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Recently, we proposed a simple conceptual fluctuating antenna model (FAM), describing excitation diffusion and
trapping in a continuous medium, where variations of the excitation transfer pathways are taken into account by
the introduced fractional space dimension. Since then, this model has been successfully applied to simulate multi-exponential excitation quenching kinetics in a series of plant photosynthetic systems, purified from the thylakoid membranes, without invoking a radical pair state in the reaction centre. Here, we overview this model and its parameters
obtained for various systems, and extend the area of its applications to several pigment–protein supercomplexes
containing the photosystem I (PSI). We show that while the diffusion in the PSI core is virtually three-dimensional,
the PSI core aggregates interconnected with other light-harvesting complexes (LHCI and/or LHCII) are characterized by a substantially reduced dimension, which indicates a smaller number of energy transfer links from LHCI to
the PSI core. We also suggest that in vivo both PSI and PSII antennae are substantially larger than those observed in
the isolated systems: PSII antenna contains in total about 6 LHCII trimers while PSI is aggregated with at least one
LHCII trimer. The obtained results show that FAM can be a very useful tool to follow photosynthetic apparatus transformations during short- and long-term adaptation to varying light, monitored by kinetic fluorescence spectroscopy.
Keywords: time-resolved fluorescence, light harvesting, pigment, photosystem
PACS: 87.15.A-, 31.70.Hq, 71.35.-y, 78.47.D-

1. Introduction
Metabolic processes taking place in photosynthetic systems fill the Earth’s atmosphere with oxygen
and sustain life by converting solar energy into
forms accessible to all living organisms. Although
during billions years of evolution various photosynthetic organisms have developed different photosynthetic apparatus, the basic principles of their
functioning remain the same: at the very heart of
the light reactions of photosynthesis lies a huge
interconnected network of pigment molecules,
usually bound to the protein scaffold. Upon absorption of a photon, the generated electronic excitation is then transferred through this network

towards the reaction centre (RC), where its energy
is used for charge separation, photolysis of water
molecules and creation of the transmembrane
electrochemical potential that is utilized during
the subsequent stages of photosynthesis [1]. By
probing excitation dynamics with optical spectroscopy, one can determine the relation between
the structure of the light-harvesting antenna and
its function, and, as a result, augment the knowledge on the robustness and efficiency of the photosynthetic apparatus. In this way, by accessing
the principles of natural energy production, we
can learn how to control them in vivo and/or
mimic them in situ. Moreover, understanding of
the exact molecular mechanisms responsible for
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the ability to dynamically adapt to varying light
conditions, ensuring optimal light harvesting
while still avoiding any photodamage [2, 3], opens
wide perspectives to increase global crop production by rationally manipulating and controlling
the photoprotection yield [4].
The constantly expanding knowledge about
the complexity of photosynthetic systems requires
introducing new concepts to properly model
the primary processes of light harvesting and excitation energy transfer. The internal conformational dynamics of pigment–protein complexes,
their ceaseless rearrangement within the thylakoid membrane during state transitions, nonphotochemical quenching (NPQ) and protein repair are key factors responsible for an unsteady
structure of photosystems [5]. Few years ago, we
proposed a fluctuating antenna model (FAM) to
describe the multi-exponential fluorescence decay kinetics observed in the purified photosystem
II (PSII) of plants [6]. Traditionally, the non-exponentiality of fluorescence decay has been attributed to the effect of radical pair recombination in the photosynthetic RC. The motivation
behind formulating the FAM was the emerging
evidence of the irreversibility of charge separation
in the RC. On the other hand, we also aimed to
take into account the intrinsic dynamic structural
and spectral disorder of the light-harvesting antenna. Here we review the latest discoveries done
by using FAM, present several applications for
photosystem I (PSI) supercomplexes and overview its prospects.

parameters [7–9] or can be evaluated from quantum chemistry calculations based on the available structural information [10–14]. This simple
approach can successfully describe the relevant
timescale of excitation dynamics, but it does
not take into account any fluctuations in the antenna structural organization that occur during
the time of experimental measurements: however
detailed it is, it deals with just a single ‘snapshot’
of the pigment mutual arrangement. Indeed,
from the perspective of excitation random walk
through the antenna, broken or weakened transfer links between pigment–protein complexes,
molecular clusters or even distinct pigments,
as well as differences in the excitation energy of
the visited sites form a ‘rough’ surface for excitation energy diffusion towards the RC. To take
into account this ‘roughness’ as a single parameter, instead of the anisotropic fluctuating links
in an integer (1-, 2- or 3-) dimension space, we
can consider the isotropic ones in a fractional
(lower) dimensional space. By this approach,
the apparently unsolvable problem is reformulated into the tractable one, dealing with the excitation diffusion in a spherically symmetric space of
the fractional dimension d (1 < d < 3) with perfect trapping on the boundary surface, resulting
in the fluctuating antenna model [6].
Mathematically, FAM is formulated as a continuous diffusion of the initial point-like excitation until it is trapped at some random distance
R, thus time evolution of the excitation density
→
p( r, t|R) obeys the following diffusion equation:

2. Basics of FAM

.

Excitation energy transfer through the light-harvesting antenna is usually described in terms of
a coarse-grained model [7–10] by solving the system of Pauli master equations
,

(1)

where pi(t) is the time-dependent probability for
the excitation to reside on the ith pigment–protein complex or the ith domain of the stronglycoupled pigments, and ki→j is the rate of excitation
transfer from the ith to the jth complex (or domain). The inter-complex (or inter-domain) excitation transfer rates can be treated as some free

(2)

Here due to the spherical symmetry of excitation
migration only the radial part of the d-dimensional
Laplacian,
,

(3)

is relevant, and D is the diffusion constant, related
to the average coarse-grained lattice space (a) and
hopping time (τh) constants as D ~
– a2/(2dτh) (see
Fig. 1). Accordingly, the initial and boundary conditions for Eq. 2 are given as
,

(4)
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in the FAM) differs from the former one. The averaging over different pathways of excitation results in a strongly non-exponential kinetics [6]
,
Fig. 1. Switching from the ideal ordered lattice model to the diffusional limit when excitation migration
through the antenna is described by a single diffusion
equation with the diffusion coefficient D = a2/(2dτh),
where a is the near-neighbour lattice constant and τh is
the corresponding near-neighbour excitation hopping
time. Any disturbances in excitation energy transfer at
various antenna points are accounted for by introducing the effective noninteger dimensionality d.

respectively. By solving Eq. 2 and integrating the ob→
tained excitation density p( r, t|R) over the whole
d-dimensional volume
,

(5)

(7)

where c is the average concentration of the traps. It
is worthwhile to mention that the non-exponential behaviour of excitation decay kinetics (Eq. 7)
remains even asymptotically when t → ∞, which
is also observed during the experimental timeresolved fluorescence measurements. Indeed, at
longer times the infinite series in Eq. 6 is dominated by the single term with the smallest eigenvalue
2
ε1 = D ξ d(1/) 2–1 / R . By substituting it into Eq. 7 and
applying the steepest-descent method to evaluate
it at longer times, one can obtain the following asymptotic clearly non-exponential behaviour:

(

)

, (8)
where

confined by the spherical boundary of the radius R,
we obtain the total population of the excitation survived in the system until the time t [6]:

(9)

and
.

(6)

Here Γ(d/2) stands for the Gamma-function, Jd /2(ξ)
is the Bessel function of the first kind and fractional order d /2, while ξ (n)
stands for the nth
d     /2–1
zero of the Bessel function Jd /2–1(ξ), obeying
Jd /2–1(ξ (n)
) = 0.
d         /2–1
The other important aspect contributing to
the complexity of the measured bulk kinetics is
related to the dynamic evolution of the antenna
organization in time. At normal light conditions,
each chlorophyll pigment of the light-harvesting
antenna absorbs photons at the average rate of
~10 photons per second [1], which considerably
exceeds the timescale of conformational dynamics of pigment–protein complexes or membrane
structural reorganization. Therefore, the pathway
for every new excitation (and thus the distance R

.

(10)

This asymptotic expression of excitation decay
kinetics also reveals that, in fact, our model contains
just 2 undetermined parameters: the dimensionality
of the system, d, and the timescale parameter relating
the diffusion coefficient and the mean concentration
of the traps, η = (Dc2/d)–1, which both can be fitted to
the experimentally obtained excitation relaxation kinetics in the light-harvesting antenna. Since the mean
concentration of traps is c ~
– 1/(Nad), where N is
the average number of sites (pigment–protein complexes or molecule domains) per trap, we can relate
the timescale parameter η to the mean coarse-grained
characteristics:
η = (Dc2/d)–1 ~
– 2dτhN2/d.

(11)
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Interestingly, while the precise expression for
the mean excitation kinetics given by Eq. 7 cannot be obtained analytically (the corresponding integral in Eq. 7 should be computed numerically),
we can still calculate the resulting mean excitation
lifetime

,

(12)

or, in terms of the coarse-grained parameters,
.

(13)

3. Recent FAM discoveries
3.1. Validation of FAM
Our proposed FAM was firstly validated by describing non-exponential fluorescence decay kinetics in variously sized PSII supercomplexes [9].
Particularly, we were able to describe the multiexponential kinetics by using only two model parameters (the dimensionality d and the timescale
parameter η) without assuming the radical pair
equilibration in the RC [6]. Meanwhile, our obtained model parameters (listed in Table 1) were
in perfect agreement with the current knowledge on the structural organization of these supercomplexes and excitation dynamics within
their light-harvesting antenna. For the PSII core,
the obtained dimensionality of d ≈ 1.2 represents
the chain arrangement of the core antenna complexes around the RC, whereas in other PSII preparations (B8–B11 fractions) it gradually increases
(up to d ≈ 1.8) with the antenna size, revealing
the perturbed coordination within the planar
distribution of the pigment–protein complexes.
Moreover, from the obtained timescale parameter η and Eq. 11 we were able to estimate that
the mean inter-complex excitation hopping times
in these systems lie within the range of 20–30 ps,
in agreement with the τh = 25 ps value evaluated
for the aggregates of major light-harvesting complexes (LHCII) based on the singlet–singlet annihilation measurements [15] as well as structurebased calculations [10].

3.2. Recognition of 2D energy transfer in stacked
thylakoid membranes
The photosynthetic apparatus of plants consists
or photosystems of two types, both located in
the thylakoid membrane: PSI is mainly present in
the unstacked stroma lamellae whereas PSII occupies the stacked thylakoid membranes of grana.
In spite of numerous studies, it remained unclear
whether under natural conditions the excitation
energy migration is planar, i.e. occurs only within
the same membrane layer, or takes place across
the stacked membrane regions. We have addressed
this problem in our recent time-resolved fluorescence study of PSII-enriched grana membranes
(BBY), prepared in a stacked and an unstacked
form [16]. By applying FAM to the measured
fluorescence kinetics, we were able to directly access the information about the dimensionality of
the energy transfer process in these systems. We
found that both stacked and unstacked membrane
preparations exhibited excitation diffusion with
the same sub-planar dimension parameter. This
supports the view that stacking of the grana lamellae does not affect the efficiency of excitation energy delivery to RCs. Thus it is likely that the membrane stacking merely ensures a more compact
organization of thylakoids within the chloroplast as well as proper separation of PSI and
PSII [17].
Table 1. FAM parameters, obtained for various lightharvesting systems.
System, conditions

d

η (ns)

〈τ〉 (ps)

Ref.

PSII core

1.18

0.45

76

[6]

PSII B8

1.54

0.96

104

[6]

PSII B9

1.6

1.12

116

[6]

PSII B10

1.62

1.17

119

[6]

PSII B11

1.78

1.6

144

[6]

Stacked BBY

1.75

3.95

364

[16]

Unstacked BBY

1.77

3.33

303

[16]

LHCII aggregates

1.7

1.3

124

[23]

PSI

2.5

1.44

92

[3]

PSII, open RC, dark

1.9

3.89

286

[3]

PSII, open RC, NPQ

1.9

2.53

194

[3]

PSII, closed RC,
NPQ

1.9

3.27

240

[3]

383

G. Trinkūnas and J. Chmeliov / Lith. J. Phys. 58, 379–390 (2018)

3.3. Planar organization of LHCII aggregates
One of the most remarkable features of oxygenic
photosynthesis is self-regulation of sunlight energy flow in a cell avoiding photodamage by dangerous reactive products caused by an overexcited
light-harvesting antenna. The excess excitation
energy is dissipated to heat during non-photochemical quenching. Although several models
have been suggested to govern NPQ on a molecular level [18–22] and the final consensus has been
still not reached, it is believed that it takes place
mostly in LHCII complexes, as monitored by a significant drop of fluorescence intensity in LHCII
aggregates compared to non-aggregated species.
To get insight into the physical origin of NPQ,
a thorough study of LHCII trimers and aggregates
has been performed recently over a wide temperature range [23]. By analysing the measured highresolution time-resolved fluorescence spectra,
the relevant quenching states and their conformational nature have been identified. The application of FAM to describe the multi-exponential
fluorescence decay kinetics data at physiological
temperatures revealed the dimensionality parameter d = 1.7, again indicating the planar excitation
diffusion at the presence of some disorder in connectivity between the pigment–protein complexes
within the aggregate. This result is very close to
our earlier estimates of d = 1.9 [24] for the LHCII
aggregates formed from the npq1 mutant [25].
The obtained time scale parameter η = 1.3 ns, combined with the excitation hopping time τh = 25 ps
between the LHCII monomers [15], gives the estimate for the concentration of the NPQ-traps,
Ntrap = 10%, which is very close to the results obtained from the coarse-grained model [23].
3.4. Probing short term NPQ in leaves
Recently, we have also studied the short-term adaptability of the photosynthetic thylakoid membranes
of plants in response to a continuous intense illumination by measuring their time-resolved fluo
rescence spectra under conditions of either open or
closed RCs [3]. We have discovered a new feature
of NPQ in plants: while several different quenching
mechanisms coexist, one of them is only functional when the PSII reaction centres are closed, while
being absent when RCs are open. This finding is

of great importance as it emphasizes the economic
nature of NPQ [2] that is physiologically needed
only when RCs are closed and overexcitation can
lead to formation of dangerous radicals. In contrast to the commonly assumed independence of
NPQ on the RC oxidative state, we have unambiguously demonstrated that the rate of NPQ is lower
in the case of open RCs, which leads to increased
efficiency of photosynthesis in light-stress conditions. To distinguish between the PSII and PSI
contributions to the measured fluorescence from
the leaves, we applied the self-modelling curve
resolution approach, thus extracting ‘raw’ transient
spectra of both photosystems [3]. Again, FAM was
able to perfectly reproduce the multi-exponential
decay behaviour of the extracted kinetics. The obtained FAM parameters are presented in Table 1. It
can be noticed that the fractional dimensionalities
of both photosystems (d ≈ 2.5 and 1.9 for PSI and
PSII, respectively) did not change with short-term
acclimation to high-light conditions. The timescale
parameter η, remaining the same for PSI and varying for PSII, reflects the generation of NPQ-traps
in PSII only.
From comparing the PSII B11 fractions, containing 11 antenna pigment–protein complexes
per RC, with the PSII from the unstacked BBY
membrane preparation, we see that the dimensionalities of both systems are very close (see Table
1). On the other hand, the timescale parameters η
for these two systems differ more than twofold. By
using Eq. 11 and d = 1.78, we can estimate that BBY
membranes should contain ~11 extra complexes
compared to the B11 supercomplexes, which corresponds to ~4 additional LHCII trimers. Taking into account that parameters of dark-adopted
PSII (with open RCs) in leaves have values close to
those of BBY preparations, we can conclude that
the in vivo PSII could be substantially larger and
contain in total around 6 LHCII trimers per RC.
4. Extending the area of FAM application to PSI
supercomplexes
4.1. Traditional modelling
It is well-known that quantum efficiency of PSI is
extremely high: up to 99% of the photoinduced excitation is successfully utilized in the PSI RCs [1].
In fact, the mean excitation lifetime in PSI is
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several times shorter than that in PSII. The intrinsic charge separation in RC of PSI is even faster
than in PSII [26] and is irreversible [27]. In the PSI
core, the mean excitation lifetime is about just 20–
40 ps [28]. Usually, the PSI excitation kinetics is
measured by time-resolved techniques – transient
absorption, fluorescence up-conversion, streakcamera or time-correlated single photon counting, – while the collected data is then processed
by a global analysis approach [29]. Therefore,
the PSI kinetics is represented in series of exponentially decaying components with wavelengthdependent amplitudes. The final target-oriented
modelling results in the compartments with species spectra and inter-species communication rate
constants. However, this approach can hardly be
useful to interpret excitation dynamics in terms
of the revealed variability of energy transfer pathways [30] or the evidences for inter-conversions
of the light-harvesting complexes Lhca (PSI) and
Lhcb (PSII) [31]. The latter effect very closely resembles the dynamic disorder, well known for
PSII antenna complexes [32].
Table 2. FAM parameters for PSI samples of various size.
System, conditions
d
η (ns)
〈τ〉 (ps) Ref.
PSI core
2.49
0.32
21.2
[36]
PSI–Lhca1–4
1.8
0.47
46.5
[36]
PSI–Lhca 5*
1.97
0.56
51.3
[36]
PSI WT
1.78
0.59
52.9
[36]
PSI
1.97
0.83
66
[37]
PSI–LHCII
2.1
0.99
74
[37]
PSI–LHCI
1.86
0.42
35.6
[38]
* It is a type of PSI-WT with Lhca4 replaced by
Lhca5, missing a red form. WT stands for the wild-type
samples.

4.2. Introducing FAM
The aforementioned description of the in vivo PSI
fluorescence kinetics in terms of FAM [3] encourages application of FAM to the isolated PSI complexes as well. Since the PSI antenna is obviously
distinct from that of PSII, extra arguments prior
to FAM application are in order. The core of PSI
is composed of up to 16 subunits [33], accounting for about half of total antenna chlorophylls, almost homogeneously distributed in space around

the RC site. However, in spite of the random orientation of their transition dipoles, excitonic coupling groups them into several clusters of a longer
excitation residence [34, 35]. Taking into account
that the remaining half of the antenna chlorophylls are bound to four light-harvesting complexes LHCI, the coarse-grained view of energy
transfer in the fluctuating PSII antenna emerges
for PSI as well.
4.3. PSI core, PSI core–LHCI
In order to validate FAM for the isolated plant PSI,
we analysed the published fluorescence kinetics
data of series of supercomplexes in ascending sizes,
from PSI core complexes to PSI–LHCI (or LHCII)
supercomplexes [36, 37]. All the kinetics present
series of exponentially decaying components with
corresponding decay-associated spectra that we
integrated to get the amplitudes of exponentials.
From all the experimental data, we chose the subsets corresponding to the homogeneous excitation
conditions, closely following the initial conditions
most appropriate to FAM.
The former study [36] aimed to develop the role
of the ‘red’ pigments in energy transfer and trapping by starting from the isolated PSI core as well as
dimeric complexes Lhca2/3, Lhca1/4 and Lhca5,
and increasing the complexity of the resulting system by gradually reconstituting into the whole PSI
supercomplex. This series is indeed very useful for
our purpose because we can follow the effect of
the attached complexes with (Lhc4) and without
the red forms (Lhc5) independently. As expected,
the experimental kinetics (see Table 1 in [36]) can
be reasonably well described by our FAM (see
Fig. 2 and Table 2 for the corresponding fits and
the obtained model parameters). First, the timescale parameter η very well correlates with the antenna size. Somehow unexpectedly, the fractional
dimensionality of the PSI core results in the largest number, indicating a very good site coordination or connectivity for the energy transfer. It
coincides with the same parameter obtained for
the in vivo PSI in leaves (see Table 1). Attaching
Lhca complexes on the one side of the core naturally decreases the coordination (compare the dimensions of the PSI core and PSI–WT samples).
By comparing the dimensionalities of PSI–WT
and PSI–Lhca5 (the latter being homologous to
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sionality d and the timescale parameter η are considerably higher.
4.5. Number of sites in the PSI antenna

Fig. 2. Experimental [36–38] (dots) and simulated
(lines) fluorescence decay kinetics in various PSI
samples. The simulated curves were calculated using
the fitted parameters of FAM presented in Table 2.
The PSI samples in the legend are listed in the order of
the kinetics decay rate: PSI corresponds to the slowest
kinetics and the PSI core to the fastest one.

PSI–WT except for the Lhca4 with the red pigments being replaced by Lhca5 without them), we
see that the red pigments reduce the coordination
of visited sites.
4.4. PSI core–LHCI–LHCII
In the study on Arabidopsis thaliana wild type
plants [37] it has been discovered that, in contrast
to the previous general belief, under a wide range
of light intensities, including sunlight, LHCII is
associated with PSI. LHCII dissociates from PSI
only in shade-light or sudden high-light conditions. In Table 2 we also present the FAM parameters obtained by fitting the fluorescence kinetic
data of the isolated PSI and PSI–LHCII supercomplexes (see Fig. 4 in [37]). First, the timescale
parameters η of both systems indicate that these
preparations contain larger and better-coordinated antennae. The increased and relatively high
dimensionality of PSI–LHCII indicates a better
connectivity between PSI and LHCII compared
to that of Lhcas, in agreement with the conclusion of the original study [37]. This encourages us
to make a guess that in the acclimated leaves [3]
the PSI supercomplex might contain even more
LHCII complexes since the obtained PSI dimen-

The excitation anisotropy measurements in
the PSI–WT supercomplexes from the spinach [39] reported the anisotropy decay time within the 5–13 ps range, depending on the excitation
wavelength. These numbers can serve as the estimates of upper limits to the excitation hopping
time. Using these values as well as η = 0.59 ns from
Table 2 for PSI–WT, we can estimate the number
of sites relevant for the excitation transfer through
the antenna
,

(14)

which gives the following upper limit of the number of sites: 10 < Nupper < 22. The former value (10)
surprisingly well corresponds to the locations of
the 6 lowest excitonic states in the limits of thermal
energy kBT, defined by genetic algorithm search
of the steady state spectra of the PSI core [34] and
4 additional sites corresponding to the Lhca1/4 and
Lhca2/3 complexes.
4.6. Radical pair–antenna excitation equilibration
in PSI
It is well established that excitation trapping in
the RC is very fast and irreversible, irrespective of
the RC redox state [40]. In spite of this evidence,
there were some earlier [41] and quite recent [37]
attempts to assert the radical pair (RP) and antenna exciton equilibration, or the trapping-limited view of excitation dynamics in PSI. The main
cause for that is the apparent multi-exponentiality
of excitation decay kinetics, which can be easily
simulated by including the RP recombination. In
this limiting case, the trapping time is approximately equal to the excitation mean lifetime and
can be described by a simple expression [42]
,

(15)

where Neff is the effective number of pigments/
complexes, τCS is the primary charge separation
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time in RC, τRP is the RP relaxation time and ∆G
is the drop in free energy upon formation of RP.
However, the Arrhenius plot of the temperature dependence of the fluorescence yield measured, e.g.
for the PSI of maize, has an acute angle (see Fig. 4
in [43]), in contrast to the obtuse one following
from Eq. 15. This contradiction, added to the arguments discussed above, totally eliminates the
idea of the trap-limited description of excitation
transfer. To further support the migration-limited
character of the excitation decay in PSI, once again
we apply FAM to simulate the recent fluorescence
decay data of PSI supercomplexes isolated from
the spinach thylakoids [38]. The two-parameter
fitting of the experimental data shown in Fig. 2 is
impeccable indeed. The obtained parameters, presented in Table 2, are also in a good agreement with
those obtained for the correspondingly sized PSI–
WT [36] and PSI [37] supercomplexes.
To summarize, the presented simulations of
the excitation decay kinetics in PSI particles and
the comparison of FAM parameters listed in Table
2 suggest that PSI in leaves [3] is a much larger supercomplex and can be composed of the PSI core,
LHCI and few extra LHCII trimers, as suggested
in [37].
5. Discussion: conclusions and prospects of
the model
5.1. Demand for the supramodelling tools
Photosynthetic systems show complex relations
between the structure and function. Much effort has been put in the past to disintegrate thylakoid membranes and to study part-by-part pigment–protein complexes with the aim to find out
the states responsible for the robustness and unprecedented efficiency of photoconversion. Nowadays, when more and more studies appear focused
on the organization and behaviour of the integral
thylakoid membranes or even total cells of physiological relevance, the demand for appropriate supramodelling tools emerges.
The way of combining the knowledge of separate pigment–protein models into the whole supercomplex picture is not trivial. At the time of
introduction of a coarse-grained model of excitation energy transfer and trapping in PSII based on
electron microscopy images [7], many models of

radical pair formation in isolated RCs were proposed. However, none of the four most popular
models from three different laboratories [44–47]
used in combination with the coarse-grained modelling approach was able to simulate fluorescence
decay of PSII including BBY preparations [7, 48].
Prior to this attempt, it was already noticed that
the obtained charge separation parameters even
in D1D2–cyt and PSII–core complexes differ significantly [44].
5.2. Parameter-less modelling
On a much larger scale, the strategy of combining
the latest detailed theoretical models, based on the
Förster/modified Redfield approach of smaller
systems [10], has been recently successfully performed by parameter-less simulations of large
areas of thylakoid membranes [49, 50]. However,
the radical pair state of PSII RC explicitly taken
into account again casts doubts about the inability to simulate multi-exponential kinetics without
including a radical pair recombination. Indeed,
by raising the problem that quality of the fitted
fluorescence kinetics is not a proxy for accuracy
of energy transfer models, Bennett et al. [10]
(see Table 3 therein) provide the evidence that
four models of PSII particles B8–11 using different charge separation parameters equally well
describe the measured kinetics. Beside this important note, one more surprising feature can be
seen: all the models under scope in general are of
a coarse-grained type and differ only in the size
of the elementary units participating in the excitation transfer. One limiting case is the excitation
radical-pair equilibration (ERPE) model [47],
which contains only five compartments. The other
limiting case is the molecular domain model [10]
with a large number of clusters of strongly-coupled
pigments. These models are also characterized by
the values of free energy of the RP state, which is
the smallest for ERPE and the largest for the domain model. The other two models – protein [7]
and transfer-to-trap-limiting ones [51] – are
well interpolating between the mentioned limiting cases. The smallest free energy gap defines
the dominating RP recombination role in kinetics.
Meanwhile, the spectral and spatial inhomogeneity of pigment clusters provides a major contribution to the non-exponential excitation decay in
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the domain model and therefore the RP state with
the largest free energy adds very little to the RP recombination. Nevertheless, it is a common feature
of all these models that the structures of PSII used
in simulations are the static ‘snapshots’ of the dynamically varying photosynthetic units.
In contrast, FAM uncovers all the potential of
possibilities using a very limited number of parameters to follow the dynamic processes of natural light energy conversion and adaptation. While
the experimental kinetics of membrane or cell
data contain four to five exponential lifetimes,
the FAM has proven to be a simple two-parameter
model, suitable not only to properly describe excitation dynamics in both photosystems, aggregates
of light-harvesting complexes or even thylakoid
membranes, but also to extract some structural
information about these systems. FAM can be invaluable in simulating the evolution of the photosynthetic apparatus during the short-term adaptation including state transitions when aggregated
or separate LHCII complexes travel between PSII
and PSI, as well as in long-term reorganizations
to recognise changes in the stoichiometry of PSI
and PSII.
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Santrauka
Neseniai buvo pasiūlytas paprastas konceptualus
fliuktuojančiosios antenos modelis (FAM), apibūdinantis sužadinimo difuziją ir pagavimą tolydžioje
terpėje bei atsižvelgiantis į kintančius sužadinimo
pernašos kelius trupmenine erdvės dimensija. Nuo
FAM paskelbimo jis buvo sėkmingai pritaikytas
modeliuojant neeksponentines sužadinimo gesimo
kinetikas daugelyje augalų fotosintetinių sistemų
neįvedant radikalų poros būsenų reakcijų centruose. Apžvelgiami gauti sistemų parametrai ir praplečiamos FAM taikymo sritys įvairioms pirmosios
fotosistemos (PSI) dalelėms, kaip, pavyzdžiui, PSI
kompleksui su pagrindiniu augalų šviesorankos
kompleksu LHCII.

Parodoma, kad sužadinimo difuzija PSI branduolio
komplekse yra beveik trimatė. PSI branduolio ir LHCI
superkompleksui būdinga daug mažesnė dimensija, atspindinti minimalų energijos pernašos jungčių skaičių
tarp LHCI ir PSI branduolio. FAM įvertinimai rodo,
kad tiek PSI, tiek PSII antenos natūraliomis sąlygomis
yra daug didesnės nei žinomose sistemose, ištrauktose iš tilakoidų membranų: PSII antenoje yra maždaug
6 LHCII trimerai, o PSI yra agreguota su bent vienu
LHCII trimeru. Rezultatai rodo, kad remiantis kinetinės fluorescencijos spektroskopijos duomenimis, FAM
gali būti labai naudingas siekiant stebėti fotosintetinių
sistemų kaitą tiek trumpalaikiame, tiek ir ilgalaikiame
prisitaikyme prie kintančios apšvitos.

