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The time-resolved fluorescence intensity fluctuations from 

single, immobilised complexes of the main light-harvesting 

complex (LHCII) of plants were investigated in different pH 

environments close to room temperature and under different 

light conditions. The efficiency of light harvesting, which was 

represented by complexes typically residing for long periods in 

strongly fluorescing states, was significantly reduced by 

decreasing the pH or increasing the incident photon flux. The 

same environmental changes significantly increased the 

switching frequency between strongly and weakly fluorescing 

states. The environmental dependence became more evident 

when the various accessed intensity levels were first resolved, 

a technique which significantly reduced the obscuring effect 

of shot noise. The strong environmental sensitivity suggests 

that the immediate environment of an LHCII complex can 

modulate the amount of energy dissipation. A simple model 

illustrates how this may be achieved: the dynamic equilibrium 

between the strongly and weakly fluorescing states can be 

shifted by environmentally controlling the conformational 

diffusion on the potential energy surface of LHCII. 
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INTRODUCTION 

One of the first, vital steps in photosynthesis is fast and efficient excitation energy transfer 

upon absorption of a photon by the pigments of a light-harvesting antenna to the 

photosynthetic reaction centre. The efficiency of energy transfer is highly dependent on the 

spectroscopic properties and the relative orientations and distances of the involved 

chromophores (1-3). These chromophores are kept in well defined, dense arrangements by 

a protein scaffold, giving rise to strongly coupled systems called light-harvesting complexes 

(LHCs). One such a finely tuned system is the main light-harvesting complex of plants, LHCII, 

the dominant subunit of photosystem II (PSII). LHCII is a pigment-protein complex, naturally 

existing as a trimer, and contains 42 chlorophylls (24 Chls a, 18 Chls b) and 12 carotenoids 

(Cars) (4, 5). Excitations absorbed by the Cars and Chls b are efficiently transferred to Chls a 

on a sub-ps to ps timescale (1, 6-10). In each LHCII monomer the 8 Chls a form 3 

excitonically coupled clusters and one uncoupled Chl a (11, 12). In each cluster ultrafast 

relaxation occurs among the excitonic levels (2, 3, 12, 13). Energy transfer among the 

clusters occurs on a ps timescale; the uncoupled Chl a acts as a bottleneck, transferring 

energy on a 5–10 ps timescale to the other Chls (3, 12). After about 20 ps most of the 

energy is localised on the Chl a610-611-612 trimer, with Chl a610 being the lowest energy 

pigment. Energy transfer among the monomers in the LHCII trimer occurs on a 10–20 ps 

timescale (2).  

As a result of such energy transfer, the excitation energy may be quenched at some 

specific traps in different ways. The most recurrent trap can be related to the internal 

conversion of the electronic excitation into heat in the lowest energy Chl molecule. 

Alternatively, the Car and Chl molecules can rearrange into an excitonically coupled dimer 

(14), resulting in energy transfer to the Car S1 state (15, 16) or to a charge-transfer (CT) state 

of such a dimer, as suggested for the homologous minor antenna complexes of PSII (17-19). 

Excitation trapping by the CT states of excitonically coupled Chl molecules (20) and energy 

transfer to impurities (21) have also been suggested. These mechanisms were developed to 

explain the reversible component of the photoprotective phenomenon known as 

nonphotochemical quenching (NPQ), during which LHCs switch to a state in which they 

harmlessly dissipate excess energy (22-24). This phenomenon is activated under conditions 

of strong irradiation when the harvested energy exceeds the needs of the chloroplast. The 

efficiency of light harvesting in LHCs in vivo and in vitro is affected by numerous stress 

conditions, for example an acidic environment (25), aggregation (26), and strong deviations 

from physiological temperatures (24, 27). 

Reversible quenching of excitation energy is certainly ot restricted to LHCs. Single-

molecule spectroscopy (SMS) has revealed the presence of reversible transitions to dark 

states with lifetimes substantially longer than triplet states. This phenomenon was 

discovered ~15 years ago, first for single dye molecules (28-31) and colloidal semiconductor 

nanocrystals (quantum dots, QDs) (32) and thereafter for a diverse range of other 

fluorescing systems (33-44). Upon continuous excitation, the fluorescence intensity from 

these systems rapidly and abruptly fluctuated among discrete emission levels. This 

behaviour is arguably the most astounding example of information that is hidden by 

conventional ensemble-averaging techniques, techniques that severely limit the detection 
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of noncollective processes in these systems. The fluorescence fluctuations occur primarily 

between strongly emitting and non- or weakly emitting states, a behaviour generally known 

as fluorescence intermittency or blinking. The respective states are commonly referred to as 

on and off states. When an irreversible transition is made to an off state, the process is 

called bleaching. Despite almost 15 years of rigorous investigation into this phenomenon, 

the underlying mechanisms are barely understood and subject to speculation for most 

systems (45-47). It is commonly believed that the excitation is reversibly trapped, typically 

by intersystem crossing for relatively short dwell times in off states, and on longer 

timescales by charged chemical defects (commonly involving electron transfer) or processes 

activated by small conformational changes.  

In most investigated systems that display fluorescence intermittency, the dwell time in 

weakly emitting states (off times) varied across all experimentally accessible timescales, 

spanning typically four orders of magnitude, and in robust systems, such as QDs, even from 

sub-ms to possibly a few hours (48-52). Luminescence autocorrelation studies of QDs have 

pointed toward dwell times as short as the excited state lifetime of 30 ns (53). The 

distribution of on and off times provides direct information on the population and recovery 

rates of the various fluorescing states. Intriguingly, in virtually all systems studied to date, 

the probability density of both on and off times follows an inverse power-law dependence 

or a simple modification thereof (45, 50, 51, 54-59). In Chapter 5 and Ref. 60 we suggest 

that a deviation from a power-law dependence occurs for LHCII at the shortest dwell times, 

a behaviour which is evident when the various accessed fluorescence intensity levels are 

resolved. It is illustrated how shot noise affects the accuracy of data analysis, in particular 

for systems that spend a significant fraction of time in states that exhibit intermediate 

intensities in addition to the strongly and weakly emitting states. 

Fluorescence intermittency is generally found to be a nuisance rather than beneficial, 

because many of the investigated chromophores are widely used as fluorescent probes. 

Much effort has therefore been devoted into finding conditions that would prevent this 

phenomenon to occur. Suppression of fluorescence intermittency can be achieved by 

modifying or eliminating excitation traps and thereby stabilising the on states. Various 

environmental conditions have such an effect on QDs and fluorescent dye molecules, for 

which fluorescence intermittency is presumably based on charge separation (45-47). In 

these systems, the on times were stabilised by increasing the dielectric constant of the 

substrate (61, 62), increasing the pH (63), or adding electron-donating moieties (64-67) or 

surface-bound ligands (68-70). Although it was significantly reduced, fluorescence 

intermittency could not be eliminated by these methods. Another way to stabilise the on 

states of QDs is to design QDs with thick, crystalline shells (71, 72). Recently, a breakthrough 

was achieved when a special alloyed shell design enabled complete suppression of the 

fluorescence intermittency from a QD (73). 

Fluorescence intermittency has also been observed for a variety of pigment-protein LHCs 

(33, 39, 74-76). Indeed, it has been proposed that sufficient disorder in the fluorescent 

system or surrounding environment is a necessary condition for fluorescence intermittency 

(45, 57, 61, 62). Although LHCs are intrinsically disordered (77), it is still remarkable that 

they exhibit a similar phenomenon as systems, such as fluorescent dyes and QDs, which are 
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structurally much simpler and entirely different. Even more striking is when the functional 

significance of LHCs is considered: in vivo, these complexes are subunits of large 

photosystems and capable of efficient energy transfer to neighboring complexes (78). The 

extent to which the properties of fluorescence intermittency from LHCs correspond to those 

of other fluorescing systems has not been investigated yet. In fact, to date only limited 

attention has been given to this phenomenon from LHCs, which one might consider 

remarkable in view of the relation between their biological function and their fluorescence 

properties. In particular, a power-law description and investigation into the environmental 

dependence are still lacking. In this study, the strong environmental sensitivity of 

fluorescence intermittency and its unique properties for LHCII are demonstrated. 

MATERIALS AND METHODS 

The experimental procedure and data analysis are described in detail in Chapter 5 and Ref. 

60. A few selected conditions which are referred to in this study will be mentioned here. 

LHCII trimers were isolated from spinach leaves as described before (79), and solubilised 

in 20 mM Tris for pH 6.5 and 8.0, and in 20 mM HEPES and 15 mM sodium citrate for pH 5.5 

and 6.0. 1 mM MgCl2 was added to the buffer solution to enhance surface immobilisation 

(80), and a detergent comprising 0.03 % (w/v) n-dodecyl-β,D-maltoside mimicked the 

membrane environment. Poly-L-lysine (PLL; Sigma) was used as an immobilisation substrate. 

Oxygen was removed by adding 200 mg/mL glucose oxidase, 7.5 mg/mL glucose, and 35 

mg/mL catalase (all from Sigma). For the pH dependence, an excitation power of 1.0 µW 

was used, which corresponded to a focal irradiance of ~250 Wcm
-2

 (see Chapter 2.5). The 

intensity dependence was performed at pH 8. 

A 632.8-nm helium-neon laser (JDS Uniphase) served as excitation source. At this 

wavelength the Chl a and b molecules were excited nonselectively and the probability to 

excite a Car was negligible. Near-circularly polarised light further reduced selective 

excitation of any of the Chls. 

RESULTS 

In Chapter 5 and Ref. 60 we demonstrate that LHCII trimers exhibit rapid fluorescence 

intensity fluctuations between numerous discrete intensity states, particularly between 

several strongly and weakly fluorescent states. By resolving the intensity levels and 

corresponding dwell times, it is shown that a substantial amount of information can be 

acquired from the intensity time trace of a single trimeric complex. Much of this information 

is hidden by shot noise when the accessed intensity levels are not resolved. In addition, it is 

demonstrated that shot noise can create artefacts when the conventional two-state 

approach is followed to quantify the intensity fluctuations without first resolving the 

accessed intensity levels. In this study we continue the investigation into the intensity 

fluctuations from LHCII trimers by focusing on the environmental sensitivity of the resolved 

intensity levels. In particular, the effect of the ambient pH and the excitation intensity will 

be explored. 
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It should first be noted that the intensity fluctuations exhibited by different LHCII 

complexes in essentially identical environments often display a large heterogeneity. In 

particular, the average frequency of intensity shifts, the relative dwell times in certain 

intensity levels, and the distribution of accessed intensity levels varied substantially 

between different complexes. For example, the fluorescence from some complexes hardly 

fluctuated, while some other complexes exhibited fierce fluctuations (up to ~10 large, 

reversible intensity shifts per second). Similarly, long dark states were prevalent for some 

complexes, while others displayed very unstable dark states. Hence, to systematically 

investigate environmental effects on these complexes, the properties of the fluorescence 

fluctuations needed to be averaged over a substantial number of complexes.  

pH Effect 

A pH at around 8 is one of the physiological 

conditions necessary to ensure strong 

fluorescence of isolated LHCII trimers (25, 26, 

81). Fig. 6.1A shows that in the single-

molecule environment at pH 8 which we 

employed, these complexes similarly exhibited 

strong time-averaged fluorescence: the 

complexes remained for relatively long times 

in bright states and relatively short times in 

dim states. By reducing the pH the following 

effects were induced: 

(i) A decrease in the effective brightness, in 

particular for the cluster of bright states;  

(ii) Broadening in intensity of the data 

clusters that correspond to bright and dim 

states, thus increasing the heterogeneity 

of these states, respectively;  

(iii)  A significant increase in the fraction of 

intermediate and dim states, implying 

that these states were accessed more 

frequently.  

The pH effect of the relative time spent in the 

various intensity levels is more evident when 

integrating over states with similar intensities. 

This effect is illustrated in Fig. 6.2A, where the 

intensities have been integrated into 

contiguous bins of 2 counts per 10 ms (c/10 

ms). For all three pH values the broad high-

intensity peak reflects the data cluster 

corresponding to the bright states in Fig. 6.1. 

For the dim states a broad histogram peak 

Figure 6.1. Distribution of resolved 

fluorescence intensity levels and correspond-

ing time of residence for sets of ~100 

individually measured LHCII trimers at pH 8 

(A), 6.5 (B) and 5.5 (C). The position of Ithr, as 

defined in the text, is depicted by the dotted 

lines. Intensities were integrated into 10-ms 

bins prior to resolving the intensity levels, and 

are expressed in counts per 10 ms (c/10 ms). 
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can similarly be identified. Upon decreasing the pH, the high-intensity peak broadened, 

shifted to a lower intensity, and its area relative to that of the low-intensity peak decreased. 

Each of these three properties contributed to decreasing the average fluorescence 

intensity, the combined effect which is reflected in Fig. 6.2B. In addition, the relative 

increase in the area of the low-intensity peak suggests a significant increase in the total 

time spent in dim states. By defining an intensity threshold between the bright and dim 

states, Ithr, as in Fig. 6.2A, the time spent in all dim states increased by more than a factor of 

2 (Fig. 6.2C). Indeed, the two broad histogram peaks for every data set in Fig. 6.2A suggest 

that the properties of bright and dim states can be approximated reasonably well by 

integrating over each of these peaks. Such a frequently employed two-state approach 

considers only one average dim and one average bright state, often referred to on and off 

states, respectively. Ithr is usually defined as the minimum between such two intensity 

peaks, as depicted in Fig. 6.2A and, correspondingly, in Fig. 6.1.  

The pH effect of the switching frequency between resolved intensity levels is 

demonstrated in Fig. 6.3 for intensity decreases of >70%. In a pH 8 environment, most 

switches were performed between long-living high-intensity states and short-living dim 

states, in agreement with Fig. 6.1A. Upon decreasing the pH, this behaviour remained the 

most common type, although the dwell times in both bright and dim states increased, with 

the most dramatic effect occurring for the dim states. This stabilisation of the intensity 

levels obviously implies a smaller frequency of switching between them, a behaviour which 

is also evident from this figure. The larger abundance of intermediate and dim states upon a 

decrease of the pH (Fig. 6.1) can be explained by a higher switching frequency between dim 

and intermediate states. In addition, the large difference between the probabilities to 

observe a short event in a bright and dim state indicates that short blinking events were 

much more abundant than photon-bursts. 

The probability to observe on and off events is frequently described by probability 

distributions of the dwell times in these states. Such an approach provides a compact and 

transparent way to inspect the on and off times, and often facilitates a statistical description 

of the stability of these states. The weighted on and off dwell time probability distributions 

(82) for sets of individually measured LHCII trimers in four different pH environments are 

shown in Fig. 6.4. The data of Fig. 6.1 were used, together with a fourth data set (for pH 

6.0). For all pH values, the distributions of on and off dwell times between 0.1 s and 10 s can 

be fitted reasonably well with the power-law functions that are generally employed in such 

a two-state approach: for the off times, offτ , the probability density is defined as 

( )
moff

off offP τ τ −
∝ , whereas a power law with an exponential cutoff is a more common 

description of on-time ( onτ ) distributions (43, 54, 57, 83), i.e., ,( ) on c ononm
on onP e

τ ττ τ −−∝ . In 

these functions, the power-law exponentials moff and mon represent the slopes of the 

straight lines on the doubly logarithmic scale in Fig. 6.4, and the cross-over time ,c onτ  

denotes the characteristic time after which the power-law behaviour, which governs the 

physical processes at short on times, starts to be dominated by an exponential behaviour. 

The fitting parameters moff, mon, and ,c onτ
 
are displayed in Fig. 6.5. The divergence of the 

data from a power-law behaviour below 0.1 s likely indicates a physical effect (see Chapter 5 
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and Ref. 60) and suggests an exponential cutoff or a transition to a different power-law 

behaviour that predicts smaller probabilities at the shortest dwell times (51, 63). 

The large spread in data points at longer dwell times is responsible for relatively large 

error bars of the fitting parameters. However, the most obvious trends induced by lowering 

the pH are a slight decrease in moff and a significant increase in both mon and ,c onτ , pointing 

to a stabilisation of all off states, a strong destabilisation of short on states, and a strong 

stabilisation of long on states, in agreement with Figs. 6.1 and 6.3. The general effect of a 

 

Figure 6.2. (A) Fraction of time spent in each accessed intensity level for intensities binned into units 

of 2 c/10 ms. For each histogram the position of Ithr is depicted by the dashed line with the 

corresponding colour. (B) Average intensity in each of the pH environments. (C) Total fraction of time 

spent in off states. Data in Fig. 6.1 were employed for B and C. 

 

 

Figure 6.3. Number of times per 

minute that the intensity reversibly 

decreased with at least 70%, as 

function of the time which the 

complex resided in the respective 

dim state after the transition (A) 

and the bright state before the 

transition (B). The data of the 

resolved intensity levels were used. 

The insets show the same data 

normalised to the maxima. The bins 

of the dwell times are distributed 

equally along the logarithmic axis, 

with the error bars indicating the 

bin widths. An uncertainty of 10% 

was estimated on the y-values. 
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low pH environment is thus a partial suppression of fluorescence intermittency by stabilising 

the off states and long on states.  

A direct comparison between mon and moff is reasonable only if both mon and ,c onτ  are 

relatively large, in which case ,c onτ  would affect primarily dwell times with very low 

probabilities. The combined effect of mon and ,c onτ  can be determined by a property such as 

( )onE τ , the expectation value of onτ  (Fig. 6.5D). The decreasing trend of ( )onE τ  as the pH 

was lowered suggests that the pH-induced change in mon is more significant than the change 

in ,c onτ . Thus, the average effect is a destabilisation of the on states. The trend of moff is 

directly reflected in its expectation value, ( )offE τ , which significantly increases with 

decreasing pH. Hence, ( ) / ( )on offE Eτ τ  strongly decreased upon lowering the pH (Fig. 6.5E), 

confirming the strong shift to off states. 

In order to compare the trends and absolute values of the fitting parameters for LHCII 

with those from other fluorescing systems found in literature, it is necessary to follow a 

similar approach, i.e., instead of resolving the accessed intensity levels, the intensity values 

obtained from an intensity time trace are employed directly. Employing a similar two-state 

model as before, the most significant changes are expected to result from analysis artefacts 

caused by shot noise (see Chapter 5 and Ref. 60). Thus, by comparing the results from the 

two approaches, the obscuring effect of shot noise on the data analysis can be quantified.  

Figure 6.4. Weighted probability density distributions of the dwell times in “off” (A) and “on” (B) states 

and corresponding fits (lines) in four different environments, each with a different pH. The data in Fig. 

6.1 were used for three of the data sets. See text for definitions. For clarity, the y-values were 

multiplied by 10
3
 relative to the data set directly below. 
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The intensity histograms of the same 10-ms resolved intensity traces that were used for 

Figs. 6.1−6.3 are displayed in Fig. 6.6. The histograms again comprise two distinct, broad 

peaks, corresponding to bright and dim states, respectively, and referred to as on and off 

states, respectively. The values of Ithr are similar to those defined for the intensity levels in 

Fig. 6.2A. A comparison of Figs. 6.2A and 6.6 suggests that shot noise broadens the 

histogram peaks and averages out the underlying structure. The weighted probability 

distributions of offτ  and onτ , as calculated directly from the 10-ms resolved intensity traces, 

are displayed in Fig. 6.7. Similar to Fig. 6.4, the distributions can be described reasonably 

well by a power-law and exponentially enveloped power-law function for offτ  and onτ , 

respectively, but now extending to the shortest dwell times of 10 ms. As demonstrated in 

Chapter 5 and Ref. 60, the power-law behaviour at the shortest dwell times is most likely an 

artefact caused by shot-noise-induced fluctuations across Ithr. Furthermore, the distributions 

at the longest dwell times are narrower than for the resolved intensity levels, signifying 

again the smoothing effect of shot noise. 

 

Figure 6.5. (A–C) pH dependence of the fitting parameters of the distributions in Fig. 6.4 (filled 

circles) and Fig. 6.7 (open circles). Power-law slopes of the “off”-time distributions (A); power-law-

slopes (B) and exponential cutoff times (C) of the “on”-time distributions. (D,E) pH dependence of the 

expectation value for “on” dwell times (D) and the ratio between this value and the expectation 

value for “off” dwell times (E). Expectation values were defined as , , ,( ) ( )on off on off on offE Pτ τ τ= ⋅∑ . 

The data from Fig. 6.4 were used for the resolved intensity levels (filled circles) and the data from 

Fig. 6.7 represent the measured 10-ms binned intensity values (open circles). Error bars denote 

standard deviations. 
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Figure 6.6. Intensity histogram of 10-ms resolved intensity time traces of ~100 individually measured 

LHCII trimers in different pH environments. For each histogram the position of Ithr is depicted by a 

dashed line.  

 

Figure 6.7. Same as Fig. 6.4, but for the corresponding 10-ms binned intensities. Data sets are separated 

by 10
2
 units with respect to one another.  
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The parameters of the fits onto the distributions in Fig. 6.7 are displayed in Fig. 6.5, where 

they can be compared directly with those of the resolved intensity levels. The trends are 

now less clear and the pH effect smaller than for the resolved levels. It can be concluded 

that overall both mon and ,c onτ  increased with a decreasing pH, a similar behaviour as for 

the resolved levels. However, the trend of moff is less clear and suggests even a slight 

increase upon lowering the pH, i.e., a slight destabilisation of the off states. This discrepancy 

can be explained by considering the fraction of intermediate intensity levels for which 

artificial fluctuations were created across Ithr by the shot noise superimposed on the 

intensity level. Such fluctuations across Ithr create many erroneous short-time events and 

correspondingly fewer long-time events, thereby steepening the power-law slopes, as 

observed for mon. Since the fraction of such levels increased as the pH was lowered (see 

Figs. 6.1 and 6.2A), moff increased correspondingly. It may intuitively be expected that shot 

noise would have a similar effect on mon, i.e., that the pH effect on mon should be larger than 

for the resolved intensity levels. However, at pH 8 the large difference between Ithr and the 

average intensity of the brightest states allows many transitions to be made between 

different on states, which was indeed observed. Many of these lower intensity levels within 

the on distribution are within the extent of the shot noise (the square root of the average 

intensity) from Ithr. When the intensity levels are first resolved, such transitions between 

different on states are binned into a single long on event. However, when the intensity 

levels are not resolved, shot noise shortens these on events. As the pH was lowered, the 

difference between Ithr and the average intensity of the brightest states decreased and 

correspondingly fewer transitions within an on state were resolved. As a consequence, the 

difference between the on times, as calculated for the two different approaches, decreased 

as the pH was lowered. The combined effect of mon and ,c onτ
 
is again more evident when 

considering ( )onE τ , which indicates a clear decrease with decreasing pH, suggesting again a 

general destabilisation of the on states. The change in ( )onE τ
 

now dominates that of 

( )offE τ , as reflected by the behaviour of ( ) / ( )on offE Eτ τ .  

Effect of the Incident Irradiation 

Next, the dependence of the fluorescence intermittency from LHCII trimers at pH 8.0 on the 

excitation intensity was investigated. Intensities in the range 25–500 W/cm
2
 were 

employed. Larger intensities resulted in a substantial shortening of the survival time of the 

complexes and strong saturation of the fluorescence, whereas intensities smaller than this 

range yielded a too small fluorescence photon flux, both anomalies which hindered a 

reasonable comparison with other data sets. Furthermore, a small signal-to-noise ratio 

(SNR) is prone to inaccurately resolve fluorescence intensity shifts. In Chapter 5 and Ref. 60 

it was suggested that a SNR of at least 8–9 enabled identification of the accessed intensity 

levels feasibly well. We therefore integrated the data corresponding to the lowest excitation 

intensity (25 W/cm
2
) into bins of 50 ms. In order to facilitate comparison, the same bins 

were employed for the higher intensities. 

Fig. 6.8 illustrates that the fluorescence fluctuations depended dramatically on the 

incident photon flux. The total switching frequency between intensity levels which differed 

by >70% and which were visited for at least 50 ms increased ~8 fold within the utilised 
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intensity range. This strong increase in the switching frequency resulted mainly from a 

strong destabilisation of the bright states (Fig. 6.8B). The dim states exhibited a more 

complex dependence on the incident intensity: these states were visited first for 

increasingly shorter times, but above ~125 W/cm
2
 the average dwell time per visit 

increased with the intensity (Fig. 6.8A). The combined effect of these changes on the total 

 

 

Figure 6.8. Average frequency of 

occurrence of a reversible 

transition from a bright state into 

a dim state as function of the 

dwell time in the state succeeding 

(A) and preceding (B) the 

transition. The behaviour is 

shown as function of 5 different 

excitation intensities, depicted in 

different colours and expressed in 

the legends in W/cm
2
. The 

intensity levels between which 

the transitions occurred were 

resolved from 50-ms binned data. 

An intensity reduction of >70% 

defined a transition. The bins of 

the dwell times are distributed 

equally along the logarithmic 

axis, with the error bars 

indicating the bin widths. The 

insets show the same data 

normalised to the maxima.  

 

Figure 6.9. Excitation intensity 

dependence of the fluorescence 

intensity histogram of 50-ms 

resolved intensity time traces. For 

each histogram the position of Ithr 

is depicted by a dashed line with 

the corresponding colour. For 

clarity, a constant of 0.5% was 

added to the y-values of every 

histogram relative to the one 

directly below. The legends 

denote the excitation intensities, 

expressed in W/cm
2
, and the 

corresponding total fraction of 

time spent in “off” states. 
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time spent in an off state, offΦ , is a strong increase with the intensity, as shown by the 

corresponding intensity histograms (Fig. 6.9). Some of the histograms indicate the presence 

of more than one on or off band, suggesting that at those intensities particular states may 

be accessed with higher probabilities. The position of Ithr, defined similarly as before, is 

indicated on each of the histograms.  

The off and on dwell time probability distributions for the different excitation intensities 

are displayed in Fig. 6.10. The distributions are well described by similar power-law 

functions as used for the pH dependence, the fitting parameters being shown in Fig. 6.11. 

Both moff and mon increased strongly with the excitation intensity, confirming the 

destabilisation of the respective states. The stabilisation of the off states at higher 

intensities is reflected by the saturation and decreasing trend of moff at these intensities, 

while the strong decreasing behaviour of ,c onτ  contributed to the destabilisation of the on 

states. The effect of the excitation intensity on the relative expectation value of on and off 

dwell times, ( ) / ( )on offE Eτ τ , is shown in Fig. 6.11D. Upon increasing the intensity the 

probability to find a long on event relative to a long off event first increased significantly and 

above ~250 W/cm
2
 started to decrease again (Fig. 6.11D). This behaviour stems from the 

destabilisation of the off states that was followed by a strong stabilisation trend. The fitted 

power-law functions were used to calculate the average on and off dwell times, onτ〈 〉  and 

offτ〈 〉  (Fig. 6.11E), which in turn were used to calculate the kinetic rate constants into the on 

 

Figure 6.10. Weighted probability density distributions of the dwell times in “off” (A) and “on” (B) 

states as function of the excitation intensity, and the corresponding fits (lines). Data of intensity levels 

that were resolved from 50-ms binned data were used. See text for definitions. The excitation 

intensities, expressed in W/cm
2
, are indicated on the left of each data set. For clarity, the y-values 

were multiplied by 100 relative to the data set directly below. 
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and off states, kon and koff, respectively (Fig. 6.11F). As expected, onτ〈 〉  and offτ〈 〉  are 

inversely correlated with mon and moff, respectively. The ratio of these times, /on offτ τ〈 〉 〈 〉 , 

displays a very comparable behaviour to ( ) / ( )on offE Eτ τ  (Fig. 6.11D), confirming the 

goodness of the fits. In addition, the strong positive correlation of kon and koff with the 

excitation intensity is in agreement with Fig. 6.8. Evidently, the ratio koff/kon also increases 

with the intensity, until the destabilisation of these states at the highest utilised intensities 

starts to dominate. 

DISCUSSION 

In this section the general and specific effects of a decreasing pH and increasing excitation 

intensity on the fluorescence intensity dynamics of single LHCII trimers are discussed. The 

 

Figure 6.11. (A–C) Excitation intensity dependence of the fitting parameters of the distributions in 

Fig. 6.10. Power-law slopes of the “off”-time distributions (A); power-law slopes (B) and exponential 

cutoff times (C) of the “on”-time distributions. (D) Excitation intensity dependence of the relative 

expectation value of on and off dwell times (asterisks) and the ratio between the average dwell time 

in an on state and an off state (filled circles). The data of Fig. 6.10 were used to calculate the 

expectation values, and the fitted functions in Fig. 6.10 were used for the calculations of the average 

dwell times. The error bars denote standard deviations. (E) Average dwell time in an “on” state (filled 

circles) and in an “off” state (open circles), based on the fitted functions in Fig. 6.10. (F) Kinetic rate 

constants into “on” (filled circles) and “off” (open circles) states, based on the fitted functions in Fig. 

6.10. 
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trends of the on and off time distributions as a function of the environmental changes are 

interpreted and compared with the properties of other fluorescing systems. Finally, the 

information provided by the environmental dependence of fluorescence intermittency will 

be used to propose a simple model for this phenomenon in LHCII. 

pH Effect: Influence of Surface Immobilisation 

The presence of an immobilisation substrate is the major difference between the utilised 

single-molecule environment and conventional in vitro environments in which ensembles of 

LHCII complexes are solubilised. Fluorescence intermittency has been observed from a 

diverse range of fluorescing systems that were immobilised on some kind of substrate. It 

may therefore intuitively be thought that surface immobilisation plays an important role in 

the underlying mechanisms of this phenomenon, possibly due to interaction with the 

substrate. However, various studies have indicated that fluorescence intermittency prevails 

when an immobilisation substrate is absent and even when no method of immobilisation is 

employed. This was recently demonstrated for the photosynthetic light-harvesting protein 

allophycocyanin, which was immobilised by means of a light trap (74). Similarly, 

fluorescence intermittency was observed from freely diffusing QDs (84). These results 

provide strong evidence that fluorescence intermittency is not restricted to single-molecule 

conditions, but is an intrinsic property shared by various fluorescing systems. 

Although it is not caused by any particular environmental conditions, fluorescence 

intermittency may significantly be influenced by the local environment. This was 

demonstrated in extensive studies on various QDs and dyes on different immobilisation 

substrates and in numerous immersion media. In particular, the fluorescence intermittency 

from these systems was affected such that the low emission states were stabilised when the 

dielectric constant of the substrate increased (61, 62). Likewise, for various systems it was 

shown that diverse immersion media do not completely suppress fluorescence 

intermittency but in most cases have differing effects on its properties (58, 85-87). The 

varying changes of the fluorescence intermittency properties of different fluorescing 

systems can be explained by the diverse structures of these systems that give rise to varying 

responses to changes in their local environments. This indicates that, although diverse 

systems share many similarities with regards to fluorescence intermittency, every system 

should be considered individually.  

The rapid switches among an apparent continuum of fluorescence intensity levels that 

were exhibited by LHCII complexes point to dynamic underlying processes. The significant 

pH effect on the fluorescence intermittency suggests a strong involvement of protons 

closely associated to LHCII. These protons may interact with the trimers in at least two 

different ways, viz., by direct interaction of freely diffusing protons with protons bound to 

the protein, and via protonation of the terminal amines of the PLL side chains. Concerning 

the latter, the pKa of the ε-amino groups of the PLL substrate is 10.0-11.1 (88). Thus, PLL is 

highly protonated at pH 5.5 and partly deprotonated at the low basic pH of 8.0. This likely 

affects the binding affinity of PLL with LHCII by increasing it at low pH. Such a stronger 

electrostatic interaction may stabilise the protein conformational states that are involved 

with fluorescence intermittency and consequently reduce the intensity switching frequency. 
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However, the expected corresponding changes were not observed in two simple control 

experiments: (i) Stronger attachment to the substrate suggests a longer average time before 

detachment. In the absence of salt in the immersion buffer, LHCII trimers were found to 

detach from the PLL substrate within a couple of hours (80), but  this time did not change 

consistently with acidification (data not shown). (ii) A stronger interaction with the substrate 

is expected to change the protein structure. However, the pH did not notably affect the 

fluorescence spectral profiles (data not shown). It can therefore safely be concluded that 

the pH only subtly affects the electrostatic interaction between LHCII and PLL. 

pH Effect: Dwell Time Probability Distributions 

The responses to environmental changes are often expressed as different power-law 

exponents of the on and off dwell time probability distributions, mon and moff, respectively. 

For QDs and fluorescent dyes, immobilisation substrates generally affected only moff  (58, 61, 

89), while immersion media affected moff in some systems (85) and mon in others (87). The 

effect of the pH and the excitation intensity on fluorescence intermittency from other 

systems can be compared to that of LHCII by comparing mon and moff obtained by similar 

analysis and fitting techniques. Such a comparison is reasonable within the range of dwell 

times that are significantly shorter than ,c onτ  and when the chosen bin times sufficiently 

separate the on and off histogram peaks. The effect of shot noise in this approach depends 

strongly on the fraction of intermediate intensities that gave rise to shot-noise-induced 

fluctuations across Ithr. A multichromophoric system like LHCII is expected to exhibit more 

intermediate intensities than QDs and single-chromophoric dyes. The analysis of 

fluorescence intermittency from LHCII is therefore expected to be affected more by shot 

noise than these systems. It was shown in Fig. 6.5 that shot noise underestimates both the 

difference between mon and moff and the environmental dependence of these parameters. 

Following the approach by not first resolving the accessed intensity levels but directly 

using the intensity values from an intensity time trace, the pH effect of fluorescence 

intermittency from QDs (63) shares many similarities with that of LHCII. Considering the 

substantial differences in the respective structures, this is quite remarkable. For example, 

for both systems mon increased with decreasing pH, while moff remained approximately 

constant within the same pH range. The absolute values of mon are also comparable, 

whereas moff is slightly larger for LHCII. Another similarity is that for both systems, an acidic 

environment decreased the effective brightness. A small difference is that for the 

investigated QDs (63), the on times on average became shorter and the off times longer, 

while for LHCII the longest on times also showed an increasing trend with decreasing pH, a 

phenomenon that is more explicit when considering the analysis of the resolved levels. For 

both LHCII and QDs, the ensemble effect of a decreasing pH is a significant decrease of the 

average emission intensity and increase of the average off dwell time. 

Fluorescence intermittency from the green fluorescent protein (GFP) showed a different 

behaviour than both LHCII and QDs: for this system mon was unaffected by the pH in the 

investigated range (41). This is in contrast with the expectation that GPF, being a protein, 

would exhibit fluorescence intermittency which shows more similarities with that of LHCII 

than with QDs. 
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Effect of the Incident Irradiation 

The excitation intensity dependence of mon and moff for LHCII was obtained by analyzing the 

resolved intensity levels (Figs. 6.10 and 6.11) and showed a strong increase of both 

parameters with the excitation intensity, but with moff showing a saturation behaviour and a 

decrease at the highest utilised intensities. By performing a similar analysis but excluding 

resolution of the intensity levels, similar trends were obtained for mon and moff (data not 

shown), although the shot noise again underestimated the changes. This behaviour is 

somewhat different than the common behaviour of other systems, for which moff was often 

independent of the excitation intensity and mon increased (41, 90) or decreased (87) with 

the intensity. For these systems, stronger dependencies may be obtained when the effect of 

shot noise is suppressed. This suggests that for an appropriate analysis the intensity 

dependence of mon and moff for these systems may be similar to that of LHCII.  

The intensity dependence of mon and moff for LHCII suggests that the mechanism 

underlying fluorescence intermittency has a light-dependent component. In particular, 

changes in mon indicate that the forward (on-off) switches are partially light driven, whereas 

changes in moff suggest that the backward (off-on) switches are driven by a relatively small 

photon flux and hindered by larger intensities, thereby exhibiting a rather complex 

behaviour. Some other systems have also shown complex dependencies, such as a quadratic 

intensity dependence (91), or even signs of light independence or spontaneous fluorescence 

blinking (92). 

Analysis of the intensity dependence is incomplete without considering the predicted 

intensity-dependent quenching processes that lead to fluorescence saturation at high 

intensities (Fig. 6.12). It can readily be shown that this saturation is governed by the process 

of singlet-triplet (ST) annihilation. Although triplet states themselves constitute an abundant 

source of complete quenching of the excitation energy, their characteristic lifetime is 

considerably smaller than the experimental timescale of 10 ms and will thus have no 

observable effect on the observed intensity fluctuations. In particular, under the utilised 

anaerobic conditions, essentially all Chl triplets in LHCII are rapidly quenched by Car triplets, 

the latter decaying within ~ 9Carτ  μs (6, 93). The average effect of ordinary triplet 

quenching is incorporated in the value for the fluorescence yield φf. However, the presence 

of one triplet in the trimer inevitably leads to ST annihilation upon absorption of all 

subsequent photons, because the characteristic timescales of intra-monomeric and -trimeric 

energy transfer in LHCII are considerably shorter than Carτ  (3). Thus, at high excitation 

intensities, ST annihilation results in saturation of the fluorescence intensity. The relation 

between this saturation and the effect of high intensities on fluorescence intermittency will 

be investigated by considering the predicted saturation curves. 

We first neglect the effect of fluorescence intermittency by considering the detected 

fluorescence rate of the on states. In the steady-state approximation, this parameter is 

given by Eq. 14 in Chapter 2.5 in terms of the incident irradiance eI  and the intensity of 

optical saturation sI : 

 det det1
on e s

e s

I I
k k

I I
∞=

+
, (1) 
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where detk ∞
 denotes the maximum fluorescence rate obtained asymptotically for infinite 

excitation rates when other multiphoton saturation processes are neglected. We can 

express the ratio  

 ( )1e s e L ISC tI I k k kτ= + , (2) 

indicating the dependence on the rate of photon absorption ke, the excited state lifetime 

τL, and the rates of triplet state population (kISC) and depletion (kt). The latter two 

parameters, as well as detk ∞
, can be determined empirically by using the fluorescence 

saturation curve depicted in Fig. 6.12.  

A simplified form of Eq. 1 is given by Eq. 13 in Chapter 2.5. A simple, conceptual 

derivation of this expression can be obtained as follows. We assume that ST annihilation is 

the only source that shortens the fluorescence lifetime, giving rise to an effective 

fluorescence yield of ( )eff 1f f STϕ ϕ η= − , where ST ISC ek kη =  is the fraction of absorbed 

photons that are rapidly quenched by an existing triplet state. Considering that upon 

intersystem crossing, which occurs for a fraction of φt absorbed photons, the next Car ekτ  

photons are quenched due to ST annihilation, a reasonable approximation is given by 
1( )ST Car e Car e tk kη τ τ ϕ −≈ + . Hence, ( ) 1

1 1ST Car tekη τ ϕ −− ≈ + , from which follows (using 

det
on eff

e fk k ϕ η= , where η denotes the total collection, transmission and detection efficiency): 

 det 1
e fon

e Car t

k
k

k

ϕ η
τ ϕ

=
+

. (3) 

Fluorescence lifetime experiments suggest that the fluorescence lifetime of LHCII decays 

multi-exponentially, most likely comprising two components (94-99). We could consider the 

longest lifetime component to correspond to the on states and the other component to off 

states. In Chapter 2.5 this approach is followed and the values ϕt = 0.31 and ϕf = 0.27 are 

calculated. Employing these values, it follows that Eq. 3 describes very well the saturation 

trend of the average measured on intensities, as demonstrated in Fig. 6.12.  

The effect of fluorescence intermittency on the steady-state fluorescence intensity can 

be described similarly by modeling off states as very long triplet states (100). In Eq. 2, kISC is 

then replaced by koff and kt by kon. The three-level system that was assumed in the 

derivation of Eq. 3 can be approximated by a two-state model by assuming that the decay of 

the off state is instantaneously followed by population of the on state. fϕ  and tϕ  can then 

be replaced by onϕ  and offϕ , respectively, and fτ  and Carτ  by onτ〈 〉  and offτ〈 〉 , respectively. 

However, these parameters, including the fraction koff/kon, now all depend strongly on Ie, as 

also suggested by the intensity dependence of det det
on avgk k− , and hence a theoretical description 

demands knowledge of the nature of these states.  
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Environmental Control over Fluorescence Intermittency 

The large heterogeneity in the switching properties that was observed when the 

environmental conditions were kept constant may be related to the substantial intrinsic 

disorder of LHCII. However, considering that each complex experiences an essentially 

unique local environment, the heterogeneity more likely results from subtle changes in a 

complex’s local environment that can create large changes in its emission properties. 

Although the switching properties maintained a significant heterogeneity when the 

environmental conditions were altered, the strong pH and light dependence of the time and 

population averages of these properties signifies that the probability for certain processes 

increased, i.e., the majority of complexes showed a similar response to particular 

environmental changes. This behaviour suggests environmental control over the switching 

processes between on and off states, indicating that the disordered state of LHCII can be 

modulated by its immediate environment. 

The specific structure and environment of LHCII are expected to be responsible for the 

unique properties of its fluorescence dynamics. Although the overall pH and light 

dependence of its fluorescence behaves qualitatively similarly to that of some other 

systems, the relative values of mon and moff are distinct when compared to most other 

systems. In particular, for most QDs and fluorescent dyes on offm m≥
 

under various 

environmental conditions (58, 85, 87, 89), whereas for LHCII on offm m<  was obtained for all 

investigated pH values and excitation intensities. This indicates that fast off-on (backward) 

 

Figure 6.12. Fluorescence saturation curve of the average measured emission in on states (open 

circles), all intensity states (triangles), and the difference between these values (filled circles). 10-ms 

binned intensities were used to restrict the fraction of fluctuations on timescales shorter than the 

experimental resolution. Data of the resolved intensity levels were used. “On” states were defined as 

before. The error bars denote 2σ deviations. The solid line is the detected photon rates as predicted 

by Eq. 3, using the following parameter values: τCar = 9 μs (6, 93), η = 0.09, φf = 0.27, and φt = 0.31 

(see Chapter 2.5). Eq. 1 yields an identical curve, with detk ∞
= 8700 cps, �L = 3.75, kISC/kph = 744 (see 

Chapter 2.5). 
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transitions dominate in LHCII, especially in high pH environments and at moderate 

excitation intensities, implying that LHCII is predominantly in a bright state. We propose that 

this property is related to the efficient light-harvesting function of LHCII and that the 

efficiency of this function can be reduced by stress conditions, such as an acidic 

environment and a larger incident photon flux. 

A possible connection between the mechanism that underlies fluorescence intermittency 

from LHCII and that of the quenching processes that occur in LHCII in vivo lies beyond the 

scope of this work. Such a study requires conditions which carefully mimic the intricate in 

vivo conditions. However, identifying the properties of the possible underlying mechanism 

may facilitate the possible establishment of such a connection. The next two paragraphs will 

focus on these properties. 

Proposed Blinking Mechanism 

In this paragraph we first consider typical sources of fluorescence intermittency that have 

been proposed for various fluorescing systems. By eliminating from this list the sources that 

are negligible for LHCII, the most likely ones can be identified. The possible underlying 

mechanism will then be employed to construct a simple model which can explain the 

environmental control over this mechanism. 

For QDs and a number of fluorescent dyes it has been established that dark states are the 

result of charge separation and bright states follow after charge recombination (45-47, 101). 

Blinking in LHCs has been speculated to arise from a similar mechanism as for these dyes 

(29, 33, 39, 75), where the dark state would involve a radical, but this hypothesis has not 

been scrutinised as yet. Although excitation of a Car triplet may lead to radical formation, 

this is a two-photon process, with a probability that would strongly depend on the 

excitation wavelength and intensity (102). Under the conditions we employed, the highest 

utilised intensity is two orders of magnitude too low for two-photon processes to have any 

significant contribution, and the probability to directly excite a Car is negligible. Although 

Car radicals have been observed in LHCII trimers under appropriate conditions (12, 103), 

these radicals have sub-nanosecond lifetimes and are therefore expected to have a 

negligible effect on the observed millisecond dynamics. However, in the homologous minor 

antenna complexes of PSII, Car radicals were found to be related to quenched states (17-19) 

and were suggested to form via charge-transfer (CT) states (17-19). We will thus first 

consider the possible involvement of such states in the observed fluorescence fluctuations. 

The formation of CT states is expected to be accompanied by significantly red-shifted and 

spectrally broadened emission. Under SMS conditions ~5% of LHCII complexes have shown 

evidence of significantly red-shifted bands, which were attributed to the mixing of a CT state 

with an excitonic Chl manifold (80). However, the fluorescence from most of these red-

shifted states was not significantly quenched (see Chapter 7), and similarly, no correlation 

was found between spectral shifts and large intensity decreases into relatively long-living off 

states (Chapter 7). The spectral resolution of these comparisons was typically 1–2 nm for off 

events with dwell times of >1 s and considerably longer for shorter off times. It is likely that 

this low spectral resolution did not allow differentiation of the spectral signature of a CT 

state occurring in the red wing of the quenched fluorescence emission profile. Recent 
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evidence suggests the presence of CT states in quenched aggregates of LHCII at 77 K (104). 

These states were characterised by an emission band at ~695 nm. Similar states may be 

present in individual quenched LHCII trimers. Thus, CT states that appear in the red wing of 

the quenched emission may be involved with the processes that govern fluorescence 

intermittency. Moreover, the probability that radicals are produced after population of a CT 

state is expected to increase with the excitation intensity. If the lifetime of such radicals is 

significantly prolonged, the observed intensity dependence of the fluorescence fluctuations 

may be explained by the presence of these charges. 

Fluorescence fluctuations due to photooxidation (105, 106) can be neglected on short 

timescales in the essentially oxygen-free conditions. Fluorescence blinking may also result 

from conformational, configurational or rotational changes (35, 37, 42, 107), which often 

lead to spectral diffusion (29, 38, 40, 107) or absorption cross-sectional changes (108). 

Rotation of the whole trimer is expected to result in negligible intensity diffusion due to the 

essentially isotropic absorption at the exhibited excitation wavelength (109) of the near-

circularly polarised light (see Chapter 2). Likewise, fluctuations caused by absorption cross-

sectional and polarisation changes due to rotation of individual cofactors may at most give 

rise to small intensity fluctuations, which are expected to be shrouded by the shot noise. 

Large rotational changes are restrained by the rigidity of the system (21). However, relative 

reorientational changes, connected to subtle protein conformational changes, may open a 

dissipative pathway or induce spectral diffusion. Although small spectral fluctuations 

frequently occur from single LHCII trimers (80), the small changes in the detector’s response 

to different colours will result in negligible detected intensity fluctuations. Large spectral 

fluctuations were found from only <5% of LHCII complexes, so that this source as an 

explanation for fluorescence intermittency can also be eliminated. Therefore, from the 

above-mentioned list it can be concluded that the mechanism that underlies fluorescence 

intermittency from LHCII most likely involves subtle protein conformational changes that 

open up energy traps. In addition, CT states and proton interactions may induce such 

conformational changes in a manner that is explained below. 

Fluorescence intermittency has been exploited extensively for QDs, and several 

mechanisms for the observed power-law behaviour of off and on times have been put 

forward. These mechanisms are generally based on trapping of a photoejected electron in a 

dynamic environment. Although such charge separation is an unlikely cause of fluorescence 

intermittency from LHCII, some of the principles can be used to hypothesise a mechanism 

for LHCII. Most mechanisms proposed for QDs require a significant amount of disorder in 

the local environment, which is certainly applicable to LHCII at room temperature (11). For 

example, a distribution of multiple static traps yields power-law off distributions but 

exponential on distributions (48, 82). To explain the power-law behaviour of short on times, 

the system should switch between states where trapping occurs frequently and other states 

where trapping is highly improbable. This may be achieved in a dynamic environment in 

which the energy trap fluctuates spatially and/or energetically relative to the excitonic 

manifold of the photosystem, giving rise to time-dependent forward and backward transfer 

or tunneling rates. For LHCII the disordered protein environment may serve as such a 

dynamic environment. 
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For the so-called spectral diffusion models, a random walk in energy space coupled with 

a resonant tunneling process gives rise to power-law properties of both the on and off time 

probability distributions (51, 54, 57). In general, all random walk (diffusion) models predict a 

universal value of 1.5 for both mon and moff, in agreement with the typical values found for 

QDs, but deviating from the values found for LHCII. However, different values may be 

obtained by incorporating anomalous diffusion components (a biased random walk) (45, 

57), a property frequently occurring in disordered systems (110). Alternative models for 

blinking based on transfer or tunneling have been developed to explain different values for 

mon and moff, e.g., a value mon = 2 was predicted by a disorder-modulated energy 

localisation model (111). 

We base our model for fluorescence intermittency from LHCII the concept of controlled 

conformational diffusion, a similar concept as employed in the model of Tang and Marcus 

(57, 112) for QDs. It is well established that the carotenoid lutein 1 (Lut 1) in each 

monomeric subunit of LHCII is situated in the vicinity of the Chl a molecules that are 

responsible for the longest wavelength emission states. Thus, the simplest model describing 

the fluorescence intermittency of LHCII might be based on the concept of dynamic self-

organisation of the structure of Lut 1 and these Chl a molecules due to some conformational 

flexibility of the protein, a behaviour which modulates the potential energy of the energy 

trap. As a result of this variability the lifetime of the excited state of these long-wavelength 

Chls changes as a function of the conformational structure of the LHCII trimer. In order to 

describe this self-organisation effect, let us assume that the LHCII trimer can be in two 

equilibrium states, corresponding to the on and off states, respectively (see Fig. 6.13). The 

potential energies in these states are modulated by the generalised coordinate, s, 

representing the structural reorganisation mentioned above. In the harmonic approximation 

these potentials can be derived as 

2
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respectively, where f  determines the fast coordinate, describing the intramolecular 

vibrations of the Chls and the phonons of the protein that are responsible for homogeneous 

broadening; iγ  is the corresponding reorganisation energy in the i-th potential; 0f  is the 

equilibrium position of the fast coordinate in the second potential. Similarly, s determines 

the slow, reorganisation coordinate of the protein, iλ  is the corresponding reorganisation 

energy in the i-th potential, s0 is the equilibrium position of the slow coordinate in the 

second potential, and 0V  describes the difference between the potential minima. In the 

case 00 >V , the system will reside in the vicinity of 1V  if the presence of the slow coordinate 

is neglected. However, by taking into account the possible evolution of the slow coordinate 

s, the minimum of 2V  might become dominant with increasing s. Thus, forward (on-off) 

transitions take place when s is large and backward (off-on) transitions when s is small.  

The slow, reorganisation coordinate describes formally the possible adaptation and self-

regulation of the protein. A similar approach was employed to describe the energy gap 

variation invoking the interplay between electron transfer and solvent relaxation in charge-

transfer complexes (113), enzymatic and electron transfer reactions in cholesterol oxidation 
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reactions and photosynthetic reaction centres (114), as well as the possible acceleration of 

photoinduced charge separation due to environmental polarisation (115). In our case, the 

slow coordinate could reflect either the variability of the distance between the Lut 1 and the 

nearest Chl a molecule, or the lowering of the dark S1 state of Lut 1 due to some structural 

change of the protein. These changes may be modulated by interactions with local charges 

or the formation of CT states. By increasing the ambient proton concentration or the rate of 

CT state formation, the protein likely favours the conformational substates that correspond 

to a large value of s.  In addition, the high degree of disorder in this system will result in 

varying probabilities to take different deactivation pathways in the disorder-induced 

manifold of Chl a and Lut 1 energy levels. This provides an explanation for the quasi-

continuous distribution of accessed fluorescence intensity levels and might also explain the 

power-law trends of the on- and off-time probability distributions. 

The increased probability to populate an off state at higher excitation intensities may be 

explained by a similar increase of the slow reaction coordinate, likely due to the added 

thermal energy. Alternatively, photochemical generation of charge species is not excluded, 

e.g., radicals that form via a CT state. 

In the same context, photobleaching could be explained by accessing a state that 

corresponds to a very large value of s, i.e., an off state with a relaxation time that exceeds 

the experimental detection time. However, it is more likely that an irreversible transition to 

a third state is made due to photooxidation or the involvement of reactive oxygen species 

(45, 57). This is affirmed by the significantly prolonged survival time (~1 order of 

magnitude) of the LHCII trimers when oxygen was removed. Even in our experimental setup, 

where oxygen was removed beyond the detection limit, the trace amount of oxygen still 

present in the immersion medium likely is enough to induce photobleaching on a timescale 

of 10-100 s. 

 

Figure 6.13. The potential 

energy surface determined 

by the potentials from two 

equilibrium states, on  and 

off , respectively, each of 

which is modulated by a 

slow and a fast coordinate. 

The energy minima of the 

“on” and “off” states are 

separated by V0 and located 

at 0s f= =  and 0 0( , )s f , 

respectively. See text for 

details. 
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CONCLUSIONS 

We have investigated the environmental response of the time-resolved fluorescence 

fluctuations from LHCII trimers by varying the acidity of the aqueous environment or 

increasing the incident light intensity. By resolving the accessed intensity levels, the 

obscuring effect of shot noise and the resulting underestimation of the environmental 

sensitivity were considerably reduced in the analysis of the fluorescence fluctuations. Under 

most environmental conditions, the accessed intensity levels showed a preference for a 

Poissonian type of distribution around a single strongly and a single weakly emitting state. 

The intensity distribution was therefore approximated by a two-state model, comprising a 

single on and off state.  

Under conditions that display many similarities with the physiological environment of 

LHCII, on states were typically populated for considerably longer times than off states. This 

property was related to the unique function of LHCII, viz., to efficiently harvest light and 

transfer the absorbed energy to neighboring complexes. It was demonstrated that the 

efficiency of light harvesting, or similarly, the probability for LHCII to exist in an on state, was 

strongly affected by the local environment. In particular, the efficiency was significantly 

reduced under conditions that reflect stress conditions in vivo, such as an acidic 

environment and a large incident photon flux. This behaviour suggests environmental 

control over the fluorescence switching behaviour, indicating that the disordered state of 

LHCII can be modulated by its immediate environment. 

Upon decrease of the pH, off states and long-living on states were stabilised, and short on 

states were destabilised, the combined action of which resulted in a reduced fluctuation 

frequency. The rate constants that govern the population of these states considerably 

increased with the incident light intensity, suggesting a strong light-driven component of the 

fluorescence intermittency from LHCII. This behaviour was accompanied by a destabilisation 

of the on states upon an increase of the intensity, as well as a strong destabilisation of the 

off states that was followed by a strong stabilisation trend. 

The fluorescence intermittency from LHCII can be described feasibly by considering an 

equilibrium between the on and off states in a dynamic self-organisation model. 

Perturbations of the protein scaffold, for example by proton interactions or CT state 

formation, may temporarily shift the equilibrium to favour the on states. Larger equilibrium 

shifts are produced by specific environmental changes, such as an acidic environment and 

high-light intensities. 
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