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Complete mapping of energy transfer pathways
in the plant light-harvesting complex Lhca4+
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Rienk van Grondelle® and Elisabet Romero®

The Lhca4 antenna complex of plant Photosystem | (PSI) is characterized by extremely red-shifted and
broadened absorption and emission bands from its low-energy chlorophylls (Chls). The mixing of a
charge-transfer (CT) state with the excited state manifold causing these so-called red forms results
in highly complicated multi-component excited energy transfer (EET) kinetics within the complex.
The two-dimensional electronic spectroscopy experiments presented here reveal that EET towards
the CT state occurs on three timescales: fast from the red Chls (within 1 ps), slower (5-7 ps) from the
stromal side Chls, and very slow (100-200 ps) from a newly discovered 690 nm luminal trap. The excel-
lent agreement between the experimental data with the previously presented Redfield—F&rster exciton
model of Lhca4 strongly supports the equilibration scheme of the bulk excitations with the dynamically
localized CT on the stromal side. Thus, a complete picture of the energy transfer pathways leading to
the population of the CT final trap within the whole Lhca4 complex is presented. In view of the environ-
mental sensitivity of the CT contribution to the Lhca4 energy landscape, we speculate that one role of

rsc.li/pcecp

Introduction

Photosystem 1 (PSI) is one of the key elements in the photo-
synthetic process by which plants, algae, and cyanobacteria
convert solar energy into chemical energy. In plants, this multi-
pigment-protein complex consists of a core complex (PSI core)
and an outer antenna composed of light-harvesting complexes
(LHCI). The PSI core, with about 98 protein-bound chlorophylls
(Chls), contains the reaction center (RC) in which charge
separation occurs. The LHCI enhance the PSI absorption
cross-section, containing 57 Chls that transfer their excitation
energy to the core.'™ The LHCI of plants is composed of
four subunits (Lhcal-4), which are organized as heterodimers
(Lhca2-3 and Lhcal-4) on one side of the core.” These
subunits belong to the same large Lhc family which also
includes the antenna complexes of Photosystem II (PSII), the
Lhcbs.” All these complexes have a nearly identical structure
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the CT states is to regulate the EET from the peripheral antenna to the PSI core.

and very similar pigment organization."> However, character-
istic for the Lhca subunits is the presence of several red spectral
forms absorbing at an energy lower than that of the primary
donor P,q,. Interestingly, due to their position within the
protein close to the core these red forms are part of the most
probable energy transfer pathways of excitations from the light-
harvesting subunits towards the core."**™ The forms originate
from the so-called ‘red Chls’, which have a significantly red-
shifted and broadened absorption and fluorescence emission
spectra (absorbing at 708 nm and emitting at 733 nm) com-
pared to the ‘bulk Chl @’ molecules in the antenna (absorbing
up to 680 nm and emitting up to 686 nm'®). Particularly in
Lhca3 and Lhca4 prominent low-energy states are observed,
with absorption and emission maxima respectively at 705 and
725 nm for Lhca3 and 708 nm and 733 nm for Lhcad."" By
means of site-directed mutagenesis of the Lhca proteins the
excitonically coupled Chl a dimer a603-a609 was identified to
be the location of the red-shifted states.’® Specifically, the
Asparagine (Asn) residues coordinating Chl a603 within Lhca3
and Lhca4 are essential: mutation of this residue into Histidine
(His), which is the natural ligand for Chl 603 in the other Lhc
subunits, results in the loss of the red forms.'®'*'* This
mutant, Lhca4 N47H, has been used in several studies examin-
ing the properties of the red forms.'>****

Based on fluorescence data,” it was hypothesized that
the red-shifted absorption and fluorescence originates from
two different states. This was later confirmed by subsequent
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fluorescence line narrowing (FLN)'' and Stark Spectroscopy
experiments'® on Lhca4. The two bands have a central wave-
length of absorption at 690 and 708 nm and emission at 705
and 733 nm.'' Furthermore, Stark spectroscopy showed
that both these red forms originate from the mixing of the
lowest Chl a exciton state delocalized over Chl a603-a609 with a
charge-transfer (CT) state of that dimer.'® The low energy
exciton-CT mixed state couples strongly with phonons, result-
ing in a homogeneously broadened and extremely red-shifted
emission band. As a result, the Huang-Rhys factor of the red
Chls is more than three times larger than those of the other Chl
a pigments within the antenna complex. The large coupling of
the red forms to slow protein conformational motions results
in the Lhcas having a very flexible energy landscape, showing
reversible switching between conformations with and without
red forms at room temperature (RT).'* This indicates that the
mixing of the CT state with the excitonic manifold is highly
dynamic and strongly dependent on protein structural changes.

Due to the strong exciton-CT mixing in Lhca4, the quanti-
tative description of its spectral properties is significantly more
challenging than the modeling of pure excitonic spectra and
dynamics. The high-resolution structure of the Lhca4 complex
from Qin et al." opened the possibility for the development of
a quantitative theoretical exciton model which includes the
CT state, which was done in a recent publication.’” The model
was based on monomeric reconstituted Lhca4, containing
12 Chls (9 Chl @ and 3 Chl b) (Fig. 1). Using this model,
a quantitative structure-based modeling of the cryogenic
temperature (77 K) steady-state spectra (including absorption,
linear dichroism, fluorescence, and Stark absorption) was
performed. The fit of these spectra yields the model site
energies, exciton couplings, disorder values and participation
of the pigments in the adiabatic exciton states of all Lhca4
pigments including the CT state.'” By including the strong
exciton-phonon coupling of the mixed exciton-CT state, the
resulting model was able to correctly describe all the spectral
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characteristics of the red forms (and the other excitons). To
obtain realistic dynamics it was shown that these Chls should
be divided over 9 compartments (cmRgF-9 scheme) (differently
colored in Fig. 1).'® The energy transfer between the weakly
interacting compartments was modeled by means of general-
ized Forster (gF) theory, whereas transfer between strongly
mixed Chls within a compartment was described by coherent
modified Redfield (cmR). Comparison of calculations with the
Redfield-Forster cmRgF-9 and exact hierarchical equation of
motion (HEOM) methods shows that the CT state, as well as all
the states within the strongly coupled clusters containing the
CT state, should be treated as dynamically localized,"® that is,
the mixing of the CT state with the low-energy Chl a states
depends on reorganization dynamics of the phonon bath of the
possible mixed states. Excitation near the crossing points of
the potentials of the CT state and exciton/excited state can lead
to an exciton-CT delocalized state. Subsequent reorganization
towards the bottom of the CT potential results in the formation
of a localized CT excited state.'®"”

As it was shown in previous experimental studies,
participation of the CT state in the excitonic landscape of Lhca4
also results in increased complexity of the excited energy
transfer (EET) dynamics within the complex. It has been shown
that equilibration of the energy harvested by Chls b and
blue Chls a with the CT state is completed within a few ps.>°
However, the multi-exponential character of the kinetics within
Lhca4 was not fully understood yet at that point. Especially
a slow 500 ps component, found in previous time-resolved
experiments,>'*?%** could not be assigned to any specific
energy transfer pathway.

To disentangle these different EET kinetics in Lhca4 and
investigate the role of the CT state in light-harvesting new
experimental evidence is needed. Two-dimensional electronic
spectroscopy (2DES) has proven to be a particularly useful
technique to study photosynthetic complexes involving almost
dark states such as CT states.”**° 2DES*"*? is able to directly

3,9,20,21 ¢pq

Fig. 1 Protein structure and pigment organization of monomeric reconstituted Lhca4. the structure and numbering of the Chls are from Qin et al.* (PDB
ID: 4XK8). Pigment organization of Lhca4 viewed perpendicular to the membrane normal (A) and from the stromal side of the membrane (B). The
different compartments of Chl clusters used in the cmRgF-9 model are indicated in different colors. The three carotenoids are all shown in orange. Chls
601, 617 and 618 are not shown as they are not present in reconstituted Lhca4.218 The dashed black line indicates the division between stromal (top) and
luminal (bottom) sides of the protein. The CT state is located on the red form Chls, a603 (red) and a609 (dark red), and are encircled with a dashed red line

in panel B.
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correlate absorption to emission frequencies, as function of
population time between excitation and emission events.
The second dimension within the spectra gives an increased
spectral resolution compared to conventional time-resolved
absorption and fluorescence experiments, allowing for a better
decomposition of overlapping transient spectral bands.>
Therefore, 2DES experiments on Lhca4 will give more insight
into the multi-exponential kinetics of the states underlying the
red forms. Here, we combine experimental 2DES data on the
Lhca4 wild-type (WT) and N47H mutant at both room tempera-
ture and 77 K with the recently reported Redfield theoretical
model'® to give a complete picture of the multiple energy
transfer pathways leading to the population of the final trap
(CT) within the whole Lhca4 complex for the first time.

Materials and methods

Mutagenesis and reconstitution

The N47H mutant has been obtained by the site-directed
mutagenesis, in which the Chl 603-binding asparagine residue
(N47) has been substituted by a Histidine (H).>'® Lhca4 WT
and mutant N47H apoproteins overexpressed in E.coli of
the Rosetta2 (DH3) strain and purified as inclusion bodies.?
Reconstitution of Lhca4 WT and mutant N47H complexes was
done as described previously for light-harvesting complex II
(LHCII)*® using the inclusion bodies and pigments (carotenoids
and chlorophylls) isolated from spinach leaves. The reconstituted
complexes were subsequently purified by His-tag Ni-affinity
chromatography and sucrose density ultracentrifugation.®
Ultracentrifugation was done on a 0.1-1 M sucrose gradient
with 0.03% n-dodecyl-o-p-maltoside (o-DM), 10 mM Hepes pH 7.8
at 41 000 rpm (Beckman Coulter, SW41 rotor) at 4 °C for 18 h.

Steady-state spectroscopy

Absorption spectra at RT were recorded on a Varian Cary 4000
UV-Visible spectrophotometer (Varian, Palo Alto, CA). For the
77 K absorption spectra a homebuilt device was used. Fluores-
cence spectra were recorded at 77 K and RT on a Fluorolog
3.22 spectrofluorimeter (HORIBA JobinYvon-Spex, Longumeau,
France). The sample was diluted to an optical density (OD) of
<0.05 cm™ ! at the Qy maximum at 680 nm. For 77 K measure-
ments a liquid nitrogen cooled device was used (cold finger).

2D electronic spectroscopy

2D electronic spectroscopy experiments were performed on a
home-built diffractive optic-based inherently phase-stabilized
four-wave mixing setup,>**> which is designed as previously
reported.’® The emitted photon-echo signal, resulting from the
third-order optical response of the complexes by the interaction
with a sequence of three subsequent ultrashort laser pulses,*!
is heterodyned with the low-intensity fourth local oscillator
(LO) pulse and detected by a charge coupled device (CCD)
camera (Princeton Instruments). The laser system (PHAROS,
Light Conversion) was operating at a 1 KHz repetition rate. The
laser pulses were generated by a home-built non-collinear
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parametric amplifier (NOPA) and tuned to a central wavelength
at 715 nm with a full width at half maximum (FWHM) of 80 nm
(Fig. S1A, ESIt). The temporal width of the pulses was deter-
mined with frequency-resolved optical gating (FROG) of the
second harmonic (SH) signal of beams 1 and 2 generated by a
barium borate (BBO) crystal. From the autocorrelation signal
(Fig. S1C, ESIf) of the resulting FROG profile (Fig. S1B, ESIt)
the FWHM of the used 2DES pulses was calculated to be 15 fs.
The pulse energy was set at 7 nJ per pulse and the spot diameter
in the focus on the sample was ~100 um. A broad band pump-
probe power study ensured no annihilation effects with the
pulse energy employed. The sample was measured in a quartz
cuvette with a path length of 500 um with an optical density
(OD) of 0.25 em™" in the Q, absorption maximum. An oxygen
scavenging mixture consisting of glucose oxidase 0.1 mg mL ",
catalase 0.05 mg mL~', and glucose 10 mM was added to
prevent sample degradation. The 77 K measurements were
performed in a liquid nitrogen cooled cryostat (Optistat DN2,
Oxford Instruments Nanoscience). To form an optical glass the
77 K sample solution consisted of 67% (w/v) glycerol."®> The
solution was buffered with 10 mM Hepes pH 7.8 and contained
0.03% o-DM. For the 77 K 2DES experiments, the coherence
time t was scanned from —130 to 275 fs with 1 fs step for
the population times between —24 and 1200 fs with steps of
8 fs. For the RT measurements coherence times from —80 to
100 fs with 1 fs step were scanned for population times between
—64 and 1600 fs with steps of 8 fs. Additional sets of spectra at
longer population times were recorded at the following popula-
tion times: Tseare—Step-Teng = 1.3-0.1-2.0 ps (1.8, 2.0 ps for RT),
3.0-1.0-10 ps, 20-10-100 ps, 250 and 500 ps.

Processing and analysis of the 2D spectra was done using a
homebuilt python-based script. The 2D spectra were obtained
by a protocol similar to the data-acquisition described
previously.>* The phase of the spectra was retrieved by means
of the projection slice theorem (Fig. S2-S5, ESIT).>*® The
datasets were globally®” analyzed with a sequential model, in
which the data is fit with a set of exponential decays that
describe the evolution of the entire 2D spectrum. In this model
the first component decays with the first lifetime into the next
component, the second component with the second lifetime,
and so on. For a complete fit of the entire 2D datasets three
components were necessary for both WT and the N47H mutant,
yielding three two-dimensional evolution associated decay
spectra (EADS) with their corresponding lifetimes (which were
all fitted in the analysis).

Results

The 2DES spectra of the Lhca4 WT and N47H mutant samples
were measured at room (RT, 298 K) and cryogenic temperature
(77 K). The experimental data measured at RT represents better
the physiological working conditions of the complex. However,
the enhanced resolution of the 77 K spectra allows for a better
interpretation of the 2D data and identification of the underlying
physical differences between the two samples investigated.

This journal is © the Owner Societies 2020
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Fig. 2 Steady-state absorption and fluorescence spectra of Lhca4 WT
and N47H mutant at cryogenic temperature (77K). 77 K absorption (solid)
and emission (dashed) spectra of Lhca4 WT (black) and mutant N47H (red).
Emission spectra were recorded after excitation with 475 nm light.
Absorption spectra are normalized to the area within the 600-780 nm
region. The emission spectra are normalized to the absorption, and then
scaled to one at the N47H fluorescence maximum to facilitate the
visualization of the spectra. Spectrum of the laser pulses utilized in the
2DES experiments is shown in blue, and scaled with FWHM at 1 to indicate
that the laser spectrum covers the red side of the major Chl a Q,
absorption band and the red forms region. The full laser spectrum is
shown in Fig. S1 (ESIt).

Fig. 2 shows the 77 K absorption (solid) and 77 K emission
(dashed) spectra of the Lhcad WT and N47H mutant samples
together with the spectral profile of the broadband laser pulses
used in the 2DES experiments. The large Stokes shift (~55 nm
or 1160 cm ', from absorption - maximum at 673 nm to
fluorescence - maximum at 730 nm, Fig. 2) and the large
broadening of the main emission band in WT are signatures
of the mixed exciton-CT red form state.**™*° At 77 K the
emission of Lhca4 WT, dominated by the broad band centered
at 730 nm, originates mainly from the red forms. In contrast, at
RT (Fig. S6, ESIt) a smaller Stokes shift and a larger emission
shoulder at 686 nm are observed, which can be ascribed to energy
equilibration between other Chl states and the red forms. The
absence of the red absorption shoulder (>700 nm) and of the
broad red-shifted emission band (~ 730 nm) in the N47H mutant
indicates the loss of the red form. Only an emission shoulder at
~700 nm remains, which was seen in previous studies'®"" and
assigned to some weakly interacting CT states present in a small
fraction of N47H mutant complexes.'”

The laser pulses employed in the 2DES experiments (Fig. 2
and Fig. S6, ESIT) were optimized to probe both the low energy
Chl a Q, states (~680 nm) as well as the broad red form band
(~730 nm). The Chl b pigments (~650 nm) were not excited
in these experiments. Fig. 3 shows the 77 K real rephasing 2D
spectra at three different population times 7. The elongated
diagonal feature centered at [A,,4] = [680,682] nm in the
early population times (7 = 200 fs) for both WT and mutant
corresponds to the ground state bleach (GSB) and stimulated
emission (SE) prior to reorganization/energy transfer dynamics
of the initially excited exciton states. The significant broader
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signals along the diagonal for the WT sample as compared to
the mutant at all T times are due to a fraction of the red forms
being directly excited. The larger broadening in the anti-
diagonal direction is also clearly observed in all the 2D spectra
of the WT. Coupling of the exciton and exciton-CT mixed state
to vibrations results in a complicated manifold of many exci-
tonic and vibronic states contributing to these 2D spectra.*'
Moreover, the enhanced coupling of the CT state to slow and
fast nuclear motions (slow conformational changes and fast
vibrations) causes a high degree of inhomogeneous (disorder-
induced) and homogeneous***> (phonon-induced) broadening
of the red form states,"” respectively. The T = 5 ps spectrum of
the WT sample shows an evident rise in the below-diagonal
signal, indicating population of the red forms by EET from the
lower energy Chl a excitonic state(s) in a few ps. In the N47H
mutant spectrum, a similar below-diagonal rise is not observed,
in agreement with the absence of the CT state. Instead, the
excitation energy remains in the initially excited Chl a exciton
state. In the WT, in the T = 50 ps spectrum the disappearance of
the diagonal signal at [1,,4,] = [680,682] nm and the appearance
of a distinct cross peak at [1,,4,] = [677,690] nm with a red tail
extending up to 750 nm indicates the complete depopulation of
the initially excited Chl a exciton states and the subsequent
population of the terminal lowest energy red form state
(Fig. 3B, red and 3C, grey). Furthermore, the presence of
another diagonal peak centered at 690 nm, which becomes
clear as the 680 nm signal decays, with a tail extending both on
the diagonal and below diagonal indicates the presence of
another long-lived red trap (the 690 nm trap). Energy transfer
from this additional trap towards the exciton-CT state, causing
the signal below the [688,690] nm diagonal band, occurs on
a slow tens of ps timescale. In the N47H mutant, the lack of
CT states produces a dominant 680 diagonal peak with only a
small shoulder at [4,,4] = [672,685] nm below-diagonal. The
absence of EET to CT determines the relatively high amplitude
of the above diagonal negative excited state absorption (ESA)
signal in the 50 ps 2D spectrum.*® The long-lived diagonal
signal at 690 nm is present also in the mutant (see the trace at
[688,690] nm in Fig. 3B), however it is not discernible from the
main diagonal [680,682] nm band in the 2D spectra. Fig. 3B
reveals that the long-lived diagonal signal at [688,690] nm
(normalized to the [680,682] nm main signal at T = 200 fs)
are similar for the WT and N47H mutant. Due to a higher
degree of spectral broadening at RT, the spectral changes in
the 2D spectra at different times 7 (Fig. S7, ESIf) are less
pronounced than in the 77 K spectra. However, similar features
can be observed, the most important being the EET towards the
red forms on a picosecond timescale.

In order to get a more thorough understanding of the
dynamics and spectral evolution within the complexes, the
transient kinetics at all points [4,,4,] was simultaneously fit to
a sum of exponentials in a global analysis®” using a sequential
model. With this analysis, the different decaying spectral
species and their lifetimes can be separated. For WT the
entire 2D kinetics could be fitted by a sum of three global
exponentials, with respective lifetimes of 550 fs and 6.5 ps, and
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Fig. 3 Real rephasing 2D spectra of Lhca4 at cryogenic temperature (77 K) and selected traces. (A) 77 K 2D spectra of WT (top) and N47H mutant
(middle) Lhca4 at population times T = 200 fs, 5 ps and 50 ps. Transient kinetics of several diagonal (B) and anti-diagonal points (C) of the 77 K 2D spectra
of WT (squares) and N47H mutant (triangles). The position of the chosen points is indicated in the zoomed-in 50 ps 2D spectra. The diagonal traces are
normalized to the diagonal peak signal at (B) T = 200 fs and 50 ps (C). The insets of (B) and (C) show the original traces, with a linear scale for early
population times T = 0-2 ps and a logarithmic scale for the range T = 2-50 ps.

a long-lived component that did not decay within the measured
range of T (1 ns). The high resemblance between the fitted
curves and the measured traces as shown in several represen-
tative points [4,4, indicates that the dynamics within the
2D data are well captured by the global analysis procedure
(Fig. S8, ESIT). The addition of a fourth component resulted in
two identical components with the same lifetime and evolution
associated decay spectra (EADS), indicating that no more than
three spectral components can be distinguished by global
analysis.

The 2D EADS with their respective decay lifetime are dis-
played in Fig. 4. For the WT, the first fast component with a
lifetime of 550 fs is assigned to equilibration among the excited
Chl a exciton states. The EADS of the slower 6.5 ps component

25724 | Phys. Chem. Chem. Phys., 2020, 22, 25720-25729

also shows a decay of Chl a excited states. The spectral signature
corresponding to the EET from the lower energy Chl a excitonic
state(s) to the exciton-CT state appears as an elongated cross-peak
below diagonal ([4,,4,] = [675,685-740 nm]). This signature starts
to develop in EADS2, observed as a significant broadening in the
signal towards this wavelength range, and is completed in EADS3.
As was already seen in Fig. 3, the long-lived component also
features the signal of the 690 nm trap at [1,,4,] = [688,690] nm. The
amount of excitation energy that is transferred to the CT state can
be estimated by comparing the amplitudes of several spectral
regions in EADS1 and EADS3. For this calculation, the total
amplitude of the diagonal band (taken as the area comprised
within 3.5 nm above and 9 nm below the diagonal line) in EADS1,
which corresponds to the initial excitations, is compared with

This journal is © the Owner Societies 2020
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Fig. 4 Global analysis of the 2D spectral evolution. Two-dimensional evolution associated decay spectra (EADS) of Lhca4 WT (top) and N47H (bottom)
obtained in the global analysis of the entire 2D dataset (real rephasing). Respective decay time constants are indicated above each spectrum, the last

decay time could not be accurately determined.

the diagonal area and the below-diagonal features (total area of
all points in the 2D spectrum where 4, > 4, - 3.5 nm) of EADS3,
which corresponds to the excitations on 690 red trap and the
red form states, respectively. Hereby, it is estimated that ~75%
of the initial excitation energy reaches the final CT state.
Notably, in this calculation it is assumed that all excitations
from the long-lived 690 red trap (diagonal band in EADS3) are
also transferred to the CT state. The ~25% loss of excitations
corresponds to the ~25% quenching of energy from the high-
energy (blue) Chl a excitons that was previously reported.*®

For the N47H mutant similar decay lifetimes are obtained in
the global analysis. Also here the evolution of the 2D spectra are
properly described by the three components (Fig. S8, ESIt). As
was seen in the 50 ps 2D spectrum (Fig. 3) a small shoulder
from the diagonal was observed. However, this signal is located
closer to the diagonal ([1.,4,] = [672,685] nm) and significantly
narrower than the cross-peak signal in the WT sample.

To investigate whether the developed Redfield-Forster
cmRgF-9 compartmentalization scheme for the Lhca4 theore-
tical model and the resulting calculated energy transfer
dynamics'® are consistent, in the following we compare the
measured 2DES kinetics as well as the kinetics from the global
analysis to the dynamics calculated with the theoretical model. A
more detailed description on the theoretical model and chosen
parameters is given in the ESIT (Supplemental Methods).

In Fig. 5 the measured and calculated kinetics at the cross-
peak [680, 730] nm (also shown in Fig. 3C, yellow) are compared.
This point corresponds to the transfer from bulk Chls a
(peaking near 680 nm) to the red form (giving the maximum
of the steady-state emission near 730 nm'”) and is therefore the

This journal is © the Owner Societies 2020

most relevant point to investigate the dynamics of EET from bulk
Chls a to the CT state. The calculated kinetics (purple) overlap very
well with the 2D data (black). The excellent agreement between
experimental and modelled kinetics shown in Fig. 5, brings us
to conclude that our current model is able to capture the details
of the EET in Lhca4 including the presence and population
dynamics of mixed-CT states with exceptional fidelity.

6 T T T T
44 4
’DT —=— 2D trace at [680,730] nm
< cmRgF9-model kinetics
= [—— Global Fit
k)
£
04+ 4
1 1 1 1 1
T T T T T
0 5 10 15 20

Population Time T (ps)

Fig. 5 2DES kinetics (real rephasing) at [680,730] nm for Lhca4 WT at
cryogenic temperature (77 K). Measured data is shown by black points
and the global analysis of the full 2D spectra is shown in the blue line.
Calculated kinetics (magenta line) obtained by the cmRgF-9 Redfield—
Forster model with averaging over disorder. In the model Chl clusters
a602-603, a610, a611-612 and a613-614 were initially excited. All the
parameters (site energies, exciton couplings, electron-phonon spectral
density, disorder value, etc.) are the same as in our current model of
Lhca4d.”
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To understand in more detail the dynamics of the CT
population and the origin of the 690 nm trap, it is useful to
compare the kinetics calculated upon different initial condi-
tions, ie. the kinetics considering selective excitation of the
different Chl pools within the model shown in Fig. 6. In Fig. 7
we show kinetics of EET to the red forms corresponding to
excitation of some selected pigments (see Chl pools in Fig. 6)
contributing to the 680 nm band (and therefore contributing to
the [680, 730] nm cross-peak). The traces were normalized to
the steady-state CT population. Supposing a selective excitation
of the a603 site (red in Fig. 6) we obtain a fast (sub-ps)
population of the CT (grey curve in Fig. 7). In this case, all
excited state energy is transferred to the CT state within 1 ps.
Excitation of the a602-603 (red in Fig. 6) sites results in slower
kinetics due to the a602 — @603 relaxation (red curve). Notice
that this is not a pure exciton-type relaxation, because in the
presence of CT the a602 and 603 excited states are dynamically
localized,'® giving relatively slow equilibration within 3-4 ps
(compare red and grey curves, Fig. 7). The kinetics are even
slower if we also include a610-611-612 pigments (green curve).
Note that in the cmRgF-9 model the a610 (dark green in Fig. 6)
and a611-612 (green in Fig. 6) are considered as two separate
clusters."® The equilibration between the localized a610 and
other pigments is very slow in this model (about 20 ps, compare
green and red/grey curves). In the global analysis these ps energy
transfer processes are combined in the 6.5 ps component (Fig. 4),
describing the EET from all stromal side Chls a towards the
red forms. Including the luminal-side a613-614 pigments
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a3 .
Ser !
. ! -
\ ! D) 3-4ps
—_— ~ suaeusl
- 20ps :
i

_____ ] ~1ps

2 i
<« a604 ’

: b606

Fig. 6 Energy transfer pathways in Lhca4 leading to the population of the
CT state. The structure and numbering of the Chls are from Qin et al.* (PDB
ID: 4XK8). (A) Pigment organization of reconstituted Lhca4 viewed
perpendicular to the membrane normal like in Fig. 1b. The different
compartments of Chl clusters used in the cmRgF-9 model are indicated
in different colors: Chla602-603 (red), a609 (dark red), a611-612 (green),
a610 (dark green) and b608 (blue) for the stromal side and a604-bh606
(cyan), a613-614 (magenta) and b607 (blue) for the luminal side.*® The
three carotenoids are all shown in orange. The dashed black line indicates
the division between stromal (top) and luminal (bottom) sides of the
protein. The red form Chls (location of CT state), a603 (red) and a609
(dark red), and 690 nm luminal trap Chl a613 (purple), are encircled with
respectively dashed red and purple lines. (B) For the interactions between
the Chls within the complex a compartmentalization scheme was devel-
oped. energy transfer between Chls within the same cluster is described
with cmR, while transfer between clusters (arrows) follows gF theory. Solid
lines indicate energy transfer components assessed in this study, dashed
lines are transfers previously discussed.*®
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(magenta in Fig. 6) further slows down the kinetics (see the
differences between the magenta and green curves persisting
even at very large delays, i.e. much more than 20 ps). Conse-
quently, the 690 nm trap (Fig. 3 and 7) can be assigned to a613,
and it is responsible for the previously unassigned and very
slow (100-200 ps at 77 K) lumenal-to-stromal side transfers in
Lhca4. Therefore, here we show that this pathway should be
included to obtain the exceptional agreement between experi-
ment and model shown in Fig. 5 and 7, and to achieve a
complete physical picture of the energy transfer pathways
within Lhca4.

Discussion

The 2D experiments presented here are the first experimental
evidence explicitly showing the origins of the complex multi-
component kinetics of the red form containing Lhca4 plant
light-harvesting complex. We observe that EET from excited Chl
a states to the red forms occurs on three different timescales:
fast (within 1 ps) from the exciton states of the red Chls
(@603 and a602 sites, dynamically coupled to the CT state
located on a603-a609), slower (a few ps) transfers (determined
by equilibration between the a602-603-CT cluster and other
stromal side Chls a609, a610, a611-612) and very slow (100-200 ps)
transfers to CT limited by equilibration between the stromal-side
and lumenal-side Chls a (i.e. a604, a613-614). Superposition of
these pathways determines a complicated multi-component
kinetics of population of the final CT trap state. Since these
CT chlorophylls are located close to the core,™ the localization
of excitations in the CT state could provide a directed energy
transfer pathway from the peripheral LHCI antenna to the RC
located in the PSI core.

The 2DES experiments shown here enable us to disentangle
the spectral signatures of all these kinetic components and to
present an accurate and complete picture of the energy transfer
pathways within the Lhca4 antenna complex. Global analysis of
the spectral evolution of the 2D spectra gives an accurate
estimate of the timescales of the different processes underlying
these separated signals. The second dimension 4, of the
technique results in the separation of the spectral bands
(see Fig. 7C) of the newly found 690 nm luminal red trap
and the red form localized CT state. The results show that the
690 nm luminal red trap (located on Chl a613) is responsible
for the very slow luminal-to-stromal energy transfer, which
could not be assigned previously.>’

For the N47H mutant, the below-diagonal signal observed in
the Lhca4 WT has almost completely disappeared, and only a
small off-diagonal signal remained. The source for this signal is
probably the same as the 700 nm emission shoulder observed
at 77 K (Fig. 2) and in previously reported emission spectra’®"*
and Stark absorption'® data. Like previously hypothesized, this
signal could be the result of a small fraction of N47H mutant
complexes that still contain some weakly interacting CT
states.'” Although the 690 nm red trap should also be present
in the mutant, no band can be distinguished at this wavelength

This journal is © the Owner Societies 2020
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Fig. 7 Population of CT state of WT Lhca4. Kinetics of the CT population on the 20 ps (A) and 3 ps (B) timescales calculated for different initial conditions
compared with the measured (680, 730) nm cross-peak (black line) and the dynamics of the cross-peak determined by the global analysis (blue line). The
kinetics with realistic initial conditions (magenta) is compared with the kinetics corresponding to excitation of only a603 (grey), a602-603 (red), and
a602-603-610-611-612 (green). The intensity of the kinetic traces has been normalized to the total excited state population after excitation. Measured
2D spectra at 200 fs and 50 ps delays (C) with major peaks assigned to respective pigments (see Fig. 1 and 6).

in the 50 ps spectrum and EADS3. However, at the point
[688,690] nm, where the band is observed in WT, there is a
significant positive signal (Fig. 3B). Moreover, the ESA negative
signal above diagonal is more intense, which probably partly
distorts the shape of the signal. Hereby, we consider that the
690 nm band is present in the mutant but is not discernible
from the main 680 nm diagonal peak.

The experimental results were compared to the quantitative
exciton model for Lhca4 WT which included mixing of the
exciton states with the CT state.'” For this model (based on the
recently reported detailed crystal structure of PSI') a compart-
mentalization scheme (Fig. 6B) was developed based on Red-
field-Forster theory which describes the population dynamics.'®
The 2DES experiments of this study show that there is an excellent
agreement between the dynamics predicted by the model and the
observed 2DES kinetics, meaning that the model correctly
describes initial excitation, inter-cluster equilibration and equili-
bration between luminal and stromal layers. More importantly,
the excellent agreement between the modelled and measured
kinetics verify the proposal that the CT state and all states that are
strongly coupled to the CT state should be treated as dynamically
localized.

The dynamically localized states in Lhca4 underline the high
flexibility of the Lhca proteins and the significant changes in
the light-harvesting properties upon changes in protein
conformation.'* The spectral properties as well as the excita-
tion energy transfer dynamics are controlled by the exciton-CT
mixing. By protein conformational changes the complex can
switch between states with different spectroscopic characteris-
tics, in which a strong exciton-CT mixing results in a state with
broadened absorption around 700 nm that is lost in states
where this mixing is weak. As it was already mentioned before,
these red forms are part of the most probable energy transfer
pathways of excitations from the light-harvesting subunits
towards the core. Therefore, the change in mixing alters the
directed energy transfer from the antenna to the PSI core via
the CT state, controlling the delivery of excitations from the
periphery to the core and thereby preventing over-excitation
of PSI. In principle, the degree of mixing is determined by the
energy gap between the exciton and CT states (an increase of

This journal is © the Owner Societies 2020

the gap breaks the exciton mixing). However, even at large exciton-
CT energy differences the mixing of these states can be increased
due to the presence of resonant vibrations (when vibrational
modes of the lower state overlap with the zero-phonon line
(zPL) origin of the higher state).'>***%*' Obviously, such reso-
nance is dependent on the disorder induced by conformational
dynamics of the environment. A thorough investigation of the
coherent oscillations in the 2D kinetics will provide better insights
into these resonances and the coupling and coherence between
the Chls and CT state within this complex. This will be presented
in a future publication.

Conclusion

In this study we successfully revealed the origins of the multi-
component kinetics of EET within the red form containing
Lhca4 pigment-protein complex: (i) The EET from the excited
pigments towards the red form CT state occurs on three
different timescales, shown in Fig. 6. (ii) There is direct
evidence for the 690 nm red trap on the luminal side of the
complex. The excellent agreement between the kinetics
observed in the 2D experiments and those modelled using
our exciton model of Lhca4 provides a detailed scheme of the
energy transfer of the bulk excitations to the dynamically
localized CT on the stromal side. The 2DES results give a
complete picture of the energy transfer pathways leading to
the population of the final trap (CT) within the whole Lhca4
complex. The strong involvement of the CT state in the Lhca4
EET transfer dynamics points to its possible role in regulating
the EET from the peripheral antenna to the PSI core.
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