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2. BACKGROUND 

2.1. Fundamentals of light harvesting 

2.1.1. Photosynthetic pigments 

 

 

Figure 2.1. Chemical structure of Chl a with ring and atom numbering according to IUPAC. In Chl b, 

the methyl group (−CHO) at position C7 is replaced by a formyl group (−CHO). Chls a and b are the 

only Chl types found in plants and green algae. Other algae may contain Chl c, d, f. 
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⁺ ⁻. 

 

 

Figure 2.2. Perrin-Jablonski diagram summarizing the principal electronic and vibrational energy 

eigenstates and electronic transitions in pigments (luminophores) such as Chls and their interaction 

with molecular oxygen to form singlet oxygen. The arrows and symbols indicate internal conversion 

(with rate constant kic), fluorescence emission (kr), intersystem crossing (kics), and oxygen quenching 

(kq). Reproduced from Quaranta et al. (2012). 
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2.1.2. Excitonic interactions 

 

 

𝛹1 = 𝜙1
′𝜙2

𝛹2 = 𝜙1𝜙2
′ (2.1.1) 

𝜙 𝜙′

 

𝐻 = 𝐻1 + 𝐻2 + 𝑉 (2.1.2) 

𝑉

𝝁𝟏 𝝁𝟐 𝒓  

𝑉 = −
1

4𝜋𝜀0𝑟3
[𝝁𝟏 ∙ 𝝁𝟐 −

3(𝝁𝟏 ∙ 𝒓)(𝝁𝟐 ∙ 𝒓)

𝑟2
] , (2.1.3) 

 

𝐸𝛼 = 𝐸 ± 𝑉 (2.1.4) 
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𝛹𝛼 =
1

√2
(𝛹1 ± 𝛹2). (2.1.5) 

 

 

𝝁𝛼 =
1

√2
(𝝁1 ± 𝝁2). (2.1.6) 

 

𝛹𝛼

 

𝛹𝑚
𝛼 = ∑ 𝑐𝑚𝑛𝛹𝑛

𝑁

𝑛=1

 (2.1.7) 

𝛹𝑛

𝑐𝑚𝑛

𝑐𝑚𝑛

𝑐𝑚𝑛

𝛹𝑛 𝛹𝑚
𝛼
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2.1.3. Excitation energy transfer 

 

𝐷∗ + 𝐴 → 𝐷 + 𝐴∗ (2.1.8) 

 

Förster theory 

𝑊  

𝑊 =
𝑅0

6

𝑅0
6 + 𝑟6

, 2.1.9  

𝑅0

𝑓𝐷(𝑣)

𝑛 𝜅2

𝑣 𝑓𝐷(𝑣) 𝜀𝐴(𝑣)

 

𝑅0
6 = 𝐶𝜅2𝑛−4 ∫ 𝑓𝐷(𝑣)𝜀𝐴(𝑣)𝑣−4𝑑𝑣 2.1.10  
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•  

• 

 

• 

 

 

Excitonic energy transfer 
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2.2. Spectroscopy techniques to probe exciton states and 

dynamics 

2.2.1. Circular dichroism spectroscopy 

Excitonic CD basics 

𝑊𝑔𝑒

 

𝑊𝑔𝑒 ∝ |𝑬 ∙ 𝝁|2 ∝ |𝑬|2 ∙ |𝝁|2 ∙ cos2 𝜃 2.2.1  
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𝐷𝑔𝑒 = ⟨𝛹𝑔|𝝁̂|𝛹𝑒⟩ ∙ ⟨𝛹𝑒|𝝁̂|𝛹𝑔⟩ = |𝝁|2 = 9.18 ∙ 10−3 ∙ ∫
𝜀(𝜔)

𝜔
𝑑𝜔 2.2.2  

 

𝐴 = 𝜀𝑐𝑙 2.2.3  

 

 

CD =  𝐴L  −  𝐴R  = Δ𝐴 2.2.4  

 

𝛥𝜀 = 𝜀𝐿 − 𝜀𝑅 =
Δ𝐴

𝑐𝑙
 [M−1cm−1] 2.2.5  

 

𝑅 ∝ ∫
Δ𝜀(𝜔)

𝜔
𝑑𝜔 2.2.6  

𝒎̂ = (𝑒/2𝑚𝑐)(𝒓̂ × 𝒑̂)  

𝑅𝑔𝑒 ∝ −Im(⟨Ψg|𝝁̂|Ψ𝑒⟩ ∙ ⟨Ψ𝑒|𝒎̂|Ψ𝑔⟩) ∝ −Im(𝒎 ∙ 𝝁) 2.2.7  
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𝒓12  

CD ∝ ±𝒓12 ∙ 𝝁1 × 𝝁2 2.2.8  

±

 

 

 

Figure 2.3. Excitonic CD. a: geometry of a dimer of two identical bacteriochlorophyll molecules with 

the monomeric transition dipole moments represented by dashed yellow arrows and the excitonic 

transition dipole moments with red/blue arrows; b: CD of the exciton dimer: the two exciton tran-

sitions have CD of equal magnitude but opposite sign (blue and red), which combined produce the 

isotropic CD spectrum of the dimer (yellow); measurements on aligned molecules can, in principle, 

probe the two transitions separately. Adapted from ref. (Lindorfer and Renger, 2018). 
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Psi-type CD 

 

Anisotropic CD 
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CD𝑛 ∝ (𝒓𝟏𝟐 ⋅ 𝒏)(𝝁1 × 𝝁2) ⋅ 𝒏 + ((𝑄1
′ ⋅ 𝒏) × 𝝁2) ⋅ 𝒏 2.2.9  

𝑄1
′
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CD =
1

3
(ACDface + 2ACDedge) 2.2.10  

 

UV-ACD 

dc_1987_22

Powered by TCPDF (www.tcpdf.org)



2. BACKGROUND 

21 

α

 

2.2.2. Two-dimensional electronic spectroscopy 

Principles of 2DES 

 

𝑆(𝜔𝜏 , 𝑇𝑤 , 𝜔𝑡)

𝜔𝜏 𝜔𝑡 𝑇𝑤

𝑇𝑤

𝑆TA(𝑇𝑤 , 𝜔𝑡) 𝜔𝑡
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Figure 2.4. Scheme of pump-probe transient absorption spectroscopy. The output from an ultra-

short-pulse laser is split into two beams, pump and probe. The probe pulse trains are delayed, and 

the two beams are focused on the sample at different incident angles. The transmitted probe beam 

is detected by a wavelength-sensitive detector. 

𝜔𝜏

 

 

 

 
  

   

 
 

dc_1987_22

Powered by TCPDF (www.tcpdf.org)



2. BACKGROUND 

23 

 

Figure 2.5. Schematic illustration of the 2D spectrum of two coupled electronic transitions. Diagonal 

peaks appear at the absorption frequencies of the two transitions and cross-peaks reflect their 

coupling. The cross-peak at excitation frequency a and detection frequency b reflects the population 

of electronic energy level b upon initial excitation of the level a. 

𝑆(𝜔𝜏 , 𝑇𝑤 , 𝜔𝑡) 

𝑆TA(𝑇𝑤 , 𝜔𝑡)

 

Time-domain Fourier-transform 2DES 
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Figure 2.6. Pulse sequence in 2DES — two ‘pump’ pulses at defined coherence time  and phase 

followed by a third pulse (‘probe’) after waiting time Tw. 

𝑃(𝑡)

 

𝑃(𝑡) =  𝜀0 ∙ 𝜒 ∙ 𝐸(𝑡) (2.2.11) 

𝜒

 

𝑃(𝑡) = 𝜀0(𝑃(1)(𝑡) + 𝑃(2)(𝑡) + 𝑃(3)(𝑡) + ⋯ ), (2.2.12) 

 

𝑃(𝑛)(𝑡) = 𝜒(𝑛) ∙ 𝐸𝑛(𝑡) (2.2.13) 

𝜇̂  

𝑃(𝑡) = 〈𝜇〉 = ⟨𝛹(𝑡)|𝜇̂|𝛹(𝑡)⟩ (2.2.14) 

 

𝑃(3)(𝑡) = ∫ 𝑑𝑡3 ∫ 𝑑𝑡2 ∫ 𝑑𝑡1𝐸3(𝑡 − 𝑡3)𝐸2(𝑡 − 𝑡3 − 𝑡2)𝐸1(𝑡 − 𝑡3 − 𝑡2 − 𝑡1)𝑅(3)(𝑡3, 𝑡2, 𝑡1)

∞

0

∞

0

∞

0

(2.2.15) 

𝜇̂  

𝑃(𝑡) = 〈𝜇〉 = ⟨𝛹(𝑡)|𝜇̂|𝛹(𝑡)⟩ (2.2.16) 
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𝜒(3)(𝜔1, 𝜔2, 𝜔3) = ∫ 𝑑𝑡1 ∫ 𝑑𝑡2 ∫ 𝑑𝑡3𝑅(3)(𝑡3, 𝑡2, 𝑡1)𝑒𝑖(𝜔1𝑡1+𝜔2𝑡2+𝜔3𝑡3)

∞

−∞

∞

−∞

∞

−∞

(2.2.17) 

 

𝜑12 = 𝜑2 − 𝜑1

𝑆(𝜑12; 𝜏, 𝑇𝑤 , 𝜔𝑡) 𝑆(𝜑12; 𝜏, 𝑇𝑤 , 𝜔𝑡) 

𝜑12 = 0°, 180°  
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2.3. Photosynthetic pigment–protein complexes 

2.3.1. Photosystem II 

 

→  
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Figure 2.7. Structure of the PSII–LHCII supercomplex (top and side views). A. Protein subunits: core 

complex subunits in yellow and red, oxygen-evolving complex in purple, monomeric LHCII in green, 

trimeric LHCII in blue. B. Pigment cofactors: Chl b in blue, Chl a in green, Cars in yellow, RC cofactors 

in red. Images created in Discovery Studio from PDB ID 5XNL. 
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Figure 2.8. Structural arrangement of the cofactors involved in the primary reactions of PSII and 

pathway of electron transfer (Umena et al., 2011). Created in Discovery studio using PDB ID 3WU2. 

⁺

 

2.3.2. Light-harvesting complex II 

 

Mn4CaO5

YZ YD
PD1 PD2

ChlD1 ChlD2ChlZ (D1)

ChlZ (D2)

PheoD1 PheoD2

QA QB

Fe

Cyt b559
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Structure of plant LHCII 

 

 

Figure 2.9. Schematic structure of the LHCII monomer – the positions of the Mg and N atoms of the 

14 Chls are indicated in colour and the apoprotein in white. Similar colours indicate groups consisting 

of Chls a or b at Mg–Mg distances less than 12  (including an inter-monomeric 601–608 pair). 

Created in Discovery Studio from PDB ID 1RWT (Liu et al., 2004). 

′
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Energy transfer dynamics in LHCII 
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Exciton models of LHCII 
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2.3.3. Photosystem I 

 

Structural organization 
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Figure 2.10. Structure of plant PSI–LHCI supercomplex. Left: the stromal side view, highlighting the 

two main moieties of PSI–LHCI complex — the core complex containing the RC and the attached 

peripheral antenna complexes, LHCI. The Chls (without the phytol chain for clarity) are coloured 

green in the core antenna, blue in the LHCI and red in the RC and Cars in yellow; Right: Structural 

arrangement of the electron transfer chain cofactors and electron transfer pathways in the RC. The 

figure was created based on PDB entry 5L8R (Mazor et al., 2015).  
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Red chlorophylls in PSI 

 

 

 

Energy transfer dynamics in PSI 
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2.4. Macroorganization and flexibility of the thylakoid 

membrane 

2.4.1. Architecture of the thylakoid membrane 
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Figure 2.11. Organization of the granal TM revealed by cryo-EM. A–C: are three composite tomo-

graphic slice images. D–E tomographic reconstructed models of the grana stack with grana 

thylakoids in yellow and stroma thylakoids green. Reproduced from Austin and Staehelin (2011).  
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2.4.2. Composition and heterogeneity 
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2.4.3. Functional roles of grana 

 

2.4.4. Dynamic flexibility of thylakoid membranes 
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2.5. Regulation of excitation energy flow in the thylakoid 

membranes 

2.5.1. State transitions 
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2.5.2. Non-photochemical quenching  
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Figure 2.12. Structural Model of NPQ-Related Reorganization of Thylakoid Grana Membranes. In the 

dark and low light, LHCII is evenly distributed in the grana, forming large C2S2M2 supercomplexes 

with PSII and minor antenna proteins. In excess light, pH triggers a conformational change within 

LHC complexes that causes the partial dissociation of the PSII–LHCII supercomplex and leads to 

LHCII aggregation. De-epoxidation of violaxanthin to zeaxanthin promotes LHCII aggregation and, 

thus, NPQ. Reproduced from Johnson et al. (2011). © American Society of Plant Biologists. 
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Figure 2.13. The 4-state 2-site quenching model for NPQ in plants. Left part : dark-adapted state ( 

top ) and slowly relaxing state ( bottom ). Right part : states appearing upon actinic light adaptation 

or NPQ induction. Four states are indicated in boxes. Right-hand side : The blue oval represents 

protonated PsbS. The model shown indicates that protonated PsbS may be associated with the 

detached and quenched LHCII aggregate. S and M denote the strongly and moderately, respectively, 

coupled LHCII trimers in the PSII–LHCII supercomplex. Reproduced from Holzwarth and Jahns 

(2014). © Springer 
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3. AIMS 
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4. MATERIAL AND METHODS  

4.1. Sample preparation 

Plant material 

 

 

 

Thylakoid membranes  

fi

  

  

 

LHC-enriched membranes 
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Isolation of PSII-enriched membranes  

 

Isolation of LHCII 

 

 

LHCII aggregates 

 

Detergent washing 

′ ′
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Isolation of PSI 

 

 

Preparation of proteoliposomes 

) 
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′ ′ ′

 

 

4.2. Steady-state spectroscopy 

Absorption and circular dichroism spectra 

 

Anisotropic circular dichroism spectra 
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Synchrotron-radiation CD spectra 

 

Low-temperature fluorescence spectra 

⁻

  

 

Chl a fluorescence induction kinetics 
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4.3. Time-resolved spectroscopy 

Time-resolved fluorescence spectroscopy 
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Two-dimensional electronic spectroscopy 
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5. STRUCTURAL AND FUNCTIONAL PLASTICITY OF 

LHCII 

5.1. Exciton state changes in LHCII in different molecular 

environments 

5.1.1. CD spectral changes induced by detergents and protein interactions 

Differences in the CD spectra of aggregated and solubilized LHCII 
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Figure 5.1. Comparison of the CD spectra of LHCII trimers and aggregates. A. CD spectra of LHCII 

trimers solubilized in -DDM and of aggregates; B. CD spectra of LHCII trimers solubilized in -DDM 

and of aggregates; C-D. CD difference spectra (aggregates minus trimers). Adapted from Akhtar et 

al. (2015). 
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Separating detergent and protein interactions 

 

 

Figure 5.2. Separation of the effects of detergent and protein interactions on the CD of LHCII. A. CD 

spectra of LHCII trimers in polyacrylamide gel soaked in 0.03% -DDM and washed without deter-

gent. B. CD difference spectra of gel with and without -DDM and of aggregates and washed gel. 
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5.1.2. Excitonic CD of LHCII in native and reconstituted membranes 

Native LHCII-enriched thylakoid membranes 

 

 

Figure 5.3. CD spectra of thylakoid membranes (native LHCII-enriched membranes) isolated from 

lincomycin-grown pea leaves. A. Membranes resuspended in 20 mM Tricine buffer and solubilized 

with 0.1% -DDM; B. CD difference spectrum, unsolubilized minus solubilized. 
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Reconstituted LHCII-lipid membranes 

 

 

 

Figure 5.4. Representative freeze-fracture transmission electron microscopy image of LHCII:PC 

membranes reconstituted at L/P ratio of 300:1 and purified by sucrose density gradient ultracen-

trifugation. The scale bar corresponds to 200 nm.  
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Figure 5.5. Comparison of CD spectra of LHCII reconstituted into lipid membranes. A. LHCII:DMPC 

membranes (gray curve), LHCII:PC membranes (red curve), LHCII:native thylakoid lipids membranes 

(golden and orange curves). The CD spectra are normalized to the absorbance at 675 nm. B. CD 

difference spectra (spectra in (a) minus “washed gel” in Figure 5.2). 
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5.1.3. Heterogeneity of reconstituted membranes 

 

 

 

Figure 5.6. Distribution of LHCII in proteoliposome fractions of different L/P ratios. a) reconstitution 

mixture of thylakoid lipids with 0.8% (molar) DiI, L/P 400:1; b) reconstitution mixture of thylakoid 

lipids with 0.8% DiI and 0.4% Bt-PEG-PE, L/P 330. Reproduced from Akhtar et al. (2019). 
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Figure 5.7. CD spectra of LHCII in proteoliposomes fractions of different density from two prote-

oliposome preparations. A: at initial L/P ratio of 500:1; B: at initial L/P ratio of 1000:1. The CD 

spectra are normalized to the absorbance at 675 nm. 
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5.2. Far-red-emitting states and fluorescence quenching 

5.2.1. The excitation lifetime of LHCII depends on the environment 

 

 

Figure 5.8. Fluorescence decays and lifetimes of LHCII in different environments. A. Picosecond 

fluorescence decay kinetics recorded at emission wavelength 680 nm; B. Average fluorescence 

lifetimes calculated from multiexponential fits of the decays 
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5.2.2. Far-red-emitting states associated with quenching 

 

 

Figure 5.9. Fluorescence emission spectra of Arabidopsis LHCII solubilized in -DDM and LHCII ag-

gregates, recorded at 77 K. The spectra are normalized to the maximum. A very broad peak at 700 

nm ascribed to a Chl-Chl CT state dominates the emission of aggregates. (Miloslavina et al., 2008) 
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A B 

 

 

Figure 5.10. Time-resolved fluorescence of LHCII aggregates at 77 K. A. Species-associated emission 

spectra obtained from target analysis of the fluorescence kinetics. B. Kinetic model scheme. The 

numbers indicate rate constants (ns⁻¹). Adapted from Ostroumov et al. (2020). 

5.2.3. Far-red signature of NPQ in vivo  
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Fluorescence emission spectra of leaves at 77 K 

 

 

Figure 5.11. Fluorescence emission spectra at 77 K, normalized at 760 nm, of dark-adapted and 

preilluminated (30 min, 600 mol photons ⁻ ⁻  Arabidopsis leaves. The spectra are averages 

from four to six measurements on different leaves. B. Dependence of the fluorescence ratio F730/F760 

on the duration of preillumination. 

Spectral and kinetic components of NPQ 
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′

′

 

 

Figure 5.12. Wavelength-resolved induction kinetics of the NPQ parameter (NPQ = Fm/F−1) in leaves 

of Arabidopsis wild type (A) and PsbS-deficient mutant npq4 (B). NPQ was induced by illuminating 

dark-adapted leaves with red light (1000 mol photons m⁻² s⁻¹). Reproduced from Lambrev et al. 

(2010). 
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Figure 5.13. PsbS-dependent far-red emission in leaves under NPQ conditions. A. Light-minus-dark 

relative difference emission spectra of Arabidopsis leaves (wild type, PsbS overexpressing mutant 

L17, PsbS-deficient mutant npq4) after 30 min irradiation (600 mol photons m⁻² s⁻¹ red light). 

Calculated by subtracting spectra normalized at 750 nm. B. Time dependence of the relative light-

induced differences at 720 nm during 30 min irradiation and subsequent dark recovery. 
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5.2.4. Relationship between NPQ and photoprotection 
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Figure 5.14. ERPE model of PSII kinetics used for calculation of NPQ and photoprotection. See text 

for explanation of the rate constants.  

 

Table 5.1. Rate constants (ns⁻¹) of the ERPE model for Fm conditions (Holzwarth et al., 2009) 
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Figure 5.15. Dependence of the photoprotective effect (PPE) and non-photochemical quenching (NPQ) 

on the fraction of detached antenna Chls. The parameters are calculated as PPE = T/ T′ − 1 and 

NPQ = /[ ′ (1−A) + 0.4A], where T = 0.2 and  = 1.26 ns are the triplet yield and fluorescence 

lifetime of the unquenched Fm state, T′ and ′ are the simulated triplet yield and fluorescence 

lifetime, A is the fraction of detached antenna Chls, and 0.4 ns is the fluorescence lifetime of the 

detached antenna Chls. 
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5.2.5. Quenching in reconstituted LHCII membranes 

 

 

Dependence of the fluorescence quenching on the L/P ratio 
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Figure 5.16. Time-resolved fluorescence of reconstituted LHCII membranes. A. Fluorescence decay 

kinetics recorded by TCSPC from LHCII solubilized in detergent ( -DDM) and selected fractions of 

reconstituted LHCII membranes having different L/P ratios, as indicated. The decays were recorded 

at 680 nm emission wavelength with excitation at 632 nm. B. Average fluorescence lifetimes plotted 

as function of L/P ratio. The dotted line indicates the average lifetime of detergent-solubilized LHCII. 

Reproduced from Akhtar et al. (2019). 
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Mechanism of quenching in LHCII proteoliposomes 

 

 

Figure 5.17. Steady-state 77 K fluorescence spectra of reconstituted LHCII membranes. A. Fluores-

cence emission spectra at different L/P ratios. The spectra are normalized to the maximum in the 

range of 675–685 nm. The samples with higher protein density show a strong emission band at 700 

nm. B. Relationship between the 77 K fluorescence intensity at 700 nm relative to 680 nm and the 

L/P ratio. (Akhtar et al., 2019) 
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5.3. Structural insights from anisotropic CD spectroscopy of 

LHCII 

5.3.1. Anisotropic CD spectra of photosynthetic membranes 

 

Orientation dependence of the psi-type CD 

 

 

Figure 5.18. Macroscopic orientation of samples in magnetic field. The optical cuvette containing the 

sample is placed between the poles of a magnet providing field of 0.7–1.5 T. Spectroscopic meas-

urements are performed with the measuring light propagating either along the field (face-aligned 

configuration) or perpendicular to it (edge-aligned). Reproduced from Miloslavina et al. (2012). 
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Figure 5.19. Psi-type CD and ACD of stacked thylakoid membranes (A) and lamellar LHCII 

macroaggregates (B). ACD spectra in face-aligned orientation are measured in magnetic field of 0.6 

T and edge-aligned spectra are calculated using equation (2.2.10). (Miloslavina et al., 2012) 

Excitonic ACD spectra  
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Figure 5.20. Excitonic CD and ACD spectra of unstacked thylakoid membranes (A) and PSII-enriched 

membranes (B). The ACD spectra are recorded in face-aligned configuration from samples oriented 

by uniaxial gel compression. (Miloslavina et al., 2012) 

 

5.3.2. Identifying energy sinks in LHCII by ACD spectroscopy 

Experimental ACD spectra of isolated LHCII 

𝒏⊥

𝒏⊥
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Figure 5.21. CD and ACD spectra of reconstituted LHCII membranes. Red curve – face-aligned ACD 

recorded from dehydrated membrane patches; grey curve – isotropic CD measured in buffer me-

dium; yellow curve – edge-aligned ACD calculated as (3CDiso − ACDface)/2 (Miloslavina et al., 2012; 

Lindorfer and Renger, 2018). The spectra are normalized to unity absorbance at 675 nm. Numbers 

indicate peak wavelengths. (Akhtar et al., 2019) 
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Theoretical calculation and modelling of the ACD spectra 

 

 

Figure 5.22. Comparison of the experimental and theoretically calculated Qy-region CD (A) and face-

aligned ACD (B) spectra of LHCII. Also shown are simulated spectra excluding the four lowest-energy 

Chls from the Hamiltonian (Akhtar et al., 2019). 

 

dc_1987_22

Powered by TCPDF (www.tcpdf.org)



5. STRUCTURAL AND FUNCTIONAL PLASTICITY OF LHCII 

81 

More open questions from the UV-ACD spectra 

 

 

Figure 5.23. UV synchrotron-radiation CD (SRCD) and ACD spectra of thylakoid membranes (A) and 

reconstituted LHCII membranes (B). The SRCD spectra were recorded from liquid suspension in a 

quartz cell of 0.2 mm path length and ACD spectra were recorded from dry membranes patches. 

The data are obtained at the B23 synchrotron radiation CD beamline, Diamond Light Source, UK. 

(Akhtar et al., 2019) 
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6. DYNAMICS OF ENERGY TRANSFER 

6.1. Probing energy transfer in LHCII by 2DES 

 

6.1.1. Energy transfer from Chl b to Chl a 
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2D electronic spectra upon Chl b excitation at RT 

 

 

Figure 6.1. 2D electronic spectra of LHCII recorded at RT at different waiting times Tw with excitation 

pulses centred at 650 nm. The vertical axis represents excitation wavelength  and the horizontal 

axis – detection wavelength t. Orange-red colour represents negative differential absorption 

(ground-state bleaching, stimulated emission). Contour lines are plotted at 10% intervals. Note that 

the axis directions are reversed to account for the inverse relationship between frequency and wave-

length. Data from Wells et al. (2014). 
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→

→

→680 nm trace  

 

Figure 6.2. Kinetic traces of the absorptive 2D signal at different wavelengths indicated as → . A. 

Selected traces at excitation wavelength  = 650 nm. B. Selected traces at detection wavelength 

= 680 nm. Note the reversed vertical axis. 
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Global lifetime analysis 

 

Δ𝐴(𝜆𝜏 , 𝜆𝑡; 𝑇𝑤) = ∑ 𝐷𝑖(𝜆𝜏, 𝜆𝑡) ∙ 𝑒
−

𝑇𝑤
𝜏𝑖

𝑛

𝑖=1

6.1.1  

𝜏𝑖 𝑛

𝐷𝑖(𝜆𝜏, 𝜆𝑡)

 

→
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Figure 6.3. Lifetimes ( ) and 2D DAS obtained from global lifetime analysis of the 2D electronic 

spectra of LHCII trimers recorded with 650 nm excitation pulses. Negative amplitudes coloured in 

orange-red indicate decay of the negative (GSB/SE) signal and positive amplitudes (blue-purple) 

indicate rise. Contour lines are plotted at 10% intervals. 

6.1.2. Exciton equilibration in the Chl a domain 

2D electronic spectra upon Chl a excitation at RT 
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Figure 6.4. 2DES of LHCII with Chl a excitation. Left: purely absorptive 2D spectra of LHCII trimers 

recorded at waiting times (Tw) of 0.1, 1.3 and 30 ps with excitation pulses centred at 675 nm. Right: 

horizontal slices of the 2D spectra at excitation wavelengths of 665, 675 and 685 nm. The slices are 

normalized to the negative maximum at 680 nm. 
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Downhill and uphill energy transfer pathways 

 

Global analysis 
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Figure 6.5. 2D decay-associated spectra of LHCII trimers, resulting from a three-exponential fit of 

the transient 2D signals from 150 fs to 64 ps with best-fit lifetimes of 0.54 ps, 4.7 ps, and 3.2 ns. 

Left: contour plots of the 2D DAS. Right: horizontal slices of the corresponding 2D DAS at three 

excitation wavelengths, normalized at their negative maxima. 
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6.2. Dependence of energy transfer in LHCII on the 

molecular environment 

6.2.1. Changes in EET induced by LHCII aggregation 

2DES of LHCII aggregates with Chl b excitation 
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Figure 6.6. 2D DAS of LHCII aggregates, obtained from global lifetime analysis of a series of 2D 

spectra recorded with 650-nm excitation pulses at waiting times Tw = 150–800 ps. Negative ampli-

tudes coloured in orange-red indicate decay of the negative (GSB/SE) signal and positive amplitudes 

(blue-purple) indicate rise. Contour lines are plotted at 10% intervals. The decay lifetimes are indi-

cated as the title on each plot. 
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2DES of LHCII aggregates with Chl a excitation 

 

 

Figure 6.7. 2D DAS of LHCII aggregates, obtained from three-exponential lifetime analysis the 2DES 

data recorded with excitation pulses centred at 670 nm. The 2D DAS of the final component (exci-

tation decay) is omitted.  

−
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6.2.2. Temperature dependence of EET in LHCII 

 

2D electronic spectra at 77 K 
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Figure 6.8. Representative purely absorptive 2D electronic spectra of detergent solubilized LHCII 

trimers recorded at 77 K with excitation pulses centred at 670 mm, at selected waiting times Tw as 

indicated. The symbols λτ and λt indicate excitation and detection wavelengths, respectively. (Akhtar 

et al., 2019) 
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Figure 6.9. 2D DAS of LHCII at 77 K, obtained from four-component global lifetime analysis of the 

2DES data. Red/blue colours represent negative/positive amplitudes (decay/rise of the GSB signal). 

(Akhtar et al., 2019) 
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Temperature dependence of uphill and downhill EET 

 

 

Figure 6.10. 2D electronic spectra of LHCII recorded at 110, 150 and 230 K. The top and bottom rows 

show 2D spectra at waiting times Tw = 0.1 and 10 ps, respectively. 
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Table 6.1. EET lifetimes at different temperatures 

T (K) 1 (ps) 2 (ps) 3 (ps) avg* 

77 0.3 2.5 14.2 3.0 

110 0.2 2.0 9.7 1.9 

150 0.2 1.6 7.4 1.4 

230 0.2 1.7 6.3 0.9 

295 0.2 0.9 5.4 0.8 

→  
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Figure 6.11. Total redistribution 2D difference spectra at different temperatures. For a given tem-

perature, the redistribution difference spectrum is the sum of the 2D DAS for all components except 

the last decay (to the ground state). The total uphill EET signal decreases with lowering the temper-

ature. 
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Figure 6.12. Temperature dependence of the uphill/downhill cross-peak amplitude ratios of the final 

2D DAS representing the decay equilibrium in LHCII. Dashed lines – estimated equilibrated popula-

tion of the respective states, from the Boltzmann distribution: 𝑒(𝐸𝑎−𝐸𝑏)/𝑘𝐵𝑇. 

6.2.3. Phenomenological model of EET at 77 K 

 

Brief description of the theoretical model 

 

𝐄 𝛍

𝛔 𝐊

𝐗
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𝕊2D(𝜔𝑡 , 𝑇𝑤 , 𝜔𝜏) = 𝐼𝑒𝑥𝑐(𝜔𝜏) [∑ ∑ 𝐼𝑖𝑗
2D(𝑇𝑤)𝑆𝑖𝑗(𝜔𝑡 , 𝜔𝜏)

𝑁

𝑗=1

𝑁

𝑖=1

+ 𝐒A(𝜔𝑡 , 𝜔𝜏)] 6.2.1  

𝐼𝑒𝑥𝑐(𝜔𝜏) 𝐈2D(𝑇𝑤)

𝐒(𝜔𝑡 , 𝜔𝜏)

𝐒A(𝜔𝑡 , 𝜔𝜏)

𝐈2D

 

𝐈2D(𝑇𝑤) = diag(𝛍2)𝐅𝑒𝐊𝑇𝑤diag(𝛍2) 6.2.2  

𝐅 = 𝕀 + 𝐗 𝕀

𝐗

 

 

Simulated 2D spectra and exciton parameters 
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Figure 6.13. Comparison between the simulated 2D electronic spectra obtained from a representa-

tive fit with an eight- exciton model (left) vs. the corresponding experimental ones (right) at waiting 

times of Tw = 0.2, 2 and 100 ps. (Do et al., 2019) 
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Table 6.2. Best-fit LHCII exciton parameters of the phenomenological model fit of 2DES data 

Wavelength, 

nm 

Frequency, cm  Homogeneous width, 

cm  

Inh. width, cm  

655* 15265 75 200 

664 15080 50 110 

668 14990 32 140 

670 14910 30 57 

673 14860 20 25 

675 14815 25 33 

677 14760 27 52 

680 14695 28 80 

* fixed 

Exciton dynamics 

𝐊
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Figure 6.14. Best-fit values (ps−1) of the EET rate constant matrix K for 120 fits, sorted by increasing 

mean squared error (left to right). Rows and columns represent donor and acceptor states, respec-

tively and diagonal cells show the total decay rates of the corresponding excitons. (Do et al., 2019) 
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Table 6.3. Rate constants (ps−1) of EET transfer in LHCII and strongly coupled states (model A) 

 655 664 668 670 673 675 677 680 , ps 

655         2.3 

664    0.15     0.5 

668 0.39    0.01 0.01   4.4 

670  2.1    0.28 0.08  0.2 

673   0.10   0.01  0.03 0.9 

675   0.15 2.0 0.03  0.03  2.3 

677    1.5  0.07   170 

680 0.04 0.19   0.98    2000 

Table 6.4. Rate constants (ps−1) of EET transfer in LHCII and strongly coupled states (model B) 

 655 664 668 670 673 675 677 680 , ps 

655  0.01       0.5 

664 0.32   0.01     5.7 

668     5.5    0.02 

670 0.49 0.16    0.06 0.01  1.7 

673   56   0.37 0.06 0.07 0.4 

675    0.38 1.0  0.03  3.3 

677  0.01  0.10 0.40 0.07   13 

680     1.3    2000 
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Mapping exciton states to Chls in LHCII 

 

 

Figure 6.15. EET in trimeric LHCII at 77 K based on model A and model B. The colours of excitonic 

levels indicate strongly coupled domains, except the blue colour is used to represent the Chl b man-

ifold. Only downhill transfers are presented by the arrows. Red arrows indicate fast relaxation within 

strongly coupled domains. (Do et al., 2019) 
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6.2.4. Spectral tuning of LHCII in the green alga Bryopsis corticulans 
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Chl spectral forms and excitonic states 

 

 

Figure 6.16. Absorption and fluorescence spectra of B. corticulans and P. sativum measured at 77 K. 

A. Absorption spectra in the Qy region. B. Fluorescence emission spectra. 
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CD and ACD spectra 
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Figure 6.17. CD and ACD spectra of LHCII from B. corticulans and P. sativum. A. CD spectra of LHCII 

solubilized in 0.03% β-DDM normalized to unity absorption at 675 nm. B. ACD spectra of membranes 

oriented in dehydrated films. The spectra are plotted in units of ΔA ×10−3 (mOD) and normalized to 

unity isotropic absorbance at 675 nm. 
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Time-resolved fluorescence 

 

 

Figure 6.18. Time-resolved fluorescence spectroscopy of detergent solubilized LHCII of B. corticulans. 

A. Time-resolved emission spectra at selected time points. B. Decay-associated fluorescence emis-

sion spectra obtained from three-exponential global analysis of the decays at 664–744 nm. The inset 

shows normalized DAES. 
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Dynamics of energy transfer at room temperature 
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Figure 6.19. Representative purely absorptive 2D spectra of detergent solubilized LHCII (B. corticu-

lans) recorded at RT with excitation pulses centred at 670 nm and selected waiting times (0.1, 1, 5 

and 50 ps). The symbols λτ and λt indicate excitation and detection wavelengths, respectively. Yellow-

red colours code the negative ground-state bleach/stimulated emission signal with contour lines at 

every 12.5% intensity. 
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Figure 6.20. 2D decay-associated spectra of B. corticulans LHCII obtained from four-component 

global lifetime analysis of 2DES data collected at RT. Red/blue colours represent negative/positive 

amplitudes (decay/rise of the negative absorptive signal). Note the different colour coding of the 

signal amplitude. 
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Dynamics of energy transfer at 77K 

 

 

Figure 6.21. Representative purely absorptive 2D electronic spectra of B. corticulans LHCII trimers 

from recorded at 77 K with excitation pulses centred at 670 mm, at selected waiting times Tw as 

indicated. The symbols λτ and λt indicate excitation and detection wavelengths, respectively. 
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Figure 6.22. Horizontal slices of the 2D electronic spectra at wating time Tw = 50 ps at selected 

excitation wavelengths for RT (left) and 77 K (right). The curves are normalized to their negative 

maxima for easier comparison. A clear dependence of the final spectrum on excitation wavelength 

is observed at 77 K 

→

 

dc_1987_22

Powered by TCPDF (www.tcpdf.org)



 

118 

 

Figure 6.23. 2D decay-associated spectra of B. corticulans LHCII at 77 K, obtained from four-com-

ponent global lifetime analysis of the 2DES data. Red/blue colours represent negative/positive am-

plitudes (decay/rise of the negative absorptive signal). 
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Table 6.5. Decay lifetimes and relative amplitudes of the diagonal peaks in the 2D spectra at 77 K.  

Lifetime (ps) 650 nm 658 nm 669 nm 672 nm 674 nm 

0.5 50% 51% 26% 8% 0% 

2.7 22% 48% 50% 46% 40% 

15.4 28% 1% 24% 46% 60% 

Average lifetime (ps) 5.2 1.8 5.1 8.4 10.7 

Average lifetime  

(P. sativum)* 2.5 4.2 3.5 4.5 5.7 

 

 

Conclusions 
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6.3. Long-range energy transfer in native and reconstituted 

membranes 

6.3.1. Functional domain size in LHCII membranes 
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𝜏0 =
1

𝑘𝑓 + 𝑘𝑑

6.3 1  

𝜏0 =
1

𝑘𝑓 + 𝑘𝑑 + 𝑘𝑞[𝑄]
6.3 2  

 

𝜏0

 𝜏
= 1 +

𝑘𝑞[𝑄]

𝑘𝑓 + 𝑘𝑑

= 1 + 𝐾𝑆𝑉[𝑄] 6.3 3  

𝐾𝑆𝑉 𝐾𝑆𝑉

𝑘𝑞  =  𝐾𝑆𝑉/𝜏0

 

 

Figure 6.24. Stern-Volmer plots of the fluorescence quenching in solubilized LHCII trimers and la-

mellar macroaggregates by externally added quenchers: A. PPQ; B. DNB. The quenching is calculated 
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as τ0/τ where τ and τ0 are the average lifetimes of the Chl fluorescence with and without quencher, 

respectively.  

′

 

 

Table 6.6. Average lifetimes and functional domain sizes of LHCII in different molecular environments 

 0 

(ns) 

KSV
 

(M⁻¹)* 

kq 

(M⁻¹s⁻¹) 

N 

(trimers) 

LHCII trimers 3.5 1.4104 3.61012 1 

LHCII aggregates 0.4 3.6104 9.01013 25 

LHCII membranes L/P 100:1 1.1 1.2105 1.11014 27 

LHCII membranes L/P 300:1 2.1 9.7104 3.41013 9 

Thylakoid membranes 1.0 5.2104 5.31013 15 

PSII-enriched membranes (BBY) 0.4 2.5104 6.31013 18 

LHCII-enriched membranes  1.6 4.6104 5.11013 9 
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6.3.2. Energy transfer between LHCII and PSI in model membranes  
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Composition and structural organization of the reconstituted membranes 

 

 

Figure 6.25. Absorption spectra of PSI–LHCII membranes. A. absorption spectra of reconstituted 

PSI-only or PSI–LHCII membranes (2 trimers per PSI); B. absorption difference spectra PSI–LHCII 

minus PSI-only membranes compared with the spectra of LHCII-only membranes. 
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Figure 6.26. CD spectra of PSI–LHCII membranes. A. CD spectra of reconstituted PSI-only or PSI–

LHCII membranes (2 LHCII trimers per PSI); B. CD difference spectra PSI–LHCII minus PSI-only 

membranes compared with the spectra of LHCII-only membranes. 

Energetic connectivity of the complexes in the membranes 
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Figure 6.27. Fluorescence emission spectra of PSI–LHCII membranes at 77 K with 436 nm excitation 

light. A. PSI- and LHCII-only membranes; B. PSI–LHCII membranes (1, 2 and 3 trimers per PSI); 

calculated spectra of PSI–LHCII mixtures at PSI:LHCII ratios of 1:1, 1:2 and 1:3 (dotted lines); D. 

emission spectra of PSI–LHCII membranes (1 trimer per PSI) before and after solubilization with 

0.03% β-DM 
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Figure 6.28. Decay-associated fluorescence emission spectra of PSI and LHCII reconstituted in mem-

branes. A. PSI; B. LHCII. 

 

 

Figure 6.29. Decay-associated fluorescence emission spectra of reconstituted PSI–LHCII membranes. 

A. PSI–LHCII at stoichiometry ratio 1:2; B. PSI–LHCII at 1:3 ratio. 
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Table 6.7. Fluorescence lifetimes and relative amplitudes at 680 nm of reconstituted membranes 

         

              

              

              

              

              

              

 

Kinetic modelling 
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Figure 6.30. Target analysis of the fluorescence kinetics of PSI–LHCII (1:3) membranes. A. kinetic 

scheme with effective EET timescales; B. decay-associated emission spectra; C. normalized species-

associated spectra. 

Efficiency of energy transfer and photochemistry 
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𝜑

𝜏 𝜑 = 1 − 𝜏/𝜏0 𝜏0

 

 

Table 6.8 Average lifetimes and photochemical quantum efficiencies of PSI–LHCII membranes* 
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