
Harvesting Far-Red Light with Plant Antenna Complexes
Incorporating Chlorophyll d
Eduard Elias,§ Nicoletta Liguori,§ Yoshitaka Saga, Judith Schäfers, and Roberta Croce*

Cite This: Biomacromolecules 2021, 22, 3313−3322 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Increasing the absorption cross section of plants by
introducing far-red absorbing chlorophylls (Chls) has been
proposed as a strategy to boost crop yields. To make this strategy
effective, these Chls should bind to the photosynthetic complexes
without altering their functional architecture. To investigate if
plant-specific antenna complexes can provide the protein scaffold
to accommodate these Chls, we have reconstituted the main light-
harvesting complex (LHC) of plants LHCII in vitro and in silico,
with Chl d. The results demonstrate that LHCII can bind Chl d in
a number of binding sites, shifting the maximum absorption ∼25
nm toward the red with respect to the wild-type complex (LHCII
with Chl a and b) while maintaining the native LHC architecture.
Ultrafast spectroscopic measurements show that the complex is functional in light harvesting and excitation energy transfer. Overall,
we here demonstrate that it is possible to obtain plant LHCs with enhanced far-red absorption and intact functional properties.

■ INTRODUCTION
In plants, solar energy is predominantly captured by the light-
harvesting complexes (LHCs), which are membrane-spanning
pigment−protein complexes binding Chl a, Chl b, and
carotenoids (Cars). LHCs absorb photons in the visible
range of the solar spectrum and efficiently transfer the
excitation energy to the reaction centers of photosystems II
and I (PSII and PSI), where charge separation occurs. The
absorption cross section of the LHCs poses a limit to the light-
harvesting capacity of crop canopies when plants are located
very close to each other:1,2 leaves at the top of the canopy tend
to absorb the large majority of visible photons, thereby shading
the lower leaves, which receive too little visible photons to
perform photosynthesis optimally.3 However, the light at the
bottom of a canopy still contains some green photons and is
rich in far-red and near-infrared photons (λ > 700 nm) (see
Figure 1A).3 Expanding the absorption cross section of plants
toward these spectral regions represents a promising strategy
for optimizing light usage in crops and, possibly, for increasing
biomass yield.3

Recently, efforts have been conducted to increase the
absorption cross section of plant LHCs by the addition of
artificial dyes (see e.g., refs 6−8). The covalent attachment of
rhodamine red to LHCII was shown to functionally increase
the absorption of the complex in the green (λ = 500−600
nm).6 Similarly, the organic dye Texas red was incorporated
into liposomes containing LHCIIs, increasing the absorption of
green light.7 Finally, the association of an organic boron dye
with LHCII resulted in a complex with enhanced absorption in
the near infrared.8 However, a limit of all these approaches is

that the organic dyes cannot be naturally synthesized by
photosynthetic organisms, limiting their future applications.
The recent discovery of far-red light photoacclimation

cyanobacteria, in which the red-shifted Chls d and f are
incorporated into the photosystems,9,10 has sparked interest in
introducing these Chls into plants.2,3,11 Indeed, it is estimated
that through the absorption of far-red light, a gain of 19% in
photosynthetic efficiency could be achieved.11 It has been
proposed that in these so-called “smart canopies”, the
production and incorporation of red-shifted Chls could be
phytochrome-regulated,3 allowing for a rational penetration
across the canopy of the different light colors.
Chl d is the principal light absorber in Acaryochloris marina,

which uses far-red photons to perform photochemistry with an
efficiency that is similar to that of plants.12 Moreover, it has
been shown that Chl d can perform nearly all functions that
Chl a carries out in plant photosynthesis.13 In vivo synthesis of
Chl d in A. marina is thought to occur through a single
enzymatic step taking Chl a as a precursor,14,15 potentially
facilitating the design of plants that synthesize Chl d, when the
enzyme responsible for the reaction will be identified.
Structurally, Chl d differs from Chl a only in the C-3 position
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where a formyl group substitutes a vinyl group, and from Chl b
only in the C-7 position where Chl d has a methyl group
instead of a formyl group (see Figure 1C). Chl d might thus be
able to bind to the LHC proteins. This assumption is
supported by the fact that several of the Chl binding sites in
plant LHCs are promiscuous, being able to accommodate both
Chl a and b,16−18 suggesting that at least some binding sites of
LHCs are less selective and could be occupied by other Chl
types. Indeed, it has been found that Chl d binds with a
comparable affinity as Chl a to a peptide maquette containing a
nine amino acid-long sequence that is identical to a segment of
LHCII that contains the axial ligands for CLA602 and CLA603
(see Figure 1B for a structure of LHCII).19,20

To test if plant LHCs are indeed capable of binding Chl d,
we reconstituted the major LHC of plants, LHCII, with a
pigment mix in which Chl a was replaced by Chl d. Via a
combination of biochemical analyses, spectroscopy, and
molecular dynamics (MD) simulations, we verified the
functional insertion of Chl d in LHCII and the effect of Chl
d binding on the molecular architecture of the complex and its
light-harvesting properties. All of the experimental and
computational results on LHCII binding Chl d were here

analyzed and compared with those of the native LHCII
binding Chl a and b (indicated as LHCII-ab).

■ EXPERIMENTAL (MATERIALS AND METHODS)
Sample Preparation. LHCII reconstitutions were performed

following the protocol described in ref 21. In short, LHCII inclusion
bodies were obtained from the Escherichia coli host strain BL21
transformed with the Lhcb1 construct. Chl a, Chl b, and the native
plant Cars were extracted from spinach. Chl d was extracted from A.
marina cells as previously described.22 For the reconstitution with Chl
d, the pigment reconstitution mix was composed of 150 μg of Chl d
(0.15 μmol), 100 μg of Chl b (0.10 μmol), and 60 μg of the Cars
(0.10 μmol). For the control reconstitution, the reconstitution mix
contained Chl a instead of Chl d. The reconstituted complexes were
then further purified by affinity chromatography and sucrose density
gradient ultracentrifugation in order to remove unbound pigments.

Steady-State Spectroscopy. Absorption spectra were acquired
at room temperature on a Varian Cary 4000 UV−vis-spectropho-
tometer. Fluorescence emission and excitation spectra were measured
at room temperature on a HORIBA Jobin-Yvon Fluorolog-3
spectrofluorometer at an OD ≪ 0.1 cm−1. Circular dichroism (CD)
spectra were taken on a Chirascan CD spectrophotometer at 10 °C at
an OD of <1.0 cm−1. For all the measurements, the sample

Figure 1. LHCII and chlorophylls. (A) Photon flux penetrating a dense canopy (digitized from ref 4), absorption spectrum of LHCII trimers, and
of Chl d in 80% acetone. (B) Annotated LHCII structure with cofactors according to the crystal structure.5 (C) Chemical structures of chlorophyll
a, b, and d.
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concentration was adjusted to the required OD with a buffer
containing 10 mM HEPES (pH 7.5), 0.5 M sucrose, and 0.06% β-
DM.
Pigment Composition Analysis. Pigments were extracted from

the protein complexes in 80% acetone. The Chl a/b, Chl b/d, and
Car/Chl ratios were estimated by fitting the absorption spectrum of
the pigment extract with the spectra of the isolated pigments in the
same solvent (Figure S1 in Supporting Information). The relative
composition of the Cars was analyzed by HPLC. Further details about
this combined approach are given in ref 23.
Time-Correlated Single-Photon Counting. Time-correlated

single-photon counting measurements were performed at 10 °C using
a FluoTime 200 (PicoQuant). The sample concentrations were
adjusted to ≪0.1 cm−1 and measured in a 1 cm quartz cuvette.
Excitation was provided at a 10 MHz repetition rate using a 468 nm
laser diode (Chl b preferential excitation) at 10 μW. Emission was
detected at the fluorescence peak wavelength for each sample, that is,
at 680 nm for the LHCII-ab complex and at 704 nm for the LHCII-db
complex. The instrument response function (IRF) was obtained by
measuring the decay of a pinacyanol iodide dye dissolved in methanol,
which has a 6 ps fluorescence lifetime.24 Decay traces were fitted with
a sequential model using the TRFA Data Processor Advanced
software25 (http://www.sstcenter.com).
Femtosecond Transient Absorption and Global Analysis. A

mode-locked Ti:Sa oscillator (Coherent MIRA) in combination with
a regenerative amplifier (Coherent Rega 9050) yielded pulses of
approximately 70 fs at a repetition rate of 40 kHz at 800 nm. The
beam from this laser system was consequently split with a ratio of 2:8
between a path for white-light continuum generation, achieved with a
sapphire crystal (probe path) and one passing through an optical
parametric amplifier (Coherent OPA 9400) tuned to a pump pulse
color of 642 nm (pump path). The full width at half-maximum
(fwhm) of the excitation pulses was reduced to 10 nm by means of
interference filters (THORLABS), and the energy per pulse was set to
7.5 nJ. At this pulse energy, annihilation effects were not present, as
evidenced by the absence of power dependence at the maximal bleach
in the TA experiments (Figure S2A,B in Supporting Information).
Both the probe and the pump pulses were intermittently turned off
and on through the use of acousto-optic modulators (AA OPTO-
ELETRONIC) triggered by a digital delay generator (Stanford
Research Systems), allowing for active scatter and dark current
correction. The polarization between the pump and probe pulse was
set at the magic angle (54.7°). The white-light probe beam was
dispersed and consequently detected on a charge-coupled device
composed of 1024 pixels (Entwicklungsbüro EB Stresing), together
covering a ∼240 nm spectral range. The time interval between the
pump and probe was varied using a retroreflector mounted on a delay
line, allowing us to record transient spectra up to 3.5 ns of delay
between the pump and probe. The OD of the LHCII-db sample was
adjusted to 2.6 cm−1 at its Qy maximum, whereas for the LHCII-ab
sample, this value was 1.6 cm−1. The measurements were performed
in a 1 mm-quartz cuvette. An oxygen scavenging system in the form of
a mixture of glucose, glucose oxidase, and catalase was used for the
measurement to prevent the formation of radical species and thereby
sample degradation.26 The sample cuvette was shaken throughout the
measurement.
Global analysis27 was performed using the Glotaran 1.5.1

software:28 the raw two-dimensional TA data set was fitted to a
noninteracting parallel kinetic scheme yielding the so-called decay
associated difference spectra (DADS) and to a unidirectional
sequential kinetic scheme yielding the evolution associated decay
spectra (EADS). For a representation of the model used, see Figure
4A,D. In the formalism of the noninteracting parallel scheme, the TA
data ψ(λ,t) can be represented via the following function

∑ψ λ λ= * ⊕
=

− *t t( , ) e DADS ( ) IRF( )
l

n
k t

1
l

l

In the model, kl is an exponential decay rate associated with the
spectral amplitude function, or DADSl(λ), and IRF(t) is the IRF,

which is convolved with each DADSl(λ). Fitting the ψ(λ,t) to a
unidirectional sequential scheme (EADS1 → EADS2 → EADSn)
returns instead the EADS, EADSl(λ). EADSl(λ) is the spectrum of the
species l that decays exponentially into the following one (l + 1).

Absorption Spectrum Analysis. The absorption spectra of the
recombinant samples were fitted in the Qy-region (630−750 nm) with
their constituent Chl absorption spectra in protein.29 The absorption
spectrum of Chl d in protein has not yet been determined
experimentally. However, since the shape of the absorption spectra
of Chl a and Chl d in the solvent in the Qy-region are almost
equivalent (80% acetone, Figure S3 the Supporting Information), we
expect at least in first approximation the same behavior for the protein
environment. We have therefore used the (shifted) spectrum of Chl a
in protein to describe the spectrum of Chl d.

MD Simulations. Atomistic MD simulations in the microsecond
range were performed using the GROMACS30 4.6.3 software. In total,
six independent runs of a wild-type (WT) LHCII system with Chl d
instead of Chl a in a solvated model membrane were performed.
These simulations were compared to previously conducted simu-
lations31 on native LHCII (with Chl a) in the same model lipid
membrane. The detailed protocol describing the forcefield, the
generation of the input coordinates, the equilibration methodology,
the MD settings, and the way the analyses were conducted are
presented in text S1 in Supporting Information.

■ RESULTS AND DISCUSSION
Chl d Stably Binds to LHCII and It Is Functionally

Connected to the Other Pigments. The complexes
obtained from the reconstitution mixes containing Chl b and
either Chl d or Chl a are referred to as LHCII-db and LHCII-
ab, respectively. Chl b was used in all reconstitution mixes
because it was previously shown to be essential for the folding
of the complex.18 Both the LHCII-ab and LHCII-db
complexes migrated in the sucrose gradient in one well-
defined band, which has the mobility of a monomeric LHC
complex.
The pigment composition of the recombinant complexes is

shown in Table 1. The Chl/Car ratio in the two complexes is

very similar, suggesting that they bind the same number of
Chls. Normalization to the sum of lutein and violaxanthin,
which in monomeric LHCII are only accommodated in the
two central sites,16 indicates the presence of ∼12 Chls in each
complex, in agreement with previous results.16,18 LHCII-db
binds more than six Chls b per monomer, suggesting that the
Chl b specific binding sites of WT LHCII are occupied by Chl
b also in this complex. LHCII-db binds five Chls d, meaning
that Chl d occupies all the Chl a binding sites of LHCII-ab but
one (Table 1). Considering that the Chl a/b ratio of the
pigment mix used for the reconstitution of LHCII-ab was
similar to the Chl d/b ratio used for LHCII-db (see the
methods), it is likely that there is at least one Chl binding

Table 1. Pigment Composition of Complexesa

pigments LHCII-db LHCII-ab

Chl a 6.2 ± 0.1
Chl b 6.8 ± 0.1 5.8 ± 0.1
Chl d 4.8 ± 0.1
Chl d/b−Chl a/b 0.7 ± 0.1 1.1 ± 0.0
Chl/Car 4.9 ± 0.1 5.7 ± 0.0
Lut 1.9 ± 0.1 2.0 ± 0.0
Vio 0.1 ± 0.0 0.0 ± 0.0
Neo 0.3 ± 0.1 0.2 ± 0.1

aPigment content is normalized to the sum of Lut + Vio.
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Figure 2. Chl d stably binds to LHCII and it is functionally connected to the other pigments. (A) Normalized fluorescence emission spectra of
LHCII-db upon excitation at 420, 475, and 500 nm. (B) 1 − T vs fluorescence excitation spectrum of LHCII-db measured with emission at 704
nm. (C) Absorption spectra of LHCII-ab and LHCII-db normalized to their total Qy absorption (λ = 630−750 nm) taking into account the
pigment composition of each complex. (D) Deconvolution of LHCII-ab absorption spectrum. (E) Deconvolution of LHCII-db absorption
spectrum. The excitation wavelength used for the TA experiments is indicated by the striped rectangles centered at 642 ± 5 nm.
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pocket in LHCII, for which the binding affinity is Chl a > Chl
b > Chl d.
To test whether the pigments bound to LHCII-db are all

functionally connected, fluorescence emission was measured,
and the resulting spectra are shown in Figure 2A. The emission
spectra of the LHCII ab-complex are reported in Figure S4 in
Supporting Information. Preferential excitation of either Chl d,
Chl b, or the Cars at 420, 475, and 500 nm, respectively,
resulted in very similar spectra, all peaking at 704 nm. This
indicates that all the chromophores bound to LHCII-db are
functionally connected and that the terminal emitter is a
(cluster of) Chl d. A negligible fraction of disconnected Chl b
is present, as indicated by the small emission peak at ∼655 nm.
The functional connection of the pigments in LHCII-db is
further confirmed by the good overlap between the 1-T and
the excitation spectrum of the complex (Figure 2B).
Chl d Binding to LHCII Significantly Boosts the

Absorption in the Far-Red. The absorption spectra of
LHCII-ab and -db are reported in Figure 2C. The spectra are
very similar in the Chl b Qy absorption region, while the Qy

absorption maximum is shifted from 672 nm in LHCII-ab to

699 nm in LHCII-db. By fitting the Qy region of the absorption
spectra of LHCII-ab and LHCII-db with the spectra of their
constituent Chls in the protein environment29 (Figure 2D,E),
we found that the Chl b spectra peak at the same wavelengths
in both samples and have a very similar relative amplitude.
This suggests that Chl d incorporation in LHCII does also not
influence their spectral properties. The main Chl a and Chl d
bands in LHCII-ab and LHCII-db are similarly shifted in
energy and have comparable relative amplitudes. In LHCII-db,
an additional small band was needed to fit the Chl d Qy peak.
This band probably compensates from the fact that we have
used the same spectral shape for Chl a and d (corresponding to
Chl a in protein29), while the spectrum of Chl d is probably
slightly broader as in organic solvents (Figure S3 in Supporting
Information).

Chl d Can Substitute for Chl a in LHCII. Maintaining the
native folding of LHCII in the presence of Chl d is crucial in
view of potential in vivo applications. Indeed, the conservation
of the original protein and pigment architecture would ensure
the correct assembly and functionality of LHCII-db in the PSII
supercomplex. To investigate if the binding of Chl d in the Chl

Figure 3. LHCII-db maintains an excitonic architecture and is in a light-harvesting state. (A) CD spectra of LHCII-ab and LHCII-db scaled to the
normalized Qy peak of the corresponding absorption spectra. (B) Average excitonic interactions between the principal Chl pairs in the MD
simulations. Data ± SE. Chl numbering as in ref 5 (see Figure 1B). (C) LHCII-ab and LHCII-db fluorescence decay after 468 nm excitation
detected at the maximum of their steady-state emission spectra (680 and 704 nm, respectively). (D) Lifetime components and relative amplitudes
(in brackets) obtained from global analysis.
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a binding sites of LHCII results in changes in the pigment and
protein organization of the complex, we have performed
several independent atomistic MD simulations of a monomer
of LHCII-db. These simulations are compared to equivalent
simulations of an LHCII-ab monomer.31 The analyses were

performed after the first 600 ns of each replica since at this
stage, stabilization of the average RMSD of the Cα atoms of the
protein occurs systematically (Figure S5A in Supporting
Information). First, for the LHCII-db MD trajectories, we
have computed the average distances between the central

Figure 4. LHCII-db exhibits fast inter-Chl energy transfer. (A) Sequential (top) and parallel (bottom) models that were applied to the TA data set
of the LHCII-db complex in the global analysis. (B) LHCII-db EADS arising from global analysis. (C) LHCII-db DADS arising from global
analysis. (D) Sequential (top) and parallel (bottom) models that were applied to the TA data set of the LHCII-ab complex in the global analysis.
(E) LHCII-ab EADS arising from global analysis. (F) LHCII-ab DADS arising from global analysis. * indicates a fixed lifetime in the fitting.
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magnesium of each Chls and its ligand and compared them to
the LHCII-ab situation31 (Figure S6B in Supporting
Information). For all Chls, these distances only differ slightly
between the two complexes, that is, maximally 0.21 ± 0.05 nm
in the case of CLB605 and with an average difference of 0.06 ±
0.02 nm, indicating that there are no significant changes in the
binding when Chl a or d is present in the sites. Second, the
orientations of the Chls in their binding pockets in LHCII-db
and LHCII-ab were compared (Figure S5B in Supporting
Information). For all Chls, the difference is small, indicating
that the formyl group of Chl d does not induce additional
steric hindrances or interactions that influence the position of
the Chl within the protein complex.
To probe whether the presence of Chl d affects the protein

structure of LHCII, we compared the equilibrated secondary
structure of LHCII-db with that of LHCII-ab per protein
domain (Figure S6A in Supporting Information). The types of
secondary structures were assigned following the Dictionary
for the Secondary Structure of Proteins (DSSP), in which each
residue can be either a coil, β-sheet, β-bridge, bend, turn, α-
helix, 310-helix, π-helix, or chain separator. As reported in
Figure S6A in Supporting Information, we found that each
protein domain of LHCII-db (protein domains listed in Figure
S6D in Supporting Information) maintains the type of the
secondary structure of LHCII-ab, indicating that binding of
Chl d does not alter the folding architecture of LHCII. Binding
of Chl d might, however, alter the flexibility of the complex. To
assess whether this is the case, we computed the B-factors,
which are a measure of the displacement of the atoms of each
residue with respect to their average position per time unit and,
as such, indicate how flexible/rigid the different regions are.
The high similarity between the B-factors in LHCII-db and -ab
(Figures S6C and S7 in Supporting Information) shows that
the substitution of Chl a by Chl d has little or no effect on the
flexibility of the protein, indicating that no additional
conformational disorder to the complex is induced by Chl d.
LHCII-db Maintains an Excitonic Architecture. In

LHCII and more in general, in all LHCs, the Chl−Chl
interactions largely define the absorption spectrum of the
complexes and determine their excitation dynamics. We have
analyzed whether the excitonic structure of LHCII-ab is
maintained in Chl d-containing LHCII by comparing the CD
spectra of the two complexes. The CD spectrum of LHCII-ab
(Figure 3A) shows the typical −/+/− feature with bands at
647, 662, and 680 nm in the Qy-region.

33 The LHCII-db
spectrum (Figure 3A) shows a similar pattern with bands at
645(−), 659(+), 684(+), and 702(−) nm, indicating that also
the Chls d participate in excitonic interactions. Notably, the
presence of a strong band at longer wavelengths in both
complexes (680 nm for the LHCII-ab and 702 nm for LHCII-
db) suggests that the cluster responsible for this band is
preserved. The largest contribution to the red-most band in
LHCII-ab originates from the CLA611−CLA612 pair, which is
the terminal emitting site in LHCII.16,33−35

To analyze the interactions among Chls in LHCII-db in
more detail, the average excitonic interactions for the most
strongly coupled Chl pairs in LHCII35 were computed on the
MD trajectories and compared to those of LHCII-ab31 (Figure
3B). These interaction energies were found to be similar in the
two complexes, with the largest difference being 26.0 ± 14.4
cm−1 for the CLB606-CLA/D604 pair. These results indicate
that the excitonic architecture in the LHCII is conserved upon
the incorporation of Chl d.

Chl d Incorporation in LHCII Results in Efficient Light
Harvesting. To probe the effect of Chl d-binding on the
excited-state lifetime of LHCII, the fluorescence decay kinetics
of LHCII-db were measured and compared to those of LHCII-
ab. For both complexes, three lifetime components were
needed to satisfactorily fit the fluorescence decay (Figure 3C,
amplitudes and lifetimes are reported in the table in Figure
3D). The distribution of conformations in terms of
fluorescence lifetime is virtually the same for both complexes:
their decay is dominated by two nanosecond components,
while the sub-nanosecond component has a relatively low
amplitude. This shows that no additional quenching channels
are created upon binding of Chl d to LHCII. The lifetimes
associated with these conformations are even clearly longer in
the case of the LHCII-db complex. Since the natural lifetime of
Chl d in solution is very similar to that of Chl a (6.5 and 6.3 ns
in pyridine, respectively36), this indicates that Chl d is
quenched to a lesser extent in LHCII than Chl a is. In any
case, the average lifetime for both complexes is long (>2 ns,
Figure 3D). Such a long excited-state lifetime is crucial for
efficient light-harvesting in the photosynthetic membrane.

LHCII-db Exhibits Fast Inter-Chl Energy Transfer.
Numerous studies have elucidated the energy transfer
pathways and timescales in the LHCII complex.32,34,35,37−47

In these studies, inter-Chl excitation energy transfer (EET)
proceeds with time constants ranging from 100 fs to a few
picoseconds, depending on the pigment clusters involved.
Förster resonance energy transfer theory provides a reasonable
approximation to explain EET in the LHCs.32 Since the
overlap integral for Chl b and Chl d is smaller than that for Chl
b and Chl a, it is expected that the energy transfer rates in the
LHCII-db sample are somewhat slower than in the LHCII-ab
complexes. To probe whether this is the case and to find out
the consequences of the insertion of Chl d in LHCII for EET,
we performed ultrafast transient absorption measurements. In
these experiments, the pump was set at 642 nm to
preferentially excite the Qy band of Chl b.
By convoluting the individual Chl spectra obtained from the

fit of the LHCII-db absorption spectrum (Figure 2E) with the
laser pulse shape (modeled as a Gaussian centered at 642 nm
with fwhm of 10 nm), we estimate an initial Chl b:Chl d
excitation distribution of ∼70:30. Global analysis on the
acquired 2D temporal spectral map allowed the identification
of the principal EADS (Figure 4B) and DADS (Figure 4C). In
Figure S2C in Supporting Information, a selection of time
traces of the global fit is displayed alongside the corresponding
measured traces.
In the first EADS (Figure 4B, black trace), which

corresponds to the time zero spectrum, we observe bleaching
signals in both the Chl b and Chl d absorption regions. By
taking into account the difference in oscillator strength
between Chl b and d (∼0.7:1), we calculated an initial
excitation distribution of Chl b:Chl d of 72:28, which is
consistent with the fitting of the absorption spectra. Two
distinct bleaches can be observed in the Chl b region, at 643
and 649 nm, indicating that two (pools of) Chl b are initially
excited. The initial Chl d bleach is quite broad, which suggests
that also multiple (pools of) Chl d are excited. The first EADS
evolves into the second one (Figure 4B, red trace) in 233 fs,
showing EET from blue-to-red Chls b and significant transfer
from Chl b to different Chl d pools, as suggested by the width
of the Chl d peak. This transfer can be better visualized in the
first DADS (Figure 4C, black trace) in the form of a negative
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signal with minima at 643 and 649 nm and positive signals
around 660 nm and 700 nm. In 1.5 ps, the second EADS
evolves into the third one (Figure 4B, blue trace). In the
second DADS (Figure 4C, red trace), the negative signal in the
Chl b region and a broad positive signal, with a shoulder at 693
nm and a peak at 703 nm, indicate transfer from Chl b to
spectrally distinct Chl d pools. The Chl b bleach is red-shifted
with respect to the previous DADS, which indicates that EET
transfer occurs mainly from the red Chls b. The fourth EADS
(Figure 4B, pink trace) is formed within 8.8 ps and represents
the slower step of the Chl b to Chl d transfer process and the
equilibration between Chl d pools. Both processes are visible in
the third DADS (Figure 4C, blue trace), in which there are two
negative signals around 651 and 690 nm and a large positive
peak at 705 nm. The remaining bleach at 705 nm in the fourth
EADS (Figure 4B, pink trace) decays in 1.9 ns and forms a
long-lived state (fifth EADS, Figure 4B, green trace), which can
be attributed to Chl and Car triplets.48 The fourth EADS
(Figure 4B, pink trace) of 1.9 ns matches the time-resolved
fluorescence data (see above and Figure 3C,D). Notably, two
distinct Chl d pools exist, the bluer transferring slowly (EET
completed in ∼9 ps, Figure 4C blue DADS) to the most-red
one. This slow and blue pool of Chl d is reminiscent of the
slow blue pool of Chls a observed in WT LHCII, which is
associated with CLA604 and transfers to the CLA610−
CLA611−CLA612 cluster.34,35 Arguably, these binding sites
are therefore occupied by Chl d in LHCII-db.
To put the LHCII-db EET kinetics into context, we have

also performed TA measurements on the LHCII-ab complex
under the same experimental conditions. The results of the
global analysis of the pump−probe experiment on LHCII-ab
are shown in Figure 4D−F. The time-zero spectrum (Figure
4E, black trace) shows an initial excitation distribution of Chl
b:a of 75:25 (taking into account the oscillator strengths of Chl
b:a of ∼0.7:1), which is comparable to the excitation
distribution Chl b:d in the LHCII-db experiment. The
identified components are consistent with previously reported
kinetics of monomeric WT LHCII-ab complexes measured
under similar experimental conditions.44 Moreover, the EET
steps are evidently similar to those of the LHCII-db complex:
the first EET component (black trace in Figure 4F and 4C,
respectively) show EET from a blue and red Chl b peaking at
∼641 and ∼648 nm to a broad Chl a/d band. The second
component (red trace in Figure 4F and 4C, respectively)
shows EET from a red Chl b peaking around 650 nm to Chl a/
d. The third slow EET components (blue trace in Figure 4F
and 4C, respectively) show EET from the remaining
excitations on Chl b and from a blue Chl a/d band to the
red terminal emitting the Chl a/d band. The fourth and fifth
components (pink and green traces in Figure 4F and 4C,
respectively) show the decay of the excited state of the
terminal emitting Chl a/d and emergence of Car triplets.
Although the processes of the inter-Chl EET components

for LHCII-db and LHCII-ab are similar, their corresponding
rates are significantly smaller in LHCII-db: a time constant of
233 fs versus 108 fs, 1.5 ps versus 753 fs, and 8.8 ps versus 4.9
ps. One possible reason for the slowing down of the EET
might be the larger energy gap between Chl d and Chl b, with
respect to Chl a and Chl b. To check this hypothesis, the
difference in FRET rates between LHCII-ab and LHCII-db
(see text S2 in Supporting Information) was estimated on the
basis of the distances and orientations of the pigments
obtained from the simulations and the overlap integral

calculated for the transfer between the different Chl types in
the system. Overall, the Chl b → Chl a FRET rates in LHCII-
ab are estimated to be on average 2.19 times faster than the
corresponding Chl b→ Chl d rates in LHCII-bd, while the Chl
a → Chl a FRET rates are similar to the Chl d → Chl d rates.
The Chl b→ Chl b rates are also expected to be similar in both
complexes. These results are in line with the lifetimes observed
experimentally, where the larger differences are in the first and
second component (233 vs 108 fs and 1.5 ps vs 753 fs), which
are mainly due to Chl b to Chl a/d transfer, while the
difference in the third component (8.8 vs 4.9 ps) is smaller, in
agreement with the fact that it is dominated by the
equilibration within the Chl a/d band.

■ CONCLUSIONS
This work demonstrates the functional integration of
chlorophyll d, a far-red absorbing pigment present in some
cyanobacteria, into LHCII, the main LHC of plants. We show
that chlorophyll d-binding LHCII displays a strong absorption
in the far-red while maintaining the functional architecture of
the native complex, that is, (i) the protein structure is
unaltered and would thus not affect the assembly of this
protein in functional complexes in plants; (ii) the presence of
chlorophyll d does not create quenchers, maintaining the high
light-harvesting efficiency typical of LHCII; (iii) the terminal
emitter is conserved, allowing potential efficient EET to the
other complexes and its use for photochemistry. All arguments
considered, the study opens the way for engineering plant
LHCs capable of enhanced light harvesting in the far-red.
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