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ABSTRACT The role of individual photosynthetic antenna complexes of Photosystem II (PSII) both in membrane organization
and excitation energy transfer have been investigated. Thylakoid membranes from wild-type Arabidopsis thaliana, and three
mutants lacking light-harvesting complexes CP24, CP26, or CP29, respectively, were studied by picosecond-fluorescence spec-
troscopy. By using different excitation/detection wavelength combinations it was possible for the first time, to our knowledge, to
separate PSI and PSII fluorescence kinetics. The sub-100 ps component, previously ascribed entirely to PSI, turns out to be due
partly to PSII. Moreover, the migration time of excitations from antenna to PSII reaction center (RC) was determined for the first
time, to our knowledge, for thylakoid membranes. It is four times longer than for PSII-only membranes, due to additional antenna
complexes, which are less well connected to the RC. The results in the absence of CP26 are very similar to those of wild-type,
demonstrating that the PSII organization is not disturbed. However, the kinetics in the absence of CP29 and, especially, of CP24
show that a large fraction of the light-harvesting complexes becomes badly connected to the RCs. Interestingly, the excited-state
lifetimes of the disconnected light-harvesting complexes seem to be substantially quenched.
INTRODUCTION
In the process of photosynthesis in plants, photosystems work

together to transform sunlight energy into chemical energy. The

early events in this process: light absorption, excitation energy

transfer (EET), and electron transfer occur in Photosystems

I and II (PSI and PSII, see the Supporting Material for a sche-

matic view of the macrostructure of the thylakoid membrane).

Stable charge separation (CS) occurs within a few hundreds of

picoseconds but differs for PSI and PSII. Elaborate research in

the past has provided a general picture of these processes and

the first kinetic steps could be studied for entire chloroplasts

with the use of time-resolved fluorescence. However, agree-

ment was never reached about the assignment and interpreta-

tion of all the obtained lifetime components, that moreover

differed considerably in many different experiments (for an

overview see van Amerongen and Dekker (1)). A great chal-

lenge in studies (1–4) on photosynthetic membranes and chlo-

roplasts was that the thylakoid membranes contain both PSI and

PSII with their spectra heavily overlapping and reaction

kinetics occurring on similar timescales, making it difficult to

distinguish between various processes. In more recent years,

research has concentrated on the performance of the individual

pigment-protein complexes that constitute PSI and PSII. The

determination of the crystal structures of PSI (5), the core of

PSII (6) and the major light-harvesting complex II of PSII

(LHCII) (7) helped to understand the primary events at the

molecular level and although many details are still under

discussion, a rather detailed picture has emerged (8–10).
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Based on the knowledge acquired in vitro it should now be

possible to deepen our understanding of the in vivo system

with the ultimate goal to apply time-resolved spectroscopy

to study chloroplasts in vivo under different conditions and

to link the spectroscopic features resolved to the different

processes taking place, with special reference to the response

of the chloroplast to varying environmental conditions. Here,

we study thylakoid membranes from Arabidopsis thaliana,

which contain both PSI and PSII but we focus on the kinetics

of PSII, presenting a way to extract the PSII contribution to

the fluorescence.

Photosystem II (PSII) is a large supramolecular pigment-

protein complex embedded in the thylakoid membranes of

green plants, algae, and cyanobacteria. It uses sunlight to

split water into molecular oxygen, protons, and electrons.

PSII in higher plants is composed of i), a core complex, con-

sisting of the reaction center (RC) and the Chl a binding

light-harvesting complexes CP43 and CP47; and ii), the

outer, Chl a/b binding monomeric antenna complexes

CP24, CP26, CP29, and trimeric light-harvesting complex

II (LHCII) (11) (Fig. 1). In the RC excitations are used to

create a primary CS. Primary CS is a reversible reaction,

which is followed by further spatial separation of the charges

(secondary CS) and transport of an electron to quinone A

(QA) and then further along the electron transfer pathway.

The outer antennae are not only important for harvesting

light, but also play essential roles in photoprotective and

regulative mechanisms such as Chl a triplet quenching

(12,13), reactive oxygen species scavenging (14), and non-

photochemical quenching (15–17). The quantum efficiency
doi: 10.1016/j.bpj.2009.11.012
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FIGURE 1 Organization of the PSII supercomplex, based on Caffarri

et al. (50). The monomeric minor antenna complexes (CP24, CP26,

CP29) are located in between the dimeric core and the trimeric major

antenna complex LHCII, at positions S and M.
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of CS depends on the rate constants of various processes: 1),

EET from antenna to RC; 2), CS and charge recombination;

3), stabilization of CS by secondary electron transfer; and 4),

relaxation or loss processes: intersystem crossing, internal

conversion, and fluorescence.

Recently, a coarse-grained method was developed to

correlate these processes to the fluorescence kinetics of

PSII membranes (BBY preparations) with open RCs, i.e.,

with the secondary electron acceptor QA being oxidized

(18,19). The dimeric supercomplex of PSII (Fig. 1) forms

the basic unit for this coarse-grained model. A hopping

rate khop was defined for EET between neighboring mono-

meric antenna complex (sub)units. The other parameters of

the coarse-grained model are the rates of primary and

secondary CS and the drop in free energy on primary charge

separation. Using this model, and comparing the fluores-

cence kinetics obtained on 412 nm (relatively more excita-

tions in the core) and 484 nm excitation (relatively more

excitations in the outer antenna), it was concluded that the

average migration time of an excitation toward the RC

contributes 20–25% to the overall average trapping time.

Within the context of the coarse-grained model it was

calculated that the rate of primary CS in the RC is (5.5 5

0.4 ps)�1, the rate of secondary CS is (137 5 5 ps)�1 and

the drop in free energy on primary CS is (826 5 30) cm�1.
It should be noted that the number of LHCII trimers in these

BBY preparations was relatively low (2.45 trimers per RC),

i.e., far lower than the number of trimers that is generally

believed to be present per RC in thylakoid preparations,

namely four (11) (see also below). This might partly explain

why the average fluorescence lifetime (~150 ps) found for

BBY preparations (18,19) is significantly shorter than the

(average) lifetime generally ascribed to PSII for measure-

ments on thylakoid membranes and chloroplasts (many

hundreds of picoseconds; for an overview see van Amerongen

and Dekker (1) and Dekker and Van Grondelle (9). Another

part of the explanation consists of the fact that lifetimes of

~100 ps that are usually observed for thylakoids/chloroplasts

have been fully ascribed to PSI in the past (20) whereas PSII

membranes also show a similar lifetime (18,19).

In this work, thylakoid membranes of A. thaliana are

studied with time-resolved fluorescence spectroscopy using

different combinations of excitation and detection wave-

lengths to separate PSI and PSII kinetics. In addition, the

mutants CP24ko, CP26ko, and CP29as are studied (lacking

minor antenna complexes CP24, CP26, and CP29, respec-

tively) to investigate their role in the structural and functional

organization of PSII. These monomeric minor complexes are

located in between the PSII core (containing PSII reaction

center(s), CP43, and CP47), and LHCII (Fig. 1) (21).

Biochemical and physiological analyses have shown that

the absence of each of these minor complexes has an effect

on the packing of the supercomplexes in the membrane

(22,23). In the absence of CP24, only C2S2 supercomplexes

(consisting of a dimeric core (C) complexes and two

strongly(S)-bound LHCII trimers) were observed in the

membrane, and no supercomplexes containing the so-called

LHCII M-trimers (24). CP24 also seems to be required for

proper macroorganization of PSII complexes: in its absence,

the packing of PSII leads to limitation of plastoquinone

diffusion (23). In contrast, the absence of CP26 does not

influence the presence of the other complexes within the

PSII supercomplexes, but it changes their packing, some-

what shortening the distance between adjacent cores (22).

The most drastic effect was observed in the absence of

CP29: even on very mild solubilization, it was impossible

to observe any microcrystalline arrays of membranes

(present in wild-type (WT)), and no PSII supercomplexes

were observed (22). This suggests that CP29 is a key compo-

nent for the stability of the supercomplexes.

The main goal of this study is to unveil the relation

between PSII composition and PSII fluorescence decay

kinetics, which reflect both EET and CS.
MATERIALS AND METHODS

Sample preparation

A. thaliana T-DNA insertion mutants (Columbia ecotype) SALK_077953

with insertion into the Lhcb6 gene (At1g15820) and SALK_014869 into

the Lhcb5 gene (At4g10340) were obtained from the NASC collections
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TABLE 1 Composition of thylakoid membranes from WT and

mutants of A. thaliana

Sample Chl a/b PSI/PSII LHCII/PSII*

WT 2.69 0.69 5 0.12 4.0

CP29as 2.67 0.65 5 0.09 3.9

CP26ko 2.62 0.64 5 0.15 4.1

CP24ko 2.71 0.68 5 0.11 4.1

Chl a/b ratio was determined by fitting of the spectrum of the acetone extract

with the spectra of the individual pigments (28), PSI/PSII ratio was calcu-

lated using a ms resolution pump-and-probe spectrometer (30). LHCII

trimers/monomeric PSII core ratio was calculated from the PSI/PSII ratio

and subunit pigment composition.

*LHCII trimers/monomeric PSII core.

924 van Oort et al.
(25). The antisense line for CP29 (26) was a kind gift of S. Jansson (Umea,

Sweden). Plants were grown for 6 weeks at 120 mmol photons m�2 s�1,

22�C, 70% humidity, and 8 h of daylight.

Thylakoids were isolated from leaves as described before (27). Pigments

analysis was carried out by high performance liquid chromatography and by

fitting of the spectrum of the acetone extract with the spectra of the indi-

vidual pigments (28). The Chl a/b ratio of the thylakoids of different plants

was quite similar in all cases (Table 1).

SDS-PAGE analysis was carried out with the Tris-Tricine buffer system

as described previously (29).

The PSI/PSII ratio was measured using a JTS-10 spectrophotometer (Bio-

Logic Science Instruments, Grenoble, France) in which absorption changes

are sampled by monochromatic flashes provided by LED; changes in the

amplitude of the electrochromic shift signal were recorded on excitation in

the presence or absence of the PSII inhibitors DCMU (50 mM) and hydrox-

ylamine (1 mM) as described in Cardol et al. (30).

Fluorescence

Steady-state fluorescence emission spectra, which are necessary to calibrate

decay-associated spectra (DAS), were measured after excitation at 412 nm or

484 nm on a Spex Fluorolog 3.2.2 (HORIBA Jobin-Yvon, Edison, NJ).

Time-resolved fluorescence was measured by time-correlated single

photon counting, using a home-built setup (31). In brief: excitation was

carried out by ~0.2 ps vertically polarized excitation pulses (wavelength

412 nm or 484 nm) at a repetition rate of 3.8 MHz. Fluorescence was

collected at right angle to the excitation beam, under magic-angle polariza-

tion through interference filters (Schott, Mainz, Germany) that were slightly

tilted to avoid reflections. Under the tilt angle, maximal transmission was at

680 nm, 700 nm, or 720 nm (15 nm width). The excitation power was

reduced with neutral density filters, to keep RCs in an open state, and to

keep the detection rate under 30,000 photons/s, to avoid pile-up distortion.

Care was taken to avoid further data distortion, as described in detail in

by van Hoek and Visser (32). Photon arrival times were stored in a multi-

channel analyzer (4096 channels at 2.0 ps time spacing).

The sample was kept at 287 K in a flow cuvette. Under the experimental

conditions, with 0.5–4 mW excitation almost all PSII RCs remain open.

More details are provided in the Supporting Material.

Data analysis

Fluorescence decay curves were analyzed using home-built software (33),

using the instrument response function (55 ps full width at half-maximum)

measured from the 6 ps decay of pinacyanol iodide in methanol (34). The

data were fitted to multi-exponential decay functions ð
P

i

pi
�e�t=ti Þ with

amplitudes pi and fluorescence decay times ti. During analysis the decay

times were forced to be equal for all measurements of a sample. The fit

quality was judged from the Poissonian maximum likelihood estimator,

the residuals, and the autocorrelation of the residuals.
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Extraction of PSII kinetics

Fit results were interpreted in terms of the average fluorescence lifetime

(tavg) of PSII calculated from the three sub-ns lifetimes that were needed

for good fits: tavg ¼
P3
i¼1

pi
�ti, with

P3
i¼1

pih1. However, the decay compo-

nents are partly due to PSI and partly to PSII. Calculation the PSII average

lifetime therefore requires removal of the PSI contribution from the fit

results, by unmixing the amplitudes, using the DAS of PSI (35–37), and

of PSII and thylakoid membranes (both from this work).

Unmixing requires the calculation of the relative contributions of PSI

ðqI
680Þ and PSII ðqII

680Þ to the DAS of the fastest decay component for thyla-

koid membranes measured at 680 nm (with qI
680 þ qII

680 ¼ 1). The DAS of

thylakoid membranes at 680 nm (Thyl680) is the sum of a PSI part

(PSI680) and a PSII part (PSII680), according to Eq. 1:

PSI680 þ PSII680 ¼ Thyl680; (1)

and for 720 nm:

PSI720 þ PSII720 ¼ Thyl720: (2)

qI
680 and qII

680 follow from Eq. 1:

qI
680 ¼

PSI680

Thyl680

¼ PSI680

PSI680 þ PSII680

; (3)

qII
680 ¼

PSII680

Thyl680

¼ PSII680

PSI680 þ PSII680

: (4)

Equations 1 and 2 can be rewritten as Eq. 5 and Eq. 6:

�PSII720

PSII680

� PSI680 �
PSII720

PSII680

� PSII680 ¼ �
PSII720

PSII680

� Thyl680;

(5)

PSI720

PSI680

� PSI680 þ
PSII720

PSII680

� PSII680 ¼ Thyl720: (6)

Adding Eq. 5 and Eq. 6 gives Eq. 7:�
PSI720

PSI680

� PSII720

PSII680

�
� PSI680 ¼ Thyl720 �

PSII720

PSII680

� Thyl680:

(7)

Combining Eq. 7 with Eq. 3 gives

qI
680 ¼

Thyl720

Thyl680

� PSII720

PSII680

PSI720

PSI680

� PSII720

PSII680

: (8)

Likewise, it follows from Eq. 1, Eq. 2, and Eq. 4 that

qII
680 ¼

Thyl720

Thyl680

� PSI720

PSI680

PSII720

PSII680

� PSI720

PSI680

: (9)

The amplitude of the fastest DAS of PSII equals PSII1
680 ¼ qII

680 � Thyl1680.

The other two thylakoid DAS are fully attributed to PSII, so

PSII2;3
680 ¼ Thyl2;3680. The total amplitude of the PSII DAS at 680 nm therefore

equals qII
680 � Thyl1680 þ Thyl2680 þ Thyl3680. Normalizing the total amplitude

gives the relative amplitudes of PSII ðpi
PSIIÞ (Eq. 10), which can be used

to calculate the average fluorescence lifetime of PSII (tavg) (Eq. 11):
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pi
PSII¼

qII
680 � Thyli

680

qII
680 � Thyl1

680 þ Thyl2
680 þ Thyl3

680

for i ¼ 1

Thyli
680

qII
680 � Thyl1

680 þ Thyl2
680 þ Thyl3

680

for i ¼ 2 or 3

;

8>>><
>>>:

(10)

tavg ¼
X

i

pi
PSII
� ti: (11)

Theory and modeling of the fluorescence kinetics

The overall average charge separation time tavg can be considered as the sum

of two times tavg ¼ tmig þ ttrap. tmig is the first passage time or migration

time, representing the average time that it takes for an excitation created

somewhere in PSII to reach the RC (primary electron donor), and ttrap is

the trapping time. ttrap is the CS time tCS divided by the probability that

the excitation is located on the RC (18,38): ttrap ¼ NefftC, with Neff ¼
NPSII/NRC, where NPSII and NRC are the numbers of Chl a molecules in

PSII and the RC, respectively. In the case that the total number of (isoener-

getic) pigments for instance doubles, the probability for an excitation to be

on the primary donor decreases by a factor of 2 and ttrap doubles. In case CS

is reversible then ttrap should be replaced by ttrap ¼ Neff[tCS þ tRP

exp(�DG/kT)] (derivation in Supporting Material) where tRP is the

secondary CS time and DG is the drop in free energy on primary CS.

When excited state decay processes in the antenna are taken into account,

the equations change into ttrap ¼ 1
Neff tCS

þ 1
t0

�1
on

for irreversible CS and

ttrap ¼ 1
Neff ½tCSþtRPexpð�DG=kTÞ� þ 1

t0

�1
on

for reversible CS, where t0 is the

excited antenna complex lifetime (taken as 4 ns; see van Oort et al. (39)).

For t0 [ ttrap the trapping timescales linearly with the total number of (iso-

energetic) pigments.

In Broess et al. (19) the parameters tCS, DG, and tRP were determined for

PSII membranes from spinach (BBY particles). Assuming that these

numbers remain unaltered in the thylakoid membranes, ttrap can be calcu-

lated (19) and the value increases, on increasing the size of the antenna. It

was also pointed out in (19) that excitation at 412 and 484 nm lead to

different values of tavg, because excitation at 484 nm leads to relatively

more excitations in the outer antenna. Due to invariance of ttrap with initial

excitation conditions, the difference (Dtavg) between the two values charac-

terize solely the change of migration time.
RESULTS

The thylakoid membranes of the WT and the three mutants

were analyzed in terms of pigment and protein composition.

The PSI/PSII ratio was calculated using a ms resolution

pump-and-probe spectrometer (30). The obtained ratio was

0.69 for the WT and it was very similar for all the mutants

(Table 1), indicating that the absence of one of the minor

antennae does not affect the PSI/PSII ratio. The Chl a/b ratio

of the thylakoid preparations from WT and mutants (Table 1)

was also very similar in all cases, indicating that, also at the

level of PSII, the absence of one of the antennae does not

strongly influence the expression of other Lhcb complexes.

Indeed, by using the pigment composition of the individual

subunits (40) and the measured PSI/PSII value, it can be

calculated that in the case of the WT 4 LHCII trimers are

present per monomeric PSII core. The data were very similar

for the mutants, ranging from 3.9 trimers per PSII in CP29as
to 4.1 trimers of CP26ko and CP24ko, identical within

experimental errors (Table 1). This is in agreement with

the analysis of the protein content on fractionation by SDS

PAGE, which showed very similar values for the LHCII/

core ratio in all samples (results not shown). It is worth

noting that the same method used here to calculate the ratio

LHCII/PSII core gave a value of 2.45 trimers of LHCII per

monomeric core for the BBY membranes (19), indicating

that during the preparation of the grana membranes part of

the LHCII trimers is lost.

Fluorescence decay curves were measured for thylakoid

membranes of all four samples. The excitation wavelength

was either 412 nm or 484 nm, and fluorescence was detected

at 680 nm, 700 nm, or 720 nm. Different combinations of

excitation and detection wavelength lead to different frac-

tional contributions of PSI and PSII to the fluorescence decay

kinetics. This was used to extract the fluorescence kinetics of

PSII. The combination 484 nm/680 nm leads to the highest

contribution of PSII. The corresponding decay curves are

presented in Fig. 2. The combination 412 nm/720 nm leads

to the lowest contribution of PSII. The curves with highest/

lowest PSII contribution are presented in Fig. 3, for WT,

CP24ko, and CP29as.

The decay curves of WT and CP26ko were very similar,

whereas those of CP29as and CP24ko were considerably

slower (Figs. 2 and 3). Each sample was measured six times,

with different combinations of excitation and detection

wavelength. The decay curves were globally fitted to

a sum of exponential decay functions. For each sample,

four decay components were needed to obtain a satisfactory

fit for all wavelength combinations, as was judged from the

Poissonian maximum likelihood estimator, and from the

residuals and the autocorrelation of the residuals. The fitting

results of the WT curves are given in Table 2. Note that the

decay times and amplitudes do not necessarily correspond to

real physical processes but they provide an accurate descrip-

tion of the data that will be used later.

On moving the detection wavelength to the red, the rela-

tive contribution of PSI increases (20), which is reflected

by an increase of the amplitude of the 73 ps component

(Table 2). Although both PSI and PSII contribute to the

73 ps component, the contribution of PSI is dominant

whereas the 251 ps and 532 ps components are due mainly

to PSII (see also below). The amplitude of the slowest

(several ns) component, which should be ascribed to either

closed PSII, free Chl or disconnected light-harvesting

complexes is very small and it was omitted in the analysis.

Excitation at 412 nm creates relatively higher excitation

densities on PSI than excitation at 484 nm (because PSII

contains relatively more Chl b, which dominates the absorp-

tion at 484 nm) causing an increased contribution of the

73 ps component at 412 nm.

In a recent study on dissolved PSI-LHCI crystals, lifetimes

of 24 ps, 61 ps, and 143 ps were found with relative ampli-

tudes 0.55, 0.33, and 0.10, respectively, on excitation at
Biophysical Journal 98(5) 922–931
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B

C

FIGURE 3 Time resolved fluorescence of thylakoid membranes from WT

and mutants of A. thaliana, for two combinations of excitation/detection

wavelengths: 412 nm/720 nm (dots labeled (I)) and 484/680 nm (open
symbols labeled (II)). For (I) relatively more excitations are created in PSI

and PSII core and relatively more PSI emission is detected; For (II) relatively

more excitations are created in the PSII outer antenna. (A) Normalized fluo-

rescence decay curves (symbols for every 200th data point). Inset: initial part

of the decay curves (symbols for every 100th data point). (B) Weighted

residuals of the fits of the decay curves in A. (C) Autocorrelation of the

weighted residuals. (B and C) Used to evaluate fit quality. The complete

curves for 484 nm/680 nm are presented in Fig. 2. The data of CP26ko

are omitted for readability.

A

B

C

FIGURE 2 Time resolved fluorescence of thylakoid membranes from WT

and mutants of A. thaliana. (A) Normalized fluorescence decay curves. Inset:

Initial part of the decay curves. (B) Weighted residuals of the fits of the decay

curves in A. (C) Autocorrelation of the weighted residuals. (B and C) Used to

evaluate fit quality. The excitation wavelength is 484 nm and the detection

wavelength is 680 nm.
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410 nm and detection above 710 nm (34). The 24 ps

component is not resolved here because of the limited time

resolution and the decrease in relative contribution. The

61 ps lifetime is similar to the 73 ps lifetime. The 143 ps

component is not detected separately, because its amplitude

is relatively small and it contributes to some extent to the

73 and 251 ps components in the fit. PSII also contributes

to the 73 ps component as indicated by the analysis of

membranes enriched in PSII, which also showed a short

component (18,19). It should be noted that it is not possible

to discriminate between lifetimes that are close together

and they will be lumped into one lifetime in the fitting

procedure.

When single traces measured at a particular combination

of excitation and detection wavelength are fitted, the ob-

tained lifetimes are somewhat different from the lifetimes

obtained with a global fit. However, the calculated average
Biophysical Journal 98(5) 922–931
lifetimes are identical and these will be used for further

analysis.

The main goal of this study is to understand the relation

between the PSII composition and the PSII decay kinetics,

which reflect both EET and CS. Therefore, the measured

overall kinetics have to be corrected for the contribution of

PSI. As already stated above, PSI mainly contributes to the

73 ps component and much less to the other ones. Here,

the relative contributions of PSI and PSII to the 73 ps compo-

nent will be called qI and qII, with qIþ qII¼ 1. At 680 nm, qII



TABLE 2 Results of global fitting of the fluorescence decay

curves of WT A. thaliana

Detection

Excitation

412 nm 484 nm

680 nm 700 nm 720 nm 680 nm 700 nm 720 nm

t (ps)* p p p p p p
73 0.250 0.366 0.501 0.150 0.221 0.281

251 0.390 0.349 0.279 0.468 0.442 0.394

532 0.351 0.276 0.210 0.376 0.332 0.317

1.8–2.6 ns 0.009 0.009 0.011 0.006 0.005 0.008

The longest lifetime was not fitted globally. Confidence intervals of fluores-

cence lifetimes (t) as calculated by exhaustive search were <5%, standard

errors of amplitudes, as calculated from 2–5 repeats, were generally <3%,

except for the amplitude of the longest lifetime (10–20%). p, relative ampli-

tudes.

*Except for the fourth component.
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is defined as qII
680 and can be estimated using Eq. 1 (see

Materials and Methods for a derivation).

qII
680 ¼

Thyl720

Thyl680

� PSI720

PSI680

PSII720

PSII680

� PSI720

PSI680

; (12)

In this equation Thyl720/Thyl680 is the ratio of the normalized

values of the 73 ps decay associated spectrum (DAS) of

thylakoid membranes at 720 nm and 680 nm (see Materials

and Methods for more explanation). The DAS are calculated

from the fit results in Table 2 and the steady-state fluores-

cence emission spectra (Supplementary Material), as

described in Materials and Methods. The ratio PSI720/

PSI680 is defined analogously to Thyl720/Thyl680. Because

spectral equilibration in PSI occurs within the first 10 ps after

excitation (34), the ratio PSI720/PSI680 is constant for longer-

lived DAS and it was taken from literature: at 412 nm exci-

tation PSI720/PSI680 ¼ 1.44 (average from values in Ihalai-

nen et al. (36,37)), at 484 nm 1.57 (35). The ratio PSI720/

PSI680 was calculated from the 251 ps DAS of thylakoids,

which is thought to arise mainly from PSII although there
TABLE 3 Fluorescence kinetics at 680 nm of PSII in thylakoids of W

Wavelengths used for PSI removal

PSII ratios from 251 ps D

700/680 nm 72

Excitation 412 nm 484 nm 412 nm

t (ps) pi
PSII pi

PSII pi
PSII

73 0.195 0.122 0.185

251 0.424 0.487 0.429

532 0.381 0.391 0.386

tavg (ps) 323 339 326

The kinetics were derived from the kinetics of thylakoid membranes by removing

or 720/680 nm. The PSI ratios were taken from literature (35–37), and the PSII ra

see text. Confidence intervals of fluorescence lifetimes (t) were <5% (calculated

<5% (calculated from 2–5 repeats). Confidence intervals of average lifetimes (tavg

correlations between fit parameters.
might be a small contribution from PSI. However, using

the 532 ps DAS for calculating qII
680 leads to very similar

results, confirming that the contribution of PSI to the 251 ps

DAS is minor (Table 3).

After obtaining qII
680, the relative amplitudes ðpi

PSIIÞ and

the average fluorescence lifetime (tavg) of PSII were calcu-

lated using Eq. 13 and Eq. 14 (see Materials and Methods).

qII
680
� Thyli

680
1 2 3

for i ¼ 1

8>>>

pi

PSII ¼
qII

680 � Thyl680 þ Thyl680 þ Thyl680

Thyli
680

qII
680 � Thyl1

680 þ Thyl2
680 þ Thyl3

680

for i ¼ 2 or 3

<
>>>:

(13)

tavg ¼
X

i

pi
PSII � ti (14)

The same calculations were also done using the DAS at 700

and 680 nm instead of 720 and 680 nm. The results for WT

are shown in Table 3.

Excitation at 412 nm leads to average lifetimes that are

nearly identical in all cases: 323, 326, 326, and 328 ps i.e.,

326 5 2 ps on average. Excitation at 484 nm leads to the

values 339, 338, 340, and 338 ps, i.e., 339 5 1 ps on

average. The latter lifetime is 13 ps longer than the one ob-

tained on exciting at 412 nm and this is due to the fact that on

484 nm excitation a larger fraction of the initial excitations

are localized on the outer antenna, whereas 412 nm leads

to a relatively larger fraction of PSII core excitation (19).

The same measurements and procedures were repeated for

thylakoid preparations from CP24ko, CP26ko and CP29as.

For each of these three mutants the average PSII fluorescence

lifetime (tavg) was calculated in the same four ways as

described for WT. The resulting values of tavg were averaged,

giving tavg, and used to calculate standard errors of tavg. The

results for excitation at 412 nm and 484 nm are in Table 4.

The results for CP26ko are similar to those for WT in the

sense that the difference between the average lifetimes on

412 and 484 nm is similar (15 vs. 13 ps). For CP29as and

CP24ko this difference is larger, namely 30 and 83 ps,
T A. thaliana

AS PSII ratios from 532 ps DAS

0/680 nm 700/680 nm 720/680 nm

484 nm 412 nm 484 nm 412 nm 484 nm

pi
PSII pi

PSII pi
PSII pi

PSII pi
PSII

0.125 0.187 0.119 0.181 0.125

0.485 0.428 0.489 0.431 0.485

0.390 0.385 0.392 0.388 0.390

338 326 340 328 338

the PSI contribution, using the ratios of the PSI and PSII DAS at 700/680 nm

tios were obtained from the PSII DAS of either 251 ps or 532 ps. For details,

by exhaustive search), standard errors of amplitudes ðpi
PSIIÞ were generally

) were<1%. This is smaller than the uncertainties of the fit parameters due to

Biophysical Journal 98(5) 922–931



TABLE 4 Average fluorescence lifetimes at 680 nm of PSII in

thylakoids of WT A. thaliana and mutants

Excitation

tavg(ps)

Difference (ps)412 nm 484 nm

WT 326 (0.9) 339 (0.5) 13 (1.3)

CP24ko 329 (2.5) 413 (1.0) 83 (2.6)

CP26ko 303 (0.1) 318 (1.0) 15 (1.0)

CP29as 391 (2.0) 420 (0.8) 30 (2.7)

The values were calculated from fluorescence kinetics of thylakoid

membranes by removing the PSI contribution in four ways: using the ratios

of the DAS at 700/680 nm or 720/680 nm, and using the PSII DAS of either

251 ps or 532 ps (for WT the results of each of these four calculations are

shown in Table 3). From the four calculations the average fluorescence life-

time ðtavgÞ and standard errors of the mean (in brackets) were calculated. See

text for details.
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whereas in these mutants the average lifetime on 484 nm

excitation is substantially longer than for WT and CP26ko.
DISCUSSION

The average lifetime of PSII is twice as long in thylakoid

membranes as in PSII membranes. This difference is

ascribed to the fact that the number of LHCII trimers per

PSII RC in the PSII membranes was 2.45, whereas for the

thylakoid preparations that are used in this study, the value

is ~4. The overall average trapping time tavg can be consid-

ered as the sum of the migration time or first passage time

tmig and the trapping time ttrap, i.e., tavg ¼ tmig þ ttrap

(38). Although this is strictly speaking only correct for

a regular lattice, it is a good approximation in the case of

less regular structures like for instance the PSII membrane

(18).

To estimate the contribution of both tmig and ttrap to the

overall trapping time it was assumed that the parameters

for charge separation for the PSII RCs in the current prepa-

rations are the same as for the RC in the BBY preparations

(19). This is reasonable because the core complexes are

probably almost identical in both preparations. By using

the fact that there are 4 LHCII trimers per RC, the value of

ttrap was calculated to be 181 ps (See Materials and Methods,

taking into account a 4 ns excited state lifetime of the

antenna). Note that ttrap does not depend on the organization

of the pigments with respect to each other (38). This value of

ttrap is larger than the 120 ps for the BBY preparations (19)

(ttrap is 124 ps in those preparations when a 4 ns decay in the

antenna is taken into account). This difference between PSII

in thylakoid and BBY membranes is entirely caused by the

additional ~1.5 trimers of LHCII per RC, which increase

the antenna size, and thereby reduce the equilibrium popula-

tion of excited states in the RC.

The migration time tmig is thus ~150 ps for WT PSII (i.e.,

tmig ¼ tavg � ttrap ¼ 330 ps � 181 ps). This is substantially

slower than observed for the BBY preparations, where it was

found to be ~35 ps (19). This can be interpreted in terms of
Biophysical Journal 98(5) 922–931
connectivity between LHCII and RC. In supercomplexes of

A. thaliana each PSII RC is in very close association with

2 LHCII trimers (41,42). The BBY preparation contained

2.45 LHCII trimers per RC, suggesting that most of the

LHCII trimers are arranged in this type of supercomplexes

(C2S2M2) in the grana region of the membrane (as also

directly observed by electron microscopy (EM) analysis

(43)). This agrees with recent time-resolved fluorescence

results on isolated supercomplexes (44) that show only

slightly faster decay times than the BBY complexes. That

means that the overall organization and composition of iso-

lated supercomplexes is very similar to that in BBY prepara-

tions. However, in thylakoid membranes tmig is ~4 times

slower (150 ps vs. 35 ps). This implies that in the thylakoid

membranes the migration time from the additional trimers is

substantially longer than from the trimers in the supercom-

plexes. This increase of the migration time is also responsible

for the fact that the difference in average lifetime on 412 and

484 nm excitation is 13 ps, i.e., a factor of 3 larger than for

the BBY particles (where it was 4.3 ps (19)). As was also

pointed out in Materials and Methods, the difference in the

average lifetime for the two excitation wavelengths is

approximately proportional to the migration time.

The average lifetimes for CP26ko are only somewhat

faster than for WT, and the difference in lifetimes on exciting

at 412 and 484 nm is very similar to the difference observed

for WT, indicating that the migration time is also very similar

in both cases. This suggests that the difference in the overall

lifetime is primarily due to the smaller number of pigments

per RC in the mutant, but that the absence of CP26 does

not influence the overall performance of the supercomplexes,

in agreement with the EM analysis of mildly solubilized

membranes of this mutant (22). This indicates that PSII

supercomplexes are still in the C2S2M2 form, when CP26

is absent. It can be concluded that the absence of CP26

does not have any direct or indirect effect on the energy

transfer and trapping processes.

The situation is different for CP29as. The absence of CP29

should lead to a value for ttrap that is similar to the value in the

absence of CP26 or even smaller due to the additional loss of

CP24 in the CP29as mutant (26). Because the average fluores-

cence lifetime is longer than for CP26ko and also WT, this

means that tmig must have increased. This agrees with the

fact that the difference in average lifetime on 412 and 484

nm excitation is 30 ps, i.e., more or less double the value as

for CP26ko and WT, indicating that tmig should be ~300 ps.

The value of ttrap is calculated (in the same way as for WT)

to be ~174 ps, similar to what is expected for WT (181 ps)

and CP26ko (174 ps). Together, these numbers would thus

predict an average lifetime of ~300 þ 174 ¼ 474 ps, some-

what longer than the observed lifetime of ~400 ps. This differ-

ence might be due to faster charge separation kinetics in the

RC for this mutant but, more likely, it can also be due to

a fast decay rate of the excited state for light-harvesting

complexes or a subset of them.
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The difference between measured and calculated average

lifetime is even more pronounced for CP24ko: The differ-

ence in average lifetime on 412 and 484 nm excitation is

80 ps that implies an increase of the migration time with

a factor of 5–6 as compared to the WT, meaning that the

migration time by itself would already be 800–1000 ps,

much longer than the observed lifetimes of 300–400 ps.

The most straightforward way to explain the large difference

in average lifetime on 412 and 484 nm excitation, as well as

the faster-than-WT average lifetime on 412 nm excitation, is

heterogeneity: the coexistence of regions of PSII character-

ized by a short trapping time and regions that contain badly

connected or disconnected light-harvesting complexes that

are quenched substantially.

The fact that for CP29as the difference of the excited-state

lifetimes for the two excitation wavelengths is smaller

than for CP24ko, whereas the average lifetime is larger is

surprising, considering that in both mutants the amount of

LHCII is identical to that of the WT. This suggests that the

absence of CP29 slows down the transfer from LHCII to

the core, but does not completely block it. By contrast, in

the case of CP24ko, a large part of the LHCII trimers is

apparently completely disconnected from the core. This

result thus indicates a different organization of the subunits

in the membranes of the two mutants.

Indeed, in the case of CP24ko, two different regions could

be identified in the membrane by EM: i), microcrystalline

arrays composed of highly ordered C2S2 supercomplexes;

and ii), regions strongly enriched in LHCII (23). Thus, in

CP24ko fast energy transfer is expected for the C2S2 super-

complexes that are present in high amounts in the membrane,

whereas a slower lifetime should be associated to the regions

enriched in LHCII, thus explaining the large difference in

lifetime observed on exciting at different wavelengths.

To test this hypothesis we assumed that the different

regions are not interconnected, in the sense that excitations

cannot move from one region to the other. With the use of

the absorption of the individual subunits we calculated the

relative probabilities to excite the C2S2 supercomplexes

and the LHCII-only region (considering that three out of

the four LHCII present per core are located in this region).

We could thus solve a system of equations in which the

two unknowns are the average lifetime of C2S2 and that of

disconnected LHCII in the membrane (Eq. 15). The excita-

tion vectors ai
j in Engelmann et al. (4) were calculated using

the absorption spectra of core and antennas normalized to the

number of Chls:

aC2S2
412 � tC2S2 þ aLHCII

412 � tLHCII ¼ tavg;412

aC2S2
484 � tC2S2 þ aLHCII

484 � tLHCII ¼ tavg;484

:

(
(15)

This leads to an average lifetime of 110 ps for C2S2, whereas

it is 560 ps for the disconnected antenna. This result is in

excellent agreement with the measurements on the BBY

membrane where a lifetime of 150–165 ps was observed
for complexes containing 2.5 LHCII per monomeric core

(19), in which case the difference in lifetime is simply due

to the smaller number of Chls associated with the C2S2

complexes as compared to C2S2M2 þ 0.5 LHCII trimer in

the BBY preparations. From the average lifetime for the

BBY membrane one would expect an average lifetime of

95–105 ps for C2S2, very close to the obtained value of

110 ps. Moreover, it is close to the average lifetime of 115 ps

that was obtained for a mixture of C2S2 and C2SM (44).

It is striking that the excited-state lifetime of the discon-

nected LHCIIs is much shorter than the lifetime of ~4 ns

for LHCII in detergent and liposomes (45,46). Interestingly

a shortening of LHCII excited-state lifetime requires only a

small change of volume and free energy (47). Indeed, a

shorter lifetime occurs under many conditions: when LHCII

is tightly packed in liposomes (45), or when it is aggregated

(39), or crystallized (48), suggesting that interactions

between the complexes in the membrane cause a shortening

of excited-state lifetime. It is interesting to note that recently

in LHCII preparations that were argued to be in a similar

state as in the thylakoid membrane the excited-state lifetime

turned out to be ~600 ps (49).

In the case of the membranes of CP29as no microcrystal-

line arrays could be detected on mild solubilization (22).

Moreover, not even individual supercomplexes could be

observed in these conditions indicating that CP29 is a key

subunit for the stability of the supercomplex. Furthermore,

CP29 is positioned in between the outer LHCII and the core

and as such forms part of the energy transfer pathway from

LHCII to the reaction center, thus suggesting that in its

absence the transfer from LHCII to the RC might be slower.

It is concluded that in the membrane of CP29as, each core

is surrounded by several LHCII complexes that are still able

to transfer energy to the RC, but less efficiently than in the WT.
CONCLUSIONS

It proved possible to extract the time-resolved fluorescence

kinetics of PSII from the kinetics of thylakoid preparations,

by correcting for the PSI contribution. From the results the

following is concluded:

PSII contributes significantly to the short (<100 ps) fluo-

rescence component, which is usually ascribed to PSI

only.

LHCII trimers that are not part of the C2S2M2 PSII super-

complexes are responsible for migration times of the exci-

tations to the RCs that are much longer than those for the

trimers within the supercomplexes (hundreds instead of

tens of ps). In the WT membranes, there are approximately

two trimers present per core in the supercomplex and two

are present in a different region. This explains why the

average fluorescence lifetimes are substantially longer

for PSII in intact thylakoid membranes than in grana

preparations.
Biophysical Journal 98(5) 922–931
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The absence of CP26 leaves the PSII organization nearly

unaltered as evidenced by very similar migration times in

the presence and absence of CP26. In contrast, the absence

of CP29 and especially CP24 lead to substantial changes

in the PSII organization as evidenced by a significant

increase of the apparent migration time, demonstrating

a bad connection between a significant part of the

antennae and the RCs.

Antenna complexes that are badly connected or uncon-

nected to an RC are strongly quenched: a fluorescence

lifetime of ~560 ps implies a fluorescence quantum yield

of <4%, indicating extensive decay of Chl excited states

by heat dissipation.

Applying the same analysis on thylakoid membranes of

different composition, and under various environmental

stress conditions will provide substantial new knowledge

on the variability of excitation migration. Such experi-

ments are in progress currently.
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