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ABSTRACT: We measure the two-dimensional electronic spectra of the LHCII(M)—
CP29—CP24 complex in photosystem II (PSII) and provide the first study of the
ultrafast excitation energy transfer (EET) processes of an asymmetric and native light-
harvesting assembly of the antenna of PSII. With comparisons to LHCII, we observe
faster energy equilibrations in the intermediate levels of the LHCII(M)—CP29—CP24
complex at 662 and 670 nm. Notably, the putative “bottleneck” states in LHCII exhibit
faster effective dynamics in the LHCII(M)—CP24—CP29 complex, with the average
lifetime shortening from 2.5 ps in LHCII to 1.2 ps in the bigger assembly. The
observations are supported by high-level structure-based calculations, and the accelerated
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dynamics can be attributed to the structural change of LHCII(M) in the bigger complex. ARG 5 /\
This study shows that the biological functioning structures of the complexes are ,)“f}(‘ic )
important to understand the overall EET dynamics of the PSII supercomplex. LF"C”\?' ey e

hotosystem II (PSII) is an integral component of the

photosynthetic machinery in plants that fuels almost all
lives and bioactivities on Earth. PSII uses the solar energy
harvested by chlorophylls (Chls) and carotenoids to catalyze the
oxidation of water, generating oxygen as a byproduct.' PSII
relies on a peripheral antenna array of light-harvesting complex
I1 (LHCII) to capture sunlight and transfer the excitation energy
to the core complex and the reaction center. Higher plant PSII
supercomplexes (PSII-SCs) with a different LHCII organization
have been purified depending upon species and purification
conditions.”~” The apoproteins of the PSII antennas are
encoded by six nuclear genes named Lhcbl—Lhcb6.” The
Lhcb proteins fold with the associated pigments, Chls a and b for
light-harvesting function, and different carotenoids for structural
stabilization and photoprotection.”'® In the largest stable PSII-
SC purified from angiosperms (see Figure 1a), the dimeric PSII
core is associated with four LHCII trimers composed of different
combinations of Lhcb1—3 proteins,””" " which are connected to
the PSII core via the monomeric complexes Lhcb4, LhebS, and
Lhcbé6, also named CP29, CP26, and CP24, respectively. Two of
the LHCII trimers, denoted S (dark gray color in Figure 1a), are
strongly bound to the core complex, while the other two,
denoted M (light green color in Figure la) are moderately
bound and can be dissociated from the PSII-SC as a pentamer
composed of LHCII(M)—CP29—CP24."*

To understand the high quantum efliciency and ability of PSII
to balance between light harvesting and photoprotection,
detailed knowledge of how excitation energy flows within and
between different subunits is necessary. The challenging goal of
mapping the ultrafast dynamics of this process necessitates the
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coordination of structural, theoretical, and spectroscopic data.”
Ultrafast two-dimensional electronic spectroscopy (2DES) is
well-suited to reveal the excitonic couplings between the densely
packed pigments and the excitation energy transfer (EET)
network in highly complex photosynthetic systems.'*~"> 2DES
has been successfully applied to resolve the excitation energy
flow in the whole photosynthetic apparatus of green sulfur
bacteria from the chlorosome to the reaction center via the
Fenna—Matthews—Olson protein.'® For PSII-SC, 2DES has
been applied to certain separated components of the PSII-SC,
including the PSII core complex,17 the reaction center,'®™**
LHCII trimers,”* ™" and CP29.”> Apart from mapping out the
EET within each complex, it is also crucial to track the energy
transfer between complexes. Hitherto, no 2DES studies have
been deployed to resolve the EET dynamics between the various
components of the PSII-SC. The currently available data about
intercomponent EET in PSII complexes are restricted to a time-
resolved fluorescence study that recovers a coarse-grain picture
of the EET and charge separation dynamics.” In this Letter, we
investigate the EET dynamics of the LHCII(M)—CP29—CP24
complex (henceforth referred to as the M—CP, complex) and
compare it to the EET dynamics of detergent-solubilized LHCII
trimers at 80 K. The M—CP, complex can serve as the
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Figure 1. (a) Arrangement of subunits in the dimeric C,S,M,-type PSII-SC from a 3.2 A cryo-electron microscopic structure (PDB code SXNM). The
core, LHCII(S), LHCII(M), CP29, CP24, and CP26 are colored as gray, dark gray, light green, orange, teal, and white, respectively. The top half of the
dimer is represented with the subunit schematic arrangements, mirroring the bottom half of the dimer, with a more detailed depiction with the
polypeptide chains of the LHCII(M)—CP29—CP24 complex overlaid and colored. Chls a and b are plotted as green and blue sticks, respectively. (b—
e) Representative 2D spectra at denoted waiting times T,, = SO fs and 1 ps of LHCII and the M—CP, complex.

representative for a more asymmetric and native assembled form
of LHCIL In contrast to the “bulk” solubilized LHCII trimers
(henceforth simply called LHCII) that are a mixture of different
combinations of Lhcb1—3 proteins, LHCII(M) in the M—CP,
complex is a heterotrimer formed by two Lhcb1 units and one
Lhcb3 unit. The largest Lhcb3 unit is associated strongly with
the CP24—CP29 dimer.” A recently published structure of a
C,S,;M,-type PSII-LHCII supercomplex with near-atomic
resolution obtained by cryo-electron microscopy (cryo-EM)
reveals many closely located Chls, which can serve as good
candidates for the intercomplex EET processes.”® Within the
M~—CP, complex, several EET pathways have been proposed,
mainly from CP24 and LHCII(M) to CP29 as a result of the
location of CP29 bridging the peripheral antennas to the PSII
core region. Also proposed on the basis of structural evidence are
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additional intercomplex transfers involving Chl b, including an
uphill EET from Chl 614 ey — Chl b614¢py0. "> We will
however show this pathway to be not significant in our 2DES
data presented later. Inefficient EET pathways are usually
predicted by structure-based studies because they are purely
based on the Mg—Mg distances below 20 A, without taking into
account the excitonic energy landscape.

To obtain a better understanding of the EET network, we
compare the 2DES results from the M—CP, complex to that of
the “bulk” LHCII trimer system. First, we will focus on a
significant feature in LHCII EET measurements. The putative
long-lived “bottleneck” state in LHCII absorbing at the
intermediate region (660—670 nm, between Chl a and Chl b
absorption peaks) has been measured to relax on a time scale of
~4—6 ps”**** and has been hypothesized to affect PSII

https://doi.org/10.1021/acs.jpclett.2c00194
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Figure 2. (a and b) Quasi-TA spectra obtained from integration of the 2D spectra of (a) LHCII and (b) M—CP, complex within +1 nm around the
denoted excitation wavelengths A, = 662 at T, from 50 fs to 10 ps. (cand d) 2D lifetime density map obtained from LDA at the excitation wavelength A,
= 662 nm. Black dashed boxes indicate the integration range of the 1D slices in panel e. (e) Normalized 1D traces along 7, dimension highlight the
lifetime distribution of the 662—665 nm bleach. (f) Kinetic traces obtained from the diagonal 662 nm signals of 2D spectra (squares) and
corresponding simulated results from structure-based calculations (lines). The experimental data points are the mean + standard deviation from three
independent measurements. The experimental traces are integrated within +2 nm around (4,, 4;) = (662, 664) nm, and simulated traces are integrated
within 1 nm at (4, 4,) = (658, 659) nm. The center difference is due to small deviations in simulated spectral peaks. All traces are normalized to the
corresponding values at T,, = S0 fs. The error estimation details can be found in section S1 of the Supporting Information.

photodamage.”® We will show that the “bottleneck” feature in
LHCII(M) within M—CP, is diminished; i.e., the dynamics are
sped up compared to LHCIIL This dynamic difference can be
explained by either the presence of intercomplex EET or
structural differences between free trimeric LHCII and LHCII-
(M) within the bigger aggregate. Furthermore, the additional
dynamics contributed by CP24 and CP29 units will also need to
be taken into consideration. These will be addressed in the
subsequent analysis and discussions. Second, we will show that
the Chl b dynamics are similar between the two complexes under
study, implying that the intercomplex transfers involving Chl b
mentioned earlier do not significantly alter the EET network.
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Panels b and ¢ of Figure 1 present the two-dimensional (2D)
spectra at the early waiting time T, = 50 fs of LHCII (solubilized
trimer) and M—CP,, respectively. The excitation spectral
dependence has been corrected by dividing the 2D spectra
with the corresponding laser excitation spectrum along the A,
dimension.** A 2D spectrum can be interpreted as a 2D
frequency correlation map plotting the conditional population
detected along the detection wavelength A, upon the initial
excitation at wavelength A, after a delay time T,. The 2D spectra
of the two complexes under study share some broadly similar
features. The 2D spectra of both complexes at T,, = 50 fs show
four diagonal features at around 650, 662, 670, and 678 nm,

https://doi.org/10.1021/acs.jpclett.2c00194
J. Phys. Chem. Lett. 2022, 13, 42634271
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Figure 3. (a and b) Quasi-TA spectra, (c and d) 2D lifetime density map taken, and (e and f) kinetic comparison at 4, = 670 nm between the two
complexes under study. The presentation is the same as Figure 2. The experimental traces are integrated within +2 nm around (4,, 4,) = (670, 672) nm,
and simulated traces are integrated within 1 nm at (4,, 4,) = (669, 670) nm.

corresponding to the four absorption peaks observed in the
region (cf. Figure S1 of the Supporting Information). The 650
nm peak representing the Chl b manifold, and the intermediate
662 and 670 nm features will be important in the comparison of
the EET dynamics between the two complexes. At a later time,
the high-energy diagonal features (650—670 nm) gradually
decrease with the corresponding rise of the off-diagonal peaks
(A; ~ 680 nm). This spectral evolution is characteristic of EET
processes, reflecting the energy flow from the high-energy
excitonic levels to the lower energy sinks. The 2D spectraat T, =
1 ps shown in panels d and e of Figure 1 highlight the dynamic
difference between the two complexes. The diagonal features at
662 and 670 nm are almost depleted in M—CP, but are still quite
pronounced in the spectra of LHCIL These two spectral
features, which reflect the so-called “bottleneck” state dynamics,
are further investigated below.

In LHCI]I, the long-lived states in the intermediate region
(660—670 nm) relax on a time scale of ~4—6 ps.”>***#*7** We
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first study the states resolved in the 2D spectra (Figure 1) at the
diagonal signals at (4,, 4,) = (662, 664) nm. The quasi-transient
absorption (TA) spectra for 4, = 662 nm in panels a and b of
Figure 2 reveal differences in the EET dynamics of this spectral
region between LHCII and M—CP,. Lifetime density analysis
(LDA; details in the Supporting Information) is performed on
all independent measurements, and only the reproduceable
features of LDA are discussed below. The main decay time
constant of the negative bleach at 4, = 664 nm is determined to
be ~4 ps (see Figure 2e), which is in good agreement with
previous studies. However, in the M—CP, complex, besides the
4 ps decay, there is an additional decay component revealed at
sub-picoseconds. From the lifetime distribution in Figure 2e, the
average lifetimes of the 662 nm levels in both complexes are
determined as 7, = (X A7, '/DA)"", where A, is the
amplitude obtained from LDA of the 662 nm levels at the
lifetime 7;,.7;, of the 662 nm level is 2.5 ps in LHCII and 1.2 psin

https://doi.org/10.1021/acs.jpclett.2c00194
J. Phys. Chem. Lett. 2022, 13, 42634271
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M~—CP,. These results emphasize that the putative “bottleneck”
states measured at 662 nm in LHCII are diminished in the M—
CP, complex. By the comparisons of the kinetic traces in Figure
2f, it can be seen that there is a statistically significant difference
within the T, range from 0.1 to 1 ps. The acceleration of 662 nm
levels in M—CP, further affirms that the ~10—20 ps long-lived
“bottleneck” state in LHCII predicted by previous mod-
els”*"7*? is not very realistic and even less so in the bigger
antenna complexes.

To rationalize this observation in the M—CP, complex, where
the slow-decaying states usually observed in LHCII have been
accelerated, we perform structure-based dynamic simulation
using the modified Redfield-generalized Forster theory includ-
ing the intramolecular vibronic transitions as derived by Renger
et al.** (details in the Supporting Information). This high-level
calculation has been successfully applied to model the time-
resolved TA, steady-state absorption, fluorescence, linear, and
circular dichroism spectra of LHCIL*®*" The calculations are
performed with three LHCII trimers obtained by X-ray
crystallography (PDB code 1RWT), which are called CEH,
BFG, and DIJ trimers based on the name of the polypeptide
chains,”* the LHCII(M) trimer, and the M—CP, complex
obtained from the 3.2 A resolution cryo-EM map of the C,S,M,-
type PSII-SC (PDB code SXNM).’

The calculation on the LHCII(M) trimer is used to test the
hypothesis that the experimentally observed difference in
dynamics between the two complexes is mainly due to the
additional excitonic couplings/connections that bridge the
LHCII(M) trimer with the two monomeric complexes.
However, through the comparison between the simulation
results of the LHCII(M) trimer and M—CP, complex (green
and orange lines in Figure 2f), the decays of 660 nm diagonal
signals are almost the same between two simulations. This result
suggests that simply disconnecting the monomeric complexes
from LHCII(M) in M—CP, cannot yield the slower dynamics,
as observed in the experimental 2D spectra. Indeed, such a
reductionistic picture may not be entirely adequate. It is known
that spectroscopic signals, such as the excitonic circular
dichroism spectra and fluorescence quantum yield, differ
between LHCII samples in different environments*** as well
as different aggregates.”” On the other hand, the dynamics
calculated from the LHCII X-ray structures are significantly
slower than the decay of M—CP, (cf. blue and orange lines in
Figure 2f), with the main difference at the 0.3—3 ps time scale,
which is in broad qualitative agreement with the experimental
results. Note that the three X-ray crystal structures yield almost
identical results; hence, only the result of the CEH trimer is
presented. This finding correlates the acceleration of the ~662—
664 nm excitonic states with the structural distortion of LHCII
in the bigger assembly. This structural effect can be due to the
intrinsic Lhcb3 unit of the LHCII(M) trimer, which was shown
to have some specific properties that are distinct compared to
Lhcb1 and Lhcb2, such as shorter N-terminal sequence, pigment
binding sites, and red-shifted fluorescence maximum.
Alternatively, the binding of the minor antennas can induce
some distortion to the overall protein manifold of LHCII(M)
trimer and change the overall dynamics. These two scenarios are
difficult to distinguish because the LHCII(M) trimer cannot be
easily purified. The assignment agrees with previous studies,
suggesting that the energy equilibrations of LHCII and CP29 are
changed depending upon the degree of aggregation.””*"~>' The
excitonic interactions between Chls in LHCII were found to be
perturbed differently in various detergent solutions, and LHCII
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in a lipid system was determined to retain the most native
state.*7**

In the quasi-TA spectra in panels a and b of Figure 2, besides
the diagonal bleach at A, = 664 nm, there is a significant off-
diagonal signal at 1, = 668—674 nm, which also evolves
differently between the two complexes. In LHCII, the off-
diagonal feature at 4, = 668—674 nm remains roughly constant
until 1 ps and then slowly decays, whereas in the M—CP,
complex, this decay begins at an earlier time. The accelerated
decay of the state at 670—672 nm is even more evident
comparing panels a and b of Figure 3. The diagonal bleach at 672
nm of both LHCII and M—CP, decreases ~50% within 1 ps.
This can be attributed to the ultrafast equilibration between
strongly coupled Chl a in the complexes. However, after 1 ps, the
dynamic in LHCII is significantly slower compared to the M—
CP, complex.

The lifetime density maps taken at A, = 670 nm in panels c and
d of Figure 3 reveal complex dynamics following direct
excitation of the congested Chl a4 manifold. The sub-picosecond
features are ascribed to the equilibration between strongly
coupled Chl a and followed by several picosecond EET
dynamics. The integrated slices in Figure 3e highlight the
contrast between the 670 nm dynamics of the two complexes.
The presence of a shoulder at 7, > 10 ps for LHCII (blue line) is
indicative of the significantly slower decay compared to M—CP,
(orange line), where there is an absence of this shoulder, whose
dynamics are mostly faster than 10 ps. We can see that the two
kinetic traces in Figure 3f have differences that are statistically
significant, primarily for T, = 3—10 ps, showing the slower decay
of the 670 nm level of LHCII compared to M—CP,. Average
lifetimes of 670 nm states in both complexes are also calculated
on the basis of the lifetime distribution in Figure 3e and yielded
7Ty = 0.6 and 0.5 ps for LHCII and M—CP,, respectively. The
average lifetimes of 670 nm levels are not quantitatively different
between the two complexes. However, this is not surprising
because, according to the kinetic traces, the major difference in
dynamics appears beyond 1 ps. If we readjust the 7; calculations
and only consider the >1 ps time scale, the average lifetimes of
670 nm states are 4.2 and 2.3 ps for LHCII and M—CP,.

We focus now on the dynamics of the diagonal peak at ~670
nm. In panels a and b of Figure 3, the signal at 4, = 670—672 nm
of LHCII drops 50% compared to ~75% for the M—CP,
complex from 1 to 3 ps. At 10 ps, there is still a noticeable
signal for LHCII, contrasting with the almost completely
depleted signal in the M—CP, complex. This indicates that the
“bottleneck” is very much diminished in the M—CP, complex.
This trend can be seen even clearer in the experimental traces in
Figure 3f, where the M—CP, complex signal decays to the
baseline by ~10 ps. Those observations imply that the
intramonomeric relaxation within the minor antennas (CP29
and CP24), regardless of how fast or even devoid of “bottleneck”
states, cannot totally account for the faster dynamics of M—CP,.
The line of reasoning is that if we assume very fast CP29 and
CP24 intracomplex dynamics and the LHCII(M) trimer in M—
CP, behaves like it does in its isolated state, we should still see
some population at ~10 ps being retained in M—CP,, albeit at
about ~60% of the amplitude of that of “bulk” LHCII (because
LHCII contributes ~60% of the number of Chl a in the M—CP,
complex). Figure 4 shows a comparison of 60% of the LHCII
signals versus M—CP, for the T,, = 3—50 ps region. It is clear
from the data that the M—CP, signal does not contain any slow
LHCII dynamic component. The observation and analysis
presented implies that the faster EET dynamics in M—CP,

https://doi.org/10.1021/acs.jpclett.2c00194
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Figure 4. Comparison of two kinetic traces integrated within +2 nm
around (4,, 4,) = (670, 672) nm of 60% signals of LHCII and the M—
CP, complex.

compared to LHCII at the 670 nm level cannot be fully
accounted by only faster intramonomeric relaxation within the
minor antennas (CP29 and CP24). In fact, intracomplex
dynamics exhibiting a “bottleneck” of ~3—5 ps lifetime are
reported for CP29°” and CP24,> similar to LHCIL This
suggests that the intermonomeric transfer between LHCII(M)
and the two CPs and/or structural distortion in the bigger
assembly are needed to account for the observed dynamics.
To have an understanding to what extent the various factors
can influence the 670 nm decay observed in M—CP,, we
compare the experimental and structure-based calculation
results. We can see that the calculation predicts faster dynamics
of 670 nm excitonic states in M—CP, compared to LHCII, and
the amplitude difference is also qualitatively reproduced.
However, the mechanism of the faster decay of the 670 nm
states in M—CP, is not as clearly attributed as in the 662 nm
region. In the 670 nm region, the calculation on LHCII(M)
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yields a slower dynamic similar to the result of the LHCII CEH
trimer. On the basis of this calculation result, it seems to suggest
that the EET dynamic of the lower energy region of 670 nm is
less sensitive to the structure distortion compared to the higher
energy region of 662 nm. The structure-based simulation is then
repeated with the M—CP, structure with all excitonic couplings
between the LHCII(M) and two CPs removed; ie., the
intermonomeric transfers between LHCII(M) and CPs are
effectively blocked, and the result is plotted in Figure 3f as the
cyan line. According to the calculations, even with the
intercomplex transfers blocked, the 670 nm signal still decays
significantly faster than in LHCII trimers (with a slight
slowdown as a result of some blocked EET pathways). These
results suggest that the faster decay of 670 nm excitonic levels
spectroscopically observed in M—CP, is partly due to the faster
intracomplex EET dynamics at the 670 nm region of CP24 and
CP29. To some extent, the intercomplex EETs may also
contribute to the faster observed dynamics but cannot be the
major factor, according to the structure-based calculations.
Experiments on isolated CP29 indeed suggest higher contribu-
tions of sub-picosecond dynamics compared to LHCIL,** which
is probably due to the higher Chl a/b ratio of CP29 compared to
the LHCII monomeric unit.*> The structure-based calculation
results also predict several fast intracomplex EET pathways
within CP29, connecting the strongly coupled stromal Chl g,
e.g., Chl a601—a602—a603—a611.

The Chl b manifold dynamics of the two complexes under
study are compared in Figure 5. Panels a and b of Figure 5 show
the quasi-TA spectra of Chl b excitation (4, = 650 nm) of the
two complexes. The negative bleach at A, = 650 nm, which
represents the excited Chl b population, decays rapidly (~70%)
within 1 ps with the concomitant rise of the Chl a signals. After 1
ps, the decay of Chl b slows significantly and until 10 ps, and the
negative bleach at 4, = 650 nm is still slightly noticeable. The
observed Chl b dynamics are in good agreement with several
earlier studies reporting that the Chl b manifold in LHCII decays
with the major time scale of 300 fs and a minor portion of long-
lived population decays with a 3 ps lifetime."***™>"** The
described kinetics are well-captured by the lifetime density maps
presented in panels ¢ and d of Figure S. Integrated one-
dimensional (1D) slices of both complexes around the diagonal
region of 648—652 nm exhibit two main decay time constants: a
major decay at ~400 fs and another decay at ~3—S5 ps with a
smaller amplitude. The kinetic traces shown in Figure 5f do not
reveal any significantly different kinetics between LHCII and
M-—CP, within the noise level. We can infer from these
experimental results that the intercomplex transfers bridging
LHCII(M) and the two minor antennas suggested by structural
studies™ do not significantly alter the EET dynamics involving
Chl b. This is in agreement with the theoretical derivation from
Croce and van Amerongen that, as a result of the fast EET (sub-
picosecond) pathways, the population of Chl b will be depleted
mostly by intramonomeric EET before the intercomplex EET
processes take place.” A recent 2DES study of LHCII oligomers
trapped in lipid membrane nanodiscs reports an additional
ultrafast 60 fs decay component for the Chl b beside the
previously reported ~300 fs decay dynamics.>> The 60 fs decay
is attributed to the strong intercomplex protein—protein
interaction, although the exact mechanism remains unverified.
As is apparent from our data, we do not see this extra sub-100 fs
component in the M—CP, complex. This may imply that the
distortion of the protein manifold and/or any structural changes
that LHCII(M), CP29, and CP24 experience upon association

in the M—CP, complex are not large enough to give rise to the
additional ultrafast Chl b decay compared to oligomeric LHCII
in nanodiscs (and presumably other aggregated forms).

In summary, the 2D spectra of M—CP, and LHCII obtained
at 80 K are investigated, and the results reveal crucial differences
in the exciton dynamics of these two types of complexes. The
average lifetime of the states absorbing at 662—664 nm is
shortened from 2.5 ps in LHCII to 1.2 ps in the M—CP,
complex. The lower energy intermediate level at 670 nm also
exhibits some acceleration at several picosecond time scale in
M~—CP,. The acceleration effectively eliminates the “bottleneck”
and shows that the LHCII EET dynamic is significantly altered
in the bigger PSII-SC. The dynamics of the Chl b manifold are
highly similar between LHCII and M—CP,. Although this result
was predicted previously by calculation,” in this study, we
present the direct quantitative comparison to prove that, in the
larger aggregate, the Chl b manifold in LHCII still mainly relaxes
intramonomerically via sub-picosecond EET pathways.

The findings of this study open up interesting questions about
light harvesting and EET dynamics in photosynthetic com-
plexes. The measured differences between the EET dynamics of
LHCII trimers and the LHCII(M)—CP29—CP24 complex
suggest that the dynamics measured for complexes with a
smaller set of components may not always be present or as
dominant in the complexes with a larger set of components.
These differences as we have observed cannot be simplistically
explained solely by intercomplex EET processes but rather have
to be analyzed holistically, with the structure of the larger
complex in mind. The attribution to the structural influence
further raises the question about the representative antenna size
that should be used for light-harvesting functional studies. Given
that the structure can have a major effect on the photosynthesis
efficiency, the structure-based calculations need to be performed
in suitable configurations, taking into consideration the
cryogenic conditions of the published high-resolution structures
to obtain more reliable predictions.
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