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Non-photochemical quenching (NPQ) is responsible for the protection of the photosynthetic apparatus of plants 
from photodamage at high-light conditions. It is commonly agreed that NPQ takes place in the  major light-har-
vesting complexes (LHCII), however, its exact mechanisms are still under debate. Valuable information about its 
molecular nature can be provided by measuring time-resolved fluorescence (TRF) spectra of LHCII complexes and 
their aggregates. Previously [Chmeliov et al., Nat. Plants 2, 16045 (2016)], we analysed the corresponding TRF spectra 
using the multivariate curve resolution method and proposed a three-state model to describe the spectroscopic data. 
Usually, such data is described in terms of global analysis resulting in decay or evolution-associated spectra. In this 
work, we apply such analysis to the TRF data of LHCII aggregates and show that, although mathematically feasible, 
it cannot be directly related to the physical kinetic model. Nevertheless, a careful examination supplemented with 
additional spectroscopic information still results in the same three-state model proposed before.
Keywords: time-resolved fluorescence, decay associated spectra, ligh-harvesting complex
PACS: 78.47.D-, 78.47.jd, 82.20.Wt

1. Introduction

Throughout the  ages plants, algae and some 
bacteria have adapted their photosynthetic ma-
chinery to function efficiently in a wide range of 
environmental situations  [1]. Though being dif-
ferent in nature, the photosynthetic apparatus of 
all these organisms exhibit similar design princi-
ples: its central element – the reaction centre – is 
surrounded by large light-harvesting antenna. 
The  antenna pigment–protein complexes absorb 
solar radiation and funnel the generated electron-
ic excitations towards the  reaction centre, where 
they are used for charge separation, initiating 
subsequent steps of photosynthesis. The  mutual 
arrangement of the  pigment–protein complexes 
within the  photosynthetic membrane, their in-
ternal composition and spectral properties are 
the key reason why photosynthetic organisms can 

strive both at low-light and at high-light condi-
tions. The ability to survive in dark environments 
comes at a  cost, however. Under strong sunlight 
the  light-harvesting antennae can collect sig-
nificantly more photons than the reaction centre 
can process. Such an over-excitation can in turn 
lead to the  formation of highly reactive molecu-
lar compounds potentially capable of damaging 
the whole photosynthetic apparatus.

To prevent possible photodamage, plants utilize 
several regulatory mechanisms. The most efficient 
of them, acting on a  molecular level, is denoted 
as non-photochemical quenching (NPQ)  [2]. Its 
energy-dependent component (qE) manifests re-
versibly within seconds to minutes and safely dis-
sipates the  excess excitation energy as heat. Ac-
cording to the  recent research, NPQ takes place 
in the major light-harvesting complexes (LHCII) 
of the photosystem II of higher plants [3], though 
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minor antenna complexes should also be consid-
ered [4].

We have recently investigated the temperature 
dependence of the  time-resolved fluorescence 
(TRF) of LHCII trimers and their aggregates [5]. 
In LHCII aggregates, the mean excitation lifetime 
is significantly reduced when compared to that 
of the trimers, and, additionally, at low tempera-
tures a spectral feature at around 700 nm appears. 
Similar effects are observed in the intact thylakoid 
membranes [6, 7], which makes LHCII aggregates 
a  good model system to mimic NPQ in  vivo. In 
order to describe both our experimental obser-
vations as well as single-molecule spectroscopy 
data  [8, 9], one must assume that at least three 
distinct macroscopic states are present within 
the LHCII aggregate: the dominating one, which 
exhibits a  strong fluorescence peak at around 
680 nm, the red one, responsible for fluorescence 
at around 700 nm, and the dark one, responsible 
for the fluorescence quenching. Our further anal-
ysis indeed confirmed this three-state model to be 
the minimal one describing the entirety of the ex-
perimental data [10]. We concluded that the mac-
roscopic quenching state is related to an incoher-
ent excitation transfer from chlorophylls (Chls) 
to a short-lived state of carotenoids [5]. This was 
in line with previous suggestions  [11, 12]. On 
the other hand, our findings were clearly at odds 
with other works that suggested that the red-emit-
ting state, which should arise from the formation 
of the  Chl–Chl charge transfer state, is also re-
sponsible for quenching [13–16].

One key issue that might have led to different 
conclusions is the  method of analysis applied to 
the  experimental data. Our own analysis, pre-
sented in Ref.  [5], was based on the multivariate 
curve resolution  [17]. Most often, TRF or tran-
sient absorption data are described by means of 
global analysis resulting in decay-associated (dif-
ference) spectra (DA(D)S), evolution-associated 
(difference) spectra (EA(D)S), or species-associ-
ated (difference) spectra (SA(D)S), with the term 
‘difference’ being applicable to differential spec-
troscopy, i.e. pump–probe [18]. Indeed, this type 
of analysis was often applied to data from LHCII 
trimers, LHCII aggregates, thylakoid membranes 
and even whole cells  [12, 13, 15, 19–28]. As we 
have noted earlier, such analysis yields a reason-
able physical interpretation only for small com-

plexes or completely homogeneous aggregates [5, 
10]. If that is not the case, the model might sug-
gest nonexistent physical states in order to ex-
plain the experimental data. A careful analysis of 
the TRF of LHCII aggregates in terms of DAS/EAS 
is still lacking. Nonetheless, some previous works 
that suggested the  relevance of the  red-emitting 
state in fluorescence quenching have interpreted 
the global analysis of time-resolved spectroscopi-
cal data of LHCII aggregates as corresponding to 
the physical description [13, 15].

Therefore, in this work we apply the DAS and 
EAS analysis to the TRF spectra of LHCII aggre-
gates over a wide temperature range, from 273 K 
down to 15 K [5]. Our main goal is to investigate 
the  information content in this type of analy-
sis and ways for its interpretation. We find that 
due to the  inhomogeneity of LHCII aggregates, 
the  DAS/EAS cannot be interpreted as a  physi-
cal model, but must be considered as a  reduced 
dimensionality description of data. Nonetheless, 
a careful examination of this description results in 
the same three-state model that was presented in 
Ref. [5].

2. Analysis methods

Here we describe the  application of DAS and 
EAS analysis and computational details. A  more 
detailed discussion about these methods can be 
found in Ref. [18].

For both DAS and EAS, the  goal is to fit 
the time-resolved spectroscopic data with a num-
ber of exponentially decaying components (or 
compartments) by finding their decay times, and 
then to obtain the  spectra of the  correspond-
ing components. The  experimentally measured 
fluorescence intensity function F(λ,  t) can be 

Fig. 1. Schemes depicting possible decay types of 
the  compartmental models with two components: 
(a) DAS and (b) EAS.

(a) (b)
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expressed as a product of the spectra of the com-
ponents Si(λ) and the time-dependent probability 
of their fluorescence Pi(t):

. (1)

Here N is the  number of components present in 
the system. In the matrix notation this can be writ-
ten as

F = S · P. (2)

Note that the time-independence of the spec-
tral components means that the dynamic Stokes 
shift is not accounted for. Nonetheless, it is rel-
evant only for early sub-ps dynamics.

In the DAS model, the system is described as 
a  set of noninteracting compartments, each de-
caying with a certain decay time constant τi after 
the initial excitation (see Fig. 1(a)). For a system 
with N compartments we have the following equa-
tions for their populations pi(t): 

 (3)

yielding N independent exponential solutions. 
Since the compartments surely fluoresce right af-
ter the  excitation, we set the  initial condition as 
p1(0) = p2(0) = … = pN(0) = 1.

The EAS model, on the  other hand, implies 
that only one compartment is initially excited 
(see Fig. 1(b)). As it decays, it sequentially excites 
the next compartments causing them to fluoresce. 
In this case the equations for pi(t) for a system with 
N compartments are

 (4)

Following the  idea of the  model, we require that 
p1(0) = 1 and pi(0) = 0, i = 2, 3, …, N.

Having solved the system (3) or (4) depending 
on the chosen model, one has to find the τi con-
stants by solving a minimization problem. Before 
that, however, it is necessary to take into consid-
eration the fact that the detector used to carry out 
the experiment is non-ideal and cannot respond 
to exposure immediately. Thus, the  output of 
the measuring device should be regarded as a con-
volution of the input signal and the instrument re-
sponse function (IRF), which is an inherent char-
acteristic of the detector. To account for the IRF, 
each of the  functions pi must be convolved with 
it to present a closer reproduction of the experi-
mental data:

. (5)

In our work we used the Gaussian function as 
an approximation of the IRF. The full width at half 
maximum (FWHM) of the Gaussian was taken to 
be fixed, while the  mean, determining the  loca-
tion of the maximum of the function, was used as 
an additional fit parameter.

The values of the  functions Pi(t) constitute 
the N×M matrix P, where N is the number of com-
partments and M is the number of time points at 
which the  fluorescence has been measured (i.e. 
the number of columns in the original matrix F). 
The  knowledge of the  matrix P allows us to 
compute the  spectral matrix S  =  F·P+ by using 
the pseudo-inverse matrix P+ (see Ref. [29]). Then 
we reconstruct the  fluorescence matrix S·P and 
compare it to the original data matrix F by finding 
the deviation matrix

D = F–S·P. (6)

Now our goal is to minimize the matrix D by 
fitting the τi constants to make the sum of all ele-
ments of D as close to 0 as possible. The explicit 
formula used for calculations is

, (7)

where D is the parameter we seek to minimize.
To perform the  minimization, we applied 

the  Nelder–Mead downhill simplex method as 
a suitable solution for the cases where no a priori 
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knowledge of the  function is available. Since 
the  success of finding the  global minimum using 
this algorithm depends greatly on the  starting 
point, we also adopted the  Genetic Algorithm 
which requires only an approximate possible posi-
tion of the sought minimum as an input argument.

3. Results

In this section we will present the  analysis of 
the TRF of the LHCII aggregates [5] at two tem-
peratures, namely 50 and 150 K. These two cases 
represent a typical behaviour of the measured TRF 
spectra. The FWHM of the IRF was set to 90 ps, 
following Ref. [5]. Data at other temperatures was 
also analysed, but the results are not shown.

Figure  2(a) shows the  experimental data of 
the  TRF measurements of LHCII aggregates at 
50  K temperature. The  major band of interest is 

at about the 680 nm mark, where the LHCII trim-
ers both absorb and fluoresce intensively  [5]. As 
we can see, the rate of decay at the 680 nm wave-
length (where the  studied aggregates are known 
to feature a  local absorption maximum) is much 
greater than at longer wavelengths. Meanwhile, 
the band at 700 nm clearly lives much longer (see 
Fig. 2(c) for fluorescence kinetics). The DAS and 
EAS models were applied to the data in order to 
obtain the  decay constants of the  components 
present in the  system allowing us to reconstruct 
the fluorescence evolution and get an insight into 
the system. The reconstructed intensity map giv-
en by the  three-component DAS model shown 
in Fig.  2(d) reproduces all the  essential details 
of the  original data providing a  similar picture. 
The  EAS model yielded an identical map and is 
therefore not shown. Since both models describe 
the  system in a  similar way in many aspects, we 

Fig. 2. Fluorescence measurement of the LHCII aggregates at 50 K temperature and its analysis. Experimental 
data of the fluorescence intensity measurement (a) [5]. The spectra of the components of the system obtained 
using the DAS model (b). Fluorescence decay kinetics integrated over a 6 nm wide region centered at the speci-
fied wavelengths as given by the measurements and the reconstructed kinetics of the DAS model. The EAS 
model exhibited a  similar quality of the  reconstructed kinetics  (c). A  reconstructed fluorescence intensity 
plot (d). The spectra of the components of the system obtained using the EAS model (e). The fluorescence 
spectra integrated over the specified time period as given by the measurements and the reconstructed spectra 
of the DAS model. The EAS model exhibited a similar quality of the reconstructed spectra (f).

(a) (b) (c)

(f)(e)(d)
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present only the results given by the DAS analy-
sis in the cases where the EAS returned the same 
data.

In order to evaluate the  studied models we 
used the experimental data and the data given by 
the DAS/EAS to plot the decay kinetics, obtained 
by integrating the  two-dimensional fluorescence 
maps F(λ, t) over a 6 nm wide region centered at 
the  specified wavelengths (Fig.  2(c)). The  lines 
representing the  reconstructed kinetics match 
the  kinetics of the  measured data. Analogously, 
Fig. 2(f) represents the spectra of the fluorescence, 
obtained by integrating F(λ,  t) over the specified 
time interval. Again, the reconstructed spectra are 
in a perfect agreement with the experiment.

The analysis has shown that a set of three com-
ponents is sufficient to describe the behaviour of 
the system at 50 K. The spectra of the components 

of the DAS and EAS models and their decay time 
constants are shown in Fig.  2(b,  e), respectively. 
One can notice that the two models gave different 
results here. The  DAS model provided the  com-
ponents with slightly narrower spectra and one 
component featuring negative intensity values. 
The  decay constants are the  same in both cases. 
Another important result is that the  less inten-
sively fluorescing components with longer decay 
times have their maximum intensity values shifted 
towards the region of longer wavelengths.

The set of plots in Fig. 3 represents the data of 
the experiment conducted at 150 K and its analy-
sis. The fluorescence map (Fig. 3(a)) clearly exhib-
its two separate peaks and shows a  faster decay. 
Just two components were enough to reproduce 
the measured data (see Fig. 3(d)) and once again 
the  DAS and EAS yielded different spectra of 

Fig. 3. Fluorescence measurement of the LHCII aggregates at 150 K temperature and its analysis. Experimental 
data of the fluorescence intensity measurement (a) [5]. The spectra of the components of the system obtained 
using the DAS model (b). Fluorescence decay kinetics integrated over a 6 nm wide region centered at the speci-
fied wavelengths as given by the measurements and the reconstructed kinetics of the DAS model. The EAS 
model exhibited a  similar quality of the  reconstructed kinetics  (c). A  reconstructed fluorescence intensity 
plot (d). The spectra of the components of the system obtained using the EAS model (e). The fluorescence 
spectra integrated over the specified time period as given by the measurements and the reconstructed spectra 
of the DAS model. The EAS model exhibited a similar quality of the reconstructed spectra (f).

(c)

(f)

(b)

(e)(d)

(a)
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the  components, shown in Fig.  3(b,  e), respec-
tively. The decay constants of the components are 
similar to those obtained from the 50 K tempera-
ture experiment analysis, but this time both com-
ponents have their intensity maxima at approxi-
mately the same 680 nm mark. The reconstructed 
kinetics in Fig. 3(c) are accurate up to 2 ns. The di-
vergence between the  fitting curve and the  ex-
perimental data at later times comes as a result of 
the compartments decaying almost completely in 
the  first 2  ns. At times up to 2  ns the  integrated 
spectra (see Fig. 3(f)) repeat the original data ac-
curately.

By looking at the  spectra of the  compo-
nents computed from the  50  K experiment data 
(Fig.  2(b,  e)) we can notice that each compo-
nent has only one clearly distinguishable inten-
sity maximum. The  most intensively fluorescing 
component with a  maximum at approximately 
680  nm is responsible for the  initial burst of in-
tense fluorescence around the 680 nm mark that 
can be easily seen in the  measured fluorescence 
plot (Fig. 2(a)). The same plot also shows a rapid 
decay at the mentioned wavelength, which justi-
fies the  smallest decay time constant (0.1  ns) of 
the  first component. Similarly, the  slow decay 
seen in the  fluorescence evolution plot around 
the 700 nm region explains the longest decay time 
constant (2.9 ns) of the component with a maxi-
mum at the same wavelength.

The spectra of the components obtained from 
the 150 K data (see Fig. 3(b, e)) differ from those 
discussed above. The  slower of the  two compo-
nents features two fluorescnce bands: one around 
the  680  nm region and another, less intense but 
significantly wider, at approximately 710  nm. 
The  latter is explained by the  fluorescence mea-
surements plot (Fig.  3(a)), in which we can see 
the prolonged decay of a moderately intense fluo-
rescence around the 710 nm mark. Also, contrary 
to the case of 50 K experiment, here the system did 
not decay too quickly in the 680 nm region (where 
the fastest component has a maximum). The rea-
son for this is evident from the spectra: the com-
ponent with a longer decay time constant (0.9 ns) 
also has a maximum at the same wavelength and 
its slower decay causes the extended fluorescence.

The TRF measurements within the  15–273  K 
temperature range allowed us to trace some gen-
eral tendencies in the  fluorescence of LHCII ag-

gregates and their modelling. At higher tempera-
tures, the  intensity of the  fluorescence is notably 
lower than at temperatures closer to 15  K, and 
the system decays at a greater rate. Thus, at lower 
temperatures the components of the system feature 
longer decay times (compared to the results given 
by the DAS/EAS models with the same amount of 
compartments). At temperatures lower than 130 K 
the  system is described more accurately when 
a three-compartment model is applied, which gives 
an additional component with a  lifetime signifi-
cantly longer than those of the two other compo-
nents. A  two-compartment model is suitable for 
the systems at temperatures above 130 K.

4. Discussion

4.1. Interpretation of DAS/EAS

Here we have demonstrated that both DAS and 
EAS analysis can be successfully applied for 
the  TRF datasets of LHCII aggregates with re-
constructed kinetics and spectra well matching 
the  experimental data. Having previously ex-
pressed criticism for the application of DAS/EAS 
for this system [5, 10], let us now discuss the main 
issues that might arise when interpreting the ob-
tained results.

The first point we would like to raise is that 
DAS/EAS can be understood in two ways. On 
the one hand, it is just a data dimensionality re-
duction technique. Indeed, one of the main goals 
of dataset dimensionality reduction is to find new 
variables, which can be used to express the same 
data more succinctly [30]. In the case of DAS/EAS 
this is achieved by obtaining N one-dimensional 
spectra with their corresponding timescales in-
stead of a  full two-dimensional time- and wave-
length-resolved data matrix. Clearly, this type of 
decomposition can be readily achieved for most 
of the spectroscopically studied systems. Our re-
sults from Figs. 2 and 3 show that this is indeed 
the case for the LHCII aggregates. Viewing DAS/
EAS in this light the results will never be ‘wrong’, 
but care must be taken with their interpretation.

The situation is somewhat different if DAS/
EAS are understood as representing a  physi-
cal kinetic model. For this the  data must satisfy 
several assumptions [18], that, unfortunately, are 
sometimes forgotten. The first assumption is that 
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the time and wavelength properties of the system 
can be separated. In other words, this means that 
the spectra of each species present in the sample 
are constant in time. Physically, this means ig-
noring effects like dynamic Stokes shift, which, 
however, is usually not a problem since it happens 
extremely fast (tens to hundreds of femtosec-
onds) if compared to timescales of a typical TRF 
experiment (tens to hundreds of picoseconds or 
even nanoseconds). The  second, and sometimes 
overlooked, assumption is the  homogeneity of 
the  system under consideration. In other words, 
each member from the measured ensemble – like 
a distinct molecule or a densely packed molecu-
lar aggregate (pigment–protein light-harvesting 
complex in our case)  –  must have very closely 
matching dynamical and spectral properties.

If we wish to interpret the DAS/EAS of the TRF 
of LHCII aggregates in terms of a physical model, 
we must make sure that both of the  aforemen-
tioned assumptions are satisfied. We can with 
relative confidence assume that the spectra of any 
components in LHCII aggregates should be sta-
tionary in time, as no noticeable shifts can be seen 
in the TRF measurements of separate LHCII trim-
ers [5].

The situation is completely different regarding 
the homogeneity of the aggregates. This property 
is actually assumed in the so-called homogeneous 
oligomer model by the Holzwarth group [13–15]. 
They proposed that all the  monomers in LHCII 
aggregates are roughly the  same, each of them 
possessing an intrinsic microscopic red-emitting 
state that is responsible for the  fluorescence at 
~700 nm. That state was also related to the fluo-
rescence quenching  [13, 15]. This type of mod-
el, however, is immediately at odds with simple 
absorption measurements of LHCII aggregates, 
which show no significant increase in absorption 
in the  spectral region corresponding to the  red 
state [5]. We have recently analysed the homoge-
neous oligomer model in detail and showed that 
it fails to correctly describe even the TRF experi-
ments, especially for longer times [10].

On the  other hand, the  inhomogeneity of 
LHCII aggregates can be assumed for physi-
cal reasons. First, as mentioned above, the  rela-
tive concentration of the  red-emitting species in 
the  aggregate must be limited. Therefore, from 
statistical grounds it follows that the exact num-

ber or red-emitting complexes in each particular 
aggregate in the  ensemble is a  random number, 
which naturally results in some level of static 
inhomogeneity. Furthermore, the  exact sizes of 
the aggregates and the positions of the red-emit-
ting complexes therein are also likely to have some 
distributions. Note that single-molecule spectros-
copy experiments have demonstrated that due to 
conformational dynamics of the  protein scaffold 
even separated LHCII trimers can switch revers-
ibly between different emitting and/or quench-
ing states on the timescale of milliseconds [9, 31]. 
The streak camera measurements themselves typi-
cally require up to several tens of minutes to be 
performed in order to maintain a reasonable sig-
nal-to-noise ratio in the gathered TRF spectra. As 
a result, during the measurement time the num-
ber of LHCII complexes being in different con-
formational states naturally fluctuates even within 
the same aggregate, thus being the source of dy-
namic inhomogeneity.

The degree of inhomogeneity in LHCII aggre-
gates must be assumed to be even higher once we 
take into account that there exists separate non-
emitting conformational states responsible for 
excitation quenching, as demonstrated in [5] and 
confirmed in  [10]. Then all the  aforementioned 
considerations for the  red-emitting states would 
apply for the  quenching states as well. Moreo-
ver, co-existance of several independent quench-
ing mechanisms has been reported recently [32], 
which might be important while studying in vivo 
light-harvesting systems.

We must therefore conclude that inhomogene-
ity of LHCII aggregates can be readily assumed. 
Thus, the DAS/EAS of their TRF spectra cannot be 
taken to be related to a physical model, but must 
instead be understood as a  purely mathemati-
cal technique allowing one to describe the whole 
dataset with just several simple quantities – sever-
al spectral components together with their mean 
lifetimes.

4.2. Information content of DAS/EAS of TRF of 
LHCII aggregates

Having argued that the  DAS/EAS of the  TRF of 
LHCII aggregates must be taken solely as a reduced 
data description, we can nonetheless analyse what 
this description can tell us. Indeed, it is easier to 
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analyse a set of one-dimensional spectra and their 
lifetimes (Figs. 2(b, e) and 3(b, e)) than a full two-
dimensional map of data (Figs. 2(a) and 3 (a)). Then 
our goal is to suggest the simplest possible model of 
the LHCII aggregate that is consistent with DAS/
EAS. In this consideration we must always have 
in mind the LHCII aggregate absorption data and 
the TRF data from LHCII trimers [5].

Let us begin by analysing the 50 K data, shown 
in Fig. 2. First of all, both DAS and EAS show that 
the dominant fluorescent peak at ~680 nm decays 
very rapidly, with a timescale of 100 ps. Physical-
ly, the decay can be due to either relaxation from 
the fluorescent state to the ground state or due to 
energy transfer to species that fluoresce at other 
wavelengths or do not fluoresce at all.

We must note, however, that the  word ‘state’ 
can be somewhat ambiguous. It can mean either 
a  microscopic state within an LHCII monomer 
binding 14 chlorophyll molecules or a  macro-
scopic (conformational) state of the  whole com-
plex. The  simplest coarse-grained description 
corresponds to an assumption that every complex 
can be described by a single state. Since the intra-
complex excitation equilibration is expected to be 
very fast, on the order of several picoseconds [33, 
34], this assumption is justified when we are deal-
ing with TRF experiments and the  timescales of 
hundreds of picoseconds. Therefore, hereafter 
the word ‘state’ will correspond to a macroscopic 
state of a single LHCII complex in the aggregate, 
and energy transfer will be considered among dif-
ferent neighbouring complexes.

Coming back to the  analysis of DAS/EAS, 
the  origin of the  fluorescent state in the  LHCII 
aggregates should be the  same as in the  LHCII 
trimers. Since the  TRF of the  latter decays with 
a lifetime of 4–5 ns [5], we can relatively safely as-
sume that the non-radiative decay rate of the fluo-
rescent state could not increase so much due to 
the  aggregation process. Therefore, the  decay of 
the  dominating 680  nm peak must be related to 
the energy transfer in the aggregate.

We must take into account that the  ampli-
tude of the  690  nm peak from the  second DAS/
EAS component is considerably smaller than 
that of the 680 nm peak (compare 0.1 and 0.6 ns 
EAS components in Fig. 2(e)), and the amplitude 
of the  700  nm peak from the  third DAS/EAS is 
smaller still. The  simplest explanation is that 

the effective transition dipole moment of the red-
emitting state(s) could be much smaller than that 
of the 680 nm state. A question now arises wheth-
er there exists an intermediate state fluorescing 
at ~690 nm. Looking over both DAS and EAS in 
Fig. 2(b, e), we see a steady redshift in the maxi-
mum of the fluorescence. This could be interpret-
ed as there being an intermediate state between 
680 and 700 nm. A simpler explanation, however, 
is that the appearance of the intermediate state is 
just an artefact of non-exponential kinetics and 
merely represents times when the  amplitudes of 
680 and 700 nm peaks are comparable. Having in 
mind that the system under consideration should 
be inhomogeneous, the latter explanation is more 
likely.

The above consideration leads to a  model of 
the  aggregate with two states: the  first one fluo-
resces at 680  nm and has non-radiative decay 
similar to that of LHCII trimers, while the second 
fluoresces at 700 nm, has a smaller effective transi-
tion dipole moment and exhibits a much shorter 
lifetime to account for the overall faster decay of 
fluorescence in aggregates versus trimers. This 
seems the simplest model that can be constructed 
from the  analysis of DAS/EAS that is consistent 
with the  experimental data. Indeed, this mod-
el was analysed in detail in Ref.  [10], and it was 
shown that after accounting for the inhomogene-
ity of the aggregate this model could in principle 
explain the TRF of LHCII aggregates.

Nevertheless, as mentioned above, we must 
ask whether this model can also explain the  ab-
sorption spectra of the  aggregates and the  TRF 
of LHCII trimers. Since the  decay of the  popu-
lation of the  state fluorescing at 680  nm is quite 
rapid, this means that the  relative concentration 
of the quenching complexes in the aggregate can-
not be negligible. If these quenching complexes 
were to fluoresce, as is assumed in the  simplest 
model described above, the  TRF of the  trimers 
would also show non-exponential kinetics, which 
is not the case [5]. Also, we must remember that 
the  absorption of LHCII aggregates has no in-
crease in amplitude at ~700  nm  [5], implicating 
that either the  relative concentration of the  red-
emitting complexes is negligible or that their ef-
fective transition dipole moment is negligible. 
Yet from the TRF data we see that the number of 
quenching complexes is clearly distinguishable 
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and that the effective transition dipole moment of 
the red-emitting complexes cannot be neglected. 
These considerations lend an additional weight to 
the  argument that the  two-state model does not 
account for the totality of the experimental data.

A slightly more complicated model that is con-
sistent with the  above considerations would in-
clude an additional dark or quenching state. Thus, 
some complexes in the aggregate would fluoresce 
at 680  nm, some  at 700  nm and some would be 
dark and not fluoresce at all. Both emitting states 
could have the  same non-radiative lifetime. In 
this way the  TRF of LHCII trimers would show 
only exponential kinetics, while the lack of a red 
shoulder in the aggregate absorption spectra can 
be explained by a relatively low concentration of 
complexes in the red-emitting state.

Let us now turn to the 150 K data, given in Fig. 3. 
The situation in this case is different, because only 
two components were enough to describe the TRF 
data. The first DAS/EAS (Fig. 3(b, e)), however, is 
relatively similar to the  50  K case, demonstrat-
ing a strong fluorescence at ~680 nm and having 
a  similar fast timescale. The  second component 
has features at both 680 and 700–720 nm. These 
features are consistent with the three-state model 
described above. The  inmogeneity of the  aggre-
gate is then responsible for the  non-exponential 
character of the 680 nm peak kinetics, while fluo-
rescence from 700–720 nm comes from the com-
plexes in the red-emitting state.

We therefore find that a  careful considera-
tion of DAS/EAS of the TRF of LHCII aggregates 
taken together with the absorption data as well as 
the results from LHCII trimers leads to the same 
three-state model that we proposed in Ref.  [5]. 
In that work we used the multivariate curve res-
olution  [17] for data analysis. This method has 
an advantage over the  DAS/EAS analysis that 
the homogeneity of the investigated system is not 
required, thus the  obtained kinetics and spectra 
could be attributed to physical states in the LHCII 
aggregate. Nonetheless, as we demonstrate here, 
when the  DAS/EAS analysis is performed care-
fully, the same conclusions can be reached.

5. Conclusions

In this work we investigated the TRF of LHCII ag-
gregates in terms of the  DAS/EAS. Even though 

the LHCII aggregates are obviously not homoge-
neous (thus one of the requirements for DAS/EAS 
to correspond to a physical model is not fulfilled), 
these analysis methods still represent a  valid re-
duced dimensionality data description. To reveal 
the physical picture beyond the TRF dataset, how-
ever, solely performing this kind of analysis is not 
sufficient, and supplementary knowledge about 
the considered system becomes necessary. Indeed, 
interpreting the DAS/EAS in such light and hav-
ing in mind other spectroscopic data, we come to 
the conclusion that a three-state model of the LHCII 
aggregate is the  simplest one that can explain 
the totality of the data. This agrees with our previ-
ous works.

Naturally, misinterpretation of DAS/EAS might 
lead to erroneous conclusions, which occur when 
the  necessary requirements for DAS/EAS to cor-
respond to a  physical model are neglected. On 
the other hand, even in those circumstances DAS/
EAS can be viewed just as a reduced description of 
the spectroscopic data, which can then be a suitable 
starting point for further analysis.
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Santrauka
Laikinės skyros fluorescencijos spektrų matavimas 

yra vienas iš populiariausių eksperimentinių metodų, 
taikomų siekiant išsiaiškinti įvairiose molekulinėse sis-
temose vykstančių fotoindukuotų vyksmų dinamiką ir 
ją nulemiančius fizikinius mechanizmus. Neseniai pub-
likuotame darbe [Chmeliov et al., Nat. Plants 2, 16045 
(2016)] buvo pristatyti augalų fotosintetinių pigmentų 
ir baltymų anteninių kompleksų (LHCII) agregatų 
laikinės skyros fluorescencijos spektrai, išmatuoti esant 
plačiam temperatūriniam intervalui, o šių duomenų 
išsami analizė leido atskleisti už nefotocheminį gesinimą 
atsakingo augalų fotoapsaugos mechanizmo molekulinę 

prigimtį. Laikinės skyros spektrams interpretuoti plačiai 
taikomi globaliosios analizės metodai (tokie kaip gesimo 
ar evoliucijos spektrų skaičiavimas), tačiau priklausomai 
nuo tiriamos sistemos sudėtingumo jie ne visada suku-
ria teisingą toje sistemoje vykstančių reiškinių fizikinį 
vaizdinį. Darbe šie metodai pritaikomi minėtiems LHCII 
agregatų laikinės skyros fluorescencijos spektrams 
aprašyti. Parodoma, kad nors pateikia mi matematiškai 
teisingi eksperimentinių duomenų aprašymai, dėl siste-
mos nehomogeniškumo tinkamai interpretuoti galima 
tik atsižvelgiant į papildomus spekt roskopinius duo-
menis.


