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Chapter 2 
 
Design principles of solar light harvesting in plants: functional 
architecture of the monomeric antenna CP29  
 

In plants and green algae, light-harvesting complexes (LHCs) are a large family of 
chlorophyll binding proteins functioning as antennae, collecting solar photons and 
transferring the absorbed energy to the photosynthetic reaction centers, where light to 
chemical energy conversion begins. Although LHCs are all highly homologous in their 
structure and display a variety of common features, each complex finds a specific location 
and task in the energy transport. One example is CP29, which occupies a pivotal position 
in Photosystem II, bridging the peripheral antennae to the core. The design principles 
behind this specificity, however, are still unclear. Here, a synergetic approach combining 
steady-state and ultrafast spectroscopy, mutational analysis and structure-based exciton 
modeling allows uncovering the energy landscape of the chlorophylls bound to this 
complex. We found that, although displaying an overall highly conserved exciton 
structure very similar to that of other LHCs, CP29 possesses an additional terminal emitter 
domain. The simultaneous presence of two low-energy sites facing the peripheral 
antennae and the core, allows CP29 to efficiently work as a conduit in the energy flux. 
Our results show that the LHCs share a common solid architecture but have finely tuned 
their structure to carry out specific functions.  
1  

                                                
This chapter is based on the following publication:  
Mascoli, V., Novoderezhkin, V., Liguori, N., Xu, P., and Croce, R. (2020). Design principles of solar light 
harvesting in plants: functional architecture of the monomeric antenna CP29. Biochim. Biophys. Acta - 
Bioenerg. 1861, 148156 
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Introduction 

The capture of solar photons by light-harvesting complexes (LHCs) is an essential step in 
the process of photosynthesis. The LHCs are pigment-binding proteins that function as 
antennae, funneling the absorbed energy to the reaction centers, where it is used to 
promote photochemistry. The photosynthetic machinery undergoing light harvesting and 
charge separation is organized into protein supercomplexes embedded in the thylakoid 
membrane called photosystems. They are modular systems composed of a core containing 
the reaction centers surrounded by a cluster of LHCs. The composition and connectivity 
of this antenna system have evolved to efficiently regulate the energy flux from the 
periphery to the core in response to different environmental conditions189,271.  

All LHCs of plants and algae belong to the same gene superfamily11 and, as a result, share 
a range of features which are the reason for their evolutionary success189,272. They all are 
membrane-embedded proteins consisting of three transmembrane helices binding 
chlorophyll a/b (Chl a/b) and carotenoids (Cars). The high sequence homology is such 
that most structural elements and pigment binding sites are conserved in all LHCs38,116,131. 
The protein matrix serves as a scaffold to organize the pigments in order to optimize their 
energy transfer connectivity and maintain a relatively long Chl singlet excited-state 
lifetime, which is imperative for efficient light harvesting189. It also provides a variegate 
environment which stabilizes the binding of specific pigments139,273,274 and tunes their 
optical properties139,140,275,276. Finally, the protein matrix has high inherent flexibility 
which allows LHCs to switch between different functional states135,217,220,277. Despite all 
the aforementioned common features, however, each LHC has its precise location within 
the Photosystem II (PSII) supercomplex (Figure 1A)38,118,278. The most external complexes 
are simply concentrating solar photons, whereas the intermediate ones also have to direct 
the absorbed energy towards the core, thus acting as “channels”. This suggests that 
different complexes might exhibit more specific properties reflecting their own function 
inside the photosystem. What is missing to date is the design principle at the basis of the 
specificity of LHCs in this intricate network.  
The architecture of LHCs has been the subject of many experimental (e.g. for CP29 ref. 
140,279–282) and theoretical221,276,283–285 works. Using different spectroscopic techniques 
and/or modeling strategies, these studies have tried to elucidate the energy landscape of 
the pigment excited states and to describe the energy transfer dynamics between states. A 
deep understanding of such a complex scenario relies, however, on the availability of 
structural information at atomic resolution and of biochemical techniques that permit the 
purification of intact LHCs. For a long time, such prerequisites have restricted the 
applicability of the above-mentioned spectroscopic/theoretical studies to LHCII, the major 
LHC of plants and algae, whose energy landscape is now well characterized (e.g. ref. 
283,286,287). The recent progress in biochemical and structural methodologies, however, 
paved the way for a deeper investigation of other LHCs. In this work we focus on one of 
the minor LHCs of PSII, CP29, which due to its position in the PSII supercomplex acts as 
a conduit in the EET process (Figure 1A).  
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Figure 1. CP29 structure and connectivity within Photosystem II. (A) Stromal view of C2S2M2 PSII 
supercomplex (PDB code: 5XNL38; the mid dashed line separates the two monomeric units). All protein 
units are colored in transparent gray, whereas CP29 protein is highlighted in solid gray. All pigment 
binding complexes are labeled (peripheral: CP29, CP26, CP24, S-LHCII and M-LHCII; core: CP43, CP47, 
D1 and D2, where reaction centers are located). Chls a are colored in transparent green, Chls b in 
transparent blue. Some selected Chls a are shown in solid colors: in each peripheral LHC, the Chl a610-
611-612 cluster, which is generally assumed to carry the low-energy Chls, is depicted in solid green, 
whereas the Chl a602-603 cluster is depicted in solid red (with the addition of Chl a609 for CP29 and 
CP26; the same binding site is occupied by a Chl b in LHCII and CP24). The 2 Chls a forming the so-
called special pair (or P680) in the reaction center are shown in black. Red solid arrows represent possible 
excitation energy transfer routes hopping through the putative low-energy Chls and directing energy from 
the periphery to the core. (B) Side view of CP29 structure38. (C) Stromal view of CP29. The clusters of 
chlorophylls forming the terminal emitter domains (a602-603-609 and a610-611-612) are highlighted, 
together with the centrally bound carotenoids and the energy transfer connections with surrounding 
complexes in photosystem II38 (the red arrows indicate the direction of energy transfer). The long N-
terminus loop is left out for clarity. 
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CP29 is a monomer binding 13-14 Chls (9-10 Chls a and 4 Chls b) and three carotenoids, 
namely lutein, violaxanthin and neoxanthin38,131,288 (Figure 1B). In many ways, its 
architecture is very similar to that of LHCII38,116, including a large part of the protein 
secondary and tertiary structure and most pigment binding sites. However, if LHCII is 
able to form trimers, CP29 lacks the protein motif responsible for trimerization, being 
therefore a monomer137. In addition, although nearly all Chl binding sites in CP29 can also 
be found in LHCII, the selectivity towards Chl a or b is different for some of them38,116,131. 
Similarly, despite retaining all three internal carotenoid binding sites, the occupancy of the 
L2 site (see Figure 1B) is different in comparison to LHCII, binding violaxanthin instead 
of lutein38,116,131. Finally, at variance with LHCII, which is mostly found at the periphery 
of PSII, CP29 is located at a crossing point of the energy transfer pathways within the 
supercomplex, receiving excitations from the outside and delivering them to the core 
protein CP4738,278 (Figure 1A). Indeed, in the absence of CP29, the excitation energy 
transfer in Photosystem II becomes slower123. Due to its strategic position, CP29 was also 
proposed to be an excellent site for photoprotection208,289. The bridging role between the 
periphery and the core of PSII suggests that the exciton structure of the pigments bound to 
CP29 might differ from that of LHCII. Indeed, a recent work by our group288 suggested 
the presence of two isoenergetic low-energy Chl a excited states in CP29. These states 
were located on two Chl clusters which, according to the available PSII structures, are into 
contact with either peripheral LHCII or the core protein CP4738 (Figure 1A). In order to 
find the rationale behind the role of CP29 as a “channel”, we elucidated the full energy 
landscape of Chl excited states in native CP29 and compared it with that of LHCII. 
Similarities and differences between these two complexes are discussed in view of 
revealing the general design principles of photosynthetic light-harvesting and, at the same 
time, the minimal requirements for the fine-tuning of specific functions.  

The work is organized as follows: we first present extensive steady-state and time-
resolved spectroscopic data that are relevant for the elucidation of the pigment landscape. 
These data are later used as input for the structure-based exciton modeling resulting in the 
reconstruction of the entire Chl excited-state manifold in the Qy spectral region. In view of 
the results obtained from theory and experiments, the architecture of CP29 is compared to 
that of the well characterized LHCII283 as well as other LHCs. Throughout the whole 
work, analysis of the wild-type (WT) protein is supported by that of some mutant 
complexes in which specific pigment have been knocked out (KO). Indeed, comparing the 
spectral properties of the WT and KO complexes can help shedding light on the congested 
pigment network typical of LHCs by clarifying the role of selected chromophores139,140,290. 
More specifically, two chlorophyll deficient mutants of CP29 are used here, lacking either 
Chl a612 or a603 (henceforth referred to as KO612 and KO603; see Figure 1C), which we 
recently designed and purified from Arabidopsis thaliana288. By means of this 
comparison, we can also assess how the loss of specific pigments affects the overall 
landscape and test the robustness of light harvesting in this antenna. 
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Materials and Methods 
Sample preparation. Monomeric CP29 and its chlorophyll deficient mutants were 
isolated from Arabidopsis thaliana as described in Xu et al.288. For all the measurements, 
the sample was diluted to the desired absorption (OD) in a buffer of HEPES 10 mM (pH 
∼	7.5) and 0.03% alpha-DM. Pigment analysis was performed as in Xu et al.288. At least 
two technical replicas were performed for each type of experiment described in the 
following text.  
Steady-state spectroscopy. Room-temperature (RT) absorption spectra were acquired on 
a Varian Cary 4000 UV–Vis-spectrophotometer. RT fluorescence emission spectra were 
acquired at OD < 0.05	𝑐m^q on a HORIBA Jobin-Yvon FluoroLog-3 spectrofluorometer. 
RT Linear Dichroism (LD) spectra were recorded from macroscopically aligned samples 
obtained by polyacrylamide gel compression as in Breton et al.291 and Haworth et al.292. 
Briefly, solubilized LHCs were immobilized by polymerization in a 12% acrylamide gel 
containing 60% glycerol (v/v), 10 mM HEPES (pH∼7.5), 0.03% alpha-DM, 0.07% 
N,N,N,N- tetramethylethylenediamine (TEMED) and 0.02% ammonium persulfate. After 
polymerization on ice for 30 min in a home-built gel press of 13 mm × 13 mm width, the 
formed gel was pressed in two perpendicular directions and transferred into a cuvette of 
10 mm width. LD spectra were then recorded on a Chirascan CD/LD Spectrophotometer 
(Applied Photophysics).  

Ultrafast transient absorption spectroscopy. Transient absorption (TA) experiments 
were recorded at room temperature on a Coherent Ti:Sa MIRA seed (mode-locked 
oscillator) and Rega 9050 (regenerative amplifier) system which can be schematized as 
follows: mode-locked 800 nm-pulses from a Coherent MIRA seed were stretched to be 
amplified in a Coherent-Rega 9050 and then compressed to a pulse width of ∼80 fs, with 
the repetition rate set to 40 kHz. The beam was then split into pump and probe pathways 
with a 60/40% ratio. The wavelength of the pump pulses was tuned via optical parametric 
amplification (Coherent OPA 9400) and their bandwidth was further narrowed down to a 
FWHM of 10 nm around the peak wavelength via interference filters (THORLABS). Four 
different excitation wavelengths were used (642, 652, 662 and 672 nm) to selectively 
excite different Chls b and/or Chl a in the Qy region (Figure 2D). White-light continuum 
for the probe was generated by focusing the 800-nm probe pulses into a sapphire crystal. 
Probe light was then dispersed and detected via a 76-channels photodiode array, covering 
the Qy spectral window from 590 to 720 nm. A delay line was used to measure TA 
difference spectra (pumped minus un-pumped) up to 3.5 ns after excitation. Magic angle 
polarization (54.7°) was set between the pump and the probe beams. Samples were 
measured at an OD between 0.6 mm-1 and 0.3 mm-1 at the Qy absorption maximum in a 1 
mm Quartz cuvette. A shaker was used to refresh the sample during the scans. An oxygen 
scavenging mixture of glucose oxidase 0.1 mg/mL, catalase 0.05 mg/mL and glucose 10 
mM was added to prevent sample degradation (with the HEPES pH-buffer concentration 
increased to 50 mM). The pump energy per pulse was set to 5 nJ for the 642-nm and 652-
nm excitations and to 3 nJ for the 662-nm and 672-nm excitations. The amount of 
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annihilation at these pump energies is negligible153. The excitation density (calculated as 
𝑁stu × ΔODmax/2ODmax, where the maxima are restricted to the Qy region and 𝑁stu is the 
number of chlorophylls a per complex) was below 5% of all monomers in every 
measurement.  

Global analysis methods are described in van Stokkum et al.293. Briefly, TA time traces 
recorded at different wavelengths were globally analyzed using a number of parallel, non-
interacting kinetic components, so that the total dataset can be described with the fitting 
function 𝐹(𝑡, 𝜆) as follows: 

𝐹(𝑡, 𝜆) = {𝐷𝐴𝐷𝑆�(𝜆) ⋅ exp N−
𝑡
𝜏�
P ⊗ 𝐼𝑅𝐹(𝑡, 𝜆)

�

��q

 

where each decay associated difference spectrum (DADSk) is the amplitude factor 
associated with a decay component k having a decay lifetime 𝜏� and 𝐼𝑅𝐹(𝑡, 𝜆) is the 
Instrument Response Function, whose time-profile is allowed to change at different 
wavelengths due to probe dispersion. DADS represent parallel processes taking place at 
the excited state with a specific lifetime. The IRF Gaussian profile (FWHM of around 100 
fs) was directly estimated from the fitting. We also applied a sequential kinetic model to 
all datasets to yield so-called evolution associated difference spectra (EADS), 
corresponding to the difference spectra of species evolving into the following one 
according to the scheme: EADS1 à EADS2 à … à EADSn on the same timescales as 
those obtained for DADS. 

Exciton model. The exciton model was based on the CP29 pigment arrangement 
extracted from the high-resolution structure of the PSII C2S2M2 supercomplex (PDB code: 
5XNL)38. According to these data, the CP29 subunit contains 14 Chls, i.e. 601-604, 606-
614, and 616. We suppose that Chl a616, which is at the interface between CP29 and 
CP47, is most likely lost during protein purification (see pigment analysis in Table S1 in 
the ESI). Therefore, we use a 13-state model. Inter-pigment electronic couplings were 
calculated in the dipole-dipole approximation using the structural data. The effective 
dipole strengths for Chl a and Chl b were taken to be 13.96 and 10.12 Debye2 (D2), 
respectively (based on the values used in the modeling of the plant complexes LHCII275,283 
and Lhca4294, see Table S2). The exciton couplings between the 13 pigments are listed in 
Table S3 in the ESI. The pigment site energies (treated as free parameters) were 
determined from the fit of the spectral responses using an evolutionary-based search294. 
For modeling of linear spectra, we used the modified Redfield theory with the exciton-
phonon spectral density in a form of Brownian oscillator that includes the low-frequency 
overdamped part with the damping constant g0 = 40 cm-1 and coupling strength λ0 = 40 
cm-1, and 48 underdamped terms with the total Huang-Rhys factor S = 0.56 reflecting a 
coupling to the high-frequency vibrations (Table S4). Frequencies and relative amplitudes 
of this underdamped part were taken to be the same as in our modeling of LHCII295. Such 
a choice is justified by the good quantitative fit of the CP29 emission profile. We also 
suppose that the shape of the electron-phonon spectral density is the same for Chls a and 
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Chls b, but the coupling to low- and high-frequency modes is 1.2 times larger (this scaling 
factor has been adjusted from the fit of the absorption-type spectra) for Chl b. Coupling to 
slow conformations of the complex is accounted for using the model of static disorder, 
implying uncorrelated random shifts of the site energies described by a Gaussian 
distribution with a width (FWHM) of σ = 90 and 108 cm-1 for Chls a and Chls b, 
respectively (the values have been determined from the fit).    

 
Results and discussion 
Steady-state spectra. The pigment composition of CP29 (WT and mutants) purified from 
A. thaliana is shown in Table S1. It was demonstrated previously288 that the carotenoid 
composition of CP29 (one lutein, one violaxanthin and one neoxanthin per complex) is 
not affected by the KO612 and KO603 mutations. Therefore, the chlorophyll content of 
WT and mutant CP29 can be normalized to the number of bound carotenoids (three). As a 
result, the isolated WT protein binds 12.6 Chls, with around 9 Chl a and 3 to 4 Chl b, in 
good agreement with the available crystal (13 = 9 + 4)131 and EM structures (14 = 10 + 
4)38. Notably, the recent EM structures seem to contain one more Chl a in comparison to 
the crystal structure (and to the pigment content of our isolated WT protein). Such 
pigment is named Chl a616 in the EM works38,278 and is bound to the highly flexible N-
terminus of the protein, which was not resolved in the crystal structure and is also very 
likely to be lost during protein purification.    
The KO612 and KO603 mutations directly affect the binding sites of Chls a612/a603 by 
changing the coordinating histidine (His245 for Chl a612 and His143 for Chl a603) to 
phenylalanine288. As a consequence, either Chl a612 or a603 are lost. Single point 
mutations of LHCs have been shown, however, to possibly result in the loss of more than 
one pigment (both Chls and Cars)140,288. Pigment analysis reveals that the KO612 and 
KO603 complexes contain a total of 10.2 and 11.5 Chls, respectively, the carotenoid 
content being unaltered. In the KO612 complex, 2 Chls a are lost, most likely Chl a612 
and its closest interaction partner Chl a611 (which is coordinated by a lipid molecule 
according to structural data), together with a fraction of Chl b. The KO603 protein instead 
only loses one Chl a, which can then be assigned to Chl a603.    
The RT absorption spectra of CP29 WT, KO612 and KO603 normalized in the Qy region 
according to their chlorophyll content are shown in Figure 2A, together with WT-minus-
mutant difference spectra. Difference spectra are informative of the absorption properties 
of the knocked-out pigments. The absorption peaks of the mutant complexes are only 
slightly blue-shifted compared to the WT spectrum and the overall shape in the Qy region 
is very similar. The difference spectrum of KO612 CP29 peaks at 679 nm with a shoulder 
at shorter wavelengths (due to the loss of Chl a612 and a611) and some contribution in 
the 640 nm region, where Chl b typically absorbs. The KO603 difference spectrum indeed 
only shows a sharp peak with maximum at 678.5 nm, which can be attributed to Chl a603. 
This suggests that both Chl a612 (with its interaction partner Chl a611) and Chl a603 
absorb at the red edge of the CP29 spectrum. The KO of Chl a612 or a603 hardly affects 
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the RT emission spectrum. Fluorescence spectra of CP29 WT and KO603 both peak at 
681.5 nm and that of CP29 KO612 is only slightly blue-shifted to 681 nm (Figure 2B). 
The peak broadening and the height of the vibronic tail (which is related to the electron-
phonon coupling of the terminal emitter domain, TED) are also nearly identical in the 
mutants, suggesting that the degree of exciton delocalization in the lowest energy states is 
not altered by the mutations. These results differ from what previously found for 
monomeric LHCII, which exhibits a significant blue-shift of the emission spectrum and an 
increase in the vibronic tail upon loss of Chl a612296. Additionally, Circular Dichroism 
(CD) spectra of CP29 previously published288 evidenced the loss of excitonic interactions 
in the two mutants, suggesting that Chl a612 and Chl a603 are strongly coupled to some 
neighboring Chls a (most likely Chls a611 and a609, respectively).  

Linear dichroism (LD) spectra of CP29 WT and KO mutants are shown in Figure 2C. The 
WT spectrum peaks at 678.5 nm and exhibits a wiggle in the Chl b absorption region, with 
a minimum at 650 nm and a maximum at 639 nm. The KO612 spectrum has a similar 
structure, with a 1.5 nm blue shift of the main peak (677 nm) and a more pronounced dip 
at 650 nm. The LD spectrum of CP29 KO603 peaks at 679 nm and is broader at shorter 
wavelengths, lacking the minimum at 650 nm shown by the other complexes.   

Chl-Chl EET. We investigated the energy landscape and the excitation energy transfer 
(EET) dynamics of CP29 in the Chl Qy region by means of ultrafast transient absorption 
(TA) spectroscopy. EET kinetics of CP29 WT and KO mutants was followed after 
selective excitation in the Chl b (642 and 652 nm) and Chl a (662 and 672 nm) regions 
(Figure 2D). After excitation in the Qy region, the spectra are dominated by a strong 
negative signal, which is due to stimulated emission and ground state bleaching of excited 
Chl states (blue signal in Figure 2E). A shallow positive signal at shorter wavelengths is 
due to excited-state absorption (weak red signal in Figure 2E). The position of the 
negative signal shifts in time due to EET processes. After energy equilibration, Chl 
excited states relax to the ground state and the bleach decays. Global analysis was applied 
to all datasets to obtain Decay Associated Difference Spectra (DADS) highlighting the 
spectral changes undergone by the excited states on specific timescales (see Figure S1 in 
the Supplementary Information for an overlay of the raw data and the globally fitted 
traces). A DADS representing an energy transfer event typically shows a negative signal 
in the region of the energy donor and a positive signal in the region of the energy 
acceptor. DADS enclosing excited-state decays only show the bleach. Energy 
equilibration within the complexes is complete after several ps in all cases, whereas 
relaxation of Chl excitations back to the ground state takes place on a much longer 
timescale, from tens of picoseconds to few nanoseconds153,224,288. For CP29 WT and 
KO603, excited-state relaxation involves two decay components, one of 40-70 ps (about 
15% of the total bleach) and one of 2-3 ns (the remaining 85%), accounting for 
quenched/unquenched complexes153 (see Figure S2 and S6 in the ESI). For CP29 KO612 
only the 2-3 ns decay components is needed to describe excited-state relaxation (Figure 
S4). This work is aimed at investigating the energy landscape of the Chl exciton manifold 
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in the Qy region and, as a result, our analysis will only be devoted to the shorter timescale, 
in which EET inside the complexes occurs. 

 
Figure 2. RT Spectra of CP29 WT and KO mutants. (A) Absorption spectra normalized to the 
chlorophyll content according to Table S1. WT-minus-mutant difference spectra are also shown (in green 
and magenta). (B)  Emission spectra upon 500-nm excitation (normalized to the maximum). (C) Linear 
Dichroism spectra in the Qy (normalized to the maximum). (D) Normalized absorption spectra in the Qy 
region with highlighted the wavelength and width of the excitation pulses used in TA experiments. (E) Raw 
TA data for CP29 WT upon 642-nm excitation.  
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Figure 3. Transient absorption experiments on CP29 WT. DADS for EET kinetics in CP29 WT after 
642 (A), 652 (B), 662 (C) and 672 (D) nm excitation. For each experiment, DADS are normalized to the 
maximum ΔOD for a better comparison. For each excitation wavelength 2 extra components related to 
excited-state relaxation (one of 40-50 ps, the other of 2-3 ns) were needed for the fitting (see Figure S2 in 
the Supplementary Information for the complete set of DADS). The fastest component was fixed when 
indicated and, being at the limit of the experimental time resolution, might be affected by ultra-fast non-
linear processes as well as vibrational relaxation from the initially “hot” Chl a excitations.  

 

642 nm-pulses excite a mixture of Chl a (due to its vibronic wing in the Chl b main 
absorption region) and b, with a preference for Chl b (70% as estimated by fitting of the 
absorption spectrum with several Chl a and b spectral forms): this is evident from the 
time-zero spectrum (approximated by the first EADS in Figure S3A), which contains a 
bleach at both 640 nm and 680 nm due to direct Chl-b/a excitation. Upon 642-nm 
excitation, three different energy transfer processes can be identified in CP29 WT from 
Figure 3A. The first 2 steps involve energy transfer from the Chl(s) b directly excited by 
the pump pulse to lower lying Chl a states. The faster process (whose lifetime was fixed 
to 150 fs, being at the limit of the experimental time resolution, black DADS) has a Chl b 
at 638 nm as energy donor, whereas the slower equilibration (0.99 ps lifetime, red DADS) 
takes place from a Chl b at 643 nm. After these two processes, no significant amount of 
excitations can be found in the Chl b region (third EADS in Figure S3A), implying that all 
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Chl b has equilibrated with the surrounding Chls a within 1 ps. The slowest EET process 
is therefore a downhill equilibration within the Chl a manifold, with a state at 672 nm as 
energy donor, and is completed after several picoseconds (blue DADS). A similar slow 
equilibration is observed when exciting the complexes at 652 nm (Figure 3B, blue 
DADS). Upon 652-nm excitation also two faster EET steps (150 fs, fixed, and 1.2 ps) are 
observed, with Chls b at 649 and 654 nm as energy donors and Chls a as acceptors (see 
Figure S2-3 in the Supplementary Information for the full set of DADS/EADS including 
excited-state relaxation processes).  
Only 2 energy transfer components are observed upon direct Chl-a excitation at both 662 
or 672 nm (Figure 3C-D), a fast one (150- 200 fs, shown in black) and a slow one (shown 
in red) of around 2-3 ps. Both DADS very likely incorporate several EET processes taking 
place with similar timescales and which cannot be distinguished due to spectral 
congestion in the Chl a absorption region. The smaller positive feature in the short-
wavelength region observed for the fastest DADS upon 672-nm excitation can be ascribed 
to up-hill energy equilibration (see Figure S2-3 in the Supplementary Information for the 
full set of DADS/EADS for 662/672-nm excitation).   

A similar analysis was performed on the TA data of the CP29 mutants (Figure 4 and 
Figure S4-8 in the ESI). For the 642-nm excitation, the DADS of the KO612 mutant are 
nearly overlapping with those of the WT complex, even though the timescales for the EET 
processes slightly increase (Figures 4A, 4C, 4E). For the KO603 mutant, only 2 DADS 
related to EET processes can be obtained (blue lines in Figures 4C, 4E). EET from the 638 
nm Chl b is slowed down in this mutant (Figure 4C) and some residual EET from Chls b 
can still be detected in the 3.5 ps DADS (Figure 4E). The slow equilibration between the 
Chl a species at 672 nm with Chls a at lower energy is still present in both mutants. All 
three samples show similar results for the 652- (Figures 4B, 4D, 4F), 662- (Figure S8A-B) 
and 672- (Figure S8C-D) nm excitations, even though the overall EET equilibration in the 
KO612 mutant is consistently slightly slower, whereas for the KO603 mutant, the fastest 
EET step upon 662-nm excitation is slower than in the other two samples. 

The presented TA data provide information on the energy landscape of the Chls bound to 
CP29. After excitation in the Chl b region (both at 642 and 652 nm), four different Chl b 
species equilibrate with lower energy Chls a on different timescales (from 100 fs to 
around 1 ps). All four Chl b signals are observed in the mutants, with some differences in 
the time scales of EET but not in the peak position, meaning that the connectivity of some 
Chls b to EET partners might slightly change upon mutation without a significant energy 
shift. Another feature common to all samples is the population of a slowly equilibrating 
Chl a state around 672 nm after excitation in the Chl b region. Most Chls a in CP29 are 
densely clustered at the stromal side of the complex (where only one Chl b is bound), 
whereas only two Chls a (Chl a604 and a613) are located at the lumenal side131. Due to 
the relatively long distance, these two Chls are expected to be only weakly coupled to the 
Chl a clusters on the stromal side (see Chl couplings in Table S3), where the lower energy 
states are located (see steady state data). The observed bottleneck state at 672 nm can be 
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therefore assigned to one of these two Chls. In addition, such state is significantly 
populated upon both 642- and 652-nm excitation, implying that it must be connected to 
two distinct Chls b, one absorbing around 642 nm, the other closer to 652 nm. The most 
natural candidate for the observed bottleneck state is Chl a604, whose nearest neighbors 
are Chls b606 and b607, while Chl a613 is only into contact with Chl b614. Our 
assignment matches what previously found for LHCII275 and LHCSR297 and implies that, 
within the Chl b606-607 dimer, one Chl is mostly excited by the 642 nm pulse and the 
other by the 652 nm pulse. Figure 3B shows that, upon 652-nm excitation, two Chl b EET 
donors are observed (at 649 and 654 nm, black and red DADS). The Chl b absorbing at 
654 nm and equilibrating in about 1 ps (Figure 3B, red DADS, and Figure 4D) is the most 
natural candidate for either Chl b606 or b607, since the acceptor pigment exhibits more 
amplitude in the 670 nm region, where the bottleneck state (Chl a604) absorbs. The other 
Chl b in the b606/607 dimer is excited by the 642 nm pulse, but its specific assignment is 
less trivial since the acceptor sides of both black and red DADS in Figure 4A are very 
similar in the 670 nm region.  
There are still two Chl b signals to identify: the remaining one observed upon 642-nm 
excitation (either at 638 or 643 nm, Figure 3A), and the 649 nm species observed upon 
652-nm excitation (Figure 3B, black DADS, and Figure 4B) and equilibrating with Chl a 
in around 150 fs. These two species could be attributed to the remaining Chls b (b608 and 
b614). Interestingly, the EET dynamics after 642-nm excitation is significantly perturbed 
only by the removal of Chl a603 (Figures 4A, 4C), whereas no major change is observed 
for the 652-nm excitation in both KO612 and KO603. This suggest that, being the only 
Chl b in proximity of the Chl a603 (and a609) binding site, the best candidate for the 
remaining species excited by the 642 nm pulse is therefore Chl b608. This Chl b is bound 
next to Chl a609, which is strongly coupled to Chl a603, whereas Chl b614 is far from 
both mutated binding sites and is therefore not expected to be affected in EET to Chl 
a613, its closest neighbor, upon either KO612 or KO603 mutations. This leaves the 649 
nm signal to be assigned to Chl b614. To sum up, the analysis of linear spectra and TA 
data reveals that: 

- 2 low-energy states are associated with the (610)-611-612 and the (602)-603-609 
Chl a clusters. 

- Chl a604 is the best candidate for the bottleneck Chl a state observed at 672 nm. 
- Either Chl b607 or b606 absorbs at 654 nm. 
- Chl b614 absorbs at 649 nm. 
- The remaining Chl b in the b606/607 dimer and Chl b608 absorb in the proximity 

of the 642-nm excitation, being the most blue-shifted Chls b. 
- The KO of Chl a612 and a603 does not drastically slow down EET dynamics in 

CP29, except for EET from Chls b absorbing around 640 nm in the KO603 mutant. 
This advocates for the high robustness of light harvesting performed by the 
pigment network in this LHC. 

- Energy equilibration in CP29 WT and KO mutants is complete after several ps, the 
slowest EET timescale being in the order of 5 ps. 
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Figure 4. Transient absorption experiments on CP29 WT and KO mutants. Overlay of DADS for EET 
kinetics in CP29 WT (black)/KO612 (red)/KO603 (blue) after 642-nm (left column) and 652-nm (right 
column) excitation. DADS are normalized to the maximum ΔOD for a better comparison between different 
samples. Only DADS related to EET processes are displayed in this Figure. See Figure S2-7 in the 
Supplementary Information for the complete sets of DADS/EADS obtained for each experiment and Figure 
S8 for an overlay of DADS of the three samples for 662-nm and 672-nm excitations. 
 
Exciton modeling. We performed a simultaneous quantitative fit of the RT absorption 
(OD), LD and fluorescence spectra of WT, KO612 mutant (where the pigments a611 and 
a612 are absent), and KO603 mutant (where the a603 is absent). As an initial guess, we 
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supposed that the site energies for all the conserved pigments in the KO mutants are the 
same as in the WT complex. This choice is also justified by the TA data, where no 
significant spectral shifts are observed in the DADS of CP29 WT and mutants. This 
implies that the removal of Chls 612 or 603 does not perturb significantly the energy 
landscape of the remaining pigments. The evolutionary-based search has led us to several 
plausible sets of site energies, i.e. E1-E6 sets listed in Table S5 in the ESI. An example of 
a simultaneous fit of all the spectra, corresponding to the E3 model (that gave a slightly 
better fitting quality in comparison to the other sets) is shown in Figure 5. For this 
configuration, the unperturbed site energies E (corresponding to pure electronic transitions 
without including the reorganization shift) of the Chls [a601; a602; a603; a604; b606; 
b607; b608; a609; a610; a611; a612; a613; b614] sites extracted from the fit are E = 
[15219;  15021;  15016;  15333;  16119;  15706;  16023;  15069;  15075;  15019;  15104;  
15102;  15973] cm−1.  

Figure 5. Modeling of the spectroscopic data. Simultaneous fit of the room temperature OD, LD and 
fluorescence spectra for the CP29 WT (left), KO612 (center) and KO603 (right). Measured spectra (black 
lines) are compared with the calculated ones (red lines). The calculation was done with the E3 model.  

 

All fitted spectra are in reasonable agreement with the experimental spectra, except for the 
LD of KO603 CP29, where the measured spectrum shows an extra positive signal which 
is not reproduced by the described model. The calculated absorption spectrum of the 
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KO612 mutant also displays higher amplitude in the Chl b region. The origin of this 
discrepancy becomes clear in light of the partial loss of Chl b in CP29 KO612 as revealed 
by the pigment analysis. It should be noted that all 4 Chl b TA signatures reported for 
CP29 WT were also observed in the KO612 complex (Figure 4), implying that one of the 
Chl b of CP29 WT might be lost only in a fraction of KO612 complexes. A possible 
candidate for this more labile Chl might be Chl b614, which is found at the periphery of 
the complex and could be destabilized by relocation of lutein in L1 upon loss of the a611-
612 pair. Figure S9 in the Supplementary Information shows the steady state spectra 
obtained for CP29 KO612 upon removal of Chls a611-a612-b614. The removal of one 
Chl b has a positive effect on the oscillator strength of the OD in the Chl b region, but 
only minor effects on the other spectra. 

Some systematic deviations between the measured and fitted LD spectra in the Chl b 
region can be explained by exciton-vibrational mixing of the zero-phonon level (ZPL) of 
Chl b transitions with vibrational sublevels of Chl a transitions (such an effect is neglected 
in our model) or by different orientations of some Chls b in the solubilized protein 
compared to structural data (note that the small differences between the orientations of 
Chls in the crystal131 and in the two EM structures38,278 are practically negligible at this 
level).  
The significant misfit in the 640-to-660 region of the LD spectrum of CP29 KO603 
suggests that one or more Chl site energies might differ from those calculated for CP29 
WT. Structural data show that Chl a603 is strongly interacting with Chl a609 (as 
confirmed by their strong exciton coupling, see Table S3 in the ESI). We therefore 
propose that the KO603 mutation can affect the site energy of Chl a609 site, since a 450 
cm-1 blue-shift (from around 680 to 660 nm) significantly improves the fitting quality for 
the LD spectrum of CP29 KO603 (Figure S10). This suggestion is also supported by the 
finding that, in Lhca4, a point mutation on the amino acid that coordinates Chl a603 
produces a blue-shift of the site energy of the neighboring Chl a609294. With this shift, 
however, the fitting of the OD spectrum of the CP29 KO603 mutant becomes worse due 
to the presence of extra dipole strength in the 640-660 nm region (Figure S10). Another 
possible interpretation is therefore a change in the position/orientation of Chl a609 upon 
loss of Chl a603, which might also explain the slower EET from one of the Chls b excited 
by the 642 nm pulse (most likely Chl b608) to Chls a. Alternatively, the Chl b ZPLs might 
excitonically mix with some resonant vibrational sub-levels of Chls a. As a result of this 
mixing, the transition dipoles of the states absorbing in the Chl b region might deviate 
from those of a purely Chl b state. Testing this hypothesis requires a more sophisticated 
level of theory64 and is beyond the scope of this work. Anyway, fluorescence emission 
seems not to be affected by the Chl a609 energy upshift since the TED of the complex is 
still localized on the a610-611-612 cluster upon KO603 mutation.  

Note that all the models listed in Table S5, despite some minor differences in the exact 
site energies, exhibit similar features, i.e.:  
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- Chl b606 is the blue-most, and b607 is the red-most Chl b (providing fast energy 
transfer to the 670 nm region from both the 640 and 655 nm sub-bands due to 
strong coupling of the b606 and b607 sites to the a604 bottleneck). This is in 
excellent agreement with the predictions based on the global analysis of TA data 
(see previous section). 

- In most cases (including the best fitting model E3), Chl b614 is at lower energy 
than Chl b608 and always at higher energy than b607. 

- Chl a604 is moderately blue-shifted (up to around 670 nm) and, being weekly 
coupled to the other Chls a, it plays a role of bottleneck similarly to LHCII275, 
which matches our assignment from the TA data. 

- At variance with LHCII (where the Chl a610-611-612 cluster is the red-most 
shifted and the most populated at equilibrium275,283), in CP29 both the Chl a602-
603-609 and  a610-611-612 clusters are red, i.e. final traps are on both sides of the 
complex. 

The fitting outcome also confirms that most spectroscopic data can be described by 
adopting a common set of site energies (and without changing the couplings) for CP29 
WT and the two mutants. This suggests that all but the mutated binding sites do not 
modify to a large extent all those pigment-pigment and pigment-protein interactions that 
are primarily responsible for the optical properties of the Chls. Furthermore, very similar 
TA kinetics were recorded for CP29 WT and the two KO mutants, where no major 
slowing down of the EET cascade is observed. This outcome is the result of the high 
number of strong coupling interactions between several Chl pairs. This property reflects 
into a dense network of energy transfer pathways which proves to be only weekly 
sensitive to the removal of selected pigments. This outstanding robustness might be one of 
the main reasons for the evolutionary success of LHCs. The simultaneous presence of two 
TEDs also adds to the solidness of CP29 specifically (see following section). If the 
removal of Chls a612 and a603 does not significantly impair its light harvesting, however, 
the same alteration might affect other functions of the complex. Indeed we have recently 
shown that, in the photoprotective state of the protein, Chl a612 is an active player in the 
quenching mechanism, transferring excitations to the nearby Lutein153. Consequently, the 
loss of this Chl significantly slows down the quenching in this LHC.  

Our model also provides detailed information on the exciton structure of the CP29 
complex in the Qy spectral region. Figure 6A shows the distribution of the positions 
(energies of the ZPLs) and dipole strengths of the 13 exciton components calculated for 
1000 realizations of the disorder. The dipole strengths are shown as a function of the 
wavelength of the pure electronic zero-phonon transitions (for each exciton level in every 
realization of the disorder). For each realization we count the exciton states in increasing 
order of energy, i.e. from k = 1 to 13. Notice that the pigments can contribute differently 
to certain exciton states in different realizations, so that the participation of many 
pigments in any state k does not always reflect a delocalization, but may contain statistical 
averaging (meaning that the kth state can be localized on different pigments for different 
realizations of the disorder). The average ZPL positions and average dipole strengths for 
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the exciton levels k = 1-13 are listed in Table S6 of the ESI. The four lowest states (k = 1-
4) have large average dipole strength, i.e. about 20 D2 which is about 1.5 times larger than 
the monomeric dipole strength (13.96 D2 for Chls a). The moderately superradiant 
character of these red states (peaking near 680 nm) reflects delocalization within the Chl a 
clusters, i.e. a602-603-609 and a610-611-612. In some realizations of the disorder, the 
dipole strength is up to 50-60 D2, meaning delocalization over all the pigments of these 
two clusters. Higher exciton states of these clusters (k = 6-9) are delocalized as well, but 
due to the opposite symmetry of the wavefunctions they are only weakly allowed (with a 
dipole strength down to 4-9 D2).  

 
Figure 6. Energy landscape of CP29 chlorophylls. (A) Exciton structure of the CP29 absorption (WT, 
room temperature). The calculated OD spectrum (thick yellow line) is shown together with the 13 exciton 
components averaged over disorder (thin lines). The points show the distribution of the dipole strengths vs 
ZPL positions for 1000 realizations of the disorder (dipole strengths for different exciton components are 
shown by the same colors as the absorption profiles of the corresponding components). The site energies 
correspond to the E3 set from Table S5. The average ZPL positions and average dipole strengths for the 
exciton levels k = 1-13 are listed in Table S6 of the ESI. (B) Density of states for the exciton levels k = 1-
13 (upper panel) and participation of the pigments 601-604, 606-614 to these states (for the E3 model, 
middle and lower panel). 
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The Chl b states are more localized except for the b606-607 pair. In spite of the big energy 
gap between these two sites (for all the configurations, see E1-E6 models in Table S5), 
they display sizable exciton mixing with pronounced redistribution of the dipole strength 
between the corresponding exciton states, i.e. k = 10 and 13 (blue and red distributions in 
Figure 6A peaking around 657 and 638 nm, respectively). 
More information about the contributions of the pigments to the exciton states can be 
obtained by calculating the density of exciton states Dk (the index k = 1-13 refers to the 
exciton states) together with the distribution of the pigment participations Dn

294,298 (the 
index n refers to Chls 601-604 and 606-614). The mathematical definition of these 
quantities can be found in Text S1 in the ESI. The distribution Dn shows the participation 
of the n-th pigment to the exciton states (summed over all states) as a function of the 
exciton zero-phonon energy. The Dk and Dn distributions calculated for CP29 are shown 
in Figure 6B. The lower energy states contain contributions from the excitonically mixed 
a602-603-609 and a610-611-612 pigments and from the monomeric a613 site. The 
emission profile is determined by combined contributions from all of these sites. That is 
why the loss of Chl a603 or a611-612 (in KO603 and KO612, respectively) does not 
change the emission spectrum significantly. Note that the a603 participation distribution 
has two maxima due to the mixing of this pigment with a602 and a609. Similarly, the 
a611 and a612 distributions display two maxima due to strong exciton mixing between 
them with some coherent admixture of the a610 and a601 sites.  
The “conduit” character of CP29. Structural data have shown that most Chl binding 
sites of LHCII are also found in CP2938,116,131, which is predictable based on the high 
sequence homology of these two proteins11. The positions and relative orientations of the 
shared Chl binding sites are also conserved, which results in similar coupling strengths 
between Chl pairs (Figure 7A schematizes the locations and network of couplings of the 
Chls bound to LHCII and CP29. See Novoderezhkin et al. 2011283 for the numerical 
values of the Chl-Chl couplings in LHCII calculated within the dipole approximation). 
However, some differences in the selectivity of these binding sites towards either Chl a or 
b can be observed. Sites 601 and 609, for instance, bind Chl b in LHCII116 and Chl a in 
CP2938. On the other hand, Chl a614 in LHCII is replaced by a Chl b in CP2938,116,131. 
Finally, the binding site for Chl b605 can be found only in LHCII (whose Chl b content is 
therefore significantly higher than in CP29)38,116,131. The energy transfer timescales 
measured via TA for CP29 are also similar to those observed for LHCII295. Many of the 
sub-ps Chl b à Chl a EET processes are present in both complexes. However, the slowest 
Chl b à Chl a transfer observed in LHCII (taking place in several ps), was not observed 
in CP29. This component has been ascribed to the transfer from the less well connected 
Chl b605275, which is indeed missing in CP2938,131. Furthermore, the Chl a bottleneck state 
observed for LHCII at around 665 nm275 and at 670 nm for CP24299 and LHCSR 297 is also 
observed for CP29 at approximately 670 nm. In all these proteins, this slowly 
equilibrating state can be assigned to Chl a604, which is bound at the lumenal side of the 
complex and, in CP29 and LHCII, is surrounded solely by Chls b (Figures 1B and 7A). 
EET from Chl a604 to the Chls a on the stromal side, where the TEDs are located, is 
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therefore the slowest energy equilibration process in all the LHCs analyzed so far275,297,299. 
Based on exciton modeling, we recently found that the excited-state energy of Chl a604 
can be located in the middle region between the b- and a- bands also in Lhca4294. 

Figure 7B combines all the results from spectroscopic data and modeling and shows that a 
similar energy level scheme can be derived for nearly all of the Chls shared between 
LHCII and CP29. Amongst the shared Chls b, Chls b606 and b608 are the most blue-
shifted whereas Chl b607 is the reddest. A similar trend is also observed in other minor 
antennas of PSII: in CP26 and CP24, Chl b606 is found at wavelengths < 640 nm299, 
whereas in CP24 Chl b607 also absorbs at wavelengths > 650 nm. On the lumenal side, 
Chl a604 is significantly blue-shifted while Chl a613 is closer in energy to the TEDs. The 
low-energy states are located on the stromal side of the complex (unlike LHCSR, where 
the red-most site is Chl a613297, which might be related to the role of this LHC as 
“quencher”). The Chls a on the stromal side exhibit stronger excitonic interactions due to 
their proximity and favorable orientations (Figures 1B-C and 8A). As a result, exciton 
states in this protein domain tend to be more delocalized and, for this reason, the lowest 
energy states are moderately superradiant (see Figure 6A and results section), as observed 
for LHCII275.  

It is exactly at the level of the low-energy states, however, that the major differences in 
the energy landscape of these two LHCs can be found, as highlighted by mutational 
analysis of CP29 on some of the involved Chls (a612 and a603). In LHCII, Chl a610 has 
the lowest site-energy and, due to its interaction with Chls a611 and a612, the red-most 
exciton state is neatly localized on this Chl cluster275,296. The other coupled Chl dimer 
a602-603 is at significantly higher energy (the 609 site binds a Chl b in LHCII), which 
makes it much less populated at equilibrium275,296. In CP29, conversely, the site energies 
of Chls a603-609 are lower than in LHCII and much closer to those of Chls a610-611-
612. The reasons for this difference can be possibly found in the nature of the binding 
pockets of the a602-603-609 cluster in the two proteins. Despite sharing many features, 
such as the conserved coordinating amino acids for all three Chls a, three main differences 
can be highlighted (Figure 7C): 

Even though Chl a602/603 is coordinated by glutamate/histidine in both complexes, CP29 
possesses an arginine residue (ARG 91) in the proximity of the a602 and a603 rings (in 
LHCII, the corresponding LYS 60 has the terminal amino group flipped to the opposite 
side of Chl a603). Amino acid charged sidechains are known to shift site energies of 
proximal Chls by stabilizing either their ground or excited state276.  

The nearby L2 carotenoid binding site is occupied by lutein in LHCII and by violaxanthin 
in CP29. This might have an effect on the energetics of the intersecting Chl a602-603-609 
binding pocket. 
 
 



Design principles of solar light harvesting in plants: 
functional architecture of the monomeric antenna CP29 
 

58 
 

 
Figure 7. Comparison between CP29 and LHCII architectures. (A) Scheme of Chl binding sites and 
coupling network in LHCII (left) and CP29 (right). Chls a are colored in green, Chls b in blue. All Chl-Chl 
couplings > 50 cm-1 are indicated by a thick line, all couplings > 20 cm-1 and < 50 cm-1 are indicated by a 
thin line. The couplings between stromal and lumenal chlorophylls are always < 10 cm-1. The strongest 
couplings between lumenal and stromal Chls are sketched via a dotted line. (B) Scheme of Chl exciton 
energy levels in the Qy region for LHCII (left) and CP29 (right). Vertical positions of the levels correspond 
to the energies of the exciton states averaged over disorder. Participations of certain pigments in the exciton 
states are shown by circles, with the area proportional to the average squared participation coefficient in the 
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exciton wavefunction. The energy scheme for LHCII is adapted from Novoderezhkin et al. 2011283. (C) 
View of the Chl 602-603-609 (and L2) binding sites in LHCII (left) and CP29 (right). Chls a are shown in 
green, whereas Chls b in blue. The carotenoid is colored in orange. Selected residues are labeled to 
highlight the similarities and differences of LHCII-CP29 at the level of this binding site. The three central 
helices are also labeled for clarity.  

 

The result of these small structural differences is that CP29 does not have a prominent 
lower-energy Chl a. The site-energies of Chls a602-603-609 and a610-611-612 all lie in a 
100 cm-1 range, at the red edge of the absorption spectrum. The strongest Chl-Chl 
couplings (see Table S3 in the ESI) and the width of the static disorder distribution are 
also in this range. This implies that the low-energy states are significantly delocalized 
over the Chls a602-603-609 and/or a610-611-612 clusters (as we demonstrate in Figure 
6A) and that in most configurations the lowest excitons in each of these two clusters will 
be nearly isoenergetic. In the mutants lacking one of these clusters, the remaining TED 
also remains as delocalized as in the WT, implying no significant change in its exciton-
phonon coupling strength, confirmed by the Stokes shift of the main peak and the height 
of the vibronic tail of the fluorescence spectra being the same in all the samples. This is 
different from what previously observed in the KO612 mutant of LHCII296. In this case, it 
was shown that the fluorescence emission is clearly affected by the loss of Chl a612 (and 
a611), resulting in a significant red-shifting of the emission component determined by the 
localized a610 state and an increase in the height of the vibronic tail. Notice that 
fluorescence emission of KO612 LHCII also contains another strong component 
originating from the a602-603 dimer (which is significantly blue-shifted in LHCII with 
respect to the a610-611-612 cluster). Unlike LHCII, the same mutation in CP29 does not 
disrupt the energy landscape of the protein. This is possible due to the presence of many 
Chls with relatively low site energies and strongly coupled to each other. 
The presence of two low-energy states in CP29 seems to be justified by its peculiar 
position in the PSII supercomplex, mediating EET from the periphery to the core (see 
Figure 1A). Based on structural data38, the a610-611-612 cluster of CP29 faces the one of 
the three a610-611-612 clusters (and TEDs) of M-LHCII, from which it can accept an 
excitation. The same excitation would promptly equilibrate between the a610-611-612 
and the a602-603-609 clusters of CP29 and, from the latter, it could be transferred to the 
interfacial Chls of CP47. It is also worth mentioning that the more external LHCII is 
generally present as a trimer. Under this configuration, the (three) a610-611-612 clusters 
(and TEDs) are found at the outside of the trimer, with the chance of facing potentially 
acceptor complexes (Figure 1A). In this optics, an extra TED localized on Chl a603 (at 
the center of the trimer) would sequester part of the excitations, resulting therefore 
disadvantageous for energy transfer to adjacent antennas. In addition, the presence of a 
Chl a/b in the 609 binding site could be critical for the energetic of the a602-603-609 
cluster. Interestingly, Chl 609 is a Chl b in LHCII and CP24, which occupy a more 
external position in PSII and a Chl a in CP26 and CP29, which function as junctions in the 
energy transfer pathways of PSII and would therefore benefit from the presence of two 
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TEDs. Furthermore, a recent theoretical work300 aimed at calculating the rates of energy 
equilibration inside PSII predicted that a free energy gradient between the outer LHCII 
and CP29 could be advantageous for directing the energy flow towards the Chls closer to 
the reaction center. This is in line with our findings, as the lowering of the energy of the 
a602-603-609 cluster is able to lower the energetic center of gravity of the Chls bound to 
CP29 in comparison to those of LHCII (as can be immediately appreciated by comparing 
the absorption spectra of the two complexes in Figure S11). The resulting presence of 
more low-energy Chls a, together with its higher Chl a/b ratio, reflects primarily into an 
entropy gradient that can help CP29 collecting excitations from the outer antenna. The 
advantage brought by the co-existence of more terminal emitters in this LHC, however, is 
not limited to the thermodynamics, as the lowest energy clusters are also strategically 
facing the peripheral and core complexes38,278. As a consequence, the excitations produced 
in the outer antenna can travel until CP47 at high rates and without the need to climb any 
relevant energy barrier, thus providing more directionality to the energy transport towards 
the inner core. In light of these predictions, if the removal of the red-most Chls is not 
detrimental for light harvesting within isolated CP29, it might significantly affect the 
energy equilibration inside PSII: indeed, at the supercomplex level, the distances (and 
timescales) covered by energy transfer are longer300–302 and the relative positions occupied 
by specific pigments appear to be designed to direct energy towards the reaction centers. 
A finely tuned architecture of the Chl network allowed by chromophore-protein 
interactions might be an evolutionary strategy adopted by plants to maintain high trapping 
rates and a certain degree of directionality while substituting the deep funnel observed in 
cyanobacteria12,303 with a shallow one304, where the energy flow can be more easily 
regulated.  
 
Conclusions 
In this work, we combined extensive spectroscopic data, structure-based exciton modeling 
and site-directed mutagenesis to investigate the energy landscape of the minor antenna of 
plants CP29 with its native chlorophyll content. This synergistic approach allowed to fully 
uncover the exciton structure of this LHC in the Qy region, which could be compared to 
that of other previously studied LHCs, such as the major LHC of plants, LHCII.  

Our data show that, as a consequence of their high structural homology, LHCII and CP29 
share many features in the energy landscape of their Chls. Both complexes have the low-
energy Chls localized on the Chl a-enriched stromal side, whereas a conserved slow 
equilibrating blue-shifted Chl a is found at the lumenal side. Most conserved Chls a and b 
also occupy similar energy levels within the exciton manifold. In addition, similar 
timescales are observed for the energy equilibration in the Qy spectral region. The only 
major difference between these two complexes is that LHCII only contains one TED, 
whereas CP29 has two isoenergetic low-energy states localized on distinct Chl a clusters. 
The importance for CP29 to have two low-energy states can be explained in light of the 
pivotal position occupied by CP29 in PSII. The presence of more low-energy chlorophylls 
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provides CP29 with an entropic advantage that can draw more excitations from peripheral 
LHCII. In addition, the two Chl a clusters carrying the low-energy states face the outer 
antenna and the core complex CP47, respectively. This allows CP29 to function as a 
“channel” that efficiently transports excitation energy from the periphery to the core of the 
photosystem. We propose that the difference in the low-energy Chls of CP29 and LHCII 
could originate from the slightly different binding pocket associated with the Chl 602-
603-609 cluster in these two complexes. The energy landscape of the Chls as well as the 
energy transfer efficiency between them in the isolated protein is very resistant to 
mutations affecting the binding sites involved in the low-energy forms. The loss of one of 
the two TEDs, however, might weaken the EET connectivity between the periphery and 
the core at the level of the PSII supercomplex.  

Our results suggest that plants have evolved a range of common features which form the 
basis for an efficient and robust light harvesting in their antennae. At the same time, the 
high tunability of their spectroscopic properties resulting from relatively small changes in 
pigment-protein interactions allows for a specific design of each LHC based on their 
position/function in the energy transport network.  
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Chl a/b Chls/Cars Car Chl Chl a Chl b 

WT 2.74 4.20 3 12.6 9.2 3.4 

KO612 2.66 3.41 3 10.2 7.4 2.8 

KO603 2.40 3.84 3 11.5 8.1 3.4 

 
Table S1. Pigment content of CP29 WT, KO612 and KO603. N=3 replicas. Standard deviations < 0.02 
for each value of the first two columns. 

 

Pigment Squared Transition Dipole Moment  (Debye2) 

Chl a 13.96 

Chl b 10.12 
 

Table S2. Chl transition dipoles. Squared modules of transition dipole moments of Chl a/b used for 
calculations of inter-chlorophyll couplings and oscillator strengths of optical transitions. 

 
  a601      a602      a603     a604     b606    b607     b608    a609     a610    a611     a612     a613      b614 

a601       
a602       
a603      
a604      
b606     
b607      
b608     
a609      
a610     
a611      
a612      
a613       
b614 

    0       39.38      -9.58    -2.57    -1.99    -2.81      2.13      4.48      -1.09   38.02    -4.57    -5.29        6.76 
39.38        0        32.71      6.21     5.22      6.35    -6.47   -22.05   -10.47     2.78    12.38    -4.93        1.53 
-9.58     32.71        0        -2.73    -7.66      2.09     5.84   104.37    11.52    -2.17      0.23      1.61      -4.99 
-2.57       6.21     -2.73       0        95.65   34.78    -1.89     -7.07     -4.36    -2.81      1.47      1.32       -2.55 
-1.99       5.22     -7.66    95.65       0       54.43    -2.61      4.03     -3.37    -2.13       2.05      1.19      -1.63 
 -2.81      6.35       2.09   34.78    54.43       0       -3.63   -11.05     -0.19    -2.53       2.72      1.92      -2.46 
  2.13     -6.47       5.84    -1.89    -2.61    -3.63       0        44.35    56.14      4.02     -1.04     -1.96       1.14 
  4.48   -22.05  104.37    -7.07      4.03  -11.05   44.35        0          4.45      4.69     -2.87     -3.26       2.29 
-1.09   -10.47     11.52    -4.36    -3.37    -0.19   56.14      4.45        0       -26.73    24.80       7.09      -1.60 
38.02      2.78      -2.17    -2.81    -2.13    -2.53    4.02       4.69   -26.73       0       126.36     -7.20       2.71 
 -4.57    12.38       0.23     1.47      2.05     2.72   -1.04     -2.87     24.80  126.36       0           2.38      -0.63 
-5.29     -4.93       1.61     1.32       1.19     1.92   -1.96     -3.26       7.09     -7.20      2.38       0        -49.28 
  6.76      1.53     -4.99    -2.55     -1.63    -2.46    1.14       2.29     -1.60       2.71     -0.63   -49.28         0 

 
Table S3. Chl couplings. Interaction energies (cm-1) for the CP29 complex, calculated in the dipole-dipole 
approximation using the structural data38. The effective dipole strengths for Chl a and Chl b are taken to be 
13.96 and 10.12 Debye2, respectively (based on the values used in our previous modeling of the plant 
complexes LHCII275,283 and Lhca4294. Couplings stronger than 30 cm-1 are in bold.  

 



Design principles of solar light harvesting in plants: 
functional architecture of the monomeric antenna CP29 
 

64 
 

𝜔� (cm-1) 𝑆� 𝜔�(cm-1) 𝑆� 𝜔�(cm-1) 𝑆� 𝜔�(cm-1) 𝑆� 

97 0.019168 604 0.001552 1143 0.032752 1354 0.004608 

138 0.023048 700 0.001576 1181 0.014072 1382 0.005336 

213 0.024016 722 0.003152 1190 0.005336 1439 0.005336 

260 0.021352 742 0.031536 1208 0.0148 1487 0.006304 

298 0.021352 752 0.020624 1216 0.014072 1524 0.005088 

342 0.04828 795 0.00388 1235 0.005576 1537 0.017464 

388 0.019896 916 0.016984 1252 0.005088 1553 0.007272 

425 0.011888 986 0.008248 1260 0.005088 1573 0.003632 

518 0.031536 995 0.018192 1286 0.003632 1580 0.003632 

546 0.002152 1052 0.009704 1304 0.004608 1612 0.003632 

573 0.006792 1069 0.005088 1322 0.024256 1645 0.002904 

585 0.002424 1110 0.008976 1338 0.003152 1673 0.000776 

 

Table S4. Chl spectral density. Frequencies 𝜔� and Huang-Rhys factors 𝑆� for the nuclear modes of the 
exciton-phonon spectral density of Chl a (∑𝑆� = 0.56). Values are taken from our previous work on 
LHCII295 but each Huang-Rhys factor has been multiplied by a factor of 0.8 ((∑𝑆� = 0.70 in the previous 
work) to match the experimental fluorescence spectrum of CP29 at RT. 
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Figure S1. Transient absorption experiments on CP29 WT. Overlay of the measured (thin solid line) 
and globally fitted (thick dashed line) Transient Absorption (TA) traces at selected wavelengths (indicated 
in the legends in nm) upon 642-, 652-, 662- and 672-nm excitation of CP29 WT. The timescale is linear 
until 1 ps and logarithmic thereafter. Please note that, for all traces, the time zero (i.e. the location of the 
maximum of the IRF) is corrected for time-zero dispersion.  
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Figure S2. Transient absorption experiments on CP29 WT. The complete set of DADS from TA data of 
CP29 WT upon 642-, 652-, 662- and 672-nm excitation. For each experiment, DADS are normalized to the 
maximum ΔOD. For comparison, Figure 3 in the main text only shows the energy transfer components 
(black, red and blue for 642-nm and 652-nm excitation, only black and red for the 662-nm and 672-nm 
excitation). The two decay components (40-50 ps and 2-3 ns) both have minima around 681 nm and very 
similar shape. 

620 640 660 680 700

-0.9

-0.6

-0.3

0.0

0.3

D
AD

S 
(a

.u
.)

l (nm)

 150 fs (fixed)
 990 fs
 4.2 ps
 40 ps
 1.8 ns

642 nm

620 640 660 680 700

-0.9

-0.6

-0.3

0.0

0.3

D
AD

S 
(a

.u
.)

l (nm)

 150 fs (fixed)
 1.2 ps 
 5.0 ps
 45 ps
 2.4 ns

652 nm

620 640 660 680 700

-0.9

-0.6

-0.3

0.0

 190 fs
 2.0 ps
 48 ps
 2.7 ns

D
AD

S 
(a

.u
.)

l (nm)

662 nm

620 640 660 680 700

-0.9

-0.6

-0.3

0.0

0.3

D
AD

S 
(a

.u
.)

l (nm)

 150 fs (fixed)
 2.4 ps
 46 ps
 1.9 ns

672 nm



 Chapter 2 – Supplementary Information 
 

67 
 

 
Figure S3. Transient absorption experiments on CP29 WT. The complete set of EADS from TA data of 
CP29 WT upon 642-, 652-, 662- and 672-nm excitation.  
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Figure S4. Transient absorption experiments on CP29 KO612. The complete set of DADS from TA 
data of CP29 KO612 after 642-, 652-, 662- and 672-nm excitation. For each experiment, DADS are 
normalized to the maximum ΔOD. For comparison, Figures 4 and S8 only show the energy transfer 
components (black, red and blue for 642-nm and 652-nm excitation, only black and red for the 662-nm and 
672-nm excitation). The long-lived decay component (2-3 ns) has a minimum around 681 nm. 
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Figure S5. Transient absorption experiments on CP29 KO612. The complete set of EADS from TA 
data of CP29 KO612 upon 642-, 652-, 662- and 672-nm excitation.  
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Figure S6. Transient absorption experiments on CP29 KO603. The complete set of DADS from TA 
data of CP29 KO603 after 642-, 652-, 662- and 672-nm excitation. For each experiment, DADS are 
normalized to the maximum ΔOD. For comparison, Figures 4 and S8 only show the energy transfer 
components (red and blue for 642-nm excitation, black, red and blue for 652-nm excitation and only black 
and red for the 662-nm and 672-nm excitation). The two decay components (40-80 ps and 2-3 ns) both 
have minima around 681 nm and very similar shape. 
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Figure S7. Transient absorption experiments on CP29 KO603. The complete set of EADS from TA 
data of CP29 KO603 upon 642-, 652-, 662- and 672-nm excitation.  
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Figure S8. Transient absorption experiments on CP29 WT and mutants. Overlay of the DADS for 
EET kinetics in CP29 WT (black)/KO612 (red)/KO603 (blue) after 662-nm (A,B) and 672-nm (C,D) 
excitation. DADS are normalized to the maximum ΔOD for a better comparison between different samples. 
All DADS shown here (and representing EET processes) are selected from those shown in Figures S3, S5, 
and S7.  

 

  
 a601      a602      a603     a604     b606    b607     b608    a609     a610    a611     a612     a613      b614 

E1 15094   15142   15064   15375   16051   15594   15966   15047   15076   15090   15029   15154   15830 

E2 15207   15081   15051   15275   16081   15658   15961   15029   15080   15031   15164   15206   15927 

E3 15219   15021   15016   15333   16119   15706   16023   15069   15075   15019   15104   15102   15973 

E4 15171   15063   15039   15279   16168   15688   15892   15026   15117   15094   15027   15130   15946 

E5 15092   15048   15076   15259   16123   15788   15952   15016   15116   15041   15019   15213   15838 

E6 15071   15053   15204   15385   16048   15713   16030   15029   15089   15021   15039   15135   15828 

 
Table S5. Site energies of the CP29 complex. The energies (in cm-1) correspond to the pure electronic 
transitions without including a reorganization shift. Several plausible sets of the site energies emerging 
from the evolutionary-based search are denoted as E1-E6. The site energies related to model E3, which 
gave the best overall fitting quality, are highlighted in bold.  
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Figure S9. Modeling of the spectroscopic data. The fit of steady-state spectra for the KO612 mutant 
(model E3) upon removal of Chls a611-a612-b614. For the OD spectrum, the total dipole strength in the 
Chl b region is better reproduced compared to the model shown in Figure 5. The LD spectrum is only 
slightly affected by Chl b614 removal, whereas fluorescence is unchanged. 

 

 
Figure S10. Modeling of the spectroscopic data. The fit for the KO603 mutant (based on the E3 model) 
with 450 cm-1 blue-shifting of Chl a609. Notice that blue-shifting of Chl a609 gives better LD, but there is 
extra dipole strength around the 640-nm OD band. 

 

 
k 1          2           3           4           5           6            7          8           9           10         11         12         13 

ZPL 680.8    678.9    677.7    675.9    674.4    670.9    669.4    667.6    665.9    657.4    646.6    643.4    638.2 

DS 20.29    20.35    20.41    20.98    13.80     9.08      6.57     6.83      4.80       8.04      9.85      9.33    15.74 

 
Table S6. Properties of the Chl exciton levels in CP29. Average ZPL positions (nm) and average dipole 
strengths (DS) (Debye2) for the exciton levels k = 1-13 (numbered in increasing order of energies) of the 
CP29 complex. The data correspond to the E3 model; the monomeric dipole strength is 13.96 and 10.12 D2 

for Chls a and b, respectively.  
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Text S1. Definition of the density of exciton states Dk and of the distribution of 
pigment participations Dn. In the presence of disorder, the contributions of the pigments 
to the exciton states can be evaluated by calculating the density of exciton states Dk (the 
index k = 1-13 runs over the exciton states) and the distribution of the pigment 
participations Dn (the index n refers to Chls 601-604 and 606-614)294,298: 

𝐷�(𝐸) = ⟨𝛿(𝐸 − 𝐸��� )⟩ 

𝐷�(𝐸) = ⟨ { (𝑐��)$
��������

�

𝛿@𝐸 − 𝐸��� B⟩ 

where 𝐸���  is the zero-phonon energy of the kth exciton state, 𝑐�� is the participation 
coefficient of the nth pigment in the kth exciton and the ⟨⟩ brackets indicate an average 
over the different realizations of static disorder.  
 

 
Figure S11. Comparison between LHCII and CP29. Overlay of the absorption spectra of 
CP29 and LHCII in the Qy region. Spectra have been normalized to their area in the region > 
600 nm (left) and to their peak maximum (right). 
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