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Abstract Low-temperature (77 K) steady-state fluores-

cence emission spectroscopy and dynamic light scattering

were applied to the main chlorophyll a/b protein light

harvesting complex of photosystem II (LHC II) in different

aggregation states to elucidate the mechanism of fluores-

cence quenching within LHC II oligomers. Evidences

presented that LHC II oligomers are heterogeneous and

consist of large and small particles with different fluores-

cence yield. At intermediate detergent concentrations the

mean size of the small particles is similar to that of trimers,

while the size of large particles is comparable to that of

aggregated trimers without added detergent. It is suggested

that in small particles and trimers the emitter is monomeric

chlorophyll, whereas in large aggregates there is also

another emitter, which is a poorly fluorescing chlorophyll

associate. A model, describing populations of antenna

chlorophyll molecules in small and large aggregates in

their ground and first singlet excited states, is considered.

The model enables us to obtain the ratio of the singlet

excited-state lifetimes in small and large particles, the

relative amount of chlorophyll molecules in large particles,

and the amount of quenchers as a function of the degree of

aggregation. These dependencies reveal that the quenching

of the chl a fluorescence upon aggregation is due to the

formation of large aggregates and the increasing of the

amount of chlorophyll molecules forming these aggregates.

As a consequence, the amount of quenchers, located in

large aggregates, is increased, and their singlet excited-

state lifetimes steeply decrease.
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Abbreviations

LHC

II

Main chlorophyll a/b protein light harvesting

complex of photosystem II

chl Chlorophyll

NPQ Non-photochemical quenching

DM n-Dodecyl b-D-maltoside

CMC Critical micelle concentration

F680 Fluorescence band at 680 nm

F700 Fluorescence band at 698 nm

Introduction

The main light-harvesting antenna complex of photosystem

II (LHC II) is a pigment–lipid–protein structure where light

harvesting and light dissipation are closely related pro-

cesses (Jansson 2005). Dissipation of the excess light

energy as heat is accomplished by quenching of excited

chlorophyll (chl) a singlet states, a mechanism referred

to as non-photochemical quenching (NPQ). The precise

molecular mechanisms of NPQ still remain controversial

(Holt et al. 2005; Finazzi et al. 2004; Standfuss et al. 2005;

Pascal et al. 2005; Cseh et al. 2000; Van Oort et al. 2007a,

b; Grudziński et al. 2002).

Recently, the structure of spinach and pea LHC II was

resolved at resolution of 2.72 Å (Liu et al. 2004) and of

2.5 Å (Standfuss et al. 2005) by X-ray crystallography. An
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atomic model for the LHC II was proposed which consti-

tuted an important step for correlating the structure to the

spectroscopic properties. It revealed the mutual arrange-

ment of 42 chlorophylls, from which 24 are chl a and 18

chl b, 12 carotenoids and 6 lipids in LHC II trimer. In vivo,

most of the complexes are trimeric, but variation in the

degree of aggregation of LHC II also occurs and is related

to NPQ (Horton et al. 1996).

The trimeric LHC II is highly fluorescing thus indicating

a low rate of energy dissipation. When LHC II forms

aggregates, strong chlorophyll fluorescence quenching

occurs (Pascal et al. 2005; Van Oort et al. 2007a; Vasil’ev

et al. 1997; Huyer et al. 2004; Palacios et al. 2002; Moya

et al. 2001; Mullineaux et al. 1993; Barzda et al. 2001;

Gilmore et al. 1995). The increase in energy dissipation

within LHC II oligomers compared to trimers provides a

model for understanding in vivo NPQ because of the strong

similarity between these two processes. The understanding

of the molecular mechanism of the fluorescence quenching

will help us to get an insight into the molecular mechanism

of NPQ.

At 77 K the lifetime of trimeric LHC II excited state is

relatively long (Vasil’ev et al. 1997; Huyer et al. 2004;

Palacios et al. 2002; Moya et al. 2001; Mullineaux et al.

1993; Barzda et al. 2000). The values of its average life-

time are typically around 4–5 ns being scattered from

5.4 ns (Vassi’ev et al. 1997; Huyer et al. 2004), 5.18 ns

(Palacios et al. 2002), 4.8 ns (Moya et al. 2001) to 4.3 ns

(Mullineaux et al. 1993) and 4.1 ns (Barzda et al. 2000).

Although two components were usually observed in 77 K

chl a fluorescence decay, slow and fast, most of the chlo-

rophyll a fluorescence is emitted from the slow decaying

component (Van Oort et al. 2007a; Vasil’ev et al. 1997;

Huyer et al. 2004; Palacios et al. 2002; Moya et al. 2001;

Mullineaux et al. 1993). In the case of trimeric LHC II the

short-lived component had a small contribution—only 1%

in (Palacios et al. 2002), 10% in (Vasil’ev et al. 1997), 15%

in (Huyer et al. 2004), and 22% in (Moya et al. 2001).

Divergent results from different laboratories about life-

times of LHC II illustrate the complexity of their correct

estimation. Moreover, the differences may be due to dis-

tinct plant species, different isolations and/or differences

in chl a concentration. Possibly, some aggregation in the

trimeric LHC II also explains the observation of multiex-

ponential decays in the cited studies.

In LHC II aggregates the strong fluorescence quenching

is concomitant with a shortening of the lifetime (Pascal

et al. 2005; Vasil’ev et al. 1997; Huyer et al. 2004; Moya

et al. 2001; Mullineaux et al. 1993; Van Oort et al. 2007a,

b). At 80 K upon aggregation the main decay lifetime

becomes about 0.11 ns (Mullineaux et al. 1993). In LHC II

liposomes at 77 K four lifetimes are resolved ranging from

0.32 to 5.3 ns (Moya et al. 2001). According to Pascal et al.

(2005) the lifetime was remarkably uniform within the

LHC II crystals—0.89 ns, and in the aggregated LHC II it

was 0.65 ns.

To elucidate the molecular basis of fluorescence

quenching phenomena a low-temperature (77 K) steady-

state fluorescence emission spectroscopy and dynamic light

scattering (Malvern system) were applied to LHC II in

different aggregation states. The aim was to propose a

model for the fluorescence quenching within LHC II

oligomers, based on the recently resolved structure of LHC

II at 2.72 Å (Liu et al. 2004) and at 2.5 Å (Standfuss et al.

2005) resolution by X-ray crystallography.

Materials and methods

Sample preparation

LHC II was isolated from leaves of market spinach as

described earlier (Simidjiev et al. 1997) and washed twice

in 20 mM Tricine (pH 7.8) buffer. The samples were

suspended in the buffer with 40% glycerol. The aggrega-

tion state of the complexes was varied by adding of

different concentrations of the detergent n-dodecyl b-D-

maltoside (DM). The chlorophyll content of the samples,

estimated by using the method of Lichtenthaler (1987), was

adjusted to 10 lg/ml. To normalize the emission spectra of

LHC II, 1 lM fluorescein (sodium salt) was added as an

internal standard to the medium. At this concentration the

fluorescein did not interfere with the chl a fluorescence

emission (Krause et al. 1983). The addition of DM at the

used concentrations did not change the fluorescence

intensity of the fluorescein.

77 K chlorophyll fluorescence measurements

The 77 K chlorophyll fluorescence emission spectra were

obtained in a translucent Dewar using a double mono-

chromator spectrometer (model 1403, Spex) as described

earlier (Andreeva et al. 2003). Excitation was provided by

an argon ion laser (Inova 307) at 488 and 514.5 nm.

The 77 K chlorophyll fluorescence emission spectra

excited at 436 nm were measured using a JobinYvon JY3

spectrofluorimeter. The actinic light with low enough

intensity was provided by Xenon lamp ‘‘Suprasil’’ 150 W,

the width of the slits being 4 nm.

The experimental spectra were corrected for the spectral

sensitivity of the detection system.

Light scattering measurements

The size of the aggregates was determined by dynamic

light scattering Malvern system-3600 equipped with a
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64-channel correlator and Ar laser (488 nm) at a 90� angle.

The temperature was 25 ± 0.1�C. The medium and the

chlorophyll content were the same as those for the fluo-

rescence measurements.

Results and discussion

Experimental data

The preparations of LHC II isolated according to the pro-

cedure of Simidjiev et al. (1997) formed large aggregates.

The critical micelle concentration (CMC) of DM, the

concentration at which LHC II aggregates are disassembled

into trimers, was about 0.02% (w/v). Low-temperature chl

a emission spectra of DM treated LHC II are presented in

Fig. 1. Excitation was performed at 436, 488 and 514.5 nm

wavelengths, coinciding with the predominant absorption

of chl a, chl b/neoxanthin and lutein molecules, respec-

tively (Ruban et al. 2001). Fluorescence spectrum of

trimeric LHC II (curve 5 in Fig. 1a) manifests typical

characteristics of LHC II trimers—maximum at 680 nm

(F680) and satellite vibrational peak at 740 nm. Its spectral

shape is independent of the excitation wavelength, checked

with the samples used in our experiments (data not shown).

Below the CMC, the aggregation of the complexes caused

the quenching of the chl a fluorescence (curves 1, 2, 3 and

4 in Fig. 1a). The quenching is concomitant with a strong

broadening of the emission spectra and appearance of a

new emission band (F700), considerably red-shifted com-

pared to the emission spectrum of the trimeric forms of the

LHC II (Ruban et al. 1997). This becomes particularly

clear from Fig. 1b where spectra were normalized to their

maxima. As can be seen, the first maximum at 680 nm of

the spectra of aggregated complexes (curves 1, 2, 3, 4) is

only slightly red-shifted, mainly due to the different ratio

of the corresponding main bands amplitudes and especially

to the increasing amplitude of F700. This indicates that the

band at 680 nm presented in all samples has nearly the

same band shape as the fluorescence spectrum of trimeric

LHC II. A decomposition of the spectra with two main

Gaussian bands and a third one—a shell of the vibrational

subbands of the main bands, made for all steady-state

fluorescence emission spectra, confirmed the above indi-

cation. All parameters were free-running and a very good

fit was obtained using the curvefit program included in the

packaged Lab calc, Arithmetic A2.23 (Galactic Ind. Corp.)

programs (data not shown). Only a small shift in the

position of F680 (about 1 nm) was observed, whereas the

position of F700 was considerably red shifted.

Some emission contribution seems to be present around

700 nm even in trimers. As Palacios et al. (2002) have

shown the spectral shapes of LHC II trimers and of chl a in

solution are identical, only red shifted. Analyzing the

absorption spectrum of chl a monomer in solution in the

red region, Shipman et al. (1976) have obtained that the Qy

transition is split into two discrete peaks at 659 nm Qy(0,0)

and 613 nm Qy(0,1). We observed that the 77 K fluores-

cence emission spectral shape of LHC II trimers peaks at

679 nm (curve 5 in Fig. 1), as it was shown before

(Hemerlrijk et al. 1992; Ruban et al. 1992, 1997). It

coincides with the slightly red-shifted lineshape of chl a in

solution, peaking at 678 nm at the same temperature

(Boardman and Thorne 1971). The fluorescence emission

spectrum, being a mirror image of the absorption spectrum

is also split in this spectral region into two peaks, one main

peaking at 679 nm and the other—vibronic one at 689 nm.

So, the emission, seeming to contribute around 700 nm in

trimers (obtained with 0.02% DM), is really presented, but

it is located at 689 nm and is vibronic, emitted from the

monomeric chl a.

Similar changes in the fluorescence intensity and spec-

tral shapes with the decrease of detergent concentration

were observed at all used excitation wavelengths. In the

spectral shapes of emission, excited at different wave-

lengths, some differences exist as shown in Fig. 2,

(a)

(b)

Fig. 1 77 K fluorescence spectra of LHC II at different DM

concentrations (a) and the same spectra, normalized to their maxima

(b). Fluorescence was excited at 436 nm. The spectral resolution was

4 nm
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indicating the distinct excitation energy transfer pathways

from chl a and xanthophyll molecules to the terminal

emitters in aggregated samples. In separate isolations the

spectral shape of aggregated LHC II differed too, maybe

due to different plant material and/or differences in growth

light regimes.

Previously, it was supposed that at intermediate DM

concentrations, the samples contain a mixture of large and

small aggregates (Barzda et al. 2001). To test this

assumption the size of the aggregated samples was deter-

mined by a dynamic light scattering Malvern system using

peak analysis by number. Typical results from one of the

dynamic light scattering measurements are demonstrated in

Fig. 3. The mean size (diameter) of trimeric forms (DM

concentration 0.02%) was around 44 nm with width

22 nm. At intermediate DM concentration of 0.004% the

complexes contained both large and small particles. The

mean size of small particles in them was similar to that of

trimers—52 nm with width 30 nm, and the size of large

particles—185 nm with width 77 nm. In the samples

without added detergent the mean size of large particles

was around 190 nm with width 110 nm, nearly the same as

the size of large particles in weakly aggregated complexes.

Therefore, we can conclude that at intermediate DM con-

centrations the samples contain a mixture of large and

small particles, the large particles being aggregated trimers,

and the small ones—trimers.

The sizes obtained using dynamic light scattering look

surprisingly large at first sight. All solubilization prepara-

tion procedures using detergents produce protein units

covered by detergent and some lipids (Le Maire et al.

2000). Having in mind that the detergent used may form

self-assembled layers on the surfaces with thickness as high

as 11 nm (Mielczarski et al. 2004), it is easy to explain the

obtained sizes, because our samples represent the so called

‘‘dressed’ by the detergent micelles. The addition of

glycerol would further enlarge their size as it was shown

that the glycerol molecules have a tendency to agglomerate

around the protein (Van Ghatty and Carri 2007).

As the samples at intermediate DM concentration con-

tain a mixture of large and small particles, their total

fluorescence spectrum might represent a sum of the spectra

of the aggregated trimers and small aggregates. The equal

size of the latter to the trimeric LHC II indicates that they

have similar structure, thus supporting the previously made

observation (Fig. 1b) that the spectral line shape of F680 in

all samples is the same as that of the trimeric complexes,

only slightly red-shifted.

The strong quenching and the appearance of a new

emission band F700 upon aggregation implies that its

emitter is located in aggregated trimers, whereas F680 is

located in both small and large aggregates. Very recently

van Oort et al. (2007b) have demonstrated that upon

aggregation of trimeric LHC II a large amount of

quenchers is created. The total spectrum of aggregated

complexes consists of the two emission spectra of F680

and F700. Since the spectral line shape of F680 coincides

with the shape of the slightly red-shifted spectrum of tri-

meric LHC II, subtracting its scaled spectrum from the

total one should give the spectrum of F700, the putative

quencher in large particles. The spectral shapes of F700 are

compared in Fig. 4 under predominant excitation of chl a.

They show that upon decreasing the detergent concentra-

tion the fluorescence of F700 also decreases. This should

be due to the steeper decrease of lifetimes of quenching

centers (van Oort et al. 2007b), since their relative number

increases in large aggregates (Barzda et al. 2001). Having

in mind that the fluorescence is proportional to the area

Fig. 2 Comparison of the normalized to the fluorescence maximum

spectra of aggregated LHC II under different excitations

Fig. 3 Typical results from one of dynamic light scattering mea-

surements using Malvern 3600 system
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under spectra, the areas under the scaled spectrum of tri-

meric LHC II and the spectrum of F700 will give their

fluorescence, denoted as n2 and n3, correspondingly. Their

values are compared in Table 1.

Model for the chl a fluorescence quenching

within LHC II with different degree of aggregation

at low temperature (77 K)

On the basis of the analysis of the obtained data (Figs. 1,

3), we consider aggregated LHC II as a mixture of large

and small particles, the spectral line shape of the latter

coinciding with the trimeric one. Regardless of large het-

erogeneity in fluorescence lifetimes for different LHC II

aggregates, the lifetime of the excited state in trimeric LHC

II at 77 K is typically around 4.8 ns (Vasil’ev et al. 1997;

Huyer et al. 2004; Palacios et al. 2002; Moya et al. 2001;

Mullineaux et al. 1993; Barzda et al. 2000), a value, cor-

responding to that of monomeric chl a in different solvents

(Huyer et al. 2004; Palacios et al. 2002). This fact shows

that within the trimeric complexes the terminal fluores-

cence emitter is a monomeric chl a. Its intensity

corresponds approximately to that of one chl molecule per

trimer—F680 (Peterman et al. 1994), and according to the

latest crystal structure (Standfuss et al. 2005; Liu et al.

2004) it was assigned to chl a 612. Within large aggregates

our experimental results: the highly fluorescence quench-

ing (Fig. 1a), the appearance of a new emission band F700

(Fig. 1b), its red-shifted position and spectral line shape

peaking at 698 nm (Fig. 4) suggest that F700 arises from a

poorly fluorescing chlorophyll associate. The shorter fluo-

rescence lifetime of the latter, being in the range between

0.1 and 0.85 ns (Pascal et al. 2005; Van Oort et al. 2007;

Vasil’ev et al. 1997; Mullineaux et al. 1993) strongly

supports our suggestion.

It was shown that upon aggregation the changes in the

LHC II absorption spectrum are relatively small as com-

pared to the changes in the fluorescence yield and kinetics

(Ruban et al. 1997; Barzda et al. 2001; Gruszecki et al.

2006; Naqvi et al. 1997). This fact suggests that the

quenching of fluorescence should be dynamic, influencing

only the excited states of the emitters.

Based on the considerations above we suggested that in

small aggregates and trimers the emitter is monomeric

chlorophyll F680, whereas in large aggregates beside F680,

the second emitter exists, chlorophyll associate with much

lower quantum yield, denoted as F700. A schematic rep-

resentation of energy pathways leading to population of

first singlet excited states of emitting chl a forms F680 and

F700 is illustrated in Fig. 5. It describes populations of

antenna chlorophyll molecules in small aggregates and

trimeric LHC II (subscript T, Fig. 5a) and in large aggre-

gates (subscript A, Fig. 5b) in their ground, n0T and n0A,

and first singlet excited, n1T and n1A, states, respectively.

The populations of ground states of the two emitters, F680

and F700 are denoted as n02 and n03, respectively. Their

first singlet excited states, n2 and n3, are mainly populated

by energy transfer from antenna molecules. The popula-

tions of all considered states are normalized to the total chl

Fig. 4 The individual spectra of F700 in LHC II complexes in

different aggregation states obtained after subtraction of the spectrum

of trimeric LHC II from the spectra, shown in Fig. 1a

Table 1 Integrated fluorescence of F680, n2, and F700, n3

DM (%) n2 n3

0.020 171 0

0.010 35.1 35.8

0.008 24.75 33.7

0.004 23.5 31.9

0.000 14.8 25

(a) (b)

Fig. 5 Schematic representation of excitation energy pathways at

77 K (see text) leading to population of first singlet excited states of

emitting chl a forms F680 and F700 in a trimeric and in small

particles of LHC II and b in large particles

Eur Biophys J (2009) 38:199–208 203
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a concentration N0 (i.e. ni ¼ Ni

N0
). The following processes

are taken into account: ground absorption, excitation

energy transfer to the emitters, and decays of excited states.

The process of intersystem crossing is not considered

because triplets are negligible upon excitation with the

low-intensity light used. The kinetic contact between F680

and F700 is not considered either, because the distance

between them being around 14 Å (Standfuss et al. 2005;

Liu et al. 2004) is too long for efficient energy transfer as

shown in Appendix 1.

Denoting the chl a absorption cross section as r, it is

obvious that:

r ¼ rAn0A þ rT n0T: ð1Þ

Having in mind that r & rA & rT Eq. 1 becomes:

n0T þ n0A ¼ 1: ð10Þ

The rate constants for energy transfer from antenna chl

molecules to the two emitters, F680 and F700, are denoted

as k12 and k13, respectively. Using Eq. 5 it is easy to

calculate that the ratio of the rate constant in large

aggregates, kA
12, to the rate constant in trimers and small

particles, kT
12, is 1.24, having in mind that the average

distance between the pigments in trimeric LHC II is

11.26 Å (Standfuss et al. 2005; Liu et al. 2004) and

decreases with 0.4 Å upon aggregation of the complexes

(Standfuss et al. 2005). This estimation enables us to

assume that they are nearly equal.

The rate constant for fluorescence is denoted as kF, being

the same for chl monomer (M) and chl dimer (D) (see

Appendix 2).

The model presented in Fig. 5 leads to five differential

equations, described in Appendix 3:

Using the Eqs. 1 and 70–110 the following relation

between lifetimes of F680, s2, and of F700, s3, is deduced:

s3=s2 ¼n3

�
nT

2T � n2

� �
; ð2Þ

where s3 ¼ 1
kFþkD

ic

:

This relation makes it possible to draw the dependence

of s3 on the detergent concentration using the experimental

data summarized in Table 1, having in mind that the

integrated fluorescence of F680 and F700 is proportional to

n2 and n3. The dependence is shown in Fig. 6 using the

typical value of 4.8 ns for the lifetime of the excited state

in trimeric LHC II (Vasil’ev et al. 1997; Huyer et al. 2004;

Palacios et al. 2002; Moya et al. 2001; Mullineaux et al.

1993). It clearly shows that the lifetime of F700 decreases

upon aggregation reaching the value of 0.75 ns, approxi-

mate to the value, obtained by Pascal et al. (2005). The

calculated dependence of s3 on the detergent concentration

is in accordance with the explanation of the data presented

in Fig. 4, given in the experimental data section. This

dependence implies a strong increase of kD
ic, the rate

constant for internal conversion of F700, when decreasing

the DM concentration. A possible reason for such a

behavior of kD
ic might be the formation of pigment multi-

mers. As it was shown elsewhere (Liu et al. 2004;

Wentworth et al. 2003; Pascal et al. 2005; Standfuss et al.

2005; Yan et al. 2007; Lampoura et al. 2002; Van Amer-

ongen and van Grondelle 2001), the LHC II aggregation

leads to changes in chl–chl and/or xanthophylls–chl inter-

actions. The detergent-induced conformational changes of

these complexes could bring two neighboring chl a mole-

cules close together, forming a chl a dimer or eximer

(Pascal et al. 2005; Van Oort et al. 2007a; Liu et al. 2004;

Wentworth et al. 2003), or two chl a and one xantophyll

molecule, forming a hetero-trimer (Yan et al. 2007). The

distance between the pigment molecules involved and their

mutual orientation will change upon aggregation, modify-

ing in this way the coupling strength between them. As a

result, changes in kD
ic will appear. These molecular asso-

ciates, formed only in large aggregates and existing at

detergent concentrations below the CMC, are situated,

most probably, at the border between two LHC II trimers

(Pascal et al. 2005; Liu et al. 2004; Yan et al. 2007).

Having in mind that the intensity of the fluorescence

emitter in trimers and small aggregates corresponds

approximately to that of one chl a molecule per trimer

(Peterman et al. 1994), its concentration n02T in ground

state should be equal to the chl concentration in trimers,

n0T, divided by the known number of chl a molecules, l, in

one trimer:

n02T ¼ n0T=l: ð3Þ

Fig. 6 The dependence of s3 on the detergent concentration. The

filled circles present the results calculated from the experimental data

in Table 1, using Eq. 2 and the typical value of 4.8 ns for the lifetime

of the excited state in trimeric LHC II. The solid line is just guide for

the eye
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If we assume that the quenchers are formed at the border

of two trimers in large aggregates from two neighbor chl a

molecules, as it was proposed (Liu et al. 2004; Wentworth

et al. 2003; Yan et al. 2007) it follows that each couple of

trimers in large aggregates should have one quencher, chl a

associate. Hence, the relative concentration of quenchers,

F700, n03, can be expressed by the following equation:

n03 ¼ n0A=2l: ð4Þ

At intermediate DM concentrations, when complexes

represent a mixture of large and small aggregates, the

energy pathways are realized via both schemes shown in

Fig. 5. Using Eqs. 10, 70–110 and 2–4, the quadratic

equations for the relative amount of chl molecules in

their ground states in small and large aggregates can be

deduced given in the Appendix 4 for n0A. Using the

obtained experimental data (Table 1) and Eq. 2 the

solution for the amount of chl molecules in large

aggregates, n0A, enabled us to calculate its dependence

on the detergent concentration. The dependence is shown

in Fig. 7. As can be expected, the amount of chl molecules

in large aggregates decreased steeply with the detergent

concentration increase, correspondingly with the degree of

disaggregation.

The value of l should coincide with the number of

absorbing chl a molecules in one trimer—24 according to

Standfuss et al. (2005) and Liu et al. (2004). Replacing this

value in Eq. 4, the dependence for the amount of quenchers

in large aggregates, F700, on the degree of aggregation are

obtained, as shown in Fig. 8.

The dependencies obtained in the paper are based on the

assumptions expressed by Eqs. 3 and 4 referring to an

idealized case. Therefore, they must be considered as first

approximated solutions of the system of Eqs. 10 and 70–110.
To obtain solutions closer to the real case further experi-

ments are needed to verify and justify the validity of the

made assumptions. They are in course.

Conclusions

In this study evidences are presented that the preparations

of tightly bound LHC II oligomers (Simidjiev et al. 1997)

are heterogeneous and consisted of large and small par-

ticles (Fig. 3) with different fluorescence yield (Fig. 1). It

is suggested that in small particles and trimers the emitter

is monomeric chlorophyll, whereas in aggregated trimers

there is also another emitter, which is a poorly fluorescing

chlorophyll associate, emitting at 700 nm. Changes in the

emission band of F700 are obtained (Fig. 4) evidencing

that upon aggregation the decrease of the singlet excited-

state lifetimes in LHC II is steeper than the increase of

the quenching centers. A scheme for excitation energy

pathways in LHC II in different aggregation states

(Fig. 5) is proposed and a model, describing the popula-

tions of antenna chl molecules in small and large

aggregates in their ground and first singlet excited states,

is considered. The model offers an insight into molecular

mechanism of fluorescence quenching giving us the pos-

sibility to obtain the dependencies of a relative amount of

chl a molecules in ground state included in large and

Fig. 7 The dependence of relative amount of chl a molecules in large

aggregates in ground state on the detergent concentration. The filled
circles present the results calculated from the experimental data in

Table 1, using Eq. 14 and Eq. 2. The solid line is just guide for the

eye

Fig. 8 The dependence of the amount of final emitters in large

aggregates on the detergent concentration upon excitation with

436 nm. The filled circles present the results calculated from the data

of Fig. 7 and using Eq. 4. The solid line is just guide for the eye
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small aggregates (Fig. 7) and the amount of final emitters

in large and small aggregates (Fig. 8) on the detergent

concentration. They revealed that upon aggregation the

main reasons for the strong quenching of the chl a fluo-

rescence are: (1) formation of large aggregates, (2)

increasing of the relative amount of chl molecules form-

ing these aggregates, (3) rise of the quencher’s amount in

large aggregates and the steep decrease of the lifetimes of

the quenching centers in them.

The aggregation of LHC as pointed out in many studies

(Jansson 2005; Pascal et al. 2005; Mullineaux et al. 1993;

Ruban et al. 1997; Peterman et al. 1994; Wentworth et al.

2003; Horton et al. 2005) plays a key role in the NPQ

mechanism of quenching the excess energy. The suggested

mechanisms of quenching involved two ideas (Mullineaux

et al. 1993; Horton et al. 2005; Van Oort et al. 2007a, b).

The first one is that a small population of strongly quen-

ched LHCs quenches fluorescence of connected LHCs

(Mullineaux et al. 1993). The second is that the quenching

is realized by local conformational changes of a large

fraction of LHCs thereby with less strong quenching of

individual LHC (Horton et al. 2005; Van Oort et al. 2007a,

b). Our experimental results and proposed model reveal

that the quenching could be performed by the series of

processes leading to local conformational changes during

aggregation, rise of the quencher’s quantity and strong

decrease of lifetimes of quenching centers. So, the

quenching effect is enhanced due to the larger fraction of

the aggregated state and the steep decrease of the singlet

excited-state lifetimes in aggregated LHC II. In vivo, the

combination of all those processes could take place in

NPQ.
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Appendix 1: Estimation of the ratio of the rate

constants for excitation energy transfer

from F680 to F700

It is well documented that the process of excitation energy

transfer between the antenna pigments in green plants can

be described with the localized Förster mechanism (Van

Grondelle et al. 1994; Palacios et al. 2002) and the rate

constant for excitation energy transfer is proportional to the

minus sixth power of the distance between pigments:

k12 ¼ const n�4 k2 R�6; ð5Þ

where n is the refraction index, k is the factor for orien-

tation of the molecules and R is the distance between them.

It was shown that the average distance between the pig-

ments in trimeric LHC II is 11. 26 Å (Standfuss et al. 2005;

Liu et al. 2004), whereas the distance between F680 and

F700 is around 14 Å (Standfuss et al. 2005); (Standfuss

et al. 2005; Liu et al. 2004). Using Eq. 5 it is easy to

calculate that the ratio of the rate constant for energy

transfer between F680 and F700 to the average rate con-

stant is 0.14, which enables us to neglect it in a first

approximation.

Appendix 2: Evaluation of the rate constant

for fluorescence

The rate constant for fluorescence kF is given by:

kF ¼
1

sR
� const~m2

0 emax D~m; ð6Þ

where sR is the chl a fluorescence lifetime, ~m is the fre-

quency in wavenumbers, D~m is the full width at half

maximum, ~m0 is the wavenumber at the absorption maxi-

mum and emax is the extinction coefficient at ~m0. On the

basis of the literature data (Shipman et al. 1976) about

the values of ~m0 = 15,170 cm-1, D~m = 440 cm-1 and

emax = 84.9 for monomeric chl a and 14,940 cm-1,

720 cm-1 and 55.7, respectively for dimeric chl a, the ratio

of their fluorescence rate constants is estimated to be 0.96.

Therefore, it is safe to assume that kF is the same for chl

monomers and chl dimers.

Appendix 3: Differential equations describing the chl a

fluorescence quenching within LHC II with different

degree of aggregation at low temperature (77 K)

The model (Fig. 5) leads to the following five differential

equations:

dn1T

dt
¼ r n0TI � k12n02Tn1T=N0 ð7Þ

dn2T

dt
¼ k12n02Tn1T

�
N0 � kF þ kM

ic

� �
n2T ð8Þ

dn1A

dt
¼ r n0AI � k13n03n1A=N0 � k12n02An1A=N0 ð9Þ

dn3

dt
¼ k13n03n1A

�
N0 � kF þ kD

ic

� �
n3 ð10Þ

dn2A

dt
¼ k12n02An1A

�
No � kF þ kM

ic

� �
n2A; ð11Þ

where I is the intensity of excitation light and kic is the rate

constant for internal conversion.

In steady state dni

dt
¼ 0 and the Eqs. 7–11 become:

r n0TI ¼ k12n02Tn1T=N0 ð70Þ
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k12n02Tn1T

�
N0 ¼ kF þ kM

ic

� �
n2T ð80Þ

r n0AI ¼ k13n03n1A=N0 þ k12n02An1A=N0 ð90Þ

k13n03n1A

�
N0 ¼ kF þ kD

ic

� �
n3 ð100Þ

k12n02An1A

�
N0 ¼ kF þ kM

ic

� �
n2A ð110Þ

At CMC, when all LHCs form trimers and n0T = 1, the

energy pathways are only realized via scheme shown in

Fig. 5a. Therefore, the fluorescence is emitted only by

F680. Its integrated fluorescence is denoted as nT
2T, where

superscript T means that all LHC II form trimers. Its value

is easy to obtain from Eqs. 10 and 70:

nT
2T ¼ rIs2; where s2 ¼

1

kF þ kM
ic

: ð12Þ

At intermediate DM concentrations, the total

fluorescence emitted from F680 can be expressed as

follows:

n2 ¼ n2T þ n2A ð13Þ

Appendix 4: Equation for n0A

The quadratic equation for the relative amount of chl

molecules in their ground states in large aggregates, n0A,

obtained after the replaces using Eqs. 10, 70–110 and

Eqs. 2–4 is:

nT
2T

s2

n2
0A þ

n2

s2

� 2nT
2T

s2

� �
n0A þ

n3

s3

¼ 0 ð14Þ
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