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spectral properties, excitation energy transfer and 
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ABSTRACT 
Photosystem (PS) I is one of the two multi-protein complexes that harvest sunlight to 
perform charge separation and transport electrons across the photosynthetic membranes. 
PSI is made of two moieties, the core and the peripheral antennae. Among the hundreds of 
pigments associated with PSI, the majority are chlorophylls (Chls) a, but their spectral 
properties vary due to the presence of the protein and of neighboring pigments. In 
particular, some of these Chls a (called red forms) absorb at lower energy compared to the 
other (“bulk”) chlorophylls present in the complex. The red forms have been well 
characterized in cyanobacteria and higher plants, where they have been shown to slow 
down the excitation energy transfer (EET) and trapping kinetics of PSI. On the contrary, the 
decay kinetics and the presence of red form in the PSI core of the green alga 
Chlamydomonas reinhardtii are still a matter of debate. The reason arises from the difficulty 
to disentangle the kinetics of the two PSs in cells, and to purify PSI core to homogeneity for 
in vitro analysis. To overcome these problems, we have used a C. reinhardtii mutant that 
lacks PSII and Chl b, for in vivo studies and for the purification of the complex. We show that 
red forms absorbing at 701.2 nm are present in the core and influence its EET and trapping 
kinetics. These red forms constitute a pool of Chls that are energetically well distinguishable 
from the bulk Chls and from the red forms present in the peripheral antenna. A possible 
location of the red forms in the core is discussed.  
 

INTRODUCTION 
Oxygenic photosynthesis relies on four major trans-membrane pigment-protein 

complexes that transport electrons and pump protons across the thylakoid membrane. The 
photosynthetic machinery produces reducing power (NADPH) and chemical energy (ATP) for 
the Calvin-Benson cycle where CO2 is reduced to carbohydrates. Light harvesting and charge 
separation are assured by two of these four major complexes, photosystems (PS) PSI and 
PSII. Most of the subunits of the Photosystems are highly conserved among eukaryotic 
organisms and cyanobacteria and constitute the core complex, while the outer antenna 
subunits have evolved differently (40). Both core and outer antennae bind chlorophylls 
(Chls) and carotenoids (Cars) that increase the absorption cross section of the reaction 
center (RC) where charge separation occurs. The core antenna only binds Chls a while the 
peripheral antenna binds other types of Chl. In higher plants and green algae the peripheral 
antenna is composed of trans-membrane proteins called Light Harvesting Complexes (LHC) 
that also contain Chl b. The subunits associated with PSI are called Lhca (or LHCI) and those 
principally associated with PSII Lhcb (or LHCII). The light harvesting capacity of the PSs can 
vary between organisms depending on the number of LHCs associated with the cores. In 



  PSI core of Chlamydomonas reinhardtii 
 

95 
 

particular, four Lhcas are present in the PSI-LHCI of higher plants (28) and nine in the PSI-
LHCI of the green alga Chlamydomonas reinhardtii (48).  

Excitation energy transfer (EET) and trapping kinetics in PSI-LHCI were shown to 
depend not only on the size of the antenna but also on its composition (90, 114, 163, 184). 
PSI is enriched in the so-called “red forms”, which are Chls a that absorb at energy lower 
than the RC, or more generally, than the bulk Chls a and that are characterized by a broad 
absorption spectrum and a large Stokes shift (63, 74-77, 80, 82, 86). Red forms can be 
located either in the core and/or in the peripheral antennae depending on the organism and 
they strongly influence the trapping kinetics. The average decay time changes from ~14 ps in 
the PSI of a cyanobacterium without red forms (115) to ~40 ps in the PSI of Arthrospira 
platensis, a cyanobacterium that contains the most red-shifted absorption forms observed 
so far (90). When located far from the RC, the red forms act as competing local traps from 
which the excitation energy is released back to the bulk after thermal activation (161, 201-
205). It was shown that the red forms located in the Lhcas introduce a diffusion-limited step 
in the EET and trapping kinetics in higher plants like Arabidopsis thaliana (114, 116, 117) and 
to a smaller extent in C. reinhardtii (184, 189), where the “red” Lhcas are higher in energy 
than in higher plants (63, 197).  

The role and the presence of the red forms in eukaryotic PSI core have been debated 
for long. In C. reinhardtii, the PSI RC was reported to absorb at ~697 nm (100, 103, 118, 119) 
and no Chls absorbing above 700 nm were detected (100, 101). However, the maximum of 
the 77K fluorescence emission of C. reinhardtii PSI core peaks at 720 nm (99), suggesting the 
presence of red forms in this complex.  

In previous works, the decay kinetics of the isolated PSI core in C. reinhardtii was 
described with two major components of ~8 ps and ~22 ps lifetimes while a minor 
component of ~100 ps containing red-shifted emission was considered to be due to 
impurities and discarded (104, 164, 206). To answer the question whether PSI core contains 
red forms it is thus necessary to study a stable and pure preparation of the complex. 
However, the purification of the PSI core from WT C. reinhardtii cells is difficult as the core 
co-migrates with some Lhcas (48, 104). To overcome this problem, a mutant of C. reinhardtii 
lacking PSII and in principle Lhcs (CC 2696) was used in previous studies on PSI core (100-
105, 118, 164, 206-211). Nevertheless, remaining Lhcs were present in this mutant 
complicating the analysis of the PSI core kinetics (104, 164, 206). Here we have 
characterized PSI core isolated from a different mutant, lacking PSII and Chl b (CC 2754), 
whose in vivo decay was dominated by PSI kinetics (156, 212, 213). We studied EET and 
trapping kinetics of PSI core by time-resolved fluorescence, in vivo and upon isolation, and 
we analyzed the data by target analysis. We observe that a red Chl pool is present in the PSI 



Chapter 5 

96 
 

core of C. reinhardtii and absorbs at 701.2 nm. These red forms slow down the EET and 
trapping kinetics of the core even though less than observed in other organisms. We also 
show that the red forms of PSI core are in faster equilibrium with the bulk Chls than the red 
forms present in the Lhcas.  
 

MATERIALS AND METHODS 
Strains and growing conditions - The strain CC 2754 (Fl 39 Pg28) is a PSII/Chlb-less mutant 
obtained after UV irradiation of CC 2753 (Fl 39, (182)). CC 2754 is a non-photosynthetic 
mutant as it does not have PSII activity. It lacks part of the Lhcas and does not produce Chl b 
(156, 212, 213). Cells of CC 2754 were grown in liquid Tris-Acetate-Phosphate (TAP) medium 
(214) at room temperature (25°C) on an incubator shaker (Orbitron, INFORS HT) at 140 rpm 
in the dark. Cells of CC 4402 (WT (215)) and CC 2696 (previously called A4d (207, 216)) were 
grown in similar conditions but under continuous normal light (50 umol photons PAR m-2.s-1, 
Sylvania GROLUX T8 F15W-GRO). 
 
Sample preparations - 

Thylakoid preparation from CC 2754 - The cells were harvested by centrifugation 
(3500 rpm Rotor JA-10, 5 min, 20°C) of six liters of culture (5.1 107 cells/mL). Thylakoid 
membranes were prepared as described in (217), with the modifications reported in (48) 
and additional modifications. In short, cells were disrupted by sonication (52 Watt in 15 
cycles of 10s ON/30s OFF, Vibracell VCX130 6mm probe, Sonics) in 80 mL with stirring and 
centrifuged (10000 rpm Rotor JA-10, 25 mins, 4°C). Thylakoids were loaded on a 
discontinuous sucrose gradient (thylakoids in 9mL of 1.8M sucrose +5 mM Hepes+10 mM 
EDTA (H3)/ 3mL of 1.3M sucrose+5mM Hepes+10mM EDTA (H4)/ 3mL of 0.5M 
sucrose+5mM Hepes (H5)) and separated by centrifugation (24000 rpm Rotor JA-25.15, 1 h, 
4°C). Two bands were collected: the upper band between H4 and H5 and the lower band 
between H3 and H4. Thylakoids were stored at -80°C.  

Thylakoid solubilization from CC 2754 – Isolated core complexes were prepared as in 
(86) and (48) with some modifications. Thylakoids were washed three times with 20 mM 
Hepes (pH7.5), unstacked in 20 mM Hepes with 5 mM EDTA and finally washed with 20 mM 
Hepes. Thylakoid were pelleted then resuspended in 20 mM Hepes (pH 7.5) to a final 
concentration of 0.3 mg chlorophyll /ml, 0.5% Zwittergent 3-16 and 1% n-dodecyl- β-D-
maltoside (DM). Samples were vortexed for few seconds and then centrifuged (14000 rpm 
Sigma 1-15k, 5 mins, 4°C) to remove unsolubilized material. Supernatant was loaded on a 
sucrose density gradient (prepared by freezing and thawing 0.5 M sucrose, 20 mM Hepes 
(pH 7.5), 0.03% α-DM buffer). The complexes present in the membrane were separated by 
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ultracentrifugation (41000 rpm Rotor SW41 14h, 4°C). The green bands visible in the sucrose 
gradient were harvested with a syringe.  

PSI-LHCI were prepared as in (48), PSII-LHCII and native Lhcb monomers as in (65) 
and PSI core of A. thaliana as in (107). 
 
SDS-PAGE analysis - Proteins were analyzed by SDS-PAGE with Tris-Tricine buffer system 
(218) at 14.5% acrylamide concentration. The amount of samples loaded into each well was 
1 µg (in Chls). The Coomassie stained gel was imaged with a ImageQuant LAS-4000 (GE 
Healthcare). 
 
Western blot analysis - Protein extraction and immunoblot analysis were performed as 
described previously (219).  
 
Spectroscopic measurements - 

Steady state measurements - Absorption and fluorescence were measured on a 
Varian Cary 4000 UV-Vis spectrophotometer and a Fluorolog spectrofluorimeter (Jobin Yvon 
Horiba) respectively at room temperature (RT) and 77K. The cells absorption was measured 
with the Varian 900 external Diffuse Reflectance Accessory. For 77K measurements, samples 
were in 65% glycerol. For fluorescence measurement, samples were diluted in order to 
avoid self-absorption. The Circular-Dichroism (CD) spectra were measured using a Chirascan-
Plus CD Spectrometer at 10°C. 

Time-resolved fluorescence measurements on the streak camera set-up – Picosecond-
time-resolved fluorescence measurements were performed with a streak camera setup as 
previously described (90, 148, 184). The samples were measured upon 400 nm excitation at 
RT for the cells and 15°C for the isolated particles. The repetition rate was set at 150 kHz, 
the pulse energy was 0.5 nJ (0.12 mol photons/m2/s) for the cells and 1.5 nJ (0.38 mol 
photons/m2/s) for the isolated particles. The samples were stirred in all cases. A power 
study confirmed the absence of annihilation in the measuring conditions. The fluorescence 
was detected from 590 nm to 860 nm in two different time ranges (TR): from 0 to 155 ps 
(TR1 temporal response 5-6 ps) and from 0 to 890 ps (TR3 temporal response 12 ps). Sample 
OD was low enough to avoid self-absorption during the time-resolved measurements: the 
maximum OD in the Qy were 0.39 cm-1 for the cells (measured with the integrating sphere), 
1.2 cm-1 for lb4 and 0.28 cm-1 for ub5. The datasets consist of sequences of images : for the 
cells, 100 images of 1 min at TR3 were acquired; for lb4, 40 images of 2 mins at TR1 and 60 
images of 30 s at TR3; and for ub5, 23 images of 5 mins at TR1 and 40 images of 90 s at TR3. 
These sequences were corrected and treated in HPD-TA 8.4.0 (Hamamatsu) as in (184). 
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Data analysis of time-resolved measurements - 
Sequential analysis - The corrected datasets were globally analyzed with a sequential 

model (148, 167, 168) in Glotaran 1.3 (166). The instrument response function (IRF) was 
modeled with a simple Gaussian. From the sequential analysis, the Evolution Associated 
Spectra (EAS) were fitted and the Decay Associated Spectra (DAS) calculated from them. 
During the sequential analysis of the isolated particles, the streak camera datasets of TR1 
were simultaneously fitted to link the two first lifetimes. The average decay time τav is 
calculated from the area under the DAS (see (184) for details) and characterizes the time 
until charge separation occurs. Only the components attributed to the PSI-related DAS are 
used in the calculation. 

Target analysis of the streak camera measurements - Datasets from PSI core (fraction 
ub5) together with datasets from PSI-LHCI (previously analyzed in (184)) were 
simultaneously analyzed by a target fit (148, 169). Two TRs were used for each sample: TR1 
and TR3 (see above for the temporal resolution) for ub5 and TR1 and TR4 (from 0 to 1500 
ps, temporal response 18 ps) for PSI-LHCI. The instrument response function (IRF) 
parameters were fixed as obtained from the sequential analysis. Datasets from ub5 were 
chosen for the target analysis since this preparation was the most devoid of disconnected 
species (see Results).  

The kinetic model, described in Scheme 1, contains four compartments: (i) two 
compartments common to both datasets and therefore corresponding to Core-related 
compartments and (ii) two compartments only used for PSI-LHCI datasets and 
corresponding to Lhcas-related compartments as they represent the structural difference 
between PSI core and PSI-LHCI. The trapping occurs from one compartment of the core 
made of bulk Chls (called Bulk Core). 

Additionally, the model contains one functionally disconnected compartment (of 
different type in the different preparations) representing disconnected species with a small 
population (between 2.9% and 3.7%) and ns-lifetimes.  
The following constraints were used during the fitting:  

-The intrinsic decay rate of the PSI-related compartments was fixed to (1.9 ns)-1, as 
measured on the reconstituted Lhca monomers (Chapter 4). 

-Since Red Core represents red species, its Species Associated Spectrum (SAS) was set 
to zero below 675 nm. 

-The PSI-related compartments were initially populated as in Table 1. Excitation was 
constrained to be equally shared between the core and the Lhcas (see Results Figure 5B 
inset). Red Core was initially populated as the reddest pool identified from the 77K 
absorption (see Results Figure 6C).  
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  Bulk Core Red Core Bulk Lhcas Red Lhcas 
ub5 96.8% (f) 3.2% (f) - - 
PSI-LHCI 48.4% (f) 1.6% (f) 36% 14% 

Table 1: Relative initial populations of the PSI-related compartments of the kinetic model shown in Scheme 1. 
Inputs on the compartments were fixed (f) and the others estimated. 

 
Using these constraints and assuming equal oscillator strength for each compartment 

species (equal area under the SAS (171)), the SAS and the rate constants (uncertainties 
ranging from 0.2% to 22%) were fitted by means of a non-negative least-squares variable 
projection algorithm (167, 168, 170) as well as the free-energy differences between 
compartments and the initial population on Lhcas-related compartments (uncertainties of 
4%).  

The average decay time was calculated from the amplitude matrices as the product 
of the overall amplitude of the trapping (last column of Table 3) with the corresponding 
lifetimes.  
 
Excitonic interaction calculation - Interactions between excitonically coupled Chls were 
calculated to have a first approximation of their lowest exciton state. We consider the 
simple case of isoenergetic Chls (e.g. site energy at 680 nm=14706 cm-1) with similar 
transition dipole strength d=μ² (21 Debye² in vacuum (9)). We use the dipole-dipole 
approximation to describe their interaction. The coupling strength of a Chl pair is thus 

written as V=C 5.04. κ.d
R3   (in cm-1 (15, 220)) with κ the orientation factor  

κ=µa���⃗  � .µb����⃗  � - 3 �µa���⃗  � .R��⃗  � � �µb����⃗  � .R��⃗  � � that describes the organization of monomer a and monomer b. 

Their centers are relatively positioned according to 𝑅�⃗  and C is a correction factor that 
considers the permittivity of the medium. We take C equals to 1 here as if the Chls were in 
vacuum. The exciton states were calculated in different species and compared. The 
orientations and distances were taken from the crystal structures of S. elongatus (PDB 1JB0 
(24)), of higher plants (PDB 4XK8 (5)) and of Synechosystis PCC 6803 (PDB 4KT0 (30)). The 
interaction matrices (Table S1) were diagonalized with Matlab (MathWorks R2014b 64-bit, 
MATLAB). 
 
RESULTS 
PSI-only mutants: Steady state and time-resolved spectroscopy on cells 

The spectroscopic properties of C. reinhardtii mutant CC 2754 and mutant CC 2696, 
which are expected to contain only PSI core, were analyzed. The RT absorption spectrum of 
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CC 2754 cells does not show any shoulder around 650 nm (Figure 1A) in agreement with the 
absence of Chls b in this strain (212). On the contrary Chl b absorption is clearly visible in the 
WT spectrum as well as in the spectrum of the CC 2696 cells although it is less pronounced 
than in the WT cells (Figure 1A). This indicates that the CC2696 mutant has a reduced 
peripheral antenna size compared to the WT but that some Lhcs are still present in the cells 
(216). The reddest Qy absorption of the CC 2754 cells in all the strains (Qy maximum at 680.5 
nm instead of 678 nm and larger far-red absorption, Figure 1B), indicates a relatively higher 
amount of PSI in this mutant. Based on these results the CC 2754 mutant was selected for 
further analysis. The emission spectrum of the CC2754 cells has its maximum at 715 nm at 
77K indicating that it originates mainly from PSI (Figure 1C). However, a shoulder around 
684 nm (Figure 1C) suggests the presence of a small amount of non-PSI Chls.  
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Figure 1: A) Absorption spectra at room temperature (RT) of the cells CC 4402 (WT, black), CC 2696 (red) and CC 
2754 (blue), normalized to 1 in the Qy; B) Enlarged view of the absorption spectra shown in (A); C) steady-state 
fluorescence emission at RT and 77K of the CC 2754 cells upon 440 nm and  494 nm excitation 

 
Time-resolved fluorescence of the cells was measured with a streak camera setup 

upon 400 nm excitation and the decays analyzed globally with a sequential model (see 
Materials and Methods). From the measurements of the CC 2754 cells (Figure 2), two 
components with lifetimes of 9.3 ps and 44.3 ps (Figure 2A) and red-shifted spectra (Figure 
2B) were observed and can be attributed to PSI. The first component represents mainly a 
decay process mixed with some energy transfer as revealed by its Decay Associated 
Spectrum (DAS) whose amplitude equals zero above 720 nm (Figure 2A). The second 
component is a pure decay component and dominates the trapping kinetics. The average 
decay time of PSI (calculated from the area under the PSI-related DAS, see Materials and 
Methods) in the cells is ~30 ps for PSI (Table 2), very close to the shortest lifetime reported 
in the cells previously (213). This average decay time is longer than the PSI core lifetime of 
higher plants (21.3 ps (114)). This is unexpected, since the red forms of PSI in C. reinhardtii 
are at higher energies than those of A. thaliana PSI core and in all studied PSI core 
preparations, a direct relationship between the energy of the red forms and the trapping 
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kinetics was observed. It is thus likely that the slower PSI trapping kinetics in this mutant is 
due to the presence of some Lhcs. 
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Figure 2: DAS (A) and EAS (B, normalized to the maximum) from the sequential analysis of the time-resolved 
fluorescence of the CC 2754 cells measured between 0 and 890 ps and upon 400 nm excitation.  

 
Indeed, even though most of the Lhcs are not expected to fold without Chl b (165), 

immunoblotting analysis reveals the presence of CP29 and CP26 in the CC 2754 cells (Figure 
3A). Moreover, from the time-resolved fluorescence measurements it is observed that 
23.6% of the initial excitation (Table 2) populates two species that have their Evolution 
Associated Spectra (EAS) maxima around 680-682 nm and whose lifetimes of 268.4 ps and 
3.2 ns match well with those of monomeric Lhcbs (64). These results show that some 
antenna complexes are indeed present in this mutant, supporting the hypothesis that the 
lifetimes observed in the cell is due to the association of some of them with PSI.  

We should therefore conclude that the composition of CC 2754 thylakoid membrane 
remains complex preventing the determination of the properties of PSI core directly in the 
cell. We therefore proceed with the isolation of the PSI core.  

 
Isolated PSI core: biochemical characterization and steady state spectroscopy  

Two bands containing thylakoids were obtained and called upper (u) and lower (l) 
depending on their mobility in the discontinuous sucrose gradient. These two bands were 
solubilized, with the procedure used to isolate the PSI core from plants (86) and resulted in 
two slightly different patterns on the successive sucrose density gradient (Figure 3B) with 
the u band containing complexes with higher molecular weight.  
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Figure 3: Thylakoid isolation and solubilization. A) Immunoblotting analysis with antibodies against CP26 and CP29. 
B) sucrose density gradients showing the separation of the solubilized thylakoids from the upper (u) and lower (l) 
thylakoid bands. C) SDS-PAGE gels (strained by Comassie) showing the protein pattern of  thylakoids of WT (CC 124) 
and of the mutant CC 2754 (l thylakoids), isolated PSI-LHCI (48), PSII-LHCII and trimeric Lhcbs (65) and of the bands 
from the sucrose gradient in (B). 

 
The protein composition of the gradient bands was analyzed by SDS-PAGE (Figure 

3C). Neither LHCII nor Lhcas are present in the lb4, ub3 and ub5 bands. These fractions 
mainly contain PSI core, in agreement with the absorption spectra (Figure 4B). The extra 
bands present in the gel in the lb4, ub3 and ub5 samples are subunits of the ATP synthase 
(Figure 3C). The 77K fluorescence emission spectrum of these three fractions is dominated 
by the 715-716 nm emission, characteristic of PSI (Figure 4C). An additional band with 
maximum around 675 nm suggests the presence of free pigments in all the preparations, 
but in a smaller amount in ub5. This fraction was thus selected for the spectroscopic 
characterization. 
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Figure 4: A-B) Absorption spectra at RT of the gradients bands of the solubilized thylakoids (Figure 3C). C) 
Fluorescence emission at 77K of gradient bands containing PSI 

 
The mobility in the gradient suggests that lb4 contains PSI monomers, while ub5, 

which is lower in the gradient, corresponds to PSI core in a higher aggregation state. 
However, the absorption spectra of the two bands are virtually identical, indicating that 
these two PSI preparations only differ for the aggregation state. In the following, we will 
refer to these bands as “PSI core”. 

The spectroscopic properties of these PSI core preparations were compared to those 
of the PSI core isolated from A. thaliana (Figures 5A and C): the absorption and the circular 
dichroism spectra have similar shapes in the Qy region, while some differences are visible in 
the blue region, probably due to differences in carotenoid content.  
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Figure 5: A) Absorption at RT of C. reinhardtii (C.r.) PSI core (measured on fraction ub5) compared to A. thaliana 
(A.t.) PSI core normalized to 1 in the Qy. B) Absorption spectra from C. reinhardtii of PSI-LHCI (green) and PSI core 
(red, fraction ub5), scaled to their Chl content, and their difference (blue). Inset: percentage of absorption from the 
Lhcas in PSI-LHCI. C) Circular Dichroism (CD) of C. reinhardtii PSI core (measured only on fraction lb4 since the CD of 
ub5 fraction was impossible to measure considering its low OD) and A. thaliana PSI core, normalized to the 
minimum in the Qy. D) CD from C. reinhardtii PSI-LHCI (green) and PSI core (red, fraction lb4), scaled to the linear 

absorption in the Qy, and their difference spectrum (blue).  
 

By scaling PSI-LHCI and PSI core absorption spectra to their Chl content, their 
difference spectrum (PSI-LHCI minus PSI core in Figure 5B, blue), which should represent the 
average LHCI spectrum, can be calculated. The absorption above 694 nm is more intense in 
the core than in the LHCI spectrum, which suggests that the content of red forms in the core 
is higher than in the LHCIs. The CD difference spectrum (Figure 5D, blue) shows features 
similar to the CD of the reconstituted Lhcas (63) with the typical “- + -” signature in the Qy 
region and three negative components in the blue region (around 470, 480 and 500 nm). 
This suggests that, within each Lhcas, the main organization of the pigments and their 
excitonic interactions are preserved when they are assembled with the PSI core.  
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Red form content and decay kinetics of the PSI core fractions  
The absorption maximum of the PSI core (lb4) at 77K in the Qy region is at 677.5 nm 

(Figures 6A). The second derivative of the 77K absorption spectrum in the Chl region shows 
the presence of absorption forms at 670.5, 678, 684.5 and 699.5 nm (Figure 6B). After 
gaussian deconvolution (Figure 6C), two red components with maxima at 696.5 nm and 
701.2 nm were identified. They account for 3.6% and 3.2%, respectively, of the absorption in 
the Qy region. In the carotenoid region, a minimum is visible at 499 nm, and it should 
correspond to the β-carotenes in PSI core. 
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Figure 6: A) Absorption at 77K of PSI core (lb4); B) Second derivative of the 77K absorption spectra shown in (A), 
smoothed (over 5 points at each step) with polynomial of 1st order;  C) Gaussian analysis to extract the 
characteristics of the red forms. 

 
Time-resolved fluorescence of the PSI core fractions was measured upon 400 nm 

excitation. These decays were properly fitted by three components whose DAS are 
presented in Figure 7. The first component (with a lifetime of 6.3 ps) has a positive/negative 
signature and represents energy transfer from blue Chls a to red Chls a, although it also 
contains some decay as indicated by the non-conservative area under the DAS. The second 
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component (with a lifetime of 21.6 ps) is a pure decay component and represents the time 
during which most of the trapping occurs. The slowest component, that accounts for  3-6% 
of the initial excited states, shows blue-shifted DAS and long lifetimes (4.1-5.6 ns) and 
corresponds to a mixture of disconnected species, mostly Lhcs (lifetime of fraction lb3 is ~4 
ns) or free Chls (with a lifetime of ~6 ns (112)). 
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Figure 7: DAS from the sequential analysis of the fluorescence decays of lb4 (solid) and ub5 (dashed) measured 
between 0 and 155 ps and upon 400 nm excitation. The two first components had their lifetimes linked.  

 
The average decay times (calculated using the area under the DAS, see Materials and 

Methods) of lb4 and ub5 are 18 ps and 17.2 ps, respectively, (Table 2) very close to each 
other despite the difference in molecular weight of the samples (Figure 3), confirming that 
both preparations contain PSI core complexes only differing in their aggregation state.  
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  Cells CC2754 lb4 ub5 

 τ1 (ps) 9.3 6.3 

relative amplitude 11% 21.9% 27.6% 
 τ2 (ps) 44.3 21.6 
relative amplitude 65.4% 72.5% 69.1% 
 τ3 (ps) 268.4 - - 
relative amplitude 16.5% - - 
 τ4 (ns) 3.2 4.1 ns 5.6 ns 
relative amplitude 7.1% 5.6% 3.3% 
Average decay time τav 

(ps) of PSI complex 
30 18 17.2 

Table 2: Lifetimes obtained from the sequential analysis of the fluorescence decays of the CC 2754 cells and the 
isolated PSI cores, with their relative amplitude (i.e. An/ ∑ Ann  see Materials and Methods) and average decay time 
τav (only components attributed to PSI are considered in the calculation). The lifetimes of the two first components 
of lb4 and ub5 were linked. 

 
Decay kinetics of PSI core as a building block of PSI-LHCI 

After characterizing the isolated PSI core, its contribution to the EET and trapping 
kinetics of PSI-LHCI was analyzed. This was done by performing a simultaneous target 
analysis of the time-resolved fluorescence measurements of PSI-LHCI (184) and PSI core 
(ub5).   

The model used to fit the PSI-LHCI kinetics consists of four compartments (Scheme 
1), two related to PSI core (Red Core and Bulk Core) and two to Lhcas (Bulk Lhcas and Red 
Lhcas). Only Red Core and Bulk Core compartments were used for the target analysis of the 
PSI core datasets. The trapping occurs from Bulk Core with a rate kT = (12.85 ps)-1. Initial 
populations of each compartment (Table 1) were based on the absorption spectra (Figure 5B 
inset): in PSI-LHCI upon 400 nm excitation, Lhcas and core are equally populated. The 
population of the Red Core is calculated based on the absorption of the 701nm-pool which is 
3.2% of the core absorption (Figure 6) and 1.6% of the PSI-LHCI absorption. In addition to 
these four PSI-related compartments, two compartments (one for each sample) account for 
the small amount of disconnected species present in the preparations. 
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Scheme 1: Kinetic model for the simultaneous target analysis of PSI core and PSI-LHCI measured upon 400 nm. Red 
Core and Bulk Core compartments are similar for both particles (identical rate constants, SAS and initial population 
ratio) while Bulk Lhcas and Red Lhcas are only found in PSI-LHCI. All PSI compartments decay naturally with the 
intrinsic decay rate ki = (1.9 ns)-1, fixed (f) as measured on reconstituted Lhca monomers (Chapter 4), except for 
Bulk Core from where the trapping occurs with a rate kT. Additionally the model contains functionally disconnected 
species of different type in the different preparations. The estimated rate constants (ns-1) are indicated with the fit 
uncertainties in brackets. 

 
The Species Associated Spectra (SAS) and the DAS estimated from the target analysis 

are shown in Figure 8. The SAS of the Bulk compartments (Bulk Core and Bulk Lhcas) are very 
similar and correspond to bulk Chls a emission. Although Bulk Lhcas has a bluer maximum 
than Bulk Core (Table 4), both SAS have an equal average spectral position at 14255 (± 20) 
cm-1 (i.e. 701 ± 1 nm). Red Core has its maximum at 708 nm, more than 20 nm red-shifted as 
compared to all the other compartments (Figure 8A). Red Lhcas contains red Chls and a few 
bulk Chls in fast equilibrium with them (Figure 8A).  
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Figure 8: A) Estimated SAS of the PSI-related compartments of the kinetic model shown in Scheme 1. B) SAS of the 
disconnected species compared to the two Bulk compartments, normalized to the maximum. C-D) Estimated DAS of 
PSI core (left) and PSI-LHCI (right) from the target analysis. 

 
The disconnected species with ns-lifetimes (Figure 8C-D) are present in small amount 

(area under the DAS between 2.9% and 3.7%) and represent mostly disconnected Chls in the 
PSI core preparation and disconnected Lhcas in the PSI-LHCI preparation (mixed with very 
few free Chls (184)). Bulk compartments’ SAS are redder than the SAS of the disconnected 
species (Figure 8B). 

DAS of PSI core and PSI-LHCI (Figure 8C-D) can be interpreted with the help of the 
amplitude matrices (Table 3) which permit to follow the (de)population of each 
compartment at each lifetime. 
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Bulk Core Red Core Bulk Lhcas Red Lhcas Overall amplitude of the trapping (%) 

PSI Core 
7.6 ps 0.642 -0.265  38% 
24.4 ps 0.326 0.297 62% 

PSI-LHCI 
1.2 ps 0.155 -0.005 -0.135 0 1% 
11.9 ps 0.073 -0.131 0.127 -0.002 7% 
37.0 ps 0.233 0.143 0.329 -0.024 68% 
127.4 ps 0.022 0.009 0.034 0.170 24% 
Table 3: Amplitude matrices of PSI core and PSI-LHCI upon 400 nm excitation. 

 
For PSI core, the DAS estimated from the target analysis (Figure 8C) have very similar 

shape and lifetimes as those from the sequential analysis (Figure 7). In 7.6 ps, 41% of the 
energy in Bulk Core is transferred to Red Core (negative amplitude which corresponds to 
population of the compartment) and the rest is trapped, representing 38% of the overall 
trapping. In 24.4 ps, 62% of the trapping occurs from Bulk Core and Red Core to the same 
extent (equal positive amplitudes). For PSI-LHCI, the 1.2 ps lifetime involves energy transfer 
from red Chls a to blue Chls a related to the depopulation of Bulk Core into Bulk Lhcas (Table 
3). This lifetime is within the time resolution of the experiment (~10% uncertainties) and has 
to be interpreted carefully. In 11.9 ps, Red Core is populated by both Bulk compartments 
and the trapping starts (7% of the overall trapping, Table 3). In 37.0 ps, most of the trapping 
occurs (68%, Table 3) from the core (both Bulk Core and Red Core) and Bulk Lhcas, while Red 
Lhcas is still getting populated. Finally, 24% of the trapping occurs after a slow transfer from 
Red Lhcas (on a time scale of ~130 ps). The average decay times (calculated from the 
amplitude matrices, see Materials and Methods) are 18 ps for PSI core and 56 ps for PSI-
LHCI, in agreement with previous results (184). 

Using the free energy difference, ΔG, and the enthalpy difference, ΔH, between 
compartments, we can estimate the number of Chls in each compartment from the ΔS 
value in the detailed balance ((184) for details). From the ratio of the estimated rate 
constants, we observed the following differences in the free energy of the compartments: (i) 
Red Core is higher than Bulk Core by 25 meV; (ii) Bulk Core is higher than Bulk Lhcas by 7 
meV and (iii) Bulk Lhcas is lower than Red Lhcas by 43 meV. The enthalpy is approximated 
either as the maximum or as the average spectral position of the SAS (Table 4) to consider 
the possible heterogeneity in the compartments. In particular, the “red” compartments can 
also contain few blue Chls in fast equilibrium with the red forms. The SAS maximum in the 
“red” compartment is closer to the zero-phonon line of the blue Chls (considering Boltzman 
equilibrium at RT) while the average spectral position is closer to the zero-phonon line of the 
red forms since the vibrational band of the blue Chls contribute to the red wing of the SAS. 
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By using the two approximations, we characterize the extremes of the compartment 
enthalpy. The associated number of Chls for the compartments is actually in between the 
two numbers calculated in Table 4.  

 
 SAS Maximum 

(nm) 
Number of Chls a 

(% of Chls a) 
SAS Average Spectral Position 

in cm-1 (corresponding 
wavelength in nm) 

Number of Chls a (% of 
Chls a) 

Bulk Core 687 94 (51.3%) 14260 (701) 95 (51.7%) 
Red Core 708 4 (2.3%) 13780 (726) 3 (1.8%) 
Bulk Lhcas 685 73 (39.4%) 14250 (702) 80 (43.8%) 
Red Lhcas 686 12 (7.1%) 14030 (713) 5 (2.6%) 
sum PSI Core  98 (53.6%)  98 (53.6%) 
sum PSI-LHCI 183 (100%) 183 (100%) 

Table 4: Maxima (± 0.5 nm) and average spectral positions of the SAS of the PSI-related compartments used as 
approximation of the enthalpy in the detailed balance (see main text) in order to estimate the number of Chls a in 
each compartment. Uncertainty: (i) on the Average Spectral position has been estimated according to the SAS noise 
and ranges from 20 to 50 cm-1 (i.e. 1-3 nm); (ii) on the percentage is ±0.3%. 

 
Considering 98 Chls a in PSI core as in higher plants (5), 183 Chls a in PSI-LHCI of C. 

reinhardtii (189) and the two different approximations for the enthalpy, the number of Chls 
a in each compartment is calculated (Table 4): the Bulk compartments contain indeed most 
of the Chls a (more than 91%) and the Red compartments contain between 8 and 16 Chls. 
Red Core, which has energetically well distinct Chls (see above), contains only 3-4 Chls. 

 
Excitonic calculations were performed on the Chls that were proposed to be 

responsible for the red forms in the PSI core (Chls B31, B32 and B33 (24)). We compared the 
spatial organization of the Chls in the PSI cores of S. elongatus, Synechosystis PCC 6803 and 
higher plants, for which the crystal structures are available. Eigen values of the interaction 
matrices (Table S1) correspond to the energy levels of the exciton state. Eigen values are 
14265.6, 14740.9 and 15111.2 cm-1 for S. elongatus, 14419.8 and 14992.0 cm-1 for 
Synechosystis PCC 6803 (B33 absent) and 14324.9, 14725.8 and 15067.0 cm-1 for higher 
plants. The lowest exciton state of the Chl trimers in S. elongatus and in higher plants are 
both lower in energy than the lowest state of the Chl dimer in Synechosystis PCC 6803. This 
indicates that the presence of B33 in S. elongatus and in higher plant does not disrupt the 
interaction between B31 and B32. 
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DISCUSSION 
The analysis of C. reinhardtii mutants that were supposed to contain only PSI core, 

has shown that this is not the case. Even the CC2754 cells, that have no Chl b, still contain 
some antenna complexes that complicate the study of PSI core in vivo. To overcome this 
problem we thus purified PSI core from these cells. PSI core was isolated in monomeric and 
oligomeric forms. Both preparations showed identical absorption spectra and emission 
maxima at 715 nm at 77K. Part of the reddest emission observed in C. reinhardtii cells at 77K 
can thus safely be attributed to PSI core. Pigment organization of PSI core, as revealed by 
circular dichroism, is very similar to that of the A. thaliana complex in agreement with the 
highly conserved primary structures of the PSI core proteins of the two organisms. The 
results also indicate that the oligomerization of the PSI core does no influence the 
spectroscopic properties of the sample.  

EET and trapping kinetics of both monomeric and oligomeric cores are well described 
by ~6 ps and ~22 ps lifetimes. Both particles have a similar average decay time of ~18 ps 
upon 400 nm excitation, faster than the decay time of higher plant PSI core (21.3 ps in A. 
thaliana (114)). This is in agreement with the presence of red forms that absorb at 701.2 nm 
and are thus blue shifted compared to the red pool in the PSI core of plants (76). This 701.2 
nm pool is responsible for the 77K emission at 715 nm, having thus a Stokes shift of 13.5 nm 
(269 cm-1) and optical reorganization energy (Sν) of 135 cm-1. This Sν is close to that 
observed in C. reinhardtii “red” Lhcas (150 cm-1 in Lhca9 (63)) and smaller than that of the 
“red” Lhcas of higher plants (240 cm-1 in Lhca4, (80)), but larger than Sν of the bulk Chls a 
(15-25 cm-1 (86)) and of the “blue” Lhcas of higher plant (120 cm-1 in Lhca2 (191)). 

Given the presence of red forms in PSI core, we considered them separately from the 
RC in the kinetic model (Scheme 1). In the previous studies, PSI core kinetics was modelled 
either as trap-limited (120, 123) or diffusion-limited (90, 122, 221). Which model is correct is 
still an on-going discussion since several kinetic models can well describe the time-resolved 
data (69, 124). For instance, the “charge recombination model” of PSI core describes PSI RC 
as a shallow trap. In this model, the red emission of PSI core is ascribed to recombination of 
the first radical pair that repopulates the exciton state of the RC Chls (98, 104). This model 
discards the possible presence of red forms in eukaryotic PSI core. However, our results 
show that red forms are present in C. reinhardtii PSI core and that the kinetics is not purely 
trap-limited. The trapping occurs from the “bulk” Chls of the core with a rate of (12.6 ps)-1. 
Considering that, in this compartment, an excitation equilibrates very fast (no diffusion 
limiting step) and that there are 94-95 Chls (Table 4), the intrinsic charge separation rate kiCS 
is ~(134 fs)-1, comparable to (189 fs)-1 estimated in PSI of higher plants (trapping rate 
estimated at (18.9 ps)-1 from a “Core Bulk” compartment containing ~100 Chls a (114)).  



  PSI core of Chlamydomonas reinhardtii 
 

113 
 

In parallel to PSI core analysis, EET and trapping kinetics of PSI-LHCI was also 
modelled by performing target analysis of both PSI complexes simultaneously. The detailed 
analysis of PSI-LHCI when using the structural constraint of its core, gives access to the 
kinetics of the different PSI building blocks. The core and the Lhcas can both be modelled 
with a “bulk” compartment containing most of the Chls, and a “red” compartment 
containing mainly the reddest Chls (Scheme 1). The “bulk” compartments are almost 
isoenergetic and equilibrate very fast (~1.2 ps, Scheme 1 and Table 3), in agreement with 
previous results (184). Therefore, decays from Bulk Core and Bulk Lhcas are comparable 
(Figure 9). 
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Figure 9: Concentration profiles of PSI-related compartments in the kinetic model shown in Scheme 1. 

 
In conclusion, both core and Lhcas of PSI-LHCI in C. reinhardtii contain red forms that 

influence the EET and trapping kinetics in different ways. The “red” compartment of the 
Lhcas is more populated over time than the “red” compartment of the core (Figure 9). This 
has multiple explanations: (i) the larger number of Chls in Red Lhcas (Table 4) that also 
contains some bulk Chls in very fast equilibrium with the red forms (Figure 8A), (ii) the larger 
initial population of Red Lhcas (Table 1) and (iii) the slower equilibrium of Red Lhcas with its 
related “bulk” (Scheme 1). Indeed the equilibrium between Bulk Lhcas and Red Lhcas is 10 
times slower than the equilibrium between Bulk Core and Red Core ((1.4+7.6)-1 ≈ 
10*(68.9+25.9)-1). 

From the target analysis, we could also calculate the average decay time of a 
hypothetical PSI core without red forms (trapping time from Bulk Core compartment). The 
value obtained is 13 ps, which is very close to ~14 ps found in a cyanobacterial PSI without 
red forms (115). 
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The red forms of PSI core in different organisms 
Despite the very similar structures of PSI from various cyanobacteria (24, 30) and 

higher plants (5, 28, 29), the red forms composition and their influence on EET and trapping 
kinetics vary greatly between organisms (76, 90, 114). These variations are thus probably 
the result of local differences in the organization of some Chl clusters within the cores. In 
Synechococcus elongatus, several Chls show relative short ring-to-ring distances, and 
transition dipole orientations that can lead to strong excitonic interactions (24). In 
particular, the Chl trimer B31-B32-B33 (nomenclature from (24)), on the luminal side of PSI 
core, was proposed to be responsible for the reddest forms in S. elongatus (24), with 
absorption at 719 nm (75). In Synechosystis PCC 6803, B33 is missing because the PsaB 
luminal loop is shorter (30). Red forms in Synechosystis PCC 6803 are then expected to only 
involve Chl dimers (including the remaining dimer B31-B32) (30) with the most red pools 
absorbing at 708 nm (23, 76). In higher plants, the PsaB loop extension on the luminal side 
of PSI core is also absent (28). Nevertheless, a new Chl bound to PsaG and Lhca1 was 
recently resolved (5, 29) resulting in the formation of a stacked Chl trimer at about the same 
place as in S. elongatus (Figure 10).  
 

 
Figure 10: Luminal Chl trimer B31-B32-B33 (magenta) in Synechococcus elongatus (PDB 1JB0 (24)) and its equivalent 
in higher plants (marine): B33 is replaced with the newly resolved Chl bound to PsaG and Lhca1 (light green and 
dark blue respectively, PDB 4XK8 (5)).  

 
Despite the “restored” Chl trimer, the reddest absorption of higher plants is blue 

shifted as compared with S. elongatus possibly because of the different geometry of the Chl 
trimer in the two organisms (Figure 10). To test this possibility, simple excitonic calculations 
were performed: we considered isonergetic Chls with similar transition dipole strength with 
their interaction described by the dipole-dipole approximation. The lowest state of the Chl 
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trimers in S. elongatus and in higher plants are both lower in energy (14266 cm-1 and 14325 
cm-1 respectively, in our example that does not include displacement energy) than the 
lowest state of the Chl dimer in Synechosystis PCC 6803 (14420 cm-1). However, the reddest 
absorption of higher plant PSI core has been shown to have the maximum at 705 nm (76), 
thus at higher energy than the maxima for both Synechosystis PCC 6803 and S. elongatus. A 
difference in the Chl environment between the organisms can in principle explain this 
difference. We can speculate that in higher plants the B31-B32-(B33) cluster might still be 
responsible for the 705 nm-absorption of the isolated PSI core as, in this complex, Chl B33 
has most probably a different environment/geometry than in the PSI-LHCI structure due to 
the absence of Lhca1. This would also imply that B313-B32-B33 have a lower energy 
absorption in PSI-LHCI (Figure 1) than in the isolated core, explaining the difference in red 
form content between PSI-LHCI and the sum PSI core + LHCI observed in plants (86). 

The “restored” Chl trimer in higher plant is suggested to be crucial for the association 
of Lhca1 to the core (29). In C. reinhardtii PSI-LHCI, this position is occupied by either Lhca2 
or Lhca9 (nomenclature by (45), (48)). These two Lhcas were shown to be loosely bound to 
the core as they are easily lost upon detergent treatment (48). We speculate that in C. 
reinhardtii, the Chl trimer close to Lhca2/Lhca9 might be organized differently than in higher 
plant PSI core explaining the higher energy of the red forms in the PSI core of C. reinhardtii.  
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SUPPLEMENTARY INFORMATION 
 

Species Chls B31 B32 B33 

S.
 

el
on

ga
tu

s B31 14705.9 -302.3 -35.0 

B32 -302.3 14705.9 -295.1 

B33 -35.0 -295.1 14705.9 

Sy
ne

ch
o-

sy
st

is 
 

PC
C 

68
03

 B31 14705.9 -286.1 - 

B32 -286.1 14705.9 - 

B33 - - - 

Pe
a 

B31 14705.9 -316.9 -22.4 

B32 -316.9 14705.9 -192.4 

B33 -22.4 -192.4 14705.9 
Table S1: Interaction matrices between the Chls B31, B32 and B33 (nomenclature (24)) in different organisms. The 
site energy of Chls are represented inside the diagonal and their coupling strength outside the diagonal (in cm-1). 
See Materials and Methods for details. 
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