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Trapping kinetics in isolated cyanobacterial PS I complexes
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a b s t r a c t

The excitation energy trapping and the role of the ‘red’ chlorophyll (Chl) states in the photosystem (PS) I
monomers and trimers from the cyanobacterium Thermosynechococcus elongatus were studied. We dem-
onstrate the adequacy of the ‘‘charge recombination” model for the trapping kinetics. On the basis of this
model the reaction center excited state can be resolved. The overall kinetics is shown to be trap-limited
even though the presence of the ‘red’ Chls induces a substantial slowing down (�60%) of the trapping.
Two kinetically different ‘red’ Chl pools were resolved. Both of these ‘red’ pools originate from the same
groups of pigments in either of the two aggregation states. This indicates that careful isolation does not
disturb substantially the ‘red’ Chls and we can exclude their location at the monomer–monomer inter-
face. Acceleration of the secondary electron transfer step in the studied complexes as compared to PS I
from mesophilic organisms is observed.

� 2009 Elsevier B.V. All rights reserved.

1. Introduction

Photosystem I (PS I) is one of the largest membrane complexes,
hosting 127 co-factors [1]. It is involved, together with PS II, in con-
ducting the light reactions of photosynthesis. The structure of the
cyanobacterial PS I complex is resolved to 2.5 Å resolution [1]. It
seems, that naturally most of the cyanobacterial PS I complexes
are organized as trimers, as is evident both from electron micro-
graphs of thylakoid membranes and from isolated PS I particles
[2,3]. However, it has also been shown that the monomer–trimer
equilibrium in the membrane phase should be considered as a dy-
namic equilibrium which can be triggered by external parameters
[4,5]. Isolated trimeric complexes show an extraordinarily high
density of pigment molecules in the core antenna [1]. This antenna
system is relatively well separated from the redox active co-factors
in the reaction center (RC) in order to be oxidation protected. The
early electron transfer reactions in the RC involve six chlorophyll
(Chl) molecules and two phylloquinones divided into two electron
transfer branches. The six Chls of the RC are strongly coupled to
each other [6–13], which leads to broadening of the covered energy

spectrum and has high importance for the effective energy transfer
from the different antenna compartments [14]. In addition, this
interaction renders specific spectroscopic properties of the RC
and hence allows its experimental observation in spectrally re-
solved ultrafast experiments [10,11].

Most of the known PS I complexes exhibit an intriguing feature
such as the presence of the so-called ‘red’ Chls [15,16]. Normally,
these Chls have very broad ‘red’-shifted spectra. Their peculiar
properties are explained by a strong excitonic interaction [17,18]
and high electron–phonon coupling [18–22], likely combined with
energetic shifts induced by the protein [23]. In addition, mixing
with a charge transfer state was also proposed [18,20,22,24–26].
In effect the ‘red’ Chls absorb light with longer wavelength than
the RC Chls and, even though present only in a small number, have
significant influence on the energy trapping kinetics of PS I.

However, despite the increasing knowledge of the properties of
these pigments, their physiological role is not clear yet. Some
authors connect their role to the funnel model of the energy trans-
fer to the RC [27], while others proposed their participation in the
photoprotection [15,27–32]. Nevertheless, since the presence of
the ‘red’ Chls do not impair the quantum efficiency of PS I their
most apparent function is providing physiological advantage,
through widening the spectral range of the light that can be uti-
lized [28,33,34].

In Thermosynechococcus elongatus low temperature studies re-
veal the presence of two to three main absorption bands at 708
and 719 nm (C708 and C719) [19,21], and possibly also at
715 nm (C715) [18]. Two ‘red’ Chl forms are found at low temper-
ature also in Synechocystis at 708 and 714 nm [20]. Currently, Spi-
rulina platensis is the species with the red-most absorption bands
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(C719 and C740) of its PS I [35]. Interestingly, a single molecule
study by Brecht et al. [36] demonstrates a striking spectroscopic
difference between the ‘red’ pools of C718 and C715/C719 in T.
elongatus. The authors assigned the differences to the local envi-
ronment and attempted to predict the position of the ‘red’ forms.
Nonetheless, the precise location of these Chls in the core antenna
system is still not identified. One of the possibilities is the mono-
mer–monomer interaction region of the trimer [1]. Another pro-
posed location is the vicinity of the RC in relation to a funnel
model of the energy trapping [37]. In contrast, a more distant posi-
tion for some or all of the ‘red’ pigments is suggested by other
authors [20,25,38–40]. At present, few pools of Chl molecules
(the trimer B31/B32/B33, and the dimers – A38/A39, A32/B7 and
B37/B38) have some experimental basis [1,36] to be the most likely
candidates for the formation of the so-called ‘red’ Chls in cyanobac-
teria and in particular in T. elongatus. However, several other Chl
groups (the tetramer A31/A32/B7/B6, the trimers A2/A3/A4, A19/
A20/A21 and the dimers A12/A14, A26/A27, A24/A35, A33/A34,
B24/B25, B22/B34) were also proposed to contribute to the pecu-
liar ‘red’ forms [23,25,41–43]. It is apparent that the uncertainty
in the assignment of the ‘red’ pigments is fairly large, since the dif-
ferent proposals involve over 20% of the Chls of PS I.

In order to clarify the physiological importance of the ‘red’ Chls,
their role in the energy trapping kinetics of PS I has to be revealed
first. This will also bring more information on the position of the
pigments in the complex. A number of time-resolved studies at-
tempted to characterize the trapping kinetics. However, there is
a general disagreement on the type of trapping. Based on some
time-resolved fluorescence studies, Byrdin et al. suggested that
the kinetics in cyanobacteria is balanced between trap- and trans-
fer-to-trap-limited [39]. Other authors suggested a purely transfer-
to-trap-limited kinetics on the basis of a non-equilibrium trapping
interpretation of the time-resolved fluorescence and transient
absorption data and an assumption of slow energy delivery to
the RC from the antenna compartments due to the relatively large
distance between them (�18 Å) [40,44–47]. A weak point in part of
the latter studies is that in the analysis of the data the charge
recombination reaction was not included and the possibility of
de-trapping of the excitation energy from the RC was underesti-
mated [40,44,45,47]. The charge recombination reaction, however,
has been shown to play an important role in the trapping kinetics
and cannot be omitted [10,48]. On the other hand, the large num-
ber of Chl molecules belonging to the antenna system of PS I, which
is intimately bound to the RC, increases tremendously the de-trap-
ping probability. The results by Savikhin et al. [46] should also be
considered with care given that the authors used in their analysis
the highly questionable assumption of equality of the excited state
quenching processes in open and closed PS I complexes. In fact, an
increase of about 12% in the fluorescence quantum yield after P700
oxidation was observed by Byrdin et al. [39], which implies a dif-
ferent trapping kinetics in PS I with closed RC. In contrast, a purely
trap-limited kinetics is observed in some early minimal models
[24,49] in cyanobacterial PS I. However, these studies lacked either
sufficient time-resolution [49] or did not attempt a detailed kinetic
modeling [24]. In some theoretical works [7] the trap-limited
kinetics was excluded as a possibility, nevertheless, the authors
discuss the relatively large probability for back energy transfer
from the RC [7,26]. The problem of these models is the neglect of
the charge recombination reaction, which strongly influences the
result for the rate-limiting step in the calculations. Other theoret-
ical calculations are also in favor of the transfer-to-trap-limited
type of trapping kinetics [45,50]. However, in these works the
authors have assumed ultrafast CS in the RC, which has no solid
experimental basis [10].

The large discrepancies in all these studies originate primarily
from the differences in the attempts to describe the experimental

data rather than the data themselves. Generally, only a few energy
transfer (ET) lifetime components are resolved. A sub-ps lifetime
component describing the bulk antenna energy equilibration and
one or two picosecond ET components representing the energy
equilibration between the bulk antenna moiety and the ‘red’ Chl
pools [40,51,52]. The latter components demonstrate significant
non-equilibrium trapping. Finally, a 20–30 ps component is deter-
mined which is assumed to account for the main trapping
[40,51,52].

A major difficulty in the spectroscopic investigation of the PS I
complexes is the high pigment density, which together with the
inseparability of the RC from the core antenna system, and the
presence of the ‘red’ Chls make the experimental observation of
the early electron transfer processes extremely hard. Thus the
investigation of the PS I from different organisms has to be per-
formed on the basis of the studies of the simplest possible PS I
complex. Recently, such a study performed on PS I-core particles
from Chlamydomonas reinhardtii, which do not have any ‘red’ Chls
has brought better understanding of the trapping kinetics in PS I
[10,48]. It was shown there that a charge recombination step is re-
quired for the description of the energy and charge transfer events
in PS I. Furthermore, for the first time these studies resolved the
excited equilibrated RC* (i.e. excited state of the group of the six
RC Chls) of PS I as a separate compartment both spectrally and
kinetically. According to these results the kinetics in PS I-cores that
are devoid of ‘red’ Chls is purely trap-limited [10].

In this work we present a time-resolved fluorescence investiga-
tion of the trapping kinetics of highly purified and intact PS I
monomeric and trimeric complexes from T. elongatus. We demon-
strate here that the energy trapping kinetics in these two com-
plexes is identical and can be very well described with the help
of the ‘‘radical pair equilibrium” model [10]. We have resolved
an additional lifetime component and hence presented the exis-
tence of two separate lifetimes describing the fluorescence decay
of the ‘red’ Chl pools. Furthermore, in accordance with our previous
studies, we have estimated the rates of the primary and the sec-
ondary electron transfer reactions.

An important point for the decision on the correct trapping
model is the consistency of the electron transfer reaction scheme
and rates as well as the spectral properties of the RC across PS I
from different species. This is important since the antenna proper-
ties and sizes vary widely for different PS I particles, while the RC
properties should remain very similar. Thus only kinetic descrip-
tions that result in the consistency of the RC properties can be con-
sidered to be adequate.

2. Materials and methods

T. elongatus was cultivated at 45 �C in a 20 L photobioreactor
using BG-11 medium [53] with air enriched in 5% CO2 [54]. Cell
harvest and thylakoid membrane preparation was performed
according to Rögner et al. [3] and Wenk and Kruip [55]. Monomeric
and trimeric PS I complexes have been purified according to Sch-
lodder et al. [16]. Enhancement of PS I monomers was achieved
by preincubation of the thylakoid membrane in 0.6 M ammonium
sulfate at 50 �C. After extraction by 0.6% n-dodecyl-b-maltoside (b-
DM) and ultracentrifugation (Ti70-Rotor, 60 min, 50,000 rpm, 4 �C,
Beckman), monomeric and trimeric PS I were separated by hydro-
phobic interaction chromatography (POROS 50-OH, Applied Bio-
system, Germany) followed by ion exchange chromatography
(POROS 50 HQ/M, Applied Biosystem, Germany).

The purified PS I complexes, containing 108 Chls/P700 were
used for the time-resolved fluorescence measurements. The iso-
lated monomeric and trimeric PS I particles were diluted in
30 mM HEPES buffer (pH 7.5), containing 10 mM MgCl2, 10 mM
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CaCl2, 200 mM mannitol and 0.01% b-DM to an OD �0.6 cm�1 at
the Chl QY maximum. The medium contained also 40 mM sodium
ascorbate and 60 lM phenazine methosulfate as redox agents to
keep the RCs open during the measurements.

The single-photon timing technique was used to perform pico-
second time-resolved fluorescence measurements. The set-up con-
sists of a synchronously-pumped, cavity-dumped, mode-locked
dye laser at 800 kHz repetition frequency with a DCM as a laser
dye [47,48]. The pulse of the dye laser has a FWHM of �10 ps
and the whole response of the system is about 30 ps FWHM, which
after deconvolution results in a time-resolution of 1–2 ps. The sam-
ple was placed in a rotating cuvette (10 cm diameter, path-length
of 1.5 mm) moving sideways at 66 rpm and rotating at 4200 rpm.
The laser intensity at the sample was about 0.05 mW, �0.7 mm
spot diameter. Such experimental conditions ensure complete re-
reduction of the RCs before the next excitation occurs. Under these
conditions less than 1% of the particles receive a second laser exci-
tation during the time they spend in the laser beam. The excitation
wavelength was 663 nm to selectively excite the bulk antenna
Chls. The fluorescence decays at different wavelengths were se-
lected by a double monochromator (spectral bandwidth 4 nm).
Measurements were carried out at ambient temperature
(21 ± 2 �C).

Fluorescence decays were analyzed by means of global and tar-
get analyses as previously described in detail [56,57]. Global anal-
ysis is a combined mathematical fitting of the decay curves at
different wavelengths done in a single fitting procedure. The anal-
ysis results in lifetimes and decay-associated spectra (DAS),
describing the whole set of original data. In the more elaborate tar-
get analysis kinetic models are fitted to the data in global fashion.
Such an approach leads to a physically meaningful description rate
constants and spectra of the different compartments (species-asso-
ciated emission spectrum (SAES)) and gives detailed information
about the rate constants of the energy and electron transfer pro-
cesses taking place in the investigated system. Several physically
reasonable models are usually tested for their compatibility with
the data.

3. Results

Time-resolved fluorescence measurements were performed on
monomeric and trimeric PS I complexes from T. elongatus in order
to investigate their light energy trapping kinetics. To avoid uncer-
tainties in the initial energy distribution the excitation wavelength
was chosen such to interact only with the pigments of the bulk an-
tenna system (663 nm). The kinetics of the different processes in

PS I was monitored by detecting the emission decays at different
wavelengths from 670 to 750 nm.

3.1. Global analysis

Initially, the decays were analyzed by means of global analysis
[56,57], which results in characteristic lifetimes and amplitudes
(Fig. 1). For each of the two samples the minimal number of life-
time components necessary to fit the data was 5. Nevertheless,
the DAS demonstrate some interesting differences. First of all, in
the case of the monomeric PS I there are two lifetime components
possessing the typical positive–negative amplitude feature of an ET
component (3 and 9.3 ps), while the trimers have only one such
component (5.5 ps). However, this 5.5 ps component has an inter-
mediate value compared with the shortest components of the
monomers and possibly represents their mixture. Secondly, the
longer 20–25 and 40–50 ps components also show dissimilarities.
In the monomers the �25 ps component peaks at 720 nm and
the 48 ps one – at �730 nm, while in the trimers the corresponding
components are slightly ‘blue’-shifted and even show some differ-
ences in the shape of their DAS. Additionally, the amplitude ratios
of the two lifetime components are different for monomers and tri-
mers. The origin of the differences can easily be explained with
some internal differences of the studied complexes. Such a preli-
minary conclusion, however, may be easily misleading since the
global analysis is a fitting procedure with a simple sum of expo-
nentials and does not consider some important functional relations
amongst the different components. In contrast, the use of target
analysis, which describes these inherent relationships correctly of-
ten, leads to resolution of lifetime components that are not fully re-
solved or represent mixtures in global analysis. In addition to the
already described components we observe further two other long-
er lifetimes with small amplitude. The ns component is common
for both samples and is usually encountered in all PS I studies. This
lifetime is attributed to some functionally decoupled Chls. Besides
that, in the trimers we observe a �300 ps lifetime with small
amplitude, whose origin is also not clear at the present moment.
However, it is worth noting that the shape of its DAS is similar to
the one of the longest lifetime component, which indicates that
it is also related to the decoupled Chls.

In agreement with the earlier studies on cyanobacterial PS I
[40,51,52], the ps lifetimes discussed above represent excitation
energy equilibration between the bulk antenna Chls and the Chls
from the ‘red’ pools. At this stage of the analysis it is not com-
pletely clear whether the ET to the ‘red‘ Chls is not mixed with
some electron transfer processes in the RC as suggested before
[39,40]. So far, on the longer time scale (20–60 ps) there has only

A B

Fig. 1. Decay-associated spectra (DAS) and lifetimes of the fluorescence from monomeric (A) and trimeric (B) PS I complexes from Thermosynechococcus elongatus obtained
through global analysis of the fluorescence decay data, kexc = 663 nm excitation. v2 = 1.04 and v2 = 1.03 for (A) and (B), respectively.
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been detected one decay component [39,40,51,52], assigned as the
main trapping lifetime. In our work for the first time, both in
monomers and in trimers, we resolve on the longer time scale
two separate lifetimes (�25 and �45 ps). These two components
possess notably ‘red’-shifted DAS and in our view represent the de-
cay kinetics of two different ‘red’ Chl compartments. In regard to
the three ‘red‘ pools – C708, C715 and C719, revealed by the low
temperature studies of PS I from T. elongatus [18] one would expect
to observe three lifetimes, describing the ‘red’ Chls kinetics. The
lack of such a third lifetime component, associated with the ‘red
Chls’ however, can be simply explained either by the kinetic and
spectroscopic inseparability of two of the ‘red’ pools at ambient
temperature or by the formation of a new ‘red’ state at low temper-
atures, which is not present otherwise.

3.2. Target analysis

The initial knowledge about the samples, obtained trough the
global analysis together with the information from previous stud-
ies is used in a next step for the design of physical models. These
models account for the specific features and relations between
the different pigment pools in the complexes. We have tried many
different kinetic models. We will however only discuss those that
lead to both (i) a good fit in a mathematical sense and (ii) physi-
cally reasonable SAES. In fact the models that we found in this
study could tolerate only minor changes in the rate constants (5–
10%). Changes in the rate constants significantly larger than 5%
bring severe deterioration of the SAES. In accordance to our earlier
studies [10,48] we present here a model describing the trapping
kinetics of cyanobacterial PS I monomers and trimers, which in-
cludes a fluorescing compartment representing the excited RC Chls
(RC*) (see Fig. 2). Additionally, analogous to green algae PS I [10,48]
a charge recombination rate was needed to describe the time-re-
solved fluorescence data properly. Based on the result from the
global analysis, where two separate decay components with
‘red’-shifted DAS were determined in both of the investigated com-
plexes we included in the model schemes two ‘red’ Chl compart-
ments. We have also tested a model with only one ‘red’ state,
which however did not yield physically reasonable SAES. The
resulting models and the rate constants obtained after fitting to
the experimental data are presented in Fig. 2. In this figure are pre-
sented also the so-called weighted eigenvector matrices, which
give information for the contribution of each of the model com-
partments in the different decay lifetimes. In effect, by considering
the physical properties of the studied complexes better resolution

was achieved. The spectra of the different compartments are
shown in Fig. 4.

4. Discussion

4.1. Energy transfer

The kinetic modeling of the time-resolved data demonstrates
that the main part of the energy equilibration between the bulk an-
tenna (ANT*) and the RC (RC*) in PS I monomers and trimers occurs
on a sub-ps time scale (see Fig. 2). The different spectral properties
of the model compartments together with the special kinetic rela-
tionships between them exert a constraint on the rates, which al-
lows the estimation of lifetimes below the time-resolution of the
set-up. The ratio of the corresponding forward and backward rates
(�0.4) is in relatively good agreement with the one predicted by
the detailed balance:

kb=kf ¼ NRC=NANT � expððEANT � ERCÞ=kBTÞ;

where kf and kb denote the forward and backward energy transfer
rates; NRC and NANT the degeneracy factors for the different com-
partments (NRC = 6, and NANT = �90), and kBT is the Boltzmann fac-
tor. The observed ultrafast ANT*–RC* equilibration kinetics shows
that there is no rate-limiting step in the energy delivery to the RC
as proposed by others [40,44–46].The relatively high transient pop-
ulation of the RC* (�13–17%) is a good argument in favor of the pos-
sibility to observe this compartment [10].

In our analysis we have also estimated the lifetimes for the en-
ergy equilibration between ANT* and the two ‘red’ Chl compart-
ments (RED*) (Fig. 2). Apparently, for both of the ‘red’
compartments the process proceeds on all time scales up to
�20 ps. In agreement with previous studies [40,45,46,51] we found
�5 and �7 ps components, which represent the main energy equil-
ibration with the ‘reds’, however we observe also some additional
equilibration on a later time scale for RED1*. RED1* and RED2* de-
cay correspondingly with �44 and �25 ps. Interestingly, the differ-
ences in the kinetics of the ‘red’ Chls from monomeric and trimeric
complexes are only minor. A plausible explanation of this effect is
that the origin of the ‘red’ pools is the same for both complexes, i.e.
that the ‘red’ Chls are in fact not influenced by the trimerization. In
this case, some structural changes like, e.g. detachment of Chls dur-
ing previous isolation procedures can easily account for the differ-
ences with the earlier data.

In Fig. 3 is shown the population dynamics of the model compart-
ments. The low transient population of RED1* is caused by a low ET

A B

Fig. 2. Compartment models with rate constants (ns�1) (top), lifetimes and eigenvectors (bottom) for the monomeric (A) and trimeric (B) PS I particles. v2 = 1.06 and
v2 = 1.07 for (A) and (B), respectively. The errors in the rate constants are in the range of 5% and the errors in resulting lifetimes in the range of about 10%. The fastest rate
constants, contributing primarily to the fastest lifetime of 0.8–0.9 ps, do have significantly larger errors (up to 15%) due to the fact that the fastest lifetime is at the resolution
limit of our apparatus. Thus the fastest lifetime may have an error in the range of 20%. The advantages of global target analysis nevertheless allow resolving of these
components.
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efficiency from the bulk antenna system. Such a low efficiency of this
process can be explained in the light of Förster theory either by a bad
spectral overlap between the compartments or by a non-favorable
spatial orientation. The other ‘red’ compartment (RED2*), however,
obtains substantial transient population (�13–17%). We performed
the Boltzmann calculation also for the ‘red’ Chls. Unfortunately, the
number of the pigments in each pool is not known, and hence the
comparison with the ratio of the experimental rates is difficult.
However, one can make the calculation for the forward/backward
rate constants ratio using different number of Chl molecules contrib-
uting to the ‘red’ compartments and then do the comparison with
the ratio of the rates determined from the modeling. As a result it
turns out that within the given uncertainties either one or two Chl
molecules can form each of the ‘red’ pools.

4.2. RC kinetics

One of the main elements of the presented models (Fig. 2) is the
presence of a fluorescing RC* compartment. The necessity of such a
compartment emerges due to the specific properties of the six RC
Chls [6–13] – strong excitonic coupling, which significantly modi-
fies the physical properties of these pigments as compared to the
antenna Chls, relatively distant position from the core antenna
and finally their role as electron transfer co-factors. The introduc-
tion of this compartment together with the introduction of a
charge recombination rate allows the observation of the RC*, and
correspondingly the initial electron transfer reactions. These fea-
tures of our models are supported also by the relatively high tran-
sient population of the RC* (�13–17% in both samples) (see Fig. 3).

Within the error limits the early electron transfer reactions in
the RC of both monomers and trimers occur with the same rate
constants. This means that during the isolation procedures the
RC of PS I is not affected, which is reasonable. The effective CS rate
from the equilibrated RC* Chls is �400 ns�1 and is similar to the
one resolved in green algae (350 and 438 ns�1) [10,48] and also
to the one from higher plants (400 ns�1) [58]. However, this rate
is not the so-called intrinsic rate of CS from a particular electron do-
nor pigment. The latter rate is obtained by multiplying the effective
CS rate by the number of the pigments amongst which the RC* exci-
tation is equilibrated, e.g. 3–6, depending on the RC exciton model.
The intrinsic rate of CS in cyanobacterial PS I may thus vary between
1.2 and 2.4 ps�1 in agreement with our recent transient absorption
data [10]. From the eigenvector matrix (Fig. 2) also the apparent CS
lifetime can be obtained (Note that this is the main lifetime with
which the first radical pair is formed, but it is not identical to
the inverse of the above-mentioned effective CS rate from the RC,
for detailed discussion see, e.g. [10]; the main difference is that
the apparent CS lifetime also contains the effective antenna migra-
tion time and also reflects the statistical effects of the antenna size,
i.e. in equilibrium the excited state population on the RC* is inver-
sely proportional to the antenna size). In both of the studied PS I
complexes this lifetime is �4.5 ps, i.e. about 5–6 times shorter than
the apparent charge separation lifetime estimated by other authors
who did not resolve directly the RC* kinetics [37,40,45,46]. The free
energy drop in the first electron step is �100 meV by far larger
than the one observed in PS II core complexes [59]. The decay of
the first radical pair (RP1) occurs with a lifetime of �7.5 ps. Inter-
estingly, the secondary electron transfer reaction in cyanobacteria

A B

Fig. 3. Time dependence of the relative populations for the compartments from the models shown in Fig. 2. (A) PS I-monomers and (B) PS I-trimers.

A B

Fig. 4. Species-associated emission spectra (SAES) resulting from the modeling of the time-resolved fluorescence data of monomers (A) and trimers (B) PS I particles as shown
in Fig. 2. The errors in the species-associated spectra, in particular for the RC*, compartment are directly related to the errors in the rate constants (see comment Fig. 2).
Whereas the errors in the SAES for most compartments are in the range of 10%, the error for the RC* compartment could be up to 20%.
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seems to be accelerated in comparison to algae [48] (RP1 decay
lifetime – 17 ps) and higher plants [58] (RP1 decay lifetime – 14–
17 ps). This effect is in a way unexpected given that the structure
of the complexes from different organisms seemed to be highly
preserved. However even minor changes in the orientation of the
co-factors, not resolved in the structure of higher plants [60] may
bring large differences.

4.3. Fluorescence spectra of the model compartments

The target modeling of the experimental data results also in the
so-called species-associated emission spectra (SAES) or simply the
fluorescence spectra of each of the model compartments. In fact,
SAES are one of the basic criteria for the suitability of a given mod-
el. The spectra obtained from the modeling of the data from mono-
mers and trimers are shown in Fig. 4. The SAES of the bulk antenna
(ANT*) both in monomeric and in trimeric PS I are relatively well
conserved, peaking at about 685 nm. At first glance the RC* SAES
of the two studied complexes look different; this is mainly due
to two data points (707 and 727 nm), which impair the shape of
the spectra. Nevertheless, the center position of the RC* spectra is
the same in monomeric and in trimeric PS I – �705 nm. We should
note here, that the SAES of the RC* compartment is very sensitive
to the determination of the shortest lifetime in the kinetics
(ANT*–RC* energy equilibration, see Fig. 2), which in fact is at the
limit of the apparatus time-resolution. In this light the difference
between the RC* SAES can be easily explained. The rest of the SAES
represent the spectra of the ‘red’ Chl compartments. SAES of RED2*

peaks at 720 nm and possesses a very broad shape, a sign for a
large electron–phonon coupling, typical for the ‘red’ Chls [18–
22]. These spectra are very well conserved in both complexes, as
is the kinetics of the corresponding compartments. However, this
does not apply fully for the other ‘red’ pool – RED1*. Even though
the peak wavelength and the shape remain the same, the relative
intensity of this band is slightly diminished in the monomeric com-
plexes as compared to the trimers. This effect correlates with the
small differences in the kinetics. Based on the latter result we sug-
gest that the Chls involved in the formation of the RED2* pool are
not situated in close proximity to the trimerization region. How-
ever, the Chls of the RED1* pool most probably are located some-
where near this region. Nevertheless, the preserved peak position
and shape of the spectra of RED1*, indicates that this pool has
one and the same origin in both complexes, meaning that there
is no formation of a new ‘red’ form during the trimerization of
the cyanobacterial PS I.

It is interesting to examine the changes in the DAS after analyz-
ing the data with the help of a compartment model. These spectra

for the monomeric and trimeric PS I complexes are shown in Fig. 5.
As discussed above, due to the consideration of the physical rela-
tionships between the different compartments the target analysis
of the data is more precise and obtains more details. This effect
is apparent in the DAS after the target analysis. The �25 ps and
the �45 ps lifetime components have better resolved DAS in con-
trast to the ones resulting from the global analysis (Fig. 1). In addi-
tion, higher resolution of the earlier kinetics in PS I is achieved,
resolving a sub-ps component. The presence of such a lifetime
component is confirmed by some transient absorption studies with
higher time-resolution [24,52].

4.4. Nature of the trapping kinetics

The estimation of the rate-limiting step in the trapping kinetics
is an important problem in the studies of the photosynthetic com-
plexes, connected not only with their functionality but also with
the design of artificial systems. We analyzed the results from our
modeling further to gain more details about the energy trapping
in cyanobacterial PS I. The average lifetime for the excited state de-
cay in photosystems is basically the average lifetime of their fluo-
rescence and can be presented as a sum of the lifetimes of two
processes: savg = sET + sCS [58,59,61]. The first one represents the
average lifetime of the energy migration in the antenna system
and its delivery to the RC (sET). In cyanobacterial PS I complexes
this lifetime is influenced by the presence of the so-called ‘red’
Chls. The second lifetime, the average CS lifetime (sCS), accounts
for the trapping of the excitations that are already located on the
RC. This lifetime reveals the contribution of the CS to the total ex-
cited state decay and should not be confused with the apparent CS
lifetime, which is the lifetime component describing the apparent
rise of the primary RP. By scaling (multiplying by a factor both
the forward and the backward rate obtained from the modeling)
the ET rates (ANT* M RC*) in the kinetic models (see Fig. 2) to infin-
ity (i.e. to ensure sET� sCS) the overall decay of the fluorescence
will be entirely due to CS and consequently the newly calculated
average lifetime will reflect exactly sCS. In this way the contribu-
tions of sET and sCS can be calculated. The trap-limited case is real-
ized if savg is determined mainly by sCS, i.e. sCS sET > 1. The results
from this calculation are shown in Fig. 6 and Table 1. It is apparent
from the ratio between the CS lifetime (sCS) and the ET lifetime
(sET) that in both monomeric and trimeric PS I-cores (2.5 and
2.04 correspondingly) the overall trapping kinetics is limited by
the trap reactions, i.e. CS. Our results disagree with the theoretical
modeling of Sener et al. [50] where the authors conclude that the
trapping kinetics in PS I from cyanobacteria is diffusion-limited.
In that work the calculated so-called first usage lifetime and the so-

A B

Fig. 5. DAS of PS I monomers (A) and trimers (B) recalculated from the rates and SAES of the kinetic models shown in Fig. 2. In PS I-monomers (A) the last lifetimes (�1.8 ns)
and the last two (352 ps and �1.6 ns) in trimers (B) reflect the additional components resulting from a small amount of unconnected Chls.
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journ times, which in our description correspond to sET and sCS,
bear absolutely the opposite values, even though the average life-
times are the same (see Table 1). It seems from the latter compar-
ison that some of the initial conditions and assumptions in their
calculation were not considered properly (especially the CS rate).

4.5. Influence of the ‘red’ Chls on the trapping kinetics

With the help of the above-mentioned approach we performed
a quantitative analysis of the impact of the ‘red’ Chls on the overall
trapping kinetics in cyanobacterial PS I (see Tables 1 and 2). At first
we scaled the forward and backward rates of the ET of the different
‘red’ pools (RED1*, RED2*) and then scaled also both of them to-
gether (RED1/2*), after placing the whole initial excitation into
these compartments (see Tables 1 and 2). From such a calculation
the type of the kinetics of the ‘red’ Chls becomes apparent. It is
important to understand that in case that only the ET rates of the
‘red pools’ are scaled, the original meaning of sCS and sET (see
above) is lost to some extent. Thus, e.g. sCS will contain both
ANT*–RC* energy equilibration and CS itself. However, in this case
this is not a substantial disadvantage for the description since we

are now interested in determining the type of the kinetics of the
RED* compartments and not in determining the overall kinetics.
Independent of the overall trap-limited charge separation kinetics
in the whole complex, there exist a slight diffusion-limitation with
regard to the energy transfer to compartment RED1*. This diffu-
sion-limitation is however a localized effect and does not shift
the trapping kinetics of the whole complex into the diffusion-lim-
ited region. The reason is that in the whole complex the overall
population of compartment RED1* is relatively small (c.f. Fig. 3).
The kinetics of the two ‘red’ compartments is very similar in mono-
mers and in trimers (Table 1). This similarity has already been dis-
cussed (vide supra). However, an interesting observation is that
RED1* and RED2* differ between each other in their energy transfer
kinetics. While RED1* introduces a minor diffusion-limited step,
the RED2* does not limit the energy transfer processes. This differ-
ence in the basic properties of the two ‘red’ pools are in line with
the ones observed in the single molecule studies by Brecht et al.
[36].

Since the ‘red’ Chls kinetics is now better understood it is inter-
esting to evaluate their total effect on the kinetics and in particular
on its characteristic lifetimes (savg, sET, sCS). Using the scaling pro-
cedures described above we calculated again the same parameters
(savg, sET, sCS) based on the kinetic models shown in Fig. 2 but with-
out including the ‘red’ compartments. This calculation provides
information about the trapping kinetics in a hypothetical case
where there are no ‘red’ Chls present. The results are shown in Ta-
ble 2. Clearly the presence of the ‘red’ Chls introduces a decelera-
tion of the overall trapping kinetics of �60%. However, this
overall significant effect on the total PS I kinetics not only does
not impair the quantum efficiency of the complex but it also does
not change the type of its kinetics.

5. Conclusions

We have described in detail the excitation energy trapping
kinetics in cyanobacterial PS I monomers and trimers from T. elong-
atus. This work demonstrates the adequacy of the ‘‘charge recom-
bination” model in the analysis of the trapping kinetics of PS I
complexes. With the help of this model the RC fluorescence spectra
was resolved again as in other PS I complexes, and moreover infor-
mation about the early electron transfer reactions was gained. We
observe an acceleration in the secondary electron transfer reaction
in this thermophilic cyanobacterium in comparison to mesophiles
[48,58], while the first one remains unaltered. This may well be re-
lated to the large difference in the growth temperatures these
organisms are adapted to. The kinetics in both of the studied com-
plexes was shown to be trap-limited, even though a large slowing

Table 2
Effect of the ‘red’ Chls in PS I on the slowing down of the overall trapping kinetics.
Scaling was performed as described in Table 1 and in the text. For the ANT (no REDs)
case the calculation was performed without including the ‘red’ Chl compartments (for
more details see text).

Monomers Trimers

ANT* ANT*

(No
REDs)

Difference Effect
%

ANT* ANT*

(No
REDs)

Difference Effect
%

savg (ps) 24.5 13.9 10.6 56.7 28.1 16.7 11.4 68.3
sET (ps) 7 3.6 3.4 51.4 9.3 4 5.3 43
sCS (ps) 17.5 10.3 7.2 58.8 18.8 11.7 7.1 62.2

A B

Fig. 6. Dependence of the average fluorescence lifetime (savg) on the scaling factor of the ET rates in the kinetic models (see Fig. 2). Scaling factor 1 (vertical dashed line)
corresponds to the actual situation. The scaling factor changes the ratio of the contribution of sCS and sET to savg. At very large scaling factors savg approaches a limiting value
(gray dashed line), which corresponds to sCS, unaffected by energy diffusion.

Table 1
Scaling analysis of the energy transfer rates (ANT*–RC* and RED*–ANT*) in the models
(see Fig. 2) depending on the excitation of different compartments in the monomeric
and trimeric PS I complexes. For details of the meaning of the parameters see text.

Monomers Trimers

ANT* RED1* RED2* RED1/2* ANT* RED1* RED2* RED1/2*

savg (ps) 24.5 58.3 39.4 48.8 28.1 63.9 40 52
sET (ps) 7 33.7 14.8 24.2 9.3 35.8 11.9 23.9
sCS (ps) 17.5 24.6 24.6 24.6 18.8 28.1 28.1 28.1
sCS/sET 2.5 0.73 1.66 1.02 2.04 0.8 2.4 1.18
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down effect (�60%) by the presence of the ‘red’ Chls was found.
Our analysis revealed the presence of two separate kinetically dif-
ferent ‘red’ Chl pools both in monomers and in trimers. Some min-
or differences in one of the ‘red’ pools (RED1*) between the
monomers and the trimers have been observed. However, the data
strongly suggest that both of the ‘red’ compartments originate
from the same groups of pigments in either of the two aggregation
states. This precludes the location of these ‘red Chl’ pools immedi-
ately at the monomer–monomer interface. Thus such earlier
assignments for the location of the ‘red Chls’ at the monomer–
monomer interface, or even more extreme interpretations where
the ‘red’ Chl pools are only created by the monomer–monomer
interaction in the trimers, can be clearly excluded.
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