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ABSTRACT: The plant photosystem II (PSII) supercomplex features a relatively “flat”
energy landscape in the excitonic energy transfer (EET) network between the light-
harvesting antenna and core subunits. The resulting intersubunit EET proceeds
predominantly between isoenergetic excitonic states. Visualizing these EET dynamics is
difficult due to the heavy spectral overlaps between the components, particularly at
physiological temperature. We employ polarization-resolved two-dimensional electronic
spectroscopy to measure and compare the anisotropy kinetics between the LHCII-CP29-
CP24 complex and some of its constituents. Using the orientational differences between the
subunits, together with the EET time scales estimated from energy transfer theory and
phenomenological kinetic modeling, we identify the contribution of intra- and intersubunit
EET processes to the observed anisotropy decay components. The results suggest that EET
rates between the antenna subunits are not homogeneous and can be sensitive to the interprotein arrangement. The approach
provides an effective method for studying EET in large multichromophoric systems.

In higher plants, the photosynthesis process starts with the
chromophore−protein light-harvesting complexes (LHCs),

typically organized into coordinated groups known as photo-
systems.1 The plant photosystem II (PSII) consists of the
reaction centers (RCs) embedded in the core complexes, and
several subunits of peripheral antenna LHCs.2,3 PSII relies on
excitonic energy transfer (EET) to distribute the absorbed
light energy, which can occur at the intrasubunit (within an
individual subunit) and intersubunit levels (between the
subunits). Intrasubunit EET processes, especially in the light-
harvesting complex II (LHCII), have been extensively
investigated with spectroscopic and theoretical means.4−14

Regarding the dynamics in the PSII supercomplex, there have
also been studies focusing on the collective exciton dynamics,
revealing a general idea about the diffusion speed of excitation
across the photosystem.2,15,16 Advances in purification
procedures of small subgroups of the supercomplex17 have
enabled selective studies of interactions between a few PSII
subunits while avoiding the contributions from other
components that could complicate the spectra.18−21 However,
intersubunit EET processes are mostly observed at cryogenic
temperature, while in physiological conditions they are largely
obscured by the significant overlaps between the subunit
spectral features. In addition, the spectroscopic similarities
between the subunits also imply a lack of clear directionality in
the EET channels to the RCs, which is hypothetically a feature
to help PSII adapt and maintain its robustness from
environmental fluctuations by accommodating multiple EET

pathways.1,22−24 Understanding the mechanisms and pathways
of physiological EET processes, therefore, provides insights
into the optimization strategies and functional roles of PSII
and its constituents, ultimately revealing the design principles
employed in natural photosynthesis.

Two-dimensional electronic spectroscopy (2DES) is a
nonlinear optical spectroscopic technique capable of resolving
complex dynamical processes with femtoseconds (fs) to
picoseconds (ps) time scales. A 2DES spectrum correlates
the excitation with detection frequencies, and through the
diagonal and cross-peaks therein, it presents the EET between
the excitonic states of the system.25,26 In 2DES, polarization
control makes use of the relative polarizations of the pump and
probe laser fields to manipulate the intensities of signals
through the orientations of the transition dipoles.27 The scaling
of signal intensities with the pump−probe polarization allows
the user to separately control the signal contributions to the
2DES spectra and increase the visibility of specific spectral
features, such as cross-peaks,28−33 beating patterns,34,35 and
orientational dynamics (polarization anisotropy).36,37 Polar-
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ization anisotropy information is usually overlooked in 2DES
measurement, as isotropic 2D signals are often preferred and
easily collected with magic angle pump−probe polarization.
However, given that the EET processes between molecules can
be associated with changes in transition dipole orientations,
anisotropy can be a potentially useful indicator for dynamical
processes involving isoenergetic states.
In this article, we report on the observation of intersubunit

isoenergetic EET processes in a subgroup of antenna LHCs in
PSII. The difficulty of resolving EET between isoenergetic
states is overcome by leveraging on the polarization depend-
ence of signals from the chromophores in the LHCs.
Specifically, we perform 2DES with polarization control to
obtain 2D maps containing anisotropic information, which we
term the 2D relaxation of electronic anisotropy maps
(2DREAM). Here, we measure the 2DREAM of the trimeric
light-harvesting complex II (LHCII), monomeric LHCII, and
LHCII(M)-CP29-CP24 (also termed M-CP2, the complex
containing a moderately bound LHCII and the minor antennas
CP29 and CP24 in PSII). Our study is conducted at room
temperature to ensure the dynamical processes happening at
near physiological conditions. Previous measurements of the
anisotropy dynamics in LHCII were mostly done in the
nineties, which agreed upon a 5 ps anisotropy lifetime in the
complex at room temperature.37−40 Measurement at various
pairs of excitation/detection wavelengths also observed
different residual anisotropy values and slight deviations of
the anisotropy decay lifetime.38 Utilizing the advantages of
2DES, we demonstrate that the use of 2DREAM can provide
frequency-resolved anisotropy kinetics with high time reso-
lution. By comparing the anisotropy kinetics between M-CP2
and the smaller antenna complexes, we gain insights into the
EET between the LHC subunits. We also employ theoretical
tools and phenomenological kinetic modeling to support the
experimental observations.
M-CP2 is located at the periphery of the PSII-LHCII

supercomplex structure, connecting to the RC via the core-
integrated antenna CP47. In Figure 1a, we highlight the
position of the M-CP2 subunits in the cryo-EM structure of the
C2S2M2-type PSII-LHCII supercomplex (PDB 5XNM).41 In
total, 66 Chl molecules can be found in M-CP2, including 39
Chls a and 27 Chls b. The absorption spectrum of M-CP2 at
room temperature is presented in Figure 1b, in comparison
with the trimeric and monomeric LHCIIs. In the spectra, the
Qy absorption bands of Chl a and Chl b can be found at 675
and 650 nm, respectively. The absorbing region spanning from
300 to 500 nm contains features from carotenoids and the Chl
Soret bands. By normalizing at the Chl a Qy absorption peak
(at 675 nm), M-CP2 exhibits less absorbance at 650 nm due to
its lower Chl b concentration. The Q-band absorption in
LHCII trimers and monomers are nearly identical. M-CP2 also
shows a lower absorption in the 300−500 nm region due to a
lower concentration of carotenoids relative to the other
complexes.3 Throughout this study, we focus on the Chl Qy
region and apply a pump spectrum from 600 to 700 nm in the
2DES experiments (shaded area in Figure 1b).
We conducted polarization-resolved 2DES measurements at

room temperature on M-CP2, LHCII trimers, and LHCII
monomers. Here, we only present the results for M-CP2, while
the spectra of LHCII trimers and monomers can be found in
the Supporting Information (SI). For the minor antenna
complexes CP24 and CP29 contained in M-CP2, their
individual kinetics are not readily available but assumed to

be similar to those in monomeric LHCII. This assumption is
made based on the similar protein structures and chromophore
compositions between the antenna complexes.3 In addition,
data on steady state and pump−probe spectroscopy of the
minor antennas at room temperature suggests large resem-
blance to those of LHCII to a large extent, especially at the Chl
a absorption region.6,21,42

Parallel- and perpendicular-polarized 2D spectra are
collected simultaneously from the same measurement, which
can be combined post-measurement to reconstruct 2D spectra
with different pump−probe polarization conditions (see
Experimental methods in SI). In Figure 2a, we present the
2DREAM, i.e., the reconstructed 2D maps measuring polar-
ization anisotropy. Each anisotropy value at λτ/λt on the
2DREAM reflects the angular alignment between the transition
dipoles of the excited state λτ and the detected state λt.
Generally, the time-resolved dynamics on the 2DREAM
represent the time-resolved anisotropy at every pair of
excitation and detection wavelengths, which evolve due to
rotational motions and EET processes. In the areas with
spectral overlaps between multiple exciton states, the measured
anisotropy kinetics can be a weighted combination of multiple
EET processes, depending on the EET amplitudes and the
resulting changes in exciton dipole orientations (see SI).

Figure 1. (a) The apoprotein surface of the C2S2M2-type PSII-LHCII
supercomplex, in which the subunits of M-CP2 are highlighted in
colors. The monomeric subunits in LHCII(M) are numbered 1−3.
Since PSII is a homodimer, M-CP2 occurs in both halves. (b) Linear
absorption spectra of M-CP2 (blue), LHCII trimers (red), and LHCII
monomers (yellow), normalized at the Chl a Qy peak. The pump
spectrum used in 2DES experiments is also shown as a gray-shaded
area.
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From Figure 2a, most anisotropies along the diagonal line
are close to 0.4 at Tw = 0.1 ps. Meanwhile, the anisotropy
around the 650 nm diagonal peak reaches nearly 0.5, probably
influenced by excited-state absorption signals from the lower-
energy excited states.43,44 Anisotropy values for the cross-peaks
are generally lower, even at the shortest Tw. To be specific, at
the detection wavelength of λt = 680 nm, the anisotropy value
at Tw = 0.1 ps from long to short excitation wavelengths
gradually decreases from 0.4 (λτ = 680 nm) to 0.2 (λτ = 620−
640 nm). The reason is that anisotropy value reflects the
relative orientation between the excited and detected
transitions. Since on a diagonal signal at early waiting time,
the excitation and detection largely come from the same
transition, the anisotropy value here should be higher than
those on the cross-peaks, where the excitation and detection
are likely made on different exciton states. By Tw = 1 and 20 ps,
EET dynamics have caused depolarization among the under-
lying excitons, as observed by the smaller anisotropy values in
the 2DREAM at these delay times. Figure 2b shows the
anisotropy decay curves of the 680 nm diagonal and several
cross-peaks. Generally, the anisotropy kinetic traces exhibit
decaying trends due to depolarization among the underlying
energy levels, occurring across multiple time scales from sub-ps
to several ps. The decays equilibrate soon after Tw = 100 ps.
Around the terminal state diagonal peak, 680/680 nm, the
residual anisotropy, i.e., equilibrated anisotropy value at late
Tw, is at around 0.06. Comparing between different excitation
wavelengths, the residual anisotropies are smaller at cross-
peaks with shorter λτ. The anisotropy kinetics remain almost
flat after Tw = 100 ps, which reflects their independence of
spontaneous relaxation processes.
Comparing to published literature measuring the anisotropy

in trimeric LHCII, we found that Kwa et al. measured one-
color pump−probe at several diagonal positions from 645 to
685 nm. The residual anisotropies varied between −0.05 and
0.05, especially at the long wavelengths, 0.00 ± 0.03 at 675 nm
and 0.02 ± 0.03 at 670 nm.38 Similar measurements by
Savikhin et al. reported residual values reducing from 0.05 at
685 nm to 0.00 at 670 nm.40 These results are similar to the
residual values of the 2DREAM around the 670−680 nm
spectral region, which show values varying from around 0.06 at
the 680 nm diagonal peak to around 0.03 at 670/680 nm. Due

to the slow instrumental responses intrinsic to the techniques
in those studies, we found discrepancies to our results at the
early, sub-ps delay times. For example, the initial anisotropies
were found to be 0.32−0.34 by Savikhin et al.,40 whereas our
measured values are close to 0.4, with a better time resolution
of around 50 fs in our 2DES setup. Furthermore, the
anisotropy decay lifetimes were reported to be 5 ps at all
wavelengths in most studies. Meanwhile, a sub-ps decay
component can be observed in our 2DES spectra (Figure 2b),
which was also reported in an earlier fluorescence upconver-
sion study featuring around 100 fs time resolution.39

To focus on the energy equilibration process between the
terminal energy levels, we make a comparison of anisotropy
kinetics at around 680 nm, contrasting between M-CP2, LHCII
trimers, and LHCII monomers. The time and frequency
resolution of 2DREAM allow for wavelength-specific measure-
ments while still capturing sub-100 fs anisotropy dynamics. In
Figure 3, we plot the anisotropy decay curves of the three
complexes, taken around the 680 nm diagonal peak in the
2DREAM. The anisotropy dynamics reflect energy transfer
between exciton states around the terminal energy levels. The
decay curves are averaged from multiple sets of independent

Figure 2. 2D relaxation of electronic anisotropy maps (2DREAM) of M-CP2, reconstructed from 2D spectra measured at parallel and
perpendicular pump−probe polarization. (a) 2DREAM at waiting times 0.1, 1, and 20 ps are shown. All spectra use the same color scale. (b)
Anisotropy kinetics from Tw = 50 fs to 1.5 ns at several peaks detected at 680 nm, as marked on the 2D spectrum at 0.1 ps. Here, the pixels with low
signal-to-noise ratio are set at zero. The anisotropy values are also limited between 0 and 0.5.

Figure 3. Comparison of the anisotropy decay kinetics observed at
680/680 nm on the 2DREAM, with 2 nm bandwidths, between M-
CP2 (blue circles), LHCII trimers (red circles), and LHCII
monomers (yellow circles). The data points indicate the mean and
standard deviation from independent measurements. Multiexponen-
tial fit results are plotted in solid curves.
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measurements on different batches of samples (see Supporting
Figure S3).
Overall, the anisotropies in all complexes start at around 0.4

at Tw = 50 fs, then decay together to 0.3 at Tw = 1 ps. After
that, the decay curves start to diverge. In M-CP2, the
anisotropy decay continues until around Tw = 100 ps, where
the residual value equilibrates at 0.06. In LHCII trimers, the
decay reaches a residual value of 0.05 at an earlier Tw = 20 ps.
The monomeric LHCII exhibits a weaker anisotropy decay,
where the residual value is achieved at 0.19 after Tw = 20 ps.
We highlight two key observations crucial to our subsequent
discussion. First, the residual anisotropy of M-CP2 is greater
than that of trimeric LHCII. Second, a shoulder appears in the
10−100 ps range, indicating an additional decay component in
M-CP2 that is absent in the LHCII trimers. Both observations
are statistically significant, as confirmed by the mean and
standard deviations derived from multiple experimental runs.
Naively, one may expect that a larger ensemble of molecules

should exhibit a more isotropic final distribution in
chromophore orientations. This trend can be seen when
moving from LHCII monomers to trimers. Since M-CP2 is a
larger group of protein complexes than LHCII, it may be
expected to exhibit a smaller residual anisotropy. Instead, the
residual anisotropy in M-CP2 observed in Figure 3 is higher
compared to LHCII trimers. This suggests a more aligned
orientation distribution among the chromophores in the bigger
complex. To explain this, we investigate the differences in Chl
orientations between the subunits in the protein structure of
M-CP2.

41 Table 1 presents the relative rotation angles Δϕ

between the subunits in M-CP2 around the normal axis of the
complex. In the lower triangle, we indicate the cosine squares
of these angles, which we call the alignment factors. An
alignment factor close to one suggests a near parallelism
between two corresponding subunits. In fact, the alignment

factors suggest that CP29 and CP24 are aligned well with some
of the LHCII monomers. On the other hand, since LHCII
trimers have a 3-fold symmetry, the monomeric subunits are
rotated 120° from each other, and their alignment factors are
indeed around 0.25. Overall, the averaged alignment factor in
M-CP2 is 0.52, slightly higher than that in trimeric LHCII
(0.5). Therefore, the inclusion of CP29 and CP24 makes the
Chl arrangement in M-CP2 less isotropic compared to that in
LHCII trimers. In other words, this results in a higher
likelihood for the excited state transitions in M-CP2 to retain
their original polarization during the energy equilibration
process, and overall a slightly higher anisotropy value. This also
highlights the sensitivity of anisotropy measurements in
detecting structural differences among multichromophoric
protein complexes.

The anisotropy decay curves from 2DREAM in Figure 3 can
be fitted with multiexponential decay functions to give the time
scales of the underlying EET dynamics. The fit parameters are
presented in Table 2. The anisotropy decay in LHCII trimers
and monomers can be fitted with two lifetimes. Meanwhile, the
decay in M-CP2 cannot be accurately modeled with a
biexponential decay function, but requires one additional
long-lived component to be fully described. This additional
component in M-CP2 corresponds to the slowly decaying
anisotropy segment observed at Tw = 10−100 ps. We confirm
the choice between bi- and triexponential model based on
cross-validating between independently measured data sets
(see Supporting Figure S3 and S4). From Table 2, the first
decay component in all complexes is resolved at similar sub-ps
lifetimes of 0.23−0.26 ps. The amplitude of this fast decay
process is relatively small, around 0.06−0.08 out of the initial
anisotropy of 0.4. The second anisotropy decay component is
fitted to a lifetime of 3.7 ps in M-CP2, and contributes the most
to the anisotropy decay with an amplitude of 0.23. In LHCII
trimers, the process occurs at a slightly slower lifetime, 4.9 ps
(amplitude 0.29). We note that this lifetime component has
been observed in studies regarding anisotropy dynamics in
LHCII.37−40 LHCII monomers exhibit the slowest secondary
decay among all complexes, with a lifetime of 8.3 ps and an
amplitude of 0.14. A notable feature in the M-CP2 anisotropy
decay kinetics is the appearance of a slow depolarization
process, happening at 24 ps. This 24 ps component therefore
suggests a slow EET process that only occurs in M-CP2 and
not in the LHCII complexes.

Theoretical calculations can be used to aid the under-
standing of the EET drivers of the anisotropy decay processes.
Here, we apply the recently developed time-domain multi-
chromophoric fluorescence resonant energy transfer (TD-
MCFRET) method.45 We apply this approach to calculate the
intersubunit EET times of the M-CP2 complex. The structures
of LHCII monomers, trimers, and M-CP2 are extracted from
the cryo-EM structure of PSII-LHCII supercomplex (PDB
5XNM).41 The TD-MCFRET results can then be incorporated

Table 1. Alignment Factors between the Subunits in M-
CP2

a

LHCII1 LHCII2 LHCII3 CP24 CP29

LHCII1 - 120° 120° 111° 81°
LHCII2 0.25 - 121° 18° 47°
LHCII3 0.25 0.26 - 132° 155°
CP24 0.13 0.90 0.45 - 48°
CP29 0.03 0.46 0.82 0.45 -

aLower triangle: The alignment factors, measured by the cosine
squared of their relative rotation angles Δϕ around the complex plane
normal. Upper triangle: The angles Δϕ. Since the protein structures
of the subunits are similar, Δϕ can be found by determining the
rotation matrix that transforms the set of Chl transition dipole vectors
in one subunit to those in the other. The transition dipole is defined
as the vector connecting the NB and ND atoms in the Chl chlorin ring.
Here, for each pair of subunits, we only consider the common Chls
that are present in both of them.

Table 2. Fitted Parameters of the Multi-exponential Decay Fit, f(Tw) = A0 + ∑iAi exp(−Tw/τi), for the Anisotropy Decays in
Figure 3a

Sample A1 τ1 A2 τ2 A3 τ3 A0

M-CP2 0.055 (0.003) 0.23 (0.03) 0.23 (0.01) 3.7 (0.2) 0.069 (0.007) 24 (3) 0.066 (0.001)
LHCII tri. 0.064 (0.004) 0.26 (0.04) 0.29 (0.00) 4.9 (0.1) - - 0.054 (0.001)
LHCII mon. 0.082 (0.006) 0.26 (0.05) 0.14 (0.00) 8.3 (0.6) - - 0.190 (0.002)

aThe results are rounded to 2 significant figures. The lifetimes are in picoseconds. Standard deviations are shown in brackets.
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into the coarse-grained 2DES (CG-2DES) routine46 to
calculate 2D spectra and anisotropy kinetics. The calculation
details are provided in the SI.
Here, we use the TD-MCFRET and CG-2DES methods for

their computational efficiency in modeling large photo-
synthetic systems such as M-CP2. However, the methods
come with certain limitations. Since the calculations involve a
high number of chromophores, their outcomes are highly
sensitive to input parameters, which can significantly influence
the calculated EET rates. Recognizing these limitations, we do
not try to tune the calculation to match the experimental data.
Instead, the results from the calculation are used as reference
points to provide insights into the intersubunit dynamics of the
complexes.
We first use TD-MCFRET to evaluate the effective EET

times between subunits. This is done by determining the
population transfer time scales between subunit pairs using the
intra- and intersubunit rates from the TD-MCFRET results.
More details of the estimation and the resulting effective EET
times are summarized in Supporting Table S3. As these
microscopic time scales are not directly observable, the
characteristic EET processes of the system can be determined
instead, by diagonalizing the effective EET rate (inverse
lifetime) matrix from Table S3. The result shows that the
overall dynamics undergoes four main processes and can be
found in Figure 4. The fastest EET process occurs at 1.3 ps,

mostly between LHCII3 and CP29. The next processes are at
3.6 and 3.9 ps, involving energy equilibration among all
subunits in M-CP2. The process at 8.4 ps occurs between
LHCII1−2 and CP24, probably with LHCII3 as the
intermediate. The final, nondecaying process only shows the
final equilibrium population and can be neglected. In
comparison, we show in Supporting Figure S5 the calculated
characteristic EET processes in trimeric LHCII, where only
lifetimes of 3.6−3.8 ps are present. Therefore, with CP24 and
CP29 subunits included in the EET calculations, there will be
additional EET processes at time scales of 1.3 and 8.4 ps.
The calculated anisotropies from CG-2DES at different

excitation wavelengths (see Supporting Figure S6a) show

similar behaviors as the 2DREAM results in Figure 2b.
Comparing between the systems, the calculation also shows
that residual anisotropy values are the highest in LHCII
monomers, followed by M-CP2 and finally LHCII trimers
(Supporting Figure S6b). We consider the calculated
anisotropy kinetics after Tw = 1 ps since CG-2DES presumes
that excitons reach an equilibrium within their respective
segments prior to detection. Analysis shows that the calculated
anisotropy kinetics of the LHCII trimers can be best fitted with
a single decay lifetime of 3.1 ps, while that of the M-CP2 is best
fitted with two components at 1.8 and 5.9 ps (Supporting
Figures S6c-d and Table S4).

The complex calculations from TD-MCFRET and CG-
2DES, to eventually obtaining the calculated anisotropy
kinetics, add layers of convolutions. As a result, the calculated
anisotropy decay lifetimes in M-CP2 partially average over a
weighted combination of multiple characteristic time scales of
the EET processes. For example, the 1.8 ps anisotropy lifetime
derives from the 1.3 and 3.6 ps characteristic EET processes in
Figure 4, while the 5.9 ps lifetime derives from the 3.9 and 8.4
ps EET processes.

We can compare the calculated anisotropy kinetics
components to the second and third decay components of
the experimental anisotropy in Table 2 for LHCII trimer (τ2 =
4.9 ps) and M-CP2 (τ2 = 3.7 ps and τ3 = 24 ps), respectively.
The calculated anisotropy kinetics in M-CP2 is consistent with
the trend in experimental data, with a slow component τ3 for
M-CP2 that is lacking in LHCII trimers, and a fast component
τ2 that is slower for the LHCII trimers. It can be observed that
the calculated time scales are, however, consistently faster than
the experimental values. This can be partially attributed to the
modeling and calculation procedure that causes an over-
estimation of the EET rates, as mentioned earlier. The choice
of structures (the calculation used the protein structure derived
from the supercomplex state) and parameters used, such as
disorder levels and coupling strengths, can greatly affect the
predicted rates. For instance, the coupling strengths inputs are
based on the TrEsp method,47−49 which can be used to reduce
the EET rates with adjustments to the dielectric constant.
Furthermore, the use of coarse-graining can also reduce
friction from intrasegment relaxation, which leads to faster
intersegment EET. Nevertheless, based on the trends, we can
associate the experimental 24 ps decay to the calculated 5.9 ps
decay, which originates from the 8.4 ps characteristic EET
time. We can thereby make the assignment that the
experimental 24 ps component has major contributions from
the intersubunit EET between LHCII1−2 and CP24.

Next, based on the assignments made above, we construct a
kinetic model to phenomenologically describe the anisotropy
kinetics during energy equilibration between the subunits. This
model will allow us to get a “big picture” idea of the
intersubunit EET. Here, each subunit in M-CP2 is represented
by a population state with the same transition dipole strength,
as depicted in Figure 5a. From a top-down view, their relative
rotation angles are set according to Table 1, while the angle to
the plane normal axis is described by a fitting parameter θ,
which will determine the residual anisotropy. We are interested
in the LHCII1−3 intersubunit EET rates (k1) and the CP24-
LHCII3 rate (k2). For the CP29-LHCII3 (k3) and CP29-CP24
(k4) connection rates, we make use of the results from TD-
MCFRET calculations (Supporting Table S3) to define fixed
ratios k2:k3:k4 as 1:4:0.6. The model describes the anisotropy
decay kinetics through population evolution, then the

Figure 4. Characteristic EET processes in M-CP2 obtained by
diagonalizing the effective intersubunit EET rate matrix from TD-
MCFRET results. Clusters of colored bars are associated with an EET
time scale. Within a cluster, each colored bar corresponds to a specific
subunit and the bar height gives the relative contribution of that
subunit to the given time scale. Opposite-sign amplitudes can be
interpreted as donor−acceptor subunits.
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simulated decay curve is fitted to the 2DREAM data in Figure
3 to find the suitable intersubunit EET rates. More details
about the model can be found in the SI.
This phenomenological kinetic model is capable of

reproducing the anisotropy dynamics in LHCII trimers and
M-CP2, as the modeled anisotropies show almost identical
decay trends to the experimental data (Figure 5b). The fitted
EET rates between the three monomers of LHCII (k1) are
found to be (14.6 ps)−1. This fits well with the 4.9 ps
anisotropy decay component observed in LHCII trimers
(Table 2), which is three-time faster than the monomer−
monomer EET due to the 3-fold symmetry of the complex.50

The connection from CP24 to LHCII3 is found to be k2 =
(26.2 ps)−1. Correspondingly, the CP29-LHCII3 EET rate is k3
= 4k2 = (6.6 ps)−1 and the CP24-CP29 rate is k4 = 0.6k2 =
(43.6 ps)−1. Furthermore, the cosine of the polar angle θ is
fitted to be 0.275. This corresponds to an approximate angle of
16° from the representative transition dipole of the lowest
energy states to the complex plane. Such value is close to
results from polarized absorption and fluorescence measure-
ments of macroscopically aligned LHCII trimers, where the
authors found an angle of 17.5° ± 2.5°.51 It is worth noting
that this angle is also applicable to the M-CP2 complex,
implying that CP24 and CP29 are similar to LHCII monomers
regarding the composition of the Chl molecules composing the
terminal energy states.
We compare the fitted EET times from the kinetic model in

Figure 5 to the results from TD-MCFRET calculation in
Supporting Table S3. The EET times between the LHCII
monomeric units see a good agreement between the two
approaches, where the figure from the kinetic model (14.6 ps)
matches relatively well with 11−12 ps from TD-MCFRET,
considering the overestimation from coarse-graining. However,
in the EET between LHCII and the CPs, there appears a large
contrast between the methods. The ratio between the LHCII−
LHCII and LHCII-CP24 rates, k1:k2, is found to be almost 2 in
the kinetic model. Meanwhile, this ratio from TD-MCFRET
results is much lower, at around 1.2 (ratio between 14 and 12
ps). Hence, it suggests that the interaction strengths between
LHCII(M), CP29, and CP24, are almost twice as weak as the
expected strengths estimated from the structure-based energy
transfer theory.
Analogous to the TD-MCFRET analysis in Figure 4, we

have the characteristic EET times from the phenomenological

kinetic model (see Figure 5c). The fast component of 2.3 ps is
analogous to the calculated 1.3 ps component in Figure 4. This
component likewise enhances the energy equilibration in the
LHCII(M)-CP29 cluster and together with the 4.9 ps
component results in the accelerated 3.7 ps anisotropy process
measured in M-CP2. Without this, the measurable anisotropy
time scale is 4.9 ps, as measured in the LHCII trimer. CP29
and LHCII(M) are well connected, and is in line with the
interpretation that CP29 is a connecting bridge and a possible
nonphotochemical quenching site for energy flowing between
LHCII(M) and the PSII core complex.24,52−54 The slowest
EET component from the phenomenological kinetic model is
16.5 ps. This time scale is twice as long as the slowest lifetime
(8.4 ps) obtained from TD-MCFRET and relatively more
distinguishable from the intermediate processes (4.9−7.7 ps,
Figure 5c). The kinetic model thus captures the slower
anisotropy dynamics in the experimental data more accurately
and further supports that the long-lived (24 ps) anisotropy
decay is a population equilibration process between LHCII-
(M) and the CP24 subunit. We note that the 16.5 ps lifetime is
still faster than the experimental 24 ps component, which is
due to the constraints in the model, such as the fixed ratios
between the EET rates.

We discuss the assignment of the sub-ps EET processes as
observed in Table 2. As a rule of thumb, EET processes
happening within a monomeric subunit (intrasubunit)
generally occur faster than those involving intersubunit
connections. We consider the first anisotropy decay
component in Table 2. Despite the different antenna sizes,
the amplitudes and lifetimes of this component appear to be
similar between the three studied complexes. The averaged
amplitude is 0.06 and the averaged lifetime is 0.25 ps. This
decay component only causes a small drop in anisotropy value
(out of 0.4), suggesting that the underlying EET processes
occur between similarly oriented molecules. Sub-ps EET
processes in LHCII has been assigned to Chl b-to-a energy
transfer and energy equilibration within some Chl a domains in
LHCII, which mostly occur within a monomeric subu-
nit.7,9,10,55 Thus, the sub-ps depolarization process likely
corresponds to the first intrasubunit EET steps from the initial
excited Chl molecules to their nearest neighbors, which are
also strongly coupled to each other with their similar transition
dipole orientations.

Figure 5. Phenomenological kinetic model describing the intersubunit EET processes in M-CP2 that cause the anisotropy decay. (a) Illustration of
the modeled EET connections between the M-CP2 subunits. The subunits are aligned in the same xy-plane. In addition, all transition dipoles form
the same polar angle θ with the plane normal (z-axis). (b) The fitted anisotropy decays (solid curves) compared with the experimental data
(circles). The fitted parameters are also indicated. (c) Characteristic EET processes obtained by diagonalizing the EET rate matrix from the kinetic
model. The presentation is the same as in Figure 4.
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For the second anisotropy decay component, although there
is no consensus on the contributions from intra- and
intersubunit processes, many insights can be obtained by
comparing between LHCII trimers and monomers. The
lifetime of this component in monomeric LHCII is 8.3 ps,
and in the trimeric complex is 4.9 ps. Different explanations
can be provided. In monomeric LHCII, energy equilibration
among weakly connected Chl a domains likely causes the 8.3
ps anisotropy decay. Trimerization produces faster decay due
to additional EET pathways linking domains across subunits.
Most intermonomeric transfer occurs between Chl a602−a603
domains,9,10 but other routes, such as from Chl a613−a614 to
a602−a603 in neighboring monomers, show similar coupling
strengths.9 These pathways promote rapid equilibration
throughout the trimer, reducing the impact of slower
monomeric processes. Another explanation for the slower
anisotropy decay in LHCII monomers can be attributed to
possible changes in the protein conformation of LHCII after
the monomerization procedure. Compared to the trimeric
form, the monomeric LHCII is more exposed to the solvent.
This possibly leads to changes to the chromophore local
environments, affecting their site energies and coupling
strengths, and perhaps even a loss of chromophores.56,57 As
these structural changes are not included in the structure-based
TD-MCFRET and CG-2DES calculations, this may also
explain why the calculated anisotropy decay in monomeric
LHCII is not so different from the trimeric counterpart.
Taking the explanations together, the agreement is that the

8.3 ps decay process in monomeric LHCII is not relevant in
the aggregated state, so we will not consider this lifetime in the
dynamics of the larger complexes. In analyzing the TD-
MCFRET results and the phenomenological kinetic model, we
adopt a simplified representation of EET between subunits that
appears to omit intrasubunit processes. However, the EET
times in these models effectively reflect the combined influence
of all (both intra- and intersubunit) transfer pathways and thus
implicitly account for intrasubunit EET contributions. More-
over, in the case that some slow intrasubunit EET processes
may affect the overall intersubunit population flow, their
interplay can be effectively incorporated and described as an
equivalent intersubunit process as shown in Supporting Figure
S8.
Regarding the differences in interaction strengths obtained

from the structure-based TD-MCFRET and phenomenological
simulations, it may reflect the structural difference of the M-
CP2 complex between the solubilized and supercomplex state.
Comparing the results from the two methods, we suggest that
CP24, CP29, and LHCII(M) in the solubilized M-CP2 samples
could be slightly displaced from each other and this results in
at least 2-fold decrease in the EET rates between them.
Assuming that the energy transfer rate scales inversely with the
sixth power of donor−acceptor distance, a 2-fold decrease in
EET rate should correspond to a 12% increase in intersubunit
distances. This shows the high sensitivity of intersubunit EET
to their relative distances. At physiological condition, such
fluctuations in intersubunit organization are highly possible. In
fact, structural studies of PSII reported substantial flexibility
and displacements of the proteins in the supercomplex.58,59

Furthermore, while the cryo-EM or crystal structures are often
relied as a basis for calculating spectral features and energy
transfer dynamics, they are static and do not capture the
dynamic conformational flexibility of the proteins at physio-
logical temperatures. It has been highlighted that protein

structures can influence spectral and EET properties and
simulations of their dynamics is necessary.18,60,61 Therefore,
though they may not be reflected in the cryo-EM structure,
slow EET connections, such as the 24 ps component that we
observed, are still likely to be relevant as a result of the
influence of thermal fluctuation effects to the protein
structures. The degree of influence of such effects is nontrivial
and requires further studies, preferably with the help of
molecular dynamics simulations.

We have demonstrated that 2DREAM could provide
detailed insights to the intersubunit EET processes, by utilizing
the relative exciton orientations between the energy states.
Derived from simultaneously collected polarized 2DES signals,
2DREAM assumes good consistency in experimental con-
ditions, high anisotropy data quality, and the time and
frequency resolution inherent in 2DES. Measuring the
anisotropy also has the advantage that the lifetimes appearing
on the anisotropy decay kinetics should theoretically reflect the
most prominent time scales of the energy equilibration process.
Apart from being the benchmarks for intersubunit EET
processes at room temperature, our present results will also
open up the possibility of monitoring the EET dynamics in
larger systems, such as the PSII supercomplex and even the
photosystems in vivo. However, it is not without limitations:
anisotropy kinetics do not reflect EET processes that involve
small changes in exciton orientations. This can cause the
anisotropy decay to miss out certain EET processes, especially
systems with similarly oriented chromophores, or in large
multichromophoric systems where the anisotropic distribution
can be washed out after a certain number of diffusion steps.

It is worth mentioning that exciton−exciton annihilation
(EEA) time may also be used as a measure for the equilibration
process in large multichromophoric systems.62 Studies
measuring EEA in LHCII trimers and LHCII aggregates
found annihilation times of around 25 ps in LHCII trimers and
40 ps in M-CP2.

21,63−65 It has been argued that the spatial
equilibration rate can be estimated to be half of the
annihilation rate, due to the latter involving movements of
two excitons.64,66 Assuming that spatial and energy equilibra-
tions are similar, this leads to energy equilibration times in
LHCII trimers and M-CP2 being 50 and 80 ps, respectively,
based on their EEA time scales. These times appeared to be
significantly slower than the anisotropy decay time scales
measured in our work here. There are however indications that
the relation between the measured EEA and actual
equilibration rates are more complex.67,68 It was suggested
that factors such as sample size constraints, presence of traps,
and the excitation beam profile could influence the
interpretation of annihilation kinetics.68,69 Hence, the energy
equilibration time may not be reliably inferred from the
annihilation decay time, and a direct comparison between our
results and the EEA times is not trivial. We suggest that a
combination of several methods, including anisotropy, EEA,
and isotropic population dynamics, is still needed to accurately
determine the energy equilibration time in multichromophoric
systems.

In conclusion, we performed a time-resolved anisotropy
study based on the polarization-resolved 2DES to resolve the
EET processes between the antenna LHCs in PSII. The
spectral overlap between subunits, rather than being a
disadvantage, is instead utilized to highlight orientational
dynamics between the isoenergetic states. This allows us to
observe intersubunit EET processes between the LHCs in
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physiological conditions, whereas it often requires cryogenic
temperatures to be able to discern the spectral kinetics of such
processes. The measurements on M-CP2, LHCII trimers, and
LHCII monomers are compared to each other and reveal
multiple anisotropy decay lifetimes corresponding to different
intra- and intersubunit EET processes. With the help of
theoretical calculations and phenomenological kinetic model-
ing, the EET rates between the subunits can also be estimated
to understand the anisotropy decay kinetics. The sub-ps
anisotropy decays can be assigned with intrasubunit origins
due to their similar appearances in the three complexes.
Meanwhile, the several-ps anisotropy decay is accelerated in
M-CP2 compared to LHCII trimers, which suggests fast energy
equilibration processes in the larger complexes facilitated by
intersubunit EET. We observe that the several-ps decay
process in the M-CP2 complex is accelerated, while a long-
lived process also presents, which can be attributed to the
intersubunit energy equilibration between LHCII(M) trimer
and the minor antenna CP24.
Our results imply that the connectivity between the M-CP2

subunits can vary between each specific pair, which can be
attributed to the sensitivity of intersubunit EET to the
interprotein arrangement. These findings can serve as a basis
to evaluate the overall light energy dynamics within photo-
systems and the specific roles played by individual
components. The high sensitivity of the EET rates to the
protein arrangement suggests large variations in the overall
EET dynamics of the PSII with disturbances from structural
fluctuations. It is probable that the relatively “flat” energy
landscape in PSII could allow the LHC subunits to participate
in the EET network and maintain the overall connectivity even
in the presence of structural variations. This ensures multiple
EET pathways for an excitation to reach the RC even when
some of the intersubunit EET connections are weakened.
While such design can limit the maximum efficiency of the
EET processes, it ensures the EET flow to be flexible and a
general robustness to the system.
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