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Supplementary Information 18 

FSRS kinetic fitting model 19 

A multi-exponential decay kinetic for a set of discrete rate constants 𝑘𝑖 with individual initial contribution 20 

𝑎𝑖 can be expressed as, 21 

I(t) = ∑ 𝑎𝑖𝑒
−𝑘𝑖𝑡

𝑛

𝑖=1

(1) 22 

which has been extensively applied in kinetic analyses. For clarity, the convolution operation with the IRF 23 

is omitted in all subsequent equations.  24 

When the system exhibits conformational or structural heterogeneity on the potential energy surface, 𝑘𝑖 25 

can change from discrete values to continuous distributed function, and the corresponding finite set of discrete 26 

lifetimes is insufficient to accurately describe the system’s kinetics. To overcome this limitation, the discrete 27 

lifetime distribution is extended to a continuous form that accounts for the intrinsic structural heterogeneity 28 

of the sample1. Within the Laplace transform formalism, the model is expressed as:  29 

𝐼(𝑡) = ∫ 𝜌(𝜏)𝑒
−𝑡
𝜏

𝜏𝑢𝑝𝑝𝑒𝑟

𝜏𝑙𝑜𝑤𝑒𝑟

𝑑𝜏 (2) 30 

Where 𝜌(𝜏) is the continuous lifetime distribution function, determined by the intrinsic properties of the 31 

system, spanning the lifetime interval [ 𝜏𝑙𝑜𝑤𝑒𝑟 ,  𝜏𝑢𝑝𝑝𝑒𝑟 .. Accordingly, the fitting objective shifts from 32 

determining discrete lifetimes 𝜏 and their pre-exponential factors 𝑎𝑖 to resolving the continuous lifetime 33 

distribution 𝜌(𝜏) within the specified interval. 34 

In practice, the finite temporal resolution of the FSRS experiment, defined by its instrument response 35 

function (IRF), precludes direct reconstruction of a perfectly continuous lifetime distribution. Therefore, a 36 

discrete approximation of the integral is adopted. The lifetime domain is divided into finite differential 37 

intervals of width ∆𝜏, matched to the experimental IRF, yielding the following expression: 38 

I(t) = ∫ 𝜌(𝜏)𝑒
−𝑡
𝜏

𝜏𝑢𝑝𝑝𝑒𝑟

𝜏𝑙𝑜𝑤𝑒𝑟

𝑑𝜏 ≈ ∑ 𝜌(𝜏𝑖)𝑒
−𝑡
𝜏𝑖 ∆𝜏

𝑛

𝑖=1

(3) 39 

In the present FSRS experiment, the IRF was determined to be ~70 fs. Accordingly, the lifetime sampling 40 

precision ∆𝜏 was set to 100 fs, and the lower boundary of the lifetime distribution interval was defined as 41 

100 fs to match the experimental time resolution. The excitation energy transfer from chlorophyll (Chl) to 42 

lutein (Lut) in LHCII system was studied, where the donor (Chl) transfers the excitation energy to the acceptor 43 

(Lut) with a time constant 𝜏𝐷 , the excited state of the acceptor is populated then undergoes subsequent 44 

relaxation with a time constant 𝜏𝐴, the system satisfies the following rate equation: 45 

𝑑𝑛𝐷

𝑑𝑡
= −

𝑛𝐷

𝜏𝐷
(4) 46 

𝑑𝑛𝐴

𝑑𝑡
=

𝑛𝐷

𝜏𝐷
−

𝑛𝐴

𝜏𝐴
(5) 47 

𝑛𝐷 represents the population of donor (Chl), and 𝑛𝐴 represents the population of accepter (Lut). Equation 48 

(6) shows the kinetic of Lut population.  49 

𝑛𝐴(𝑡) =
𝑛𝐷(0)𝜏𝐴

𝜏𝐷 − 𝜏𝐴
(𝑒

−𝑡
𝜏𝐷 − 𝑒

−𝑡
𝜏𝐴 ) =

𝜏𝐴

𝜏𝐷 − 𝜏𝐴
(𝑒

−𝑡
𝜏𝐷 − 𝑒

−𝑡
𝜏𝐴 ) (6) 50 



For simplicity, the initial population of the Chl excited state is set as of 𝑛𝐷(0)  =  1 . Specifically, as an 51 

acceptor, the decay lifetime of Lut is a constant set as 𝜏𝐴=15 ps, irrespective of any conformational states. In 52 

contrast, the energy transfer time 𝜏𝐷 from Chl to Lut is strongly dependent on the conformation of the LHCII, 53 

since according to the Dexter energy transfer equation2, 𝜏𝐷 is sensitive to the Lut-Chl distance. When 𝜏𝐷 < 54 

𝜏𝐴, the kinetic trace of Lut showcases a rapid population with time constant 𝜏𝐷, followed by relaxation with 55 

𝜏𝐴. When 𝜏𝐷 > 𝜏𝐴 (Extended Data Fig.1), the kinetic trace exhibits a rise corresponding to the relaxation of 56 

the acceptor, while the decay represents the slower population progress from the donor3. This counter intuitive 57 

temporal behavior is referred to as inverted kinetics3,4. 58 

 59 

Extended Data Fig. 1: Schematic of inverted kinetics. 60 

MD simulations reveal that Lut1-Chl612 distance exists a 1-2 Å distribution5-7. This heterogeneity 61 

modulates the electronic coupling strength between two pigments, thereby giving rise to a corresponding 62 

distribution of energy transfer rates (𝜏𝐷 ). To quantitatively capture this distributed kinetic behavior, we 63 

employed the continuous lifetime distribution model described above, which incorporates the coupled donor–64 

acceptor population dynamics. Within this framework, the kinetic evolution of lutein can be expressed as 65 

follows: 66 

I(t) = ∑
𝜌(𝜏𝐷𝑖

)∆𝜏𝐷𝜏𝐴

𝜏𝐷𝑖
− 𝜏𝐴

(𝑒

𝑡0−𝑡
𝜏𝐷𝑖 − 𝑒

𝑡0−𝑡
𝜏𝐴 )

𝑛

𝑖=1

(7) 67 

Where 𝜏𝐷𝑖
 represent the lifetime of Chl to Lut energy transfer, 𝜏𝐴 represents the decay lifetime of Lut (15 68 

ps). The lifetime 𝜏𝐷𝑖
 exhibits a distribution of energy transfer lifetime, the fastest component 𝜏𝐷1

 = 100 fs, 69 

which is potentially even shorter and is limited by the IRF of FSRS experiment, and the slowest component 70 

𝜏𝐷𝑛
 extending up to hundreds of picoseconds, ultimately constrained by the Chl excited state lifetime. 71 

Considering the entire Chl-Lut energy transfer processes observed in FSRS comprise both the normal 72 

kinetic (𝜏𝐷𝑖
< 𝜏𝐴) and the inverted kinetic (𝜏𝐷𝑖

> 𝜏𝐴), we separate the kinetic signal into the normal (IN) and 73 

inverted (II) parts: 74 

𝐼(𝑡) = 𝐼𝑁 (𝑡) +  𝐼𝐼(𝑡) (8) 75 

For the inverted kinetic (𝜏𝐷𝑖
> 15 ps), due to the limited temporal detection window of ~100 ps, within this 76 

window, the long-lived components are only represented by sparse data points; it is impractical to resolve the 77 



energy transfer time beyond nanosecond. Therefore, instead of modeling a continuous distribution of 𝜏𝐷𝑖
, we 78 

employed an average lifetime 300 ps to capture the collective contribution of all energy transfer lifetimes in 79 

the inverted kinetic. The amplitude Aavg, associated with this 𝜏𝑎𝑣𝑔=300 ps average lifetime, represents the 80 

integrated contribution of the long-lived (invert) component.  81 

𝐼𝐼(t) = 𝐴𝑎𝑣𝑔 (𝑒
𝑡0−𝑡
𝜏𝑎𝑣𝑔 − 𝑒

𝑡0−𝑡
𝜏𝐴 ) , 𝐴𝑎𝑣𝑔 > 0 (9) 82 

For the normal kinetic component (𝐼𝑁(𝑡)), corresponding to the Chl to Lut energy transfer regime where 83 

𝜏𝐷𝑖
 < 𝜏𝐴=15 ps, the lifetime range is defined as from 0.1 to 15 ps. With a step size 𝛥𝜏𝐷  = 100 fs, this range 84 

is discretized into 149 equally spaced intervals, corresponding to 149 sampling points of the lifetime 85 

distribution 𝜌(𝜏) . Directly fitting such a large number of parameters, we take guidance from molecular 86 

dynamics (MD) simulations,5,8,9 which reveal a Gaussian-like conformational distribution of Lut. Accordingly, 87 

we approximate the lifetime distribution function 𝜌(𝜏) by Gaussian function characterized by only two free 88 

parameters: the Gaussian center 𝜏𝑐  and width w. Under this treatment, the kinetic contribution of the 89 

component 𝐼𝑁 is expressed as:  90 

𝐼𝑁(𝑡) =  ∑
𝜌(𝜏𝐷𝑖

)∆𝜏𝐷𝜏𝐴

𝜏𝐷𝑖
− 𝜏𝐴

(𝑒
𝑡0−𝑡
𝜏𝐷𝑖 − 𝑒

𝑡0−𝑡
𝜏𝐴 ) 

𝑛

𝑖=1

, 𝜌(𝜏) =  𝑒
−(𝜏−𝜏𝑐)2

𝑤2  91 

The overall excited state dynamics of Lut, incorporating both the normal and (averaged) invert 92 

components, can then be described as: 93 

I(t) =  ∑
𝜌(𝜏𝐷𝑖

)∆𝜏𝐷𝜏𝐴

𝜏𝐷𝑖
− 𝜏𝐴

(𝑒

𝑡0−𝑡
𝜏𝐷𝑖 − 𝑒

𝑡0−𝑡
𝜏𝐴 )

𝑛

𝑖=1

+ 𝐴𝑎𝑣𝑔 (𝑒
𝑡0−𝑡
𝜏𝑎𝑣𝑔 − 𝑒

𝑡0−𝑡
𝜏𝐴 ) ,   𝜌(𝜏) =  𝑒

−(𝜏−𝜏𝑐)2

𝑤2  94 

Where Δ𝜏𝐷 = 0.1 ps, Aavg > 0, 0.1ps ≤ 𝜏𝐷𝑖
 < 15 ps for normal kinetic components, and 𝜏𝐷> 15 ps for 95 

inverted kinetics. The relative contribution weights for the normal kinetics and the inverted kinetics can be 96 

evaluated by calculate their pre-exponential factors as ∑
𝜌(𝜏𝐷𝑖

)∆𝜏𝐷𝜏𝐴

𝜏𝐷𝑖
−𝜏𝐴

𝑛
𝑖=1  and Aavg.  97 

In order to simplify the fitting model, the pre-exponential factors of ID was normalized as 98 

∑
𝜌(𝜏𝐷𝑖

)∆𝜏𝐷𝜏𝐴

𝜏𝐷𝑖
−𝜏𝐴

𝑛
𝑖=1  =  1. Therefore, the relative contribution of the slow inverted kinetic component Wslow can 99 

be described as: 100 

𝑊𝑠𝑙𝑜𝑤 =  
𝐴𝑎𝑣𝑔

∑
𝜌(𝜏𝐷𝑖

)∆𝜏𝐷𝜏𝐴

𝜏𝐷𝑖
− 𝜏𝐴

𝑛
𝑖=1 + 𝐴𝑎𝑣𝑔

=  
𝐴𝑎𝑣𝑔

1 + 𝐴𝑎𝑣𝑔
 101 

Based on the above analysis, we have established a kinetic model employing a continuous lifetime 102 

distribution to describe the excited state dynamics of Lut within LHCII. This model introduces three key fitting 103 

parameters: the Gaussian center 𝜏𝑐, distribution width 𝑤, and the proportion of long-lived component Aavg. 104 

The developed model was employed to fit the excited-state kinetic traces of Lut acquired via FSRS at varied 105 

temperatures, the FSRS dynamics and fitting results are shown in Fig. 3 and Extended Data Fig. 2.  106 



 107 

Extended Data Fig. 2: FSRS dynamics and fitting result under varied temperatures. FSRS dynamics and the fits at 11 ℃ 108 

(a) and 36 ℃(c), the blue traces in left panels represent the normal kinetics IN component, and the red trace denotes the 109 

inverted kinetics II component. Lifetime distribution for the rising phases at 1770 cm-1 under 11 ℃ (b) and 36 ℃(d). (e) The 110 

fitting parameters at different temperatures. 111 

The fitting results reveal two distinct kinetic regimes. (1) IN (t) component (blue fitted kinetic trace): This 112 

component exhibits a rapid population rise described by a continuous distribution of transfer lifetimes and 113 

subsequently decays with a characteristic lifetime of 15 ps, corresponding to the relaxation of the lutein S1 114 

state. (2) II (t)component (red fitted kinetic trace): This kinetic trace rises with 15 ps lifetime and decays with 115 

long time 𝜏𝑎𝑣𝑔=300 ps. In this invert kinetic regime, the rising phase corresponds to the relaxation of the Lut 116 



S1 state, while the subsequent decay phase reflects the long-lived energy transfer process from Chl to Lut. The 117 

relative contribution weight for the fast and low EET at 25 ℃ is 52% and 48%. As shown in Extend data Table 118 

1, the fitting 𝜏𝑐 are identical 0.50 ps for LHCII under 11 ℃ and 25 ℃, with only minor changes in full width 119 

at half maxima (FWHM) and Aavg. Upon heating to 36 ℃ and 55 ℃, 𝜏𝑐 progressively decreases to 0.35 ps 120 

and 0.10 ps, respectively, while FWHM remain at 0.47 ps at high temperature, the long-time amplitude Aavg 121 

drop from 1.10 (25 ℃) to 0.74 and 0.44, indicating accelerated Chl to Lut energy transfer. The pronounced 122 

reduction of Aavg and Wslow suggest a diminished contribution from weakly coupled Chl-Lut pairs, consistent 123 

with a more compact and dynamically quenched configuration at high temperature.  124 

  125 

Extended Data Fig. 3: 2D contour plots of the FSRS signals from LHCII under 680 nm actinic pump at 25 ℃ (a) and 126 

55 ℃ (b). 127 

 128 

Extended Data Fig. 4: Transient absorption kinetic at 690 nm of LHCII at varied protein concentration, excited at 480 129 

nm. 130 



 131 

Extended Data Fig. 5: The instrument response function (IRF) of FSRS at the selected Raman probe wavelengths and 132 

fitted curve by Gaussian function (solid lines). 133 

 134 

 135 

 136 

Extended Data Fig. 6: LHCII purification and absorption spectrum. (a) Sucrose density gradient ultra-centrifugation 137 

separation result of LHCII trimer. (b) UV-vis absorption spectra of LHCII trimer. 138 

 139 



 140 

Extended Data Fig. 7: Time-resolved fluorescence spectra and TFIR spectra of LHCII trimer at varied 141 

temperatures. (a) Fluorescence decay kinetics of LHCII at different temperatures. (b) Averaged fluorescence 142 

lifetime of LHCII using bi-exponential fitting, the averaged lifetime is calculated as t1*A1+t2*A2, wherer A is the 143 

corresponding pre-exponential factor. (c) Secondary derivative FTIR spectra of LHCII trimer (0.03% DDM, pH 7.8) under 144 

varied temperatures from 25 ℃ to 65 ℃. (d) Thermal titration of the signal at 1610.2 cm-1, which is characteristic of the 145 

formation of specific LHCII network stabilized by the intertrimer hydrogen bonds, the dash line at 43 ℃ shows the turning 146 

point. 147 
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 149 

 150 

Extended Data Fig. 8: AFM and 200 kV cryo-EM images of LHCII trimer at elevated temperature. (a) 200 kV cryo-151 

EM images of LHCII trimer, showing the aggregation of LHCII, the yellow line defines the edges of the non-aggregated and 152 

aggregated samples. The scale bar is 50 nm. (b) AFM image of LHCII at room temperature. (c) In situ AFM images at 43°C, 153 

showing gradual aggregation of LHCII trimer. From left to right are 0, 55 and 87 minutes respectively. 154 

 155 

 156 

Extended Data Fig. 9: The 2D views of the further processed (left) and detergent-loss smaller (right) particles at 55 ℃. 157 

The red boxes provide an intuitive sight of size difference. This indicates that detachment of detergent molecules from LHCII 158 

trimer at high temperature leads to aggregation. 159 
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 161 

 162 

Extended Data Fig. 10: Structural analysis flow chart of LHCII at 40 ℃. a. A representative cryo-EM image of 11,098 163 

collected. b. 2D class averages of characteristic projection views of cryo-EM particles selected for further processing, a 125 164 

nm scale bar is given. c. Flowchart for cryo-EM data processing. d. Gold-standard Fourier Shell Correlation (FSC) curves of 165 

three conformations respectively, the 0.143 cut-off value is indicated by a horizontal black line. e. Angular distribution plot 166 

of particles used for final 3D refinement. The distribution was calculated with cryoSPARC v.4.7.1. The different colors 167 

indicate the different number of particles that have such orientations according to the bar shown on the right. f. Local resolution 168 

map analyzed by the local resolution estimation tool in cryoSPARC.  169 



 170 

Extended Data Fig. 11: Structural analysis flow chart of LHCII at 55 ℃. a. A representative cryo-EM image of 16,159 171 

collected. b. 2D class averages of characteristic projection views of cryo-EM particles selected for further processing, a 125 172 

nm scale bar is given. c. Flowchart for cryo-EM data processing. d. Gold-standard Fourier Shell Correlation (FSC) curves of 173 

three conformations respectively, the 0.143 cut-off value is indicated by a horizontal black line. e. Angular distribution plot 174 

of particles used for final 3D refinement. The distribution was calculated with cryoSPARC v.4.7.1. The different colors 175 

indicate the different number of particles that have such orientations according to the bar shown on the right. f. Local resolution 176 

map analyzed by the local resolution estimation tool in cryoSPARC.  177 

 178 



 179 

Extended Data Fig. 12: Structural analysis of conformers at 40 ℃. (a) Lumenal-view structural alignment of three LHCII 180 

conformers resolved at 40 ℃, ConfRT-40 in green, Confint-40 in violet, Confopen-40 in blue. (b) Detailed secondary structure 181 

comparison of helix E (left) and C-terminal (right) between three varied LHCII conformers at 40 ℃. (c) Formation and 182 

disruption of the hydrogen bond network among D54 of each monomer in Confint-40 and Confopen-40. (D) Structural parameters 183 

of LHCII conformers at 40 ℃. 184 

 185 

 186 

 187 



 188 

Extended Data Fig. 13: Schematic diagram of structural parameter definition, and pigments alignment comparison. 189 

(a) Helix D-E distance defined by the distance between the Cα of residues V96 and G204. (b) Rearrangement of K203 and 190 

E207 at the lumenal side in ConfRT and Confclose, with yellow dashed lines marking salt-bridge formation between K203 191 

and E207 in ConfRT. (c) LHCII monomer of Conf1 represents the helix A-B angle (left) defined by the dihedral angle of the 192 

Cα of residues T57-C69-R185-Q197. (d) Alignments comparison of Vio, Nex, and Lut2 in four conformers at 55 ℃, ConfRT 193 

in lightSteelBlue, Confint in peachPuff, Confclose in coral, and Confopen in cyan. (e) The relationship between the angle Λ 194 

and the helix D-E distance in varied conformers. Data are derived from ConfRT, Confclosed, unprotonated and protonated LHCII 195 

in detergent or LHCII nanodisc (PDB ID: 8IWX, 8IWY, 8IX0, 8IX1). The angel Λ is defined by the angle of Cα atoms of 196 

E207, D211, and N223, the red line is linear fitting result of the black dots. For Confint and Confopen (triangles), Λ increases 197 

greatly to 127.3° and 120.6° due to the disordering of the C-terminal structure, thus Λ in Confint and Confopen don’t conform 198 

to the linear relationship. 199 

 200 

 201 

 202 

 203 

 204 



 205 

Extended Data Fig. 14: Electron-density map of local secondary structures and pigments of the four conformations at 206 

55 ℃. The density map of the D54-D54 interaction between three monomers, K203-E207, helix E, C-terminal, and Lut1-207 

Chl612 pigment pair in ConfRT (a), Confint (b), Confclose (c), and Confopen (d). 208 
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 221 

Extended Data Table 1: Cryo-EM data collection, refinement and validation statistics of LHCII structures at two 222 

different temperatures. 223 



 224 

Extended Data Table 2: Structural parameters for different LHCII conformers. 225 

a: a more disorder random coil. b: Lut1-Chl612 coupling in Chain N and Chain Y. Data in bracket are the standard deviations 226 

of the average values. 227 
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