithmic scale to deduce a physical relationship between the dwell times in on and off
states, τ on and τ off , and their frequencies of occurrence. To obtain realistic values for small
probabilities, such as values that occur only once in an intensity time trace, a weighted
probability density is generally employed, defined for every value of τ on as (18)
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P (τ on ) =

N (τ on )

1

tot
N on

avg
∆ton

.

tot
Here, out of a total number Non
of on events, N (τ on ) denotes the number that occurred
avg
for a period τ on , and ∆ton represents the weighting quotient, defined by the algebraic
mean (a + b) / 2 , where a and b are the time differences between τ on and the next longest
and next shortest dwell times with nonzero probability, respectively. For common dwell
avg
times, a and b both equal the time resolution; for rare events, ∆ton
increases and hence
P(τ on ) decreases. The probability density of off states is defined similarly.

We will first construct probability distributions by following the conventional two-state
approach. Consider the histogram of 10-ms binned intensity values from ~100 individually
measured LHCII trimers, as portrayed in Fig. 5.6A. Each trimer fluoresced for an average of
~1 min before being bleached irreversibly, and each intensity time trace satisfied the
filtering criteria described in the first section. As before, the distribution comprises two
broad peaks, corresponding to off and on states, respectively. We separated the two peaks
by a single, fixed intensity threshold, Ithr = 25 c/10 ms, defined as the minimum between the
two peaks. Fig. 5.6B shows the resulting probability distribution of the dwell times in the on
and off states that are defined in this way. The probability distributions of the on and off
events stretch across more than 5 and 6 orders of magnitude, respectively, and the
corresponding dwell times across more than 3 orders of magnitude, spanning most of the
experimentally accessible timescale. The distribution of τ off follows the usual trend of a
−moff
simple inverse power-law dependence, P(τ off ) ∝ τ off , where moff reflects the slope of the
straight line on the doubly logarithmic scale in Fig. 5.6B. The on-time distribution also follows
the general behaviour that is found for most other fluorescing systems, which consists of a
power-law dependence at short dwell times that turns into an exponential dependence at
long dwell times (16, 51-53). The common description of this distribution is an upper
− mon −τ on τ c ,on
e
exponentially truncated power law, P(τ on ) ∝ τ on
, where the crossover time τ c ,on
denotes the characteristic time after which the power-law behaviour, which governs the
physical processes at short dwell times, starts to be dominated by an exponential behaviour.
For a number of systems it has been found that the off time distributions follow a similar
exponential behaviour at sufficiently long dwell times (54-56), which could also be the case
for LHCII if longer dwell times could be made experimentally accessible.
The power-law slopes mon and moff reflect the ease of relaxation of the on and off states,
respectively. The acquired values of 1.43(2) and 1.98(3), respectively, indicate that off states
were on average less stable than on states and were thus accessed for shorter average
periods than on states, in agreement with the results from Figs. 5.4 and 5.5. We found for
this system that mon and moff strongly depend on the value of Ithr (data not shown). This can
be attributed to the fast change in the slope of the intensity histogram (Fig. 5.6A) around Ithr,
which is ascribed to the considerable contribution of intermediate intensities. A larger bin
time would further separate the on and off histogram peaks (25), thereby making the choice
of Ithr less strict, a condition which was found for numerous other systems (24, 55). For all
accessed intermediate intensity levels that are within the extent of the shot noise from Ithr,
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Figure 5.6. (A) Histogram of 10-ms
binned measured intensities acquired
from ~100 individually measured LHCII
trimers. The threshold between on and
off intensities (Ithr = 25 c/10 ms, depicted by the short vertical line) is
defined as the minimum intensity
between the “on” and “off” histogram
peaks. (B) Weighted probability density
distribution of the “off” (filled circles)
and “on” (open circles) dwell times,
using the same time-resolved intensity
traces as in A. Data set corresponding
to “off” times was multiplied by 100.
Lines are the results of least-squares
fitting. See text for definitions. Fitting
results are shown at the bottom, with
the error on the last significant digit in
parentheses. (C) Illustrative excerpt
from an intensity time trace, showing
various shot-noise-induced fluctuations
across Ithr, which is depicted by the
dashed line.

the shot noise will create fluctuations across Ithr, giving rise to many erroneous short-time
events. An intensity time trace that displays this behaviour is shown in Fig. 5.6C.
The effect of such fluctuations across a fixed threshold on the power-law slopes is
demonstrated in Fig. 5.7. We selected 22 out of the original ~100 intensity time traces for
which the fraction of shot-noise-induced fluctuations across Ithr = 25 c/10 ms could be
considered negligible. The probability dwell time distributions of the selected traces are
compared to that of the complete set of ~100 traces (black vs green circles in Fig. 5.7). The
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Figure 5.7. Weighted probability density
distributions of the dwell times in “off” (filled
circles) and “on” (open circles) states. The
selected set (black) comprises 22 intensity time
traces out of the original ~100 (grey) which
exhibited a very small fraction of shot-noiseinduced fluctuations across Ithr = 25 c/10 ms.
Data in grey are the same as in Fig. 5.6B and
are shown for comparison. Data of “off” times
were multiplied by 1000. The lines are the
results of least-squares fitting of the data of
the selected set. Fitting results are displayed at
the bottom, with the error on the last
significant digit given in parentheses.

effect of the shot-noise-related fluctuations is most evident for the on times: the large
number of short-time events across Ithr is responsible for over-estimating the probability of
the shortest dwell times, and correspondingly shortening the duration of intermediate and
long-time events. Both effects give rise to steeper slopes at the corresponding dwell times.
For the off-time distribution of the selected traces, the deviations at long dwell times are
attributed to the undersized statistical data set. It may intuitively be expected that the
relatively small number of off events will be influenced more by the shot noise than the
more frequently occurring on events. The observation that this is not the case may be
explained by considering that a substantially larger number of transitions were made
between different on states than between different off states. Such transitions often
involved intermediate intensity levels that were within the extent of the shot noise from Ithr
and were thus limited for the selected traces. However, for the complete set, such
transitions influenced the on events considerably more than the off events.
For the same 22 selected time traces, the distinct intensity levels were resolved using our
algorithm and binned into the same two intensity bins, defined as on and off states,
respectively. The distribution of unbinned intensity levels and corresponding dwell times is
shown in Fig. 5.8A, which also indicates the position of Ithr. The weighted probability
distribution of the on and off times of the individual intensity values are compared in Fig.
5.8B to that of the intensity levels. As expected, the trends of the two distributions are very
similar, affirming the efficacy of our algorithm. The small discrepancies between the
individual data points are likely due to the small fraction of shot-noise-related shifts across
Ithr that was not eliminated.
Fig. 5.9 shows that the dwell-time distributions of complexes that exhibited no
intermediate intensity levels near Ithr are a reasonable estimation of the real behaviour. We
resolved the intensity levels of the complete set of ~100 LHCII complexes. The distribution
of intensity levels and dwell times is portrayed in Fig. 5.9A. Approximating all complexes by a
two-state model, the resulting probability distributions of the on and off dwell times are
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Figure 5.8. (A) Distribution of intensities
and corresponding dwell times of the
resolved intensity levels of the same 22
selected intensity traces considered in
Fig. 5.7. The intensity threshold
between “on” and “off” states (Ithr = 25
c/10 ms) is depicted by the dashed line.
(B) Weighted probability density
distributions of the “off” (filled circles)
and “on” (open circles) dwell times that
correspond to the resolved intensity
levels in A (red) as compared to those of
the 10-ms binned measured intensity
values (black). Intensity shifts within an
“on” or “off” state were neglected.
Data of “off” times were multiplied by
1000. Power-law fits (lines) and fitting
results (below) were performed on the
data of the resolved levels.

Figure 5.9. (A) Distribution of intensities
and corresponding dwell times of the
resolved intensity levels of the ~100 time
traces considered in Fig. 5.6. The
intensity threshold between “on” and
“off” states (Ithr = 25 c/10 ms) is depicted
by the dashed line. (B) Weighted
probability density distributions of the
“off” (filled circles) and “on” (open
circles) dwell times that correspond to
the resolved intensity levels in A (blue) as
compared to the resolved levels of the 22
selected traces in Fig. 5.8 (red). Intensity
shifts within an “on” or “off” state were
neglected. Data of “off” times were
multiplied by 1000. Power-law fits (lines)
and fitting results (below) were
performed on the data of the complete
set of ~100 traces. (C) Same as for the
complete set in A, but considering
intensity shifts within an “on” or “off”
state.

shown in Fig. 5.9B. The change in moff as compared to Fig. 5.8B can be attributed to the
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shown in Fig. 5.9B. The change in moff as compared to Fig. 5.8B can be attributed to the
statistically undersized data set of the off-time distribution in Fig. 5.8B. The contribution of
intensity shifts within an on or off state can be accounted for in a two-state model by
considering the dwell times in the individually resolved intensity levels without binning the
levels into a single on and off state. The resulting on- and off-time distributions are depicted
in Fig. 5.9C. As expected, such an approach shortens the average dwell times, thereby
steepening the corresponding power-law slopes. Because most transitions occur within an
on state, the on-time distribution is affected most significantly. This approach represents a
more realistic depiction of the dwell times in distinct intensity states.
The probability distributions in Fig. 5.9 deviate from a power-law behaviour at the
shortest dwell times. This phenomenon was investigated by considering a considerably
larger data set. Fig. 5.10 displays the on- and off-time probability distributions for a set of
~600 intensity time traces, each of which applied to the filtering criteria described in the
first section. For this sizable data set, the probability densities of the shortest off and on
times are considerably smaller than the power-law predictions. The on-time distribution can
now be described much better by a superposition of exponential decay functions, i.e.,
−τ on / ti
P (τ on ) = ∑ i Pe
,
i
n

where the constants ti represent the characteristic decay times of the physical processes
underlying the on events. Fig. 5.10 shows that n = 3 exponentials provide an excellent fit.
The off-time distribution can be described well by a power-law function with an exponential
cutoff at short dwell times. For this trend we employed the following lower exponentially
truncated power law:
−m

P (τ off ) ∝ τ off off e

− (τ off τ c ) β

.

Figure 5.10. Weighted probability density
distributions of the “off” (filled circles) and “on”
(open circles) dwell times that correspond to the
resolved intensity levels of a set of ~600 intensity
time traces. Solid lines denote fits of the function
−2.8
P (τ off ) ∝ τ off
e

− (τ off 0.06)−0.76

for “off” times and

P(τ on ) = 0.71e−τ on /0.114 + 0.2e−τ on /0.427 + 0.03e−τ on /1.5
for “on” times. See text for details. Data of “off"
times were multiplied by 1000. Dashed lines
represent fits of power-law functions similar to
those used in Figs. 5.6−5.9.
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Here, the truncation is described by a stretched exponential function, where τ c
represents the characteristic time at which the stretched exponential behaviour dominates
the power-law behaviour, and β denotes the stretching exponential.
The obscuring effect of shot noise on the calculated dwell-time probability densities
becomes particularly evident when shorter bin times are employed. This is demonstrated in
Fig. 5.11, which shows the results for a set of 1-ms resolved intensities. The utilised intensity
time traces exhibited a similar behaviour as in Fig. 5.3A, suggesting that the shot-noiseinduced fluctuations of most accessed intensity levels are now overlapping. The intensity
histogram (Fig. 5.11A) illustrates this by a strong overlap of the on and off histogram peaks.
It is therefore expected that the dwell-time probability distributions of the measured 1-ms
binned intensity values will deviate more from those of the resolved intensity levels than
before. The slopes of the power-law approximations in Fig. 5.11 show that this is indeed the
case. The distributions of the resolved intensity levels are now less steep than for the 10-ms
binned intensities (Figs. 5.9 and 5.10), which is attributable to the small SNR that gave rise to
a less accurate identification of intensity shifts. For the 1-ms binned intensities, the
substantial amount of fluctuations across Ithr steepened the slopes and decreased τ c ,on as
compared to the distributions of the 10-ms binned intensities in Fig. 5.6. The relatively small
values of τ c ,on can be explained by the short survival times due to oxygen in the local
environment. To increase the SNR for these 1-ms binned measurements, oxygen was not
removed. Fig. 5.11C further suggests that the power-law behaviour that is exhibited very
Figure 5.11. (A) Histogram of 1-ms binned
intensity values from a set of individually
measured LHCII trimers in an aerobic
environment. The presence of oxygen ensured a
larger SNR. The threshold between “on” and
“off” states (Ithr = 5 c/ms) is depicted by the
dashed line. (B) Distribution of resolved
intensity levels and corresponding dwell times
of the time traces used in A. Ithr is indicated by
the dashed line. (C) Weighted probability
density distribution of the “off” (filled circles)
and “on” (open circles) dwell times
corresponding to the resolved levels (black) as
compared to those of the 1-ms binned
measured intensity values (grey). Lines are the
results of least-squares fitting on the data
corresponding to the resolved levels (black,
solid) and to the 1-ms binned measured values
(grey, dashed). See text for definitions. Fitting
results are shown.
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well at the short on and off times for the 1-ms binned intensity values broke down when the
intensity levels were resolved. For the resolved levels, off dwell times <10 ms likely occurred
even less frequently than dwell times of 10–20 ms. This provides a quantitative measure of
the relatively small contribution of intensity shifts with dwell times <10 ms, a property that
was discussed in relation with Fig. 5.3.

DISCUSSION
The main issue at hand is how reliable information can be obtained in spite of the
unavoidable obscuring and artefactual effects of shot noise. It was shown that in the
conventional two-state approach to analyze intensity fluctuations, shot noise not only
severely limits the amount of information that can be retrieved, but can also result in
misleading interpretations. Much attention was given to the properties of the dwell-time
probability distributions and how these distributions are affected by shot-noise-induced
fluctuations across the threshold which separates on and off states. Such fluctuations
constitute a considerable fraction of the observed dynamics in LHCII complexes due to the
relatively large abundance of states that correspond to intermediate intensities. It was
shown that these fluctuations significantly steepen the on-time distributions and cause an
overestimation of the probability of short events. These limitations and obscuring effects can
be reduced to a large extent by explicitly resolving the intensity levels of an intensity time
trace. However, the accuracy of the resolved properties is still largely determined by the
shot noise. It is therefore essential to use data with a sufficiently large SNR, which is done in
our algorithm by choosing an appropriate bin time. This user-defined value determines both
the time resolution and the size of intensity shifts that can be resolved, two parameters that
counteract. If a particular system exhibits only relatively large intensity shifts, a sufficiently
short bin time can be employed, and vice versa. In this way the user can determine which
parameter requires a better resolution. We showed that for LHCII the fluorescence dynamics
can be adequately described when using a bin time of 10 ms. For this system, large intensity
shifts to <10-ms events very likely affect only a fraction of the resolved long dwell times, and
the inaccuracies caused by the 10-ms bins are relevant for only the shortest dwell times.
For the lowest intensity levels, our technique can use as few as 15–20 detected photons
to resolve intensity shifts. This resolution is very comparable to the statistically robust
change-point technique of Watkins and Yang (23). Although in their case time binning is
avoided and the arrival time of every photon is considered, their time resolution depends to
a similar extent on the shot noise as our approach. Both approaches can identify intensity
shifts well, the accuracy of which also critically depends on the shot noise in both cases. A
quantitative comparison of the performance of the two approaches lies beyond the scope of
this work.
The popular two-state approach a priori assumes a particular kinetic model comprising a
single light and single dark state. This may indeed be a reasonable approximation for certain
single-chromophore systems for which the majority of intensity levels corresponding to the
light state are well separated from those in the dark state (see the example in Fig. 5.8).
However, most fluorescing systems studied to date exhibit a significant fraction of
intermediate intensities (6, 22, 32, 34, 35). This particularly applies to systems that contain
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multiple chromophores like LHCII. By resolving the intensity levels from such systems, the
large distribution of accessed intensity levels can be assessed and particular states can be
selected for further investigation (Fig. 5.3 and 4). Fig. 5.7 suggests that for these systems
shot-noise-induced fluctuations across a fixed threshold can considerably affect the powerlaw slopes mon and moff. However, by first resolving the accessed intensity levels, such
artificial fluctuations are eliminated almost completely. This indicates that a probability
dwell time distribution that is based on resolved intensity levels is more realistic than the
conventional approach in which the individual intensity values are directly employed.
It is important to establish whether the deviations from a power-law behaviour at the
shortest dwell times in Fig. 5.9 and 10 are real and not artefactually caused by the method of
data analysis. In particular, our algorithm resolved the dwell times in the range 10–30 ms on
a different condition than longer dwell times: a shorter dwell time required a larger jump
size to be resolved, which applied to dwell times up to 40 ms. This implies that the
probability of dwell times in the range 10–30 ms is underestimated by our algorithm. The
degree of underestimation can be predicted by considering the following argument: in the
two-state approach, only unresolved transitions across Ithr to states with dwell times of 10–
30 ms influence the on- and off-time probability distributions, which applies to the
intermediate intensity levels closest to Ithr. The relatively small number of such states as
compared to the bright and dim states suggests that the inaccuracy in the prediction of the
shortest dwell time probabilities is rather small. More convincingly, the deviations from a
power law in the on-time distribution in Fig. 5.10 stretch far beyond the first three dwell
times to 0.1–0.2 s. These trends are supported to some measure by Fig. 5.7, where shotnoise-induced transitions were eliminated to a large extent without employing our
algorithm. Not only did the probability of short on times decrease significantly, but this Fig.
5.also suggests that the probability of the shortest on and off times deviated slightly from a
power-law behaviour. Based on these arguments, we suggest that this deviation is rather a
physical effect, or conversely, that a power-law behaviour at the shortest dwell times is an
artefact caused by shot noise.
In Fig. 5.10 it was demonstrated that a superposition of a few exponential functions
described the on-time distribution much better than a modified power law, suggesting that
for LHCII the underlying mechanism of these on states likely involves a distribution of a small
number of decay channels. A similar description may apply to many other systems, in
contrast to what has frequently been suggested (57, 58). This result indicates that the use of
parameters in the data analysis that are subject to shot noise can even lead to the
identification of incorrect physical relationships. The underlying mechanism of fluorescence
intermittency from LHCII is discussed in Chapter 6 and Ref. 59.
Finally, the power-law approximation in the two-state model can still be employed to
compare the values of the power-law slopes of LHCII with those obtained for numerous
other fluorescing systems. The value of mon (~1.43) that was obtained by considering the
individual 10-ms resolved intensities in Fig. 5.6 corresponds well to the value of ~1.5 that
has consistently been determined for most QDs (58) by following a similar approach. For
these QDs, moff generally acquired a very similar value as mon. (A power-law exponent of 1.5
is exactly what a first-passage time distribution in a biased random walk predicts and is
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therefore an appealing constant when mechanisms are developed that are based on normal
diffusion components.) By following a similar approach for fluorescent dye molecules,
significantly steeper slopes have generally been found, ranging from ~1.5 to ~2.8 (57, 6062). For these systems moff and mon were sometimes similar (57, 62) but in most other cases
mon > moff (60, 61). The behaviour exhibited by all of these QDs and fluorescent dyes is in
contrast to that found for LHCII, for which moff > mon (Fig. 5.6). Such a blinking heterogeneity
between different fluorescent systems is likely due to the large structural diversity between
these systems and different possible underlying mechanisms. Furthermore, this study
suggests that all of these values may change considerably when artificial shot-noise-induced
fluctuations across subjectively chosen thresholds are eliminated.

CONCLUSIONS
Although single-molecule spectroscopy has the potential to efficiently scrutinise much of the
rich dynamics exhibited by biomolecules and other dynamic systems, the acquired
information is often hidden in the ubiquitous intrinsic shot noise. Moreover, the
interpretation of single-molecule measurements is often challenged by this shot noise. Much
of the ambiguity in the interpretation of fluorescence intensity fluctuations is caused by the
presence of intermediate intensity levels. These levels constitute a considerable fraction of
the fluorescence from multichromophore systems. We have demonstrated that the LHCII
trimer serves as a sufficient biological case system to investigate this phenomenon and have
shown the first fluorescence intermittency results from this complex.
A novel technique was introduced to resolve shifts between the intensity levels of timeresolved intensity fluctuations. This technique was applied to the fluorescence from single
LHCII trimers but can be applied to essentially any other fluorescing system. The efficiency of
the technique is influenced by the intrinsic shot noise of the detected intensities and
ultimately depends on the quality of the data. This approach identified a large number of
discrete intensity levels from LHCII, thereby providing substantially more information than
the conventional approach where the measured time-binned intensities are directly used.
Moreover, for systems that exhibit a substantial number of intermediate intensities the
frequently used two-state model is prone to misleading interpretations: for these systems
the shot-noise-induced fluctuations across a fixed threshold can significantly distort the
dwell-time probability distributions in states with intensities above or below the threshold.
By first resolving the intensity levels prior to applying the two-state model this distortion can
be avoided, which does not only lead to less steep power-law slopes of the on-time
distributions but may also result in substantial deviations from a power-law behaviour, as
illustrated for LHCII. This suggests a different physical mechanism behind fluorescence
intermittency from these systems than what is generally inferred. Consequently, sufficiently
suppressing the influence of shot noise in the data from single-molecule measurements is
essential to a fundamental understanding of the physical principles that underlie the
investigated processes in these systems.
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