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Abstract12

Green plants prevent photodamage under high light conditions by dissipating excess energy13

as heat. Conformational changes of the photosynthetic antenna complexes activate dissipa-14

tion by leveraging the sensitivity of the photophysics of the chlorophyll and carotenoids to15

their surrounding protein. However, the mechanisms and site of dissipation are still debated,16

largely due to two challenges. First, experiments have been performed in detergent, which17

can induce non-native conformations, or in vivo, where contributions from the multiple com-18

plexes cannot be disentangled and are further obfuscated by laser-induced artifacts. Second,19
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because of the ultrafast timescales and large energy gaps involved, measurements lacked the20

temporal or spectral requirements. Here, we overcome both challenges by applying ultra-21

broadband two-dimensional electronic spectroscopy to the principal antenna complex, light-22

harvesting complex II, in a near-native membrane. The spectra show that the membrane23

enhances two dissipative pathways, one of which was hypothesized yet previously uncharac-24

terized. Our results suggest a resting level of dissipation that may protect against sudden25

solar fluctuations, and highlight that this level can even be fine-tuned by the membrane envi-26

ronment.27

In green plants, the light-harvesting machinery is a complex network of multiple antenna com-28

plexes that absorb sunlight and funnel the solar energy to the reaction center, where charge sepa-29

ration takes place to initiate the chemical reactions of photosynthesis 1, 2. In parallel to its primary30

light-harvesting functionality, the protein network has evolved to react sensitively to fluctuating31

light conditions in order to prevent the generation of deleterious photoproducts. In the presence32

of excess light, the network transitions reversibly and rapidly from a fully light-harvesting to a33

photoprotective state, where harmful excess energy is dissipated as heat in a process called non-34

photochemical quenching 3–5. The individual antenna complexes exhibit photophysics that include35

energy transfer, dissipative, and deleterious pathways. This complexity, along with the complex-36

ity intrinsic to a multi-protein network, has made it difficult to determine the balance of energy37

transfer and dissipation, as well as the underlying mechanisms.38

The antenna complexes are membrane proteins that bind a dense network of primary (chloro-39
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phylls, Chls) and accessory (carotenoids, Cars) light-harvesting pigments. The electronic interac-40

tions between the Chls and the Cars give rise to rapid and efficient energy transfer, which provides41

the power for chemical reactions 6–8, and, in parallel, dissipative pathways. However, proposals as42

to the nature and dynamics of these pathways vary widely. The three primary proposals are (1) en-43

ergy transfer from the Chl Qy to the Car S1 state 9, 10; (2) excitonic states constructed from a linear44

combination of the Chl Qy and the Car S1 states 11, 12; and (3) charge transfer from the Car S1 to the45

Chl Qy state 13, 14. In the first two proposals, the short-lived dark Car S1 state mediates dissipation,46

which has a picosecond-order lifetime 15. While the first model had been proposed as the most47

likely pathway, previous ultrafast experiments were unable to observe energy transfer. Instead,48

the measured dynamics were consistent with an excitonic state, leading to the development of the49

second model. However, the limited time resolution of previous experiments and the ambiguity of50

the Car S1 energy due to its low oscillator strength have made it difficult to characterize these two51

models. The third proposal is supported by spectroscopic signatures of the Car radical cation 16,52

although their small amplitude has prevented clear analysis. This series of observations and their53

associated limitations highlights the challenges in understanding the photophysics in green plants.54

The primary antenna complex in green plants is light-harvesting complex II (LHCII), and55

therefore its photophysics have been the most extensively characterized. Previous investigations56

on LHCII suggested that a conformational change of the antenna complexes is an important trigger57

for the transition into the dissipative state 10, 17–20. This transition is thought to leverage the sensitiv-58

ity of the electronic interactions to the relative orientation and distance between the Chls and Cars,59

and so various conformational changes of the Cars have been proposed 10, 17, 18. Several strategies60
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were used to induce conformational changes, involving dramatically different local environments61

for LHCII ranging from crystals17, 21 to protein aggregates10, 22 to whole leaves10. While the results62

provided some insight into dissipative pathways, the multiplicity of environments is a contributor63

to the multiplicity of proposed conformational and photophysical mechanisms of photoprotection.64

For example, the fluorescence lifetime of LHCII decreases in a lipid environment as compared to in65

detergent micelles 23, 24. The in vitro environments, which employ detergent or crystallization, in-66

troduce additional, non-native conformational changes that are known to alter or even denature the67

functional structure of membrane proteins23–26. In contrast, in vivo spectroscopy on whole leaves68

provides physiological information27–29. However, identifying the photophysical pathways in each69

of the homologous antenna complexes is not possible. Furthermore, in vivo transient absorption70

measurements have been shown to inevitably lead to laser-induced artifacts such as singlet-singlet71

annihilation in the measured photophysics due to the large absorption cross-section of the intact72

protein network28, 30. Due to these challenges and limitations, a simple, yet physiological envi-73

ronment has been lacking, leaving the photophysical pathways of individual antenna complexes74

undetermined.75

In this work, we benchmark the photophysics of individual LHCIIs in a membrane disc,76

known as a “nanodisc”, using ultrabroadband two-dimensional electronic spectroscopy (2DES).77

In nanodiscs, the membrane protein of interest is embedded in a discoidal lipid bilayer mem-78

brane, providing a well-controlled, near-native membrane environment without the complexity of79

the intact protein network (Fig. 1a) 31, 32. Our experiments reveal an enhancement of dissipative80

pathways in the membrane. Conformational changes of the two Cars at the periphery of the LHCII81
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trimer (neoxanthin, Neo, and lutein 1, Lut1, Fig. 1b, c) increase energy transfer to the dissipative82

Car S1 state via two parallel pathways, rapid internal conversion from the Car S2 state and energy83

transfer from Chls. While the latter energy transfer pathway had been proposed based on indi-84

rect evidence, we report direct observation of this dissipative pathway. Furthermore, the measured85

sub-picosecond timescale implies energy transfer between strongly coupled states, in contrast to86

existing models 33–35. Our results demonstrate that the conformation of LHCII controls the bal-87

ance between light harvesting and dissipation, and highlight the sensitivity of this balance to the88

membrane environment.89

Results90

The linear absorption spectra of LHCII in detergent and in nanodiscs confirm its successful incor-91

poration into nanodiscs in intact trimeric form, based on similar overall peak location and profiles92

(Supplementary Fig. 6, Supplementary Table 2). A closer inspection of the spectra shows subtle93

changes in peak position and/or intensity in the Car S2 states (470− 510 nm) as well as the two Qy94

bands of Chls (640 − 690 nm), suggesting changes in the arrangement of both the Cars and Chls95

resulting from introduction of the membrane environment (Supplementary Fig. 6).96

Circular dichroism (CD) spectra of LHCII in detergent and in discs (Fig. 1d, e and Sup-97

plementary Fig. 7) provide a sensitive measure of the spatial configuration of pigments bound to98

the complex, because CD peak shape and intensity are directly related to the mutual orientation99

of the transition dipoles and the strength of their interactions 36, 37. Comparison of the CD spectra100
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shows a pronounced difference in the relative peak intensities between 474 nm and 492 nm (494101

nm), reported to originate from the interactions between Chls b and Neo (Fig. 1d) 24, 36, 38. We also102

observe a 2 nm redshift in the negative 492 nm peak, indicative of perturbations in the excitonic103

interactions between the high-energy lutein (Lut1) and Chl a612 36. Thus, the observed changes104

point to alterations in the spatial arrangement of Neo and Lut1 caused by the membrane. In con-105

trast, we do not observe any difference in the CD signal at 500− 510 nm, where the lower-energy106

lutein (Lut2) absorbs.107

CD in the Chl Qy region (Fig. 1e) reveals a slight broadening of the 653 nm peak and a 2 nm108

redshift of the 682 nm peak, attributed to excitonic interactions between Chl a604-Chl b606 and109

Chl a610-Chl b608, and between Chls a611 and a612, respectively 36. These are the Chls that are110

strongly coupled with Neo (Chl a604, Chl b606, Chl b608) and Lut1 (Chls a610, a611, a612) 34,111

illustrated as domains I and II, respectively, in Fig. 1b, c. Neo and Lut1 are the two Cars impacted112

upon incorporation into the membrane. Therefore, the observed changes in the rotational strengths113

of the Chls are consistent with changes in their excitonic interactions with the neighboring Cars,114

rather than independent structural reorganization of the Chls in the membrane.115

Perturbation of domain II, which contains the three lowest-energy Chl a pigments that form116

the emissive locus (Chls a610, a611, a612) 39, is further supported by a reduction of fluorescence in117

the membrane. The steady-state fluorescence quantum yield and fluorescence lifetime are reduced118

in the membrane discs by 17% and 18%, respectively (Supplementary Figs. 8, 9 and Supplemen-119

tary Table 3). The observed fluorescence lifetime (2.8 ns) is still significantly longer than that120
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measured in vivo (< 2 ns) 40 or in crystals (1 ns) 17, suggesting additional interactions are present121

in these systems due to the presence of multiple antenna complexes.122

Domains I and II are located at the periphery of the trimeric LHCII complex (Fig. 1a, b).123

Compared to the counterparts located closer to the core that are shielded by the surrounding pig-124

ments and protein matrix, these domains are more exposed to the lipid bilayer. Thus, they are more125

susceptible to structural changes induced by the membrane, consistent with our results. In partic-126

ular, a significant part of the conjugated chain of Neo protrudes outward from the protein matrix,127

which may allow severe twisting of the chain by environmental interactions. Such a distortion in128

the conjugated chain of Neo has, in fact, been predicted theoretically 19.129

Energetics and ultrafast dynamics of the peripheral Cars. Ultrabroadband 2DES was employed130

to determine the impact of the membrane on the photophysical pathways in LHCII. By using131

a laser spectrum with a significantly broader bandwidth than that in conventional 2DES 41, we132

map out energy transfer and dissipation across the broad range of Car and Chl excited states.133

Supplementary Fig. 10 shows a representative ultrabroadband 2D spectrum of LHCII with the134

main spectral features labeled.135

Figure 2a compares the 2D spectra of LHCII in the detergent and the membrane environment136

(T = 500 fs) in the frequency range of the Car S2 states. Two major changes are observed. The137

first is increased transfer of the Car S2 population into the dark S1 state (S2 → S1 internal conver-138

sion), which results in decreased energy transfer to the lower-lying Chls, the competing pathway.139

The relative population in S1 is shown by the ratio of the magnitude of the S1 excited-state ab-140
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sorption (ESA) peak to the S2 ground-state bleach (GSB) peak. The ratio increases by 40% in141

the membrane, showing the increase in transfer to S1 (Fig. 2b, Supplementary Fig. 11). The142

increase is pronounced at the excitation frequencies of Neo and Lut1, showing 2 − 4 times more143

efficient relaxation to the S1 state. While the excitation frequency of Neo and that of violaxanthin144

(Vio) have a significant overlap 8, 42, and so the contribution from these two Cars cannot be distin-145

guished (Supplementary Table 2), Neo is the likely origin of the increase based on the dramatic146

changes observed in the CD results. Unlike in the case of Neo and Lut1, the relaxation dynamics147

of Lut2 are independent of environment (Supplementary Fig. 12). Lut2 is located at the inner148

core of the trimeric LHCII (Fig. 1a, b), and thus relatively protected from direct exposure to the149

lateral pressure imposed by the lipid bilayer, as mentioned earlier. This may be the origin of its150

environment-independent dynamics. The Car-Chl cross peaks directly visualize energy transfer151

from the Car S2 to the lower-lying Chl Q states, and so further report on Car S2 dynamics. The152

cross-peak intensities decrease by 35% in the membrane (Fig. 2e, f), consistent with the increased153

S1 to S2 ratio shown in Fig. 2b.154

The second major change is a blueshift of the Car S1 ESA by ∼200 cm−1, indicating that155

the S1→SN energy gap increases in the membrane (Fig. 2a, d and Supplementary Fig. 13). This156

blueshift can originate from either a redshift in S1 energy or a blueshift in SN energies. We assign157

this energetic shift to the former, because SN is a broad manifold of multiple higher-lying states158

that are unlikely to all shift in a correlated manner, especially given the environment-independent159

transition energy of the S2 state. This energy level shift is an environment-induced static effect160

present at all waiting times, separate from a dynamic shift due to vibrational cooling of the hot S1161
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state 43, 44. We do additionally observe dynamic shifts in the S2−S1 zero-crossing frequency in the162

initial 500 fs, where the contribution from vibrational cooling is significant (Supplementary Fig.163

14). These dynamic effects are independent of environment. In contrast to the S1→SN transition,164

no energy shift is observed for the S2 states.165

Along with the changes in spectral features, we observe a shortening of the S1 lifetimes of166

Neo/Vio (54%) and Lut1 (53%) in the membrane (Fig. 2c, Supplementary Fig. 12 and Supple-167

mentary Table 4). This can originate from two different processes: a decrease in the S1−S0 energy168

gap, which speeds up non-radiative decay, or an increase in energy transfer to the energetically169

close-lying Chl Qy states, which accelerates the depletion of the S1 population 11. We attribute170

the shortening of the lifetime to the former mechanism, faster non-radiative decay, based on two171

results. First, an increase in energy transfer from Car S1 to Chl Qy would result in an increase172

in magnitude of the Car-Chl cross peaks on the timescale of the S1 decay, and no such feature is173

observed. Second, the S1 state likely redshifts in the membrane, as discussed above. Consistent174

with the trend observed in the S1 to S2 ratio, the lifetime of Lut2 is independent of environment175

(Supplementary Fig. 12).176

Chl b to Chl a energy transfer. The relaxation dynamics of the Chls reveal two prominent changes177

in the membrane environment (Fig. 3). First, the energy transfer from Chl b to Chl a 45–48 is178

suppressed in the membrane (Fig. 3a−c, Supplementary Fig. 15). The maximum intensity of Chl179

b→ Chl a cross peaks is reduced by 30% in the membrane discs relative to that in detergent (Fig.180

3c and Supplementary Fig. 16). Furthermore, the timescales of these energy transfer pathways,181
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obtained by fitting the initial rise time of each cross peak, become longer in the membrane, from182

80(±20) to 132(±22) fs (Chl b → Chl aH) and from 130(±20) to 225(±20) fs (Chl b → Chl183

aL), indicating a 39 − 42% reduction in the energy transfer rates (Supplementary Table 5). The184

same trend is observed in the kinetics of the Chl b diagonal peak, which decays 40% slower in185

the membrane due to the decreased rate of energy transfer to Chl a (Fig. 3b). The energy transfer186

between the high- and low-energy Chl a pools (Chl aH and Chl aL) is also slowed down, but to a187

much lesser extent (14%, Supplementary Fig. 16).188

The specific pigment structural changes responsible for the observed deceleration of Chl b189

→ Chl a energy transfer cannot definitively be identified. Although LHCII is thought to compact190

overall in the membrane environment as compared to in a detergent micelle, the slower Chl b-191

Chl a energy transfer observed here suggests that the specific pigments involved actually move192

further apart. As discussed above, several Chl bs form a strongly coupled pigment cluster with193

Neo (domain I in Fig. 1b, c), the Car that is positioned to most easily undergo large structural194

motions 19, which may induce displacement of these Chl bs. Even minor perturbations to inter-195

pigment distances can significantly change the dynamics due to the nonlinear relationship between196

distance and energy transfer rate 49, 50.197

Terminal Chl a locus to Car S1 energy transfer. The second prominent change appears around198

the frequencies of the lower-energy Chl a pool (aL). This pool consists of the three Chl as in199

domain II that interact strongly with Lut1 and form the terminal locus of energy, collecting energy200

from higher-lying states and emitting fluorescence in isolated LHCIIs 39, 51. The waiting time traces201
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of Chl stimulated emission (SE) reveal pronounced rapid decay components with time constants202

of 350(±30) fs (detergent) and 270(±20) fs (membrane), followed by slower decays of several ps203

(Fig. 3d). The presence of a rapid, sub-ps decay component points towards an energy sink that204

accepts energy from the terminal locus. Notably, we find concurrent rise at the excitation frequency205

of Chl aL and emission frequency of Car S1 ESA, which indicates that the Car S1 states are the206

energy sink populated by energy transfer from the terminal Chl as (Fig. 3e). These dynamics were207

not observed in previous transient absorption results, potentially due to the limited time resolution208

of the experiment 10, 52, 53. Although this region of the 2D spectrum contains a contribution from Chl209

ESA 52, the absence of increase in Chl a population on the corresponding timescale supports the210

assignment that the rise originates from the ESA of the Car S1 instead of Chl states (Supplementary211

Figs. 16, 17). Following energy transfer from the Chls, the Car S1 state dissipates the excitation212

energy via a picosecond non-radiative decay process, as mentioned earlier. This is a clear and213

direct observation of the dissipative energy transfer pathway from the emissive Chl a locus into the214

dark S1 state of the Cars, one of the mechanisms of photoprotection proposed but only indirectly215

observed 10, 52, 53.216

While the terminal Chl a → Car S1 energy transfer pathway is present for LHCII in both217

environments, the amplitude of the component increases by 14% for the Chl aL decay, and con-218

sistently, by 12% for the Car S1 ESA rise in the membrane. This is qualitatively in agreement219

with the observation of increased fluorescence quenching in the membrane discussed above. The220

enhancement of this Chl a → Car S1 pathway could arise from the redshift of the Car S1 states221

discussed earlier. Although the exact energy gap between the Chl a Qy and Car S1 states cannot222
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be determined, such a redshift could bring the two states closer to resonance, and thus increase the223

rate of energy transfer.224

Discussion225

The mechanism of photoprotective quenching has been extensively debated in the field. One of the226

likely mechanisms, the Chl Q→ Car S1 energy transfer observed here, appears spectroscopically227

as a rise in the Car S1 population after Chl excitation. While differences in the long-time decay228

dynamics of the Car S1 have been reported for unquenched and quenched LHCII, an instantaneous229

initial rise of the Car S1 population was seen, potentially due to limitations in temporal or spectral230

resolution 10, 52. This led to the development of an excitonic mixing model between Chl Qy and231

Car S1 states 12, 53, where the observed instantaneous Car S1 rise was attributed to strong excitonic232

interactions between the Chl and the Car states. Here, we resolve the initial rise of Car S1 ESA,233

characteristic of a directional energy transfer rather than the delocalized Car-Chl excited state of234

the excitonic mixing model. Theoretically predicted timescales for this energy transfer pathway235

are > 20 ps due to the optically forbidden nature of the Car S1 state 33–35, which is two orders236

of magnitude longer than the sub-ps (<400 fs) timescale observed in our experiment. This dis-237

crepancy suggests that a more complex picture is required, such as directional Chl→ Car energy238

transfer mediated by partial mixing of the excited states, along the lines of previous proposals239

11, 12, 53. However, further computational and experimental work is necessary to construct a defini-240

tive model.241
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The results presented here demonstrate that the environment plays a vital role in controlling242

the photophysical pathways in plants. The two major energy transfer pathways that lead to efficient243

light harvesting in LHCII, Car S2 → Chl Q and Chl b Qy → Chl a Qy energy transfer, are both244

suppressed in the membrane. Consistently, two dissipative pathways, Car S2 → Car S1 and Chl a245

→ Car S1 energy transfer, are both enhanced in the membrane. The short-lived dark S1 state of the246

Cars then rapidly quenches the excitation via non-radiative decay.247

Our data, both in the steady state (CD) and on ultrafast timescales (2DES), suggest that the248

two peripheral pigment domains (Neo and Lut1 and the Chls strongly coupled to them (Fig. 1b,249

c)) are the molecular origin of the observed energetic and dynamical changes in the membrane.250

On the other hand, Lut2 is found to be completely immune to the introduction of the lipid bilayer,251

maintaining its light-harvesting role as the principal energy donor to Chls 8. These observations252

indicate that the Car conformation is readily modulated by external pressure or strain from the253

surrounding local environment, which can impact the excited-state dynamics, and thus, the func-254

tion of the Cars. Consistent with these experimental results, a recent theoretical work showed that255

even a 5− 10◦ tilt in the backbone of the luteins causes a 50% drop in the fluorescence lifetime of256

LHCII, highlighting the integral role of Car conformations on LHCII photophysics under varying257

light conditions 35.258

It is interesting to note that the two strongly perturbed peripheral domains identified in this259

work correspond to two of the proposed photoprotective quenching sites in LHCII from previous260

work. Twisting of the Neo conjugated chain has been postulated as a potential mechanism for261
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quenching in crystals of LHCII 17, and Lut1 was speculated to undergo a conformational change262

that opens up a quenching site with the terminal Chl as in oligomeric LHCIIs 10, 18. We observe263

quenching even in the non-aggregated, individual trimeric LHCIIs through the reduced fluores-264

cence lifetime of 2.8 ns and the associated dissipative photophysics. This suggests that the native265

structure of LHCII trimers enhances quenching upon environmental perturbation, which may be a266

similar effect to that observed in LHCII aggregates. Considering that the two strongly perturbed267

pigment domains identified herein would be located near the interface of trimeric LHCIIs in vivo,268

protein-protein interactions in the native system may introduce a similar effect and further amplify269

the structural reorganizations observed here. These interactions may be either between multiple270

LHCIIs or between LHCII and the photosystem II subunit S (PsbS), which is a non-pigment bind-271

ing protein required for quenching in vivo, potentially via induction of a conformational change in272

LHCII 21, 54.273

In this work, we benchmark the dynamics and pathways of light harvesting and dissipation in274

LHCII embedded within a near-native membrane. Our results show dissipation is enhanced in the275

membrane, demonstrating the ability of the local environment to determine the structure, dynamics,276

and function of the photosynthetic apparatus in green plants. Furthermore, one of the dissipative277

pathways, sub-picosecond energy transfer from the terminal Chl locus to the Car dark state, is278

uncovered through our ultrafast time resolution. The rapid timescale revealed here suggests a279

faster mechanism than previously assumed, and thus the need for a critical reevaluation of existing280

models of dissipation.281
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Methods282

Sample preparation. Detailed information on sample preparation including production and char-283

acterization of the nanodisc sample can be found in the Supplementary Information (Supplemen-284

tary Figs. 1−4, Supplementary Table 1). The final optical density (OD) of both samples was 0.45285

(per 0.2 mm) at 675 nm for the dataset obtained with spectrum 1 and 0.2 for the dataset obtained286

with spectrum 2 (Supplementary Fig. 5). In all 2DES measurements, the samples were circulated287

in a 0.2-mm pathlength flow cell with a peristaltic pump to prevent photodegradation and repeti-288

tive excitation of the same spot. The sample reservoir was kept at 4◦C throughout the measurement289

with a home-built water jacket cooling system.290

Ultrabroadband 2DES. Details of the ultrabroadband 2DES apparatus are provided in the Supple-291

mentary Information and in 41. Glass filters with different cutoff wavelengths were chosen for each292

dataset in order to tune the spectrum for optimal excitation of the Car S2/Chl Qx and Chl Qx/Qy293

regions, respectively (Supplementary Fig. 5a). Spectrum 1 (primarily Car/Chl Qx excitation) was294

centered at 550 nm (18182 cm−1) with a full-width at half-maximum (FWHM) of 113 nm (3819295

cm−1), and spectrum 2 (primarily Chl Qx/Qy excitation) was centered at 614 nm (16287 cm−1)296

with a FWHM of 168 nm (4807 cm−1). The final spectra were compressed with chirped mirror297

pairs (Ultrafast Innovations GmbH) to 6.2 − 6.9 fs pulses as characterized with transient grating298

frequency-resolved optical gating (TG-FROG, Supplementary Fig. 5b, c) 55. Coherence time (τ )299

was sampled in 0.4 fs steps in the range of -200 − 200 fs. Waiting time (T ) was incremented in300

steps of 10 fs for T = 0 − 100 fs, 33 fs for T = 100 − 467 fs, 67 fs for T = 467 fs − 1 ps,301

and 1 ps for T = 1 − 10 ps. A pulse energy of 10 nJ was employed for all 2DES measurements302
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with a beam waist of 150 µm at the sample position, corresponding to an excitation density of303

3.9−4.4×1013 photons per pulse per cm2, previously reported to be in the linear regime 47. Each304

dataset was collected three times, on separate days, to ensure reproducibility of the data. The in-305

tegrity of the sample was confirmed by comparing the linear absorption spectra before and after306

each set of measurement.307
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Figure 1: Changes in pigment orientations upon incorporation into membrane discs. a,

Schematic illustration of the membrane disc containing a single trimeric LHCII complex (PDB

1RWT 56). b, Side view of the LHCII trimer. Chl a are displayed in green, Chl b in blue, luteins

(Luts) in pink, neoxanthin (Neo) in purple, and violaxanthin (Vio) in orange. Roman numerals

show the two pigment clusters perturbed upon disc formation. c, Pigment-only side views of clus-

ters I and II (top: I, bottom: II). d-e, CD (top) and second-derivative CD spectra (bottom) of

LHCII in detergent (gray) and in membrane discs (green), plotted for the Car S2 (d) and Chl Qy

absorption range (e). Stick plots indicate the absorption peak wavelengths of the pigments shown

in c. The peak positions for Chls are taken from 45. Purple and pink shaded regions highlight

membrane-induced changes in CD for the two domains I and II.
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Figure 2: Impact of the membrane environment on energetics and relaxation dynamics of

carotenoids. a, Absorptive 2D spectrum of LHCII in detergent (left) and in the membrane (right)

in the Car S2/S1 region at T = 500 fs. Contour lines are drawn at 15% intervals. White dashed lines

indicate the shift in Car S1→ SN transition energy (∆ES1-SN). Colored sticks indicate the energy

levels of the Car S2 states. b, Ratio of the S1 ESA peak intensity to S2 GSB peak intensity at T

= 8000 fs in detergent (gray) and in the membrane (green). Error bars are calculated from three

independent measurements. c, S1 lifetimes of the Cars obtained by fitting the decay of S1 ESA. d,

Projection of the 2D spectra shown in a onto the ωt axis for a 600 cm−1 interval centered at ωτ =

20000 cm−1. Right panel shows a closer view of the ESA (boxed region in the left panel), where

both traces are normalized to the same scale to emphasize the energy shift. e, 2D spectrum of the

Car-Chl cross peak region at T = 300 fs (in detergent). Colored sticks indicate the energy levels

of the Car S2 states. f, Ratio of Car-Chl cross peak intensity obtained by dividing the sum of all

cross peak intensities in the membrane by that in detergent. Error bars are calculated from three

independent measurements.
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Figure 3: Impact of the membrane environment on chlorophyll relaxation dynamics. a, Ab-

sorptive 2D spectrum of LHCII in detergent (left) and in the membrane (right) in the Chl Qy region

at T = 533 fs. Colored sticks indicate the energy levels of the Chl Qy states. Contour lines are

drawn at 15% and 5% intervals for positive and negative signal, respectively. b-e, Waiting time

traces of the peaks labeled in a: Chl b diagonal peak (b), Chl b→ Chl a energy transfer cross peak

(c), Chl SE (d), and Car S1 ESA upon excitation of the terminal Chls (e). Insets in b and c show

longer-timescale dynamics. The traces were generated by integrating the 2D intensity over fre-

quency intervals of 100 cm−1 (ωτ ) × 100 cm−1 (ωt) for b, c, and 300 cm−1 (ωτ ) × 400 cm−1 (ωt)

for d, e around the following center frequencies: (ωτ , ωt) = (15540, 15300) (b), (15540, 14750)

(c), (14925, 14470) (d), (14925, 18400) (e, in cm−1).
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Figure 4: Schematic illustration of the alteration of LHCII photophysics by the membrane

environment (energy level not to scale). Curved arrows illustrate energy transfer between Cars

and Chls, and squiggly arrows illustrate non-radiative decay pathways of the Cars. The thickness

of the arrows denote the relative efficiency of the corresponding pathway.
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SUPPLEMENTARY INFORMATION

1. Detailed description of sample preparation

1.1 Isolation and purification of LHCII

Thylakoid isolation. Stacked thylakoids were purified from leaves of spinach plants following

a previously reported protocol1 with minor modifications. Tissues were harvested and freshly

homogenized in cold extraction buffer (0.5% milk powder, 0.4 M NaCl, 0.02 M Tricine/KOH,

pH 7.8, 0.002 M MgCl2 and 0.005 M ε-aminocaproic acid, 0.001 M phenylmethylsulfonyl fluoride

and 0.001 M benzamidine as protease inhibitors). After filtration, samples were precipitated by

centrifugation at 4000 × g for 10 min at 4◦C and then resuspended in hypotonic buffer (0.015 M

NaCl, 0.005 M MgCl2, 0.01 M HEPES/KOH, pH 7.5, and protease inhibitor). After centrifugation

for 10 min at 10000 × g at 4◦C, thylakoids were resuspended in a buffer containing 0.4 M sorbitol,

0.015 M NaCl, 0.005 M MgCl2, and 0.01 M HEPES/KOH, pH 7.5.

Pigment-binding complex purification. For separation of pigment-binding complex (LHCII),

3 mg Chl of thylakoid membranes were washed with 5 mM EDTA and resuspended at a final

concentration of 1 mg/ml Chl in 0.01 M HEPES, pH 7.5. Samples were then solubilized at a final

concentration of 0.5 mg/ml Chl, adding 1.6% n-dodecyl α-D-maltopyranoside (α-DM) and 0.01 M

HEPES, pH 7.5 and vortexing for 1 min. After 10 min of incubation on ice, thylakoid membranes

were centrifuged at 15000 × g for 10 min to eliminate unsolubilized material. Fractionation oc-

curred upon ultracentrifugation on a 0.1−1 M sucrose gradient containing 0.03% α-DM and 0.01

M HEPES, pH 7.5 (40 h at 103000 × g at 4◦C). The purified LHCII sample was stored at -80◦C

until further use, and thawed immediately before each laser measurement.

Pigment composition analysis. For pigment composition analysis, pigments were extracted

with 80% acetone and centrifuged two times at 20000 × g for 15 min at 4◦C. The supernatant

was analyzed by HPLC as described in Gilmore et al.2 (Supplementary Figure 1). The pigment

composition of purified LHCII determined is shown in Supplementary Table 1.
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Supplementary Figure 1: HPLC chromatogram of the purified LHCII sample. HPLC

profile of the purified LHCII sample measured at 440 nm. The determined pigment composition

is given below in Supplementary Table 1. N: neoxanthin, V: violaxanthin, L: lutein.

Supplementary Table 1: Pigment composition of LHCII determined by HPLC.

Pigment

Chl a/Chl b 1.26 ± 0.02

Chl a per mol 7.8 ± 0.09

Chl b per mol 6.2 ± 0.04

Neoxanthin 0.7 ± 0.05

Violaxanthin 0.6 ± 0.01

Lutein 2.0 ± 0.04

Zeaxanthin 0

Chl/Car 4.3 ± 0.12

Chl total 14

Car total 3.3 ± 0.09

1.2 Preparation and characterization of LHCII nanodiscs

Purification of membrane scaffold protein MSP1E3D1. The membrane scaffold protein

MSP1E3D1 was overexpressed from the plasmid pMSP1E3D1 containing a 6× histidine tag and

kanamyacin antibiotic resistance (Addgene), and purified with nickel affinity chromatography ac-

cording to previously reported protocols3, 4. The mass and purity of the final product were verified

by reverse-phase liquid chromatography mass spectrometry (LC-MS) and denaturing sodium do-

decyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), respectively. The purified protein

was concentrated to ∼600 µM and aliquoted. The concentration of protein was determined using
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the absorbance of the protein at 280 nm and the known extinction coefficient of MSP1E3D1 at this

wavelength4. The aliquots were flash frozen in liquid nitrogen and stored at -80◦C until further

use.

Lipid preparation. Preparation of lipids was performed similarly to the method reported in

earlier work5, 6. Soy asolectin lipid mixture was purchased from Sigma Aldrich and used without

further purification. A 25 mg/mL stock solution was prepared by solubilizing the lipid mixture in

0.05 M HEPES, 0.1 M NaCl, 0.04 M sodium cholate buffer (pH 7.5). The concentration of lipid was

determined by phosphorus assay7. For nanodisc assembly with native thylakoid lipid mixture, the

four lipid components monogalactosyldiacylglycerol (MGDG), digalactosyldiacylglycerol (DGDG),

sulfoquinovosyldiacylglycerol (SQDG), and phosphatidylglycerol (PG) were purchased from Avanti

Polar Lipids, and each solubilized to a 5 mg/mL concentration in 0.05 M HEPES, 0.1 M NaCl, 0.04

M sodium cholate buffer (pH 7.5). The prepared stock lipid solutions were aliquoted and degassed

of oxygen by bubbling in N2 gas. The aliquots were flash frozen and stored at -80◦C until further

use.

Assembly of LHCII nanodiscs with soy asolectin lipid. Nanodiscs loaded with LHCII were

produced following a previous reported protocol with minor modifications5, 6. Purified MSP1E3D1,

soy asolectin, and detergent-solubilized LHCII were mixed together at molar ratios of 1 : 55 : 0.125.

Excess MSP1E3D1 and lipid were used to minimize contamination of the sample with LHCII

not embedded in the disc or multiply-embedded LHCII. The MSP1E3D1:lipid molar ratio was

systematically varied to optimize the reaction, and the optimal ratio was determined experimentally

from characterization of the reaction products (see below, 1 : 55 : 0.125 is the experimentally found

optimal ratio). The mixture was incubated at 4◦C shaking for 1 h. To remove the detergent, Bio-

Beads SM-2 adsorbents (Bio-Rad) were added to the reaction and incubated at 4◦C shaking for 1

h. Bio-Beads were removed by centrifugation at 4000 × g for 20 min. The product was purified

by the 6× histidine tag of MSP1E3D1 on a nickel affinity column. Following equilibration of the

sample with the beads for 2 h at 4◦C on a nutating mixer, column flow-through was collected and

the column was washed with 0.01 M HEPES, 0.02 M NaCl, 0.02 M imidazole, pH 7.5. The sample

was eluted with 0.01 M HEPES, 0.02 M NaCl, 0.4 M imidazole, pH 7.5 in fractions. Fractions

containing loaded nanodiscs were determined by SDS-PAGE and linear absorption. No LHCII

was detected in the flow-through or washes, confirming 100% incorporation of LHCII into discs.

Imidazole in the purified discs was removed by buffer exchange into 0.01 M HEPES, 0.02 M NaCl,

0.5 mM EDTA, pH 7.5. The sample was further buffer exchanged into 0.05 M HEPES, 0.15 M NaCl,

pH 7.5. The loaded nanodiscs were further purified by fast protein liquid chromatography (FPLC)
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Supplementary Figure 2: Characterization of LHCII nanodiscs with soy asolectin

lipid. a, FPLC chromatogram of empty (gray) and loaded (green) LHCII nanodisc with soy

asolectin lipid. Green shaded area indicates the fraction of loaded discs that was stored for

spectroscopic measurements. b, SDS-PAGE analysis of loaded discs after FPLC purification.

Lane 1: ladder, lane 2: LHCII discs. Both the MSP1E3D1 and LHCII bands are identified, which

shows successful incorporation of LHCII into discs. c-d, TEM image (c) and size distribution (d)

of the discs derived from TEM image analysis.

with a BioLogic DuoFlow (Bio-Rad) on a Superdex 200 Increase 10/300 GL (GE Healthcare Life

Sciences) at a flow rate of 0.75 mL/min in 0.05 M HEPES, 0.15 M NaCl, pH 7.5. Fractions of main

peaks were collected and analyzed by linear absorption, SDS-PAGE, and transmission electron

microscopy (TEM) to identify the peak containing LHCII discs. TEM samples were prepared by

the negative staining method8 with 2% uranyl acetate on negatively glow-discharged 400-mesh

Cu-carbon coated films (Electron Microscopy Sciences). Samples were imaged on a FEI Tecnai

(G2 Spirit TWIN) electron microscope operated at 120 kV.
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Supplementary Figure 3: Characterization of LHCII nanodiscs with thylakoid lipid

mixture. a, FPLC chromatogram of empty (gray) and loaded (green) LHCII nanodisc with 50%

MGDG, 27% DGDG, 12% SQDG and 11% PG. Green shaded area indicates the fraction of

loaded discs that was stored for spectroscopic measurements. b, SDS-PAGE analysis of loaded

discs after FPLC purification. Lane 1: ladder, lane 2: LHCII discs. c-d, TEM image (c) and size

distribution (d) of the discs derived from TEM image analysis.

Assembly of LHCII nanodiscs with native thylakoid lipids. To examine any dependence

of the excited-state dynamics of LHCII on the lipids used, nanodiscs with lipid mixture consisting

of native thylakoid lipids were also prepared. To mimic the lipid composition of the native plant

thylakoid membrane (∼50% MGDG, ∼30% DGDG, ∼ 5 − 12% SQDG, and ∼ 5 − 12% PG)9,

lipid mixture containing 50% MGDG, 27% DGDG, 12% SQDG and 11% PG was prepared by

mixing the stock aliquots (see above). Lipid mixture without the non-bilayer-forming lipid MGDG

was also prepared (62% DGDG, 17% SQDG, 21% PG). Each lipid mixture was added to the disc

reaction at the same molar ratios as in soy asolectin discs (1 : 55 : 0.125), and discs were prepared

and characterized following the protocol described above for soy asolectin. Supplementary Figures

2 and 3 demonstrates successful incorporation of LHCII into nanodiscs.
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2. Additional experimental methods

2.1 Steady-state absorption and fluorescence

Linear absorption and steady-state fluorescence spectra were measured with a Cary 5000 spec-

trophotometer and a Cary Eclipse fluorimeter (Agilent), respectively, in 1 cm pathlength cuvettes.

For fluorescence measurements, the optical density (OD) of the sample at the excitation wavelength

was kept at 0.05 − 0.07 to ensure absence of any reabsorption effect. Excitation wavelengths of

436 nm, 600 nm, and 640 nm were used, and no excitation-wavelength dependence was found in

the fluorescence spectra. Relative fluorescence quantum yield of LHCII in nanodiscs compared to

LHCII in detergent was calculated by comparing the integrated area of the fluorescence spectrum

normalized by the OD at the excitation wavelength.

2.2 Circular dichroism (CD)

CD spectra were measured at 20◦C on a Jasco J-1500 spectropolarimeter, in a 1 mm pathlength

quartz cuvette. The OD of the sample was 0.08 per mm at 670 nm.

2.3 Time-correlated single photon counting (TCSPC)

Fluorescence lifetimes were measured with time-correlated single photon counting (TCSPC). The

excitation source was generated by passing the output of a Ti:sapphire laser (Vitara-S, Coher-

ent Inc., centered at 800 nm, 80-MHz repetition rate) through a nonlinear photonic crystal fiber

(FemtoWhite 800, NKT Photonics). The generated broadband supercontinuum was then passed

through a 630−655 nm bandpass filter (ET645/30x, Chroma, see Supplementary Figure 4) to pro-

duce the excitation laser spectrum. The excitation beam was focused on a 1-mm pathlength cuvette

containing the sample and the emission from sample was first passed through an emission filter

(665.2 nm longpass, BLP01-647R-25, Semrock), and then detected by a single-photon-detecting

avalanche photodiode (PDM Series, Micro Photon Devices). The output of the detector was con-

nected to a timing module (PicoHarp 300, PicoQuant, Inc.), which detects the arrival time of each

photon. The instrument response function (IRF) was determined by measuring scattered excita-

tion light, and has a width of 50 ps. Fluorescence decay curves were individually fitted with a

mono-exponential or bi-exponential decay function with the IRF using iterative reconvolution. To

prevent reabsorption effect, the OD of all samples at the excitation wavelength range was kept

around 0.07 per mm. The excitation laser power used was 10 fJ/pulse for all samples.
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Supplementary Figure 4: Experimental condition for fluorescence lifetime

measurements. Transmission spectra of the excitation (orange area) and emission (pink area)

filters used in TCSPC overlaid with the absorption (black solid line) and fluorescence (black

dashed line) spectra of LHCII.

2.4 Detailed description of two-dimensional electronic spectroscopy (2DES) apparatus

The ultrabroadband laser spectra were obtained by focusing the output of a Ti:sapphire regenera-

tive amplifier (Libra, Coherent Inc., 5 kHz repetition rate, 1.1 mJ output, < 40 fs pulse duration

centered at 800 nm) into pressurized argon gas at 20 psi above atmospheric pressure. The generated

supercontinuum was passed through a 805-nm cutoff dichroic mirror (Thorlabs) and glass bandpass

filters (Thorlabs) to attenuate the near-infrared part. Glass filters with different cutoff wavelengths

were chosen to tune the laser spectrum for optimal excitation of the Car S2/Chl Qx (spectrum 1)

and Chl Qx/Qy regions (spectrum 2), respectively (Supplementary Fig. 5a). Spectrum 1 was cen-

tered at 550 nm (18182 cm−1) with a full-width at half-maximum (FWHM) of 113 nm (3819 cm−1),

and spectrum 2 was centered at 614 nm (16287 cm−1) with a FWHM of 168 nm (4807 cm−1). The

final spectra were compressed with group-velocity-dispersion (GVD)-compensated chirped mirror

pairs (Ultrafast Innovations GmbH) to 6.2 − 6.9 fs pulses as characterized by transient grating

frequency-resolved optical gating (TG-FROG, Supplementary Fig. 5b,c) 10.

The compressed pulse was split into four beams in the BOXCARS geometry. Temporal delays

between pulses were achieved by two nanopositioners and a translational stage (Aerotech) to encode

the coherence time (τ) and waiting time (T ), respectively. The local oscillator was attenuated by

three orders of magnitude and temporally delayed by 600−700 fs from the three other pulses. The

emitted third-order signal was heterodyne-detected by focusing onto a home-built spectrometer.

For scatter removal, we employed shot-to-shot (5 kHz) data acquisition synchronized with dual

chopping at 2.5- and 1.25 kHz frequencies, using a high-speed line scan CCD (e2v). At a given T ,

1280 lines for each chopper sequence were averaged and saved in the data matrix for each τ . For
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Supplementary Figure 5: Characterization of laser spectra used for 2DES

measurements. a, Ultrabroadband laser spectra used in 2DES overlaid with the linear

absorption (black solid) and fluorescence spectra (black dashed) of LHCII. b-c, TG-FROG trace

of spectra 1 (b) and 2 (c) with the retrieved temporal profiles (filled circles) fitted with a

Gaussian function (solid line).

both datasets, τ was sampled in 0.4 fs steps in the range of−200−200 fs. T was incremented in steps

of 10 fs for T = 0−100 fs, 33 fs for T = 100−467 fs, 67 fs for T = 467 fs − 1 ps, and 1 ps for T = 1−10

ps. A pulse energy of 10 nJ was employed for all 2DES measurements. The detergent-solubilized

and disc-embedded LHCII samples were measured consecutively under the same experimental

condition for direct comparison of the dynamics. Each dataset was collected three times, on

separate days, to ensure reproducibility of the data. Following each set of measurement, the

integrity of the sample was confirmed by comparing the linear absorption spectra before and after

the experiment. For phasing, auxiliary pump-probe spectra were collected shot-to-shot following

each set of measurement, using only the 2.5-kHz chopper. The raw 2D spectra were phased using

the pump-probe spectra according to the projection slice theorem11. Additional details of the

2DES apparatus and data acquisition can be found elsewhere12.
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3. Linear absorption data

3.1 Second-derivative analysis of absorption spectrum

Energy levels of the pigments were identified by taking the second derivative of the linear absorption

spectrum of detergent-solubilized LHCII measured at 293 K and 77 K, and the data are reported

in 13. The identified transitions are summarized in Supplementary Table 2. Note that the S2 states

of Neo and Vio could not be assigned separately due to the significant overlap between the two

states14.

Supplementary Table 2: Pigment energy levels from second-derivative analysis.

Transition 293 K wavelength (frequency)a 77 K wavelength (frequency)

Chl a Soret 433 (23090) 431 (23200)

Chl b Soret 473 (21160) 473 (21160)

Vio/Neo S2 486 (20580) 485 (20600)

Lut1 S2 n.d.b 493 (20280)

Lut2 S2 n.d. 511 (19560)

Chl b Qx 597 (16750) 597 (16750)

Chl a Qx 621 (16100) 621 (16100)

Chl b Qy 649 (15400) 648 (15430)

High-energy Chl a Qy (Chl aH) n.d. 661 (15130)

Low-energy Chl a Qy (Chl aL) 678 (14750) 678 (14750)

a Frequencies (in parentheses) are in cm−1.

b Not determined.



12

3.2 Comparison of linear absorption in detergent and in the membrane environment

Supplementary Figure 6: Linear absorption of detergent-solubilized and

disc-embedded LHCII. a, Linear absorption of LHCII in detergent (gray) and in soy asolectin

nanodiscs (green), normalized to the 650 nm peak. b, Difference absorbance spectrum obtained

by subtracting the normalized detergent spectrum from that of the nanodisc. c, Zoom-ins of the

Car S2 and Chl Qy regions from a (labeled with dashed boxes). Bottom panels show the second

derivative of the top panels with peak positions labeled.
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4. Supplementary CD data

Supplementary Figure 7: Comparison of CD spectra in different environments. a,

Comparison between detergent-solubilized (gray) and disc-embedded LHCII (green) with soy

asolectin. The spectra are normalized to the sample absorbance at 675 nm. b, Comparison

between soy asolectin discs (green) and native thylakoid lipid discs (orange, 50% MGDG, 27%

DGDG, 12% SQDG and 11% PG). The spectra are normalized to the sample absorbance at 675

nm. c, Difference CD between detergent and soy asolectin discs in a (solid line) showing the

effect of membrane environment. Dashed line shows the difference CD between soy asolectin discs

and native thylakoid lipid discs (in b), indicating independence of the CD response on the lipid

mixture used.
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5. Fluorescence data

5.1 Steady-state fluorescence

Supplementary Figure 8: Fluorescence spectra of detergent-solubilized and

disc-embedded LHCII. Fluorescence spectra of LHCII in detergent (gray) and in soy asolectin

nanodiscs (green), normalized to the maximum fluorescence peak (a) and to the OD at the

excitation wavelength (630 nm) for comparison of fluorescence quantum yield (b). Inset of a

displays zoom-in of the 675− 695 nm range to show the shift in peak wavelength. In b, the

integrated area of fluorescence in discs was 83% of that in detergent.

5.2 Time-resolved fluorescence

5.2.1 Comparison of fluorescence lifetimes between detergent-solubilized and disc-

embedded LHCII

Excited-state dynamics on slower (hundreds of ps − ns) timescales were interrogated by TCSPC.

While the fluorescence decay of LHCII in detergent was mono-exponential with a 3.4 ns time

constant, LHCII incorporated into nanodiscs exhibited an additional, shorter (0.3 ps) component

(Supplementary Figure 9a and Supplementary Table 3). The average fluorescence lifetime (< τ
fl
>)

was reduced in discs by 18%, from 3.4 to 2.8 ns. Our results are consistent with previously reported

results on nanodiscs produced with the same membrane scaffolding protein and lipids5.

5.2.2 Effect of lipid environment on the fluorescence lifetimes in the membrane

To examine if the observed difference in the fluorescence dynamics is dependent on which lipids

are used to form nanodiscs, we compared the fluorescence decay profiles of nanodiscs with soy

asolectin lipid and native thylakoid lipid mixtures (see previous section for details of the different

lipids used). As shown in Supplementary Figure 9b, the fluorescence decay profiles are identical
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for nanodiscs regardless of the lipids used. Thus, we conclude that the difference in fluorescence

lifetimes is caused by introduction of the membrane environment, not by specific protein-lipid

interactions.

Supplementary Figure 9: Fluorescence lifetime comparison of detergent-solubilized

and disc-embedded LHCII. a, Fitted fluorescence decay profiles of LHCII solubilized in

detergent (gray) and embedded in nanodiscs with soy asolectin lipid (green). IRF is shown in

light gray. The fitted parameters are shown in Supplementary Table 3. b, Overlay of the TCSPC

profiles of LHCII nanodiscs with different lipid conditions. Green: soy asolectin, blue: 62%

DGDG, 17% SQDG, 21% PG, orange: 50% MGDG, 27% DGDG, 12% SQDG and 11% PG.

Supplementary Table 3: Fitted parameters from fluorescence lifetime measurements.

Sample A1
a τ1 (ns)b A2 τ2 (ns) < τ

fl
>c

Detergent-solubilized − − 1.00 3.4 3.4

Discs (soy asolectin) 0.09 0.3 0.91 3.1 2.8

Discs (50% MGDG, 27% DGDG,

12% SQDG and 11% PG) 0.10 0.3 0.90 3.1 2.8

Discs (62% DGDG, 17% SQDG,

21% PG) 0.10 0.3 0.90 3.1 2.8

a Normalized amplitude in percentage.

b Fitted time constant.

c Average fluorescence lifetime calculated by weighted average of the fitted components.
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6. Supplementary 2DES data

Supplementary Figure 10: Representative ultrabroadband 2D spectrum of LHCII.

Absorptive 2D spectrum at T = 600 fs (in detergent, measured with laser spectrum 1) with the

main spectral features labeled with text.
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Supplementary Figure 11: Ratio of S1 ESA to S2 GSB/SE integrated area. Gray and

green traces correspond to LHCII in detergent and in membrane discs, respectively. a shows the

ratio between the total integrated area using the broad ωτ range as indicated in the figure. b-d

are calculated with narrower ωτ ranges (indicated in each figure) to account for the response from

the three individual Cars. Fixed ωt ranges of ωt = 19200− 21000 cm−1 (S2 GSB/SE) and

17500− 18700 cm−1 (S1 ESA) were used for all plots.
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Supplementary Figure 12: Waiting time traces of Car S2/S1 peaks. Gray and green

traces correspond to LHCII in detergent and in membrane discs, respectively. All traces were

generated by integrating the 2D intensity over frequency intervals of 100 cm−1 (ωτ ) × 100 cm−1

(ωt) around the center frequencies specified in each figure. Fit parameters are listed in

Supplementary Table 4 below.

Supplementary Table 4: Fitted parameters from Car S2/S1 region of 2D spectra.

A1
a τ1 (fs)b A2 τ2 (fs)

Detergent Neo S2 0.42 115 ± 10 0.58 3040 ± 300

Lut1 S2 0.32 110 ± 25 0.68 2500 ± 270

Lut2 S2 0.56 80 ± 25 0.44 2630 ± 570

Neo S1 -0.46 200 ± 50 0.54 10000 ± 2660

Lut1 S1 -0.36 160 ± 30 0.64 6220 ± 1080

Lut2 S1 -0.25 135 ± 27 0.75 7100 ± 1900

Disc Neo S2 0.49 63 ± 8 0.51 1255 ± 150

Lut1 S2 0.38 100 ± 20 0.62 1458 ± 138

Lut2 S2 0.50 88 ± 17 0.50 2600 ± 550

Neo S1 -0.49 130 ± 33 0.51 4620 ± 1000

Lut1 S1 -0.42 110 ± 25 0.58 2900 ± 600

Lut2 S1 -0.30 125 ± 25 0.70 7150 ± 1860

a Normalized amplitude in percentage. Negative amplitude indicates exponential rise.

b Fitted time constant.
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Supplementary Figure 13: S1 energy shift of Cars. Projection of the 2D spectra at

T = 500 fs onto the ωt axis for ωτ ranges indicated inside each figure on the left column, which

are the excitation frequencies for Neo (a), Lut1 (b), and Lut2 (c), respectively. Right column

shows a closer view of the ESA, where both traces are normalized to the same scale. Gray and

green traces correspond to LHCII in detergent and in membrane discs, respectively.
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Supplementary Figure 14: Vibrational cooling dynamics of the Cars. a is a replicate of

Fig. 2d in the main text with guidelines (light gray) added to show the definition of the

zero-crossing frequency. b shows the evolution of the zero-crossing frequency over time for the

first 1000 fs. Gray trace corresponds to detergent-solubilized and green to disc-embedded sample,

respectively.
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Supplementary Figure 15: Absorptive 2D spectra of Chl Qy region at selected

waiting times. a displays detergent-solubilized and b membrane-embedded LHCII. All spectra

are normalized to the same scale. Contour lines are drawn at 15% and 5% intervals for positive

and negative signal, respectively.
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Supplementary Text: Peak assignments in the Chl Qy region

In agreement with previously reported results 15, 16, the 2D spectra in this region show diagonal

peaks at the energies of the Qy bands of Chl b and Chl a (peaks 1−3, Supplementary Fig. 16).

The pronounced elongation of the Chl a peak implies the presence of the higher-energy (aH)

and lower-energy pools (aL) of Chl a, which are resolved into two separate peaks at cryogenic

temperatures but not at room temperature 15 (Supplementary Table 2). At the intersections of

the frequencies of 1−3, cross peaks (peaks 4−6) grow in at early waiting times as energy migrates

from Chl b to the lower-lying Chl a pools. Our data also contain non-negligible contribution from

the SE of Chl a at ωt < 14500 cm−1 due to the broad bandwidth of our laser spectrum that covers

part of the Chl fluorescence 17.

Supplementary Figure 16: Waiting time traces of Chl Qy peaks. Gray and green traces

correspond to LHCII in detergent and in membrane discs, respectively, and black lines are the fit

curves. Peak positions are labeled in the T = 100 fs spectrum (detergent) shown on the left. All

traces were generated by integrating the 2D intensity over frequency intervals of 100 cm−1 (ωτ ) ×

100 cm−1 (ωt) around the center frequencies specified in each figure. Insets show the

longer-timescale dynamics for T = 0− 10000 fs (peaks 2, 3) and 0− 5000 fs (peaks 4, 5). Fit

parameters are listed in Supplementary Table 5 below. Waiting time traces of peaks 1 and 6 are

shown in the main text, in Fig. 3b, c.
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Supplementary Table 5: Fitted parameters from Chl Qy region of 2D spectra.

A1
c τ1 (fs)d A2 τ2 (fs)

Detergent 1 (Chl b Qy) 0.67 240 ± 20 0.33 2950 ± 360

2 (Chl aH Qy) 0.33 168 ± 20 0.67 2670 ± 350

3 (Chl aL Qy) − − 1.00 3085 ± 400

4 (b → aH transfer) -0.48 80 ± 20 0.52 4400 ± 600

5 (aH → aL transfer) -0.38 90 ± 23 0.62 9550 ± 2500

6 (b → aL transfer) -0.47 130 ± 20 0.53 8300 ± 1600

Chl SE a 0.39 350 ± 30 0.61 4100 ± 450

Car S1 ESAb -0.33 300 ± 60 0.67 7645 ± 500

Disc 1 (Chl b Qy) 0.58 400 ± 35 0.42 2970 ± 340

2 (Chl aH Qy) 0.33 165 ± 20 0.67 2930 ± 420

3 (Chl aL Qy) 0.39 195 ± 30 0.61 2600 ± 375

4 (b → aH transfer) -0.37 132 ± 22 0.63 4900 ± 950

5 (aH → aL transfer) -0.40 105 ± 20 0.60 10400 ± 2500

6 (b → aL transfer) -0.38 225 ± 20 0.62 8680 ± 1300

Chl SE a 0.53 270 ± 20 0.47 3270 ± 300

Car S1 ESAb -0.45 220 ± 50 0.55 3810 ± 350

a Integrated over the area ωτ = 14775 − 15075 cm−1, ωt = 14270 − 14670 cm−1 (see Fig. 3d in the

main text for the waiting time traces).

b Integrated over the area ωτ = 14775 − 15075 cm−1, ωt = 18200 − 18600 cm−1 (see Fig. 3e in the

main text for the waiting time traces).

c Normalized amplitude in percentage. Negative amplitude indicates exponential rise.

d Fitted time constant.
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Supplementary Figure 17: Waiting time traces of Chl a ESA. Waiting time traces of

ESA monitored as a function of excitation frequency (b, ωt was fixed at 18300− 18500 cm−1) and

emission frequency (c, ωτ was fixed at 14780− 14850 cm−1). The peak positions at which the

time traces are plotted are labeled with color-coded open squares in a. All traces are normalized

to the same scale, and vertically offset for clarity. Only the detergent data are shown, but same

trends were observed in the disc data.



25

1. Bassi, R. & Simpson, D. Chlorophyll-protein complexes of barley photosystem I. FEBS J. 163, 221–230

(1987).

2. Gilmore, A. M. & Yamamoto, H. Y. Zeaxanthin formation and energy-dependent fluorescence quenching

in pea chloroplasts under artificially mediated linear and cyclic electron transport. Plant Physiol. 96,

635–643 (1991).

3. Bayburt, T. H., Grinkova, Y. V. & Sligar, S. G. Self-assembly of discoidal phospholipid bilayer nanopar-

ticles with membrane scaffold proteins. Nano Lett. 2, 853–856 (2002).

4. Ritchie, T. K. et al. Reconstitution of membrane proteins in phospholipid bilayer nanodiscs. Methods

Enzymol. 464, 211–231 (2009).

5. Pandit, A. et al. Assembly of the major light-harvesting complex II in lipid nanodiscs. Biophys. J. 101,

2507–2515 (2011).

6. Crisafi, E. & Pandit, A. Disentangling protein and lipid interactions that control a molecular switch in

photosynthetic light harvesting. BBA-Biomembranes 1859, 40–47 (2017).

7. Boldog, T., Li, M. & Hazelbauer, G. L. Using nanodiscs to create water-soluble transmembrane chemore-

ceptors inserted in lipid bilayers. Methods Enzymol. 423, 317–335 (2007).

8. Boekema, E. J. Negative staining of integral membrane proteins. Micron Microscop. Acta 22, 361–369

(1991).

9. Douce, R. & Joyard, J. Biosynthesis of thylakoid membrane lipids. In Ort, D. R. & Yocum, C. F.

(eds.) Advances in Photosynthesis/Oxygenic Photosynthesis: The Light Reactions (Kluwer Academic

Publishers, 1996).

10. Trebino, R. et al. Measuring ultrashort laser pulses in the time-frequency domain using frequency-

resolved optical gating. Rev. Sci. Instrum. 68, 3277–3295 (1997).

11. Jonas, D. M. Two-dimensional femtosecond spectroscopy. Annu. Rev. Phys. Chem. 54, 425–463 (2003).

12. Son, M., Mosquera-Vázquez, S. & Schlau-Cohen, G. S. Ultrabroadband 2D electronic spectroscopy with

high-speed, shot-to-shot detection. Opt. Express 25, 18950–18962 (2017).

13. Son, M., Pinnola, A., Bassi, R. & Schlau-Cohen, G. S. The electronic structure of lutein 2 is optimized

for light harvesting in plants. Chem 5, 575–584 (2019).

14. Caffarri, S., Croce, R., Breton, J. & Bassi, R. The major antenna complex of photosystem II has a

xanthophyll binding site not involved in light harvesting. J. Biol. Chem. 276, 35924–35933 (2001).

15. Schlau-Cohen, G. S. et al. Pathways of energy flow in LHCII from two-dimensional electronic spec-

troscopy. J. Phys. Chem. B 113, 15352–15363 (2009).

16. Duan, H.-G. et al. Two-dimensional electronic spectroscopy of light-harvesting complex II at ambient

temperature: A joint experimental and theoretical study. J. Phys. Chem. B 119, 12017–12027 (2015).

17. Moca, R., Meech, S. R. & Heisler, I. A. Two-dimensional electronic spectroscopy of chlorophyll a:

Solvent dependent spectral evolution. J. Phys. Chem. B 119, 8623–8630 (2015).



download fileview on ChemRxivSuppInfo.pdf (6.69 MiB)

https://chemrxiv.org/ndownloader/files/15199772
https://chemrxiv.org/articles/Dissipative_Pathways_in_Light-Harvesting_Complex_II_Are_Controlled_by_the_Plant_Membrane/8156702/1?file=15199772

	Item information
	MainText_052019.pdf
	SuppInfo.pdf

