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Abstract

In photosynthesis, absorbed light energy transfers through a network of antenna proteins with
near-unity quantum efficiency to reach the reaction center, which initiates the downstream
biochemical reactions. While the energy transfer dynamics within individual antenna proteins
have been extensively studied over the past decades, the dynamics between the proteins are
poorly understood due to the heterogeneous organization of the network. Previously reported
timescales averaged over such heterogeneity, obscuring individual interprotein energy transfer
steps. Here, we isolated and interrogated interprotein energy transfer by embedding two
variants of the primary antenna protein from purple bacteria, light-harvesting complex 2 (LH2),
together into a near-native membrane disc, known as a nanodisc. We integrated ultrafast
transient absorption spectroscopy, quantum dynamics simulations, and cryogenic electron
microscopy to determine interprotein energy transfer timescales. By varying the diameter of
the nanodiscs, we replicated a range of distances between the proteins. The closest distance
possible between neighboring LH2, which is the most common in native membranes, is 25 A
and resulted in a timescale of 5.7 ps. Larger distances of 28 to 31 A resulted in timescales of
10 to 14 ps. Corresponding simulations showed that the fast energy transfer steps between
closely spaced LH2 increase transport distances by ~15%. Overall, our results introduce a
framework for well-controlled studies of interprotein energy transfer dynamics and suggest that

protein pairs serve as the primary pathway for the efficient transport of solar energy.

Significance Statement

Energy transport over long distances with high efficiency is a critical design parameter of
photosynthetic light harvesting, where photonic energy travels across multiple antenna proteins
to reach the reaction center. Understanding transport requires that energy transfer between
proteins be resolved, but this crucial step has been experimentally inaccessible. Here, we used
near-native membrane nanodiscs to isolate two antenna proteins from purple bacteria, one of
the most ancient and most efficient photosynthetic organisms. By measuring the structural
organization and dynamics, we characterized interprotein energy transfer across the
physiological range of distances. Simulations revealed that the presence of fast energy transfer

steps enhances long-distance transport. These results point to pairwise interactions as a key



mediator of energy transport.

Photosynthesis supports nearly all life on Earth by converting light energy to chemical energy
with a remarkable near-unity quantum efficiency (1-5). The quantum efficiency is the yield of
charge separation per absorbed photon rather than the overall power conversion efficiency,
which is much lower at ~5% (6-8). The high quantum efficiency in these first steps is achieved
through a network of antenna proteins that absorb sunlight and then rapidly transport the
resultant photoenergy over distances of 25 to 200 nm to reach reaction centers for charge
separation. While nanometer-scale energy transfer within individual antenna proteins has been
extensively characterized (3, 9-25), energy transport on the tens to hundreds of nanometer
distances relies on interprotein energy transfer. However, these energy transfer steps have been
more challenging to probe due to the number of proteins involved, their heterogeneous
organization, and their overlapping spectral features (26-31). As a result, many open questions
remain about interprotein energy transfer and how it gives rise to efficient energy transport
over long distances.

Purple bacteria serve as model organisms for studies of photosynthetic light harvesting due
to their high efficiency and well-separated spectral features (7). The primary antenna protein,
light-harvesting complex 2 (LH2) or the B800-850 complex, is formed from subunits
consisting of a protein heterodimer that bind one carotenoid and three bacteriochlorophyll a
(BChla). The subunits further assemble into an octameric, nonameric, or decameric cylindrical
structure in a species-dependent manner (28, 32—-34). Upon assembly, two concentric rings of
BChla are generated. One of the rings, denoted B800, consists of one BChla from each subunit
and absorbs at 800 nm, whereas the other, denoted B850, consists of two BChla from each
subunit and usually absorbs at 850 nm (35-38). While these are the most common absorption
features, in some species, the blue-shift of B850 ring to 820 nm under stress conditions
(primarily low-light irradiation) is attributed to a single amino acid substitution that restructures
the hydrogen bonding network between the protein and the BChlas (35, 39, 40). This variant
of LH2 is known as LH3 or the B800-820 complex (36, 41). For all variants, energy rapidly
transfers from the B800 to the B820/B850 ring and then around the B820/B850 ring (3, 10-24,



35, 42-47).

After absorption and relaxation within LH2, energy transfers between the LH2 to reach
light-harvesting complex 1, which encircles the bacterial reaction center (LH1-RC) (3, 35, 42,
43, 48-50). The LH2 and LH1-RC are organized in the photosynthetic membrane in
heterogeneous arrangements and protein ratios, which further vary with species and growth
conditions (5, 26, 29, 39, 51-54). To understand the energy transfer dynamics within the
protein network, energy transfer timescales from LH2 to LH1 and among LH2 have been
measured. Timescales of 2 to 10 ps were determined for LH2-to-LH1 energy transfer (15, 35,
42,55-57) and 3 to 5 ps for LH2-to-LH2 energy transfer (58, 59). However, because LH2-to-
LH2 energy transfer does not have any associated spectral changes, the timescale of this step
was only indirectly resolved. Furthermore, measurements of interprotein energy transfer were
all performed in vivo or on isolated membrane segments, which exhibit significant
heterogeneity in the interprotein distances. Energy transfer is highly dependent on the
interprotein distance, and so the reported values likely represent averages over a range of
underlying timescales. The heterogeneous arrangements may also contribute to the
heterogeneity in reported values. Due to this complexity, the specific timescales for protein-to-
protein energy transfer have not yet been isolated, despite their key role in long-distance energy
transport.

In this work, we isolate and interrogate energy transfer between LH2 variants by
reconstituting LH2 and LH3 from Phaeospirillum (Ph.) molischianum together within a model
membrane, known as a nanodisc (Fig. 1A). Nanodiscs are discoidal lipid bilayers with well-
controlled diameters and protein composition and thereby provide a near-physiological yet
homogeneous membrane-protein system (60-62).

By changing the diameter of the nanodisc, we produced interprotein distances across the
physiological range (26, 63-65). Cryogenic electronic microscopy (cryoEM) revealed
interprotein distances of ~25, ~28, and ~31 A. Transient absorption (TA) spectroscopy revealed
corresponding LH3-to-LH2 energy transfer timescales of 5.7, 9.8, and 14.7 ps. Supporting
simulations emphasize that the closely packed protein pairs improve long-distance
energy transport, effectively creating a superhighway for energy migration that may underlie

the high quantum efficiency. Overall, these results identify the timescales of this critical energy



transfer step and establish the utility of nanodiscs as a platform for bottom-up investigation of

the photosynthetic antenna network.

Results and Discussion

LH2 Variants in Doubly Loaded Membrane Discs. To isolate energy transfer between LH2
proteins, we constructed doubly loaded nanodiscs (DLDs) with both LH2 and LH3
incorporated as illustrated in Fig. 1A. Nanodiscs self-assemble into a discoidal membrane
encircled by a stabilizing belting protein. The membrane composition and size depend on the
ratios of the belting proteins, constituent lipids, and target membrane proteins in the initial
mixture. By varying the stoichiometry of the mixture, the nanodiscs were optimized for two
LH2 per disc with different diameters. Negative-stain transmission electron microscopy
(nsTEM) and cryoEM analysis of the DLDs revealed discoidal structures, confirming nanodisc
formation. The structures exhibited apparent diameters of 17.8 + 0.Inm and 20.4 = 0.2 nm for
the small and large nanodiscs, respectively (Fig. 1 B and C). Successful incorporation of LH2
into nanodiscs was suggested by SDS-PAGE of the purified DLDs samples showing both LH
monomer subunits and the belting protein, ApoE422K (Fig. 1D).

The integrity of the LH2 variants within the nanodiscs was established with steady-state
linear absorption and fluorescence spectra (Fig. 1 E and F) for three DLDs samples: LH2 only
(LH2-LH2 DLDs), LH3 only (LH3-LH3 DLDs), and the LH2-LH3 mixture (LH2-LH3
DLDs). The overall peak profiles are similar to the proteins in detergent. For LH2-LH2 DLDs,
the maximum of the B850 band red-shifted from 846 to 849 nm upon incorporation into the
lipid bilayer, consistent with previous reports (13, 14). Similarly, for LH3—LH3 DLDs, the
maximum of the B820 band red-shifted from 817 nm to 819 nm upon incorporation into the
bilayer. The red tail of the B820 band for LH3—LH3 DLDs is due to a contribution of 5 to 10%
LH2 (SI Appendix, Fig. S6), as full conversion has not been achieved in this species (14, 40).
For the LH2-LH3 DLDs, incorporation of both LH2 and LH3 into the nanodiscs was confirmed
through the linear absorption spectrum of the purified sample, which was decomposed into a
~50%/50% combination of the spectra of the two variants (Fig. 1E and SI Appendix, Fig. S8).

Finally, commixture of LH2 and LH3 within nanodiscs was established through the

fluorescence spectrum of the LH2—-LH3 DLDs sample (Fig. 1F). The LH2-LH3 DLDs sample



contained a mixture of LH2-LH2 DLDs, LH3-LH3 DLDs, and LH2-LH3 DLDs owing to the
stochastic nature of the nanodisc formation reaction. Decomposition of the fluorescence
spectrum into those of the two individual variants showed a ~35 to 40% increase in LH2 content
(SI Appendix, Fig. S8), consistent with a contribution from LH3-to-LH2 energy transfer at the
level expected for stochastic insertion. At the 0.1 uM concentration of the fluorescence
measurement, the presence of interprotein energy transfer strongly implies incorporation of

LH2 and LH3 into the same nanodisc.

Cryogenic Electron Microscopy of Doubly Loaded Nanodiscs. To determine the
architecture of the proteins within the DLDs, we used cryoEM. Single-particle reconstruction
of the LH2-LH3 DLDs revealed how the proteins arrange in the nanodisc by resolving the
structures to a resolution of up to 6.5 A (SI Appendix, Figs. S3 and S4). As shown in Fig. 2,
the formation of the DLDs was clearly observed in the electron density, with the encircling
belting protein and two embedded membrane proteins all distinctly visible. Each of the
embedded proteins had an apparent diameter of 7.1 nm and an apparent octameric symmetry,
consistent with both the crystal structure of LH2 (PDB Code 1LGH) and the homology model
of LH3 from Ph. molischianum. These features were used to dock one LH2 and one LH3 into
the densities.

Two types of structures emerged from the analysis. One is similar to the native membrane
arrangement with both LH complexes in a parallel orientation (with respect to facing the
cytosol/periplasm) within their surrounding nanodisc (Fig. 2 B and D). The other showed the
two LH proteins in an antiparallel orientation (with respect to facing the cytosol/periplasm)
within their surrounding nanodisc (Fig. 2 A and C). Reconstituted systems tend to adopt this
antiparallel orientation (30, 31). Despite containing some nonphysiological orientations, these
systems have consistently exhibited spectroscopic signatures similar to those observed in the
native system and provided many insights into protein—protein interactions (66—68). The
antiparallel orientation dominates our samples, accounting for ~85% of total particles analyzed.
The antiparallel orientation also shows a vertical displacement between neighboring proteins
of ~12 A along the perpendicular axis to the membrane plane (Fig. 2 A and C). As a result of

this displacement, the two low-energy chlorophyll rings in the antiparallel orientation remain



at nearly identical vertical height as in the parallel orientation. The geometry of the B850 band
also means that the relative angles of the transition dipole moments are similar in the two
orientations (SI Appendix, Fig. S21A). For the small DLDs, the antiparallel and parallel
orientations have similar distance values of 24.8 and 25.3 A, respectively. The similar values
are due to the confinement of the nanodisc, which positions the proteins in van der Waals
contact as illustrated by the protein density in Fig. 2 A and B, Inset. For the large DLDs, the
antiparallel and parallel orientations have distance values of 28.5 and 31.4 A, respectively (Fig.
2 C and D). All distance values are consistent with typical LH2-LH2 distances as measured by
atomic force microscopy (AFM) (28, 65, 69).

The tendency to adopt the antiparallel orientation suggests that it is energetically favored.
Perhaps, the same surface charge distribution of the two proteins disfavors parallel orientation
in the membrane due to symmetry-derived repulsion. Consistently, the proteins adopted an
angled interaction in the parallel orientation with a tilt of 5° and 15° between the proteins for
the small and large DLDs, respectively, both within the range of tilt angles observed for these
proteins through other methods (64, 70). The repulsion in the native orientation may be required
in vivo for the disassembly and reorganization of LH2 into less densely packed organizations
under high-light conditions or to comply with the curvature of the membrane in

chromatophores from purple bacteria (70).

Interprotein Energy Transfer between LH2 Variants. To probe the dynamics of LH3-to-
LH2 energy transfer, spectrally resolved TA spectroscopy was performed on the DLDs as
shown in Fig. 3A and SI Appendix, Fig. S15. In order to accurately extract the interprotein
energy transfer timescale, LH2-LH2 DLDs and LH3-LH3 DLDs were also measured
separately (SI Appendix, Figs. S13 and S14). By analysis of the spectral and temporal evolution
of the TA data in a self-consistent manner, we resolved the dynamics of each sample and
isolated the LH3-to-LH2 energy transfer timescales.

Both individual protein samples, the LH2-LH2 DLDs and LH3-LH3 DLDs, were fit using
global analysis, which identifies the characteristic time constants and their associated spectral
profiles, known as species-associated-decay-spectra (SADS) (71). The data were best fit with

a sequential model in which the system evolves through three components (SI Appendix, Fig.



S11A). The first component decayed on a subpicosecond timescale (850 fs for LH2—LH2 DLDs;
680 fs for LH3—LH3 DLDs), and the SADS was dominated by a negative peak at ~805 nm
from the ground state bleach (GSB)/stimulated emission (SE) of the B800 band. Therefore, this
component was assigned to B800 to B820/B850 energy transfer. Consistent with this
assignment, the SADS associated with the second component were dominated by a negative
peak at ~856 nm for LH2 and ~836 nm for LH3 from the GSB/SE of the B850 and B820 bands,
respectively, as shown in Fig. 3C. A broad positive feature at lower wavelengths (<842 nm for
LH2 and <818 nm for LH3) was also present due to excited-state absorption (ESA) primarily
from the B850/B820 bands. The timescale of the second component was 6.6 to 14 ps for LH2—
LH2 DLDs and 8.1 ps for LH3—LH3 DLDs and was assigned to vibrational relaxation. The
final component exhibited a similar, but slightly red-shifted, spectral profile and decayed on a

~1.3-ns timescale, which is the approximate fluorescence lifetime of the LH2 variants. The
time constants and their associated spectra are consistent with previous work (13, 14, 23, 44).

The spectra were also fit using a three-step kinetic model in which, after photoexcitation
of B800, 1) energy transfers from B800 to B850, ii) B850 undergoes vibrational relaxation, and
111) B850 relaxes to the ground state (SI Appendix, Fig. S11). Single wavelength transients were
taken at 2.5-nm intervals from 790 to 880 nm and globally fit to the kinetic model. The
amplitudes associated with step (i1) of the kinetic model are overlaid on the SADS from global
analysis in Fig. 3C. As illustrated, the extracted time constants and spectral profiles were
consistent with the components from the global analysis.

For the LH2-LH3 DLDs, LH3-to-LH2 energy transfer is present, and so energy transfer
can also be observed in the spectra. As shown in Fig. 3A, the GSB/SE signal centered at ~835
nm from the B820 band decays with a corresponding rise in the GSB/SE signal centered at
~855 nm from the B850 band. In order to extract the energy transfer time, the TA data were fit
through the single-wavelength kinetics, as the complexity of the data precluded direct fitting
via global analysis. Owing to the stochastic nature of the nanodisc self-assembly process, the
LH2-LH3 DLDs samples contain a mixture of LH2—-LLH2 DLDs, LH3-LH3 DLDs, and LH2-
LH3 DLDs. Therefore, the signal was fit to a sum of the evolution of the three samples
described by kinetic models (SI Appendix, Fig. S11). The intra-LH2 and intra-LH3 time

constants and the SADS for all species were held fixed to the values determined through global



fitting of the LH2-LH2 DLDs and the LH3-LH3 DLDs, leaving only the LH3-to-LH2 energy
transfer time and the relative amplitudes for the samples as free parameters. LH3-to-LH2
energy transfer is most prominent within the spectral regions from 825 to 850 nm where the
SADS of B820 and B850 have opposite signs (Fig. 3C). In this region, the negative signal
becomes positive due to the decay of the negative B820 and the rise of the positive B850 as
illustrated in Fig. 3B. Therefore, transients within this spectral range were simultaneously fit
in order to determine the LH3-to-LH2 energy transfer timescales. For the small LH2-LH3
DLDs, a timescale of 5.7 ps was extracted. Applying two LH3-to-LH2 timescales to capture
the two orientations gave comparable fitting quality and nearly coincident values, consistent
with the similar distances in the cryoEM structures (SI Appendix, Fig. S16). For the large LH2—
LH3 DLDs, the two orientations give rise to different distances (Fig. 2 C and D). Consistent
with this model, two timescales of 9.8 ps and 14.7 ps were extracted, likely corresponding to
the two orientations. The deconvoluted amplitudes of the components are 70%, 13%, and 17%
for the antiparallel LH2-LH3, the parallel LH2-LH3, and the LH2-LH2 and LH3-LH3
combined signal in the key wavelength for our analysis (840 nm).

To confirm the LH3-to-LH2 energy transfer timescale was successfully described by fitting
to the kinetic model, the TA spectra from the LH2-LH3 DLDs were also decomposed into a
linear combination of the TA spectra from the LH2—-LH2 and LH3-LH3 DLDs as illustrated in
Fig. 3D. The ratios of the contributions ofLH3to the contributions of LH2 were calculated as
shown as teal dots in Fig. 3E. The ratio decreased with delay time in the LH2-LH3 DLDs,
consistent with the presence of LH3-to-LH2 energy transfer. In contrast, the ratio was nearly
constant with delay time in a control sample of a simple mixture of LH2 and LH3 (SI Appendix,
Figs. S17-S19). The ratio from the LH2-LH3 DLDs was overlaid with the population
dynamics of B820 from the fitting results for the TA spectra of LH2-LH3 DLDs. The evolution
from both approaches showed good agreement, supporting the extracted timescales for energy

transfer within the LH2—-LH3 DLDs.

Calculations of Energy Transfer Timescale. The timescales of LH3-to-LH2 energy transfer
were also calculated using generalized Forster theory as shown in Fig. 4A. Typically, B§850-to-

B850 energy transfer dominates in vivo, and so we focus on energy transfer between the low-



energy rings (B820 to B850). For the small DLDs, the ~25 A distance extracted from the
cryoEM structures had a theoretical timescale of 6.5 ps (SI Appendix), similar to the
experimental value of 5.7 ps. For the large DLDs, the ~28.5 and ~31.4 A distances extracted
from the cryoEM structures had theoretical timescales of 11.3 and 18.1 ps, respectively (SI
Appendix, Fig. S24). These were again similar to the experimental values of 9.8 and 14.7 ps,
respectively. Generalized Forster theory describes the intermediate regime appropriate for
photosynthetic light-harvesting apparatuses, i.e., the interbacteriochlorophyll distances give
rise to interactions between the far-field and near-field limits (SI Appendix) (72-75). The good
agreement between experiment and theory also illustrates that, even for interprotein energy
transfer, the far-field regime breaks down due to the nanoscale distances involved.

The theoretical energy transfer timescales were also calculated for LH3-to-LH3 and LH2-
to-LH2 energy transfer (SI Appendix, Fig. S24). Overall, similar timescales and distance
scaling were observed for the three pairs of variants, confirming that LH3-to-LH2 energy
transfer captures the behaviors associated with energy transfer among LH2 variants in the
membrane. The similar timescales also suggest that LH3-to-LH2 conversion does not interfere
with robust energy transfer, enabling spectral broadening without a corresponding cost in
energy transport efficiency. That is, these timescales prevent LH2 traps for transport between
LH3 or LH3 hills for transport between LH2. In fact, the introduction of LH3 actually leads to
slightly faster interprotein energy transfer in vivo. At thermal equilibrium, the B800 population
is larger for LH3 than for LH2 due to the smaller energy gap between the two bands, increasing
the interprotein energy transfer via the B800 band from 10% to 14% (SI Appendix, Fig. S21).
Overall, for all protein pairs, the predominant energy transfer pathway is via the lower energy
bands, leading to similar behavior (SI Appendix, Table S8). Thus, the conversion to LH3 under
low light not only helps with light harvesting through spectral broadening but also maintains

efficient energy transport.

Energy Transfer in the Heterogeneous Membrane. AFM images of native membranes from
purple bacteria revealed a range of distances within the heterogeneous protein network (26,
51-54). The most common, and closest possible, distance between LH2 was 25 A, which was

replicated in the small DLDs and gave rise to a 5.7-ps timescale of LH3-to-LH2 energy transfer.



Distances up to 50 A were also present with decreasing probability. Other fairly common
distances were ~30 A, which were replicated in the large DLDs and gave rise to 10- to 14-ps
timescales of LH3-to-LH2 energy transfer.

Previous indirect measurements of LH2-to-LH2 energy transfer in these native membranes
found 3-5-ps timescales. Consistently, measurements of LH2-to-LH1 energy transfer, which
has a similar energy gap as LH3-to-LH?2 transfer, found 5- to 20-ps timescales (15, 56-59, 76).
Remarkably, the measurements on native membranes recovered values similar to the closely
spaced protein pairs despite averaging over the full distributions of distances. The similarity
may in part arise from the ability of the fastest component to dictate the rise of a spectroscopic
signal, obfuscating slower dynamics. Furthermore, energy transfer will occur preferentially to
the closest of multiple neighboring LH2, and so energy transfer between these proteins can also
dominate the signal. These energy transfer steps between closely spaced proteins, however,
describe local equilibration, and such local effects do not capture the dynamics of long-distance
transport (77). Instead, energy transfer timescales between proteins separated by multiple
distances are needed for such descriptions.

To investigate the role of the different energy transfer timescales in long-distance energy
transport, total energy transport distances were simulated. The LH2 variants were positioned
in a hexagonal organization, which is a well-established model for the arrangement of LH2 in
the bacterial membrane (Fig. 4 B and C) (78-80). The total transport distance within the one
nanosecond lifetime of LH2 was calculated for three different membrane arrangements, as
shown in Fig. 4C: 1) uniform organization with equivalent interprotein distances; ii) protein
cluster with 12 short distances and 144 long distances within and without the cluster,
respectively; and iii) random short distances within a lattice of long distances. Of note, 25 and
35 A were selected as the short and long distances, respectively, because both correspond to
the distances found experimentally in the DLDs and because they are both observed in native
membranes, with 25 A the most common and closest possible distance and 35 A a longer
distance (65, 69). The distance in the uniform organization is the weighted average of the short
and long distances in the other two organizations.

As shown in Fig. 4C and SI Appendix, Table S9, the simulations revealed a ~15% increase



(1). The overall similarity in transport distance between the cluster arrangement (ii) and the
random arrangement (iii) suggests that enhancement of energy migration occurs without
ordered positioning of membrane complexes. Fundamentally, the increase in transport distance
comes from the nonlinear relationship between energy transfer time and distance. That is, a
small decrease in spacing can lead to a many-fold speed-up, and so it is better to have a few
short distances than a uniform spread of longer distances. Based on this enhancement, the
closely spaced protein pairs facilitate long-distance migration by extending the transport
distances through the creation of a “superhighway” for photonic energy through the protein

network.

Conclusion
In summary, we report the reconstitution of nanoconfined pairs of LH2 and the low-light
variant LH3 from Ph. molischianum and their structural and spectroscopic characterization.
Our results establish a method to reconstitute heterogeneous antennae, a long-standing
challenge in the field. Overall, nanodiscs, ultrafast TA spectroscopy, and cryoEM together
enable investigations of interprotein energy transfer in photosynthetic light harvesting.
Through this combination, we measured distance-dependent interprotein energy transfer
timescales from ~5 to 15 ps between protein pairs. Simulations and comparison to previous
measurements suggest that interprotein energy transfer is dominated by these closely spaced
protein pairs, and their presence may be required for long-distance energy transport. The ability
of these protein pairs to dominate interprotein energy transfer may also be a mechanism by
which similar timescales are maintained despite heterogeneous protein organizations, allowing
the light-harvesting dynamics to be robust to the variations in antenna protein expression and
organization by which the light-harvesting machinery responds to the fluctuating conditions of

natural environments.

Materials and Methods
Sample Preparation. The LH2 and LH3 proteins were isolated from the purple nonsulfur

bacteria Phaeospirillum molischianum and were stored in a Tris buffer containing 20 mM Tris

HCI and 0.1% n-dodecyl--D-maltoside (DDM) with pH 8.0. The belting protein ApoE422K



used for double-loaded nanodiscs was expressed and purified with the standard protocols as
described in SI Appendix. To produce double-loaded nanodiscs, ApoE422K, LH2+LH3, and
DMPC (Avanti Polar Lipids) were mixed together in the molar ratio of 1:0.25:22.2 for small
DLDs and 1:0.25:30 for large DLDs. Bio-Beads SM-2 Resin (Bio-Rad Laboratories) was
added to remove detergent. The nanodiscs were purified by size-exclusion chromatography

with a Superdex 200 Increase 10/300 GL column (Cytiva).

CryoEM Procedures and Structural Determination. To glow-discharged, gold standard R
1.2/1.3 holey carbon grids 300 mesh (Quantifoil), 3 pL drops of LH2-LH3 DLDs at a
concentration range of 0.75 to 1 mg/mL were applied. Vitrification was performed using a
Vitrobot Mark IV (Thermo Fisher/FEI). Data were collected on a Titan Krios transmission
electron microscope (Thermo Fisher/FEI). Electron images were recorded using a Falcon I1I
direct electron detect camera (FEI). Data processing was carried out using Relion 3.0 suite (81).
Alignment of frames was done using Relion implementation of MotionCorr. Particle picking
was done using LoG, which led to 2D/3D classifications followed by 3D refinements. Final
models were docked into cryoEM maps as rigid bodies in ChimeraX (82). More experimental

details can be found in SI Appendix.

TA Spectroscopy. Details of the TA apparatus are provided in SI Appendix. In brief, all the
protein samples were pumped at 800 nm with a femtosecond Ti:Sapphire laser (Coherent Libra).
The pump pulse energy was attenuated to 10 nJ/pulse before being focused on the DLDs
samples in a flow cuvette. The sample was flowed using a peristaltic pump and stored on ice
during data acquisition. The white-light continuum probe pulse was generated by focusing the
800-nm pulses through a tube of argon gas. The polarization between the pump and the probe
pulses was set to be the magic angle (54.7°) with ~110 fs instrument response. The probe was
detected with a CCD array (AViiVA EM2) on a shot-to-shot basis for data acquisition and

analysis.

Theoretical Calculations. Frenkel exciton models were employed to describe the excitonic



structure of LH2/LH3. On-site energies and short-range couplings were based on ref. 83 and
adjusted to better fit the absorption and emission spectra. Long-range (second neighbors and
farther) couplings were calculated using transition monopole approximation (84, 85).
Transition monopoles (charges) were calculated using the ZINDO method implemented in
Gaussian (86). Near-field effect in energy transfer was accounted for using Generalized FRET

formalism (87, 88). Details of the theoretical calculation are described in SI Appendix.

Energy Transport Simulations. A hexagonal lattice model was used to simulate excitation
energy transfer dynamics between LH2 complexes. The hopping probability was proportional
to the energy transfer rate (ps-1) calculated with Forster theory. The exciton transport distance
was calculated as the distance within a 1-ns lifetime. The exciton transport distance was

averaged for 30,000 simulation trajectories for each arrangement.
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Figure 1. Successful production of LH2-LH3 DLDs. (A) Schematic of LH2 (red) and LH3
(orange) embedded in a nanodisc. The discoidal lipid bilayer (light gray) is encircled by the
ApoE422K belting protein (gray ribbons). (B) nsTEM image of nanodiscs. The scale bar (white
line) is 100 nm. (C) Histogram of nanodisc diameters for small (teal, 17.8 + 0.1 nm) and large
(purple, 20.4 = 0.2 nm) DLDs. (D) SDS-PAGE of the LH2-LH3 DLDs showing the presence
of belting protein along with LH2 and LH3 subunits. (E) Linear absorption and (F) fluorescence
spectra of LH2-LH2 DLDs (red), LH3-LH3 DLDs (orange), and LH2-LH3 DLDs (teal). All

spectra are normalized by area. The excitation wavelength for the fluorescence data is 532 nm.
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Figure 2. Structural organization of LH2 variants in nanodiscs. CryoEM analysis of small
(A and B) and large (C and D) LH2-LH3 DLDs showing density maps (dark blue for small
nanodiscs and light blue for large nanodiscs) with docked crystal structures (LH3 helices,
orange; LH2 helices, red; B800 BChla, light blue; B820/B850 BChla, dark blue). In both small
and large DLDs, the antiparallel and the parallel orientations are 85% and 15% of the total
population, respectively. The composition of LH2 and LH3 in the DLDs was determined
through analysis of the steady-state spectra (SI Appendix, section 1.7 and Table S4). Top views
of all nanodisc types illustrate the DLDs assembly with the electron densities of belting proteins
encircling the two LH proteins. Side views illustrate that the two LH proteins are at the same
approximate vertical position within the lipid bilayer for the parallel orientation (B and D) and
are displaced vertically for the antiparallel orientation (A and C). For the small nanodisc, both
orientations are closely packed with ~25 A between the BChla of the B820 and B850 rings (A
and B; black squares). For the large nanodisc, the orientations are less packed, and the
antiparallel shows association with ~28.5 A between the BChla of the B820 and B850 rings,
while in the parallel case, the association brings the two bands ~31.4 A apart (C and D; black

squares).
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Figure 3. LH3-to-LH2 energy transfer dynamics. (A) 2D representation of TA spectra of
small LH2-LH3 DLDs. The color bar describes signal intensity (ImOD). (B) Absorption
transients of small (teal) and large (purple) LH2-LH3 DLDs at 840 nm. Experimental values
are shown as open symbols, and the fitted kinetics are shown as solid lines. The large DLDs
transient was deconvoluted into antiparallel (light purple dotted line) and parallel (purple
dashed line) LH2-LH3 and combined LH2-LH2 and LH3-LH3 (dark gray line) contributions.
The transient of small DLDs was deconvoluted into antiparallel (turquoise dotted line) and
parallel (dark cyan dashed line) LH2-LH3 and combined LH2-LH2 and LH3-LH3 (dark gray
line) contributions. The large DLDs transient is offset by 2 mOD. (C) Normalized SADS of
B820 (orange) and B850 (red) components from the TA data of small LH3—-LH3 DLDs and
LH2-LH2 DLDs, respectively. Results are shown from both simultaneous fitting of the single-
wavelength kinetics (dots) and global analysis (lines). (D) Transient absorption spectra of small
LH2-LH3 DLDs (teal), LH3-LH3 DLDs (orange), and LH2-LH2 DLDs (red) at 5-ps time
delay. The turquoise dashed line is the LH2—-LH3 DLDs spectrum constructed from the linear
combination of the spectra from LH3 and LH2 DLDs. (E) The population dynamics of excited

B820 from the model fitting (solid lines) and the results of fitting the TA spectra (open symbols).



The relative contributions of the LH3—LH3 and LH2-LH2 DLDs spectra to the small (teal) and
large (purple) LH2-LH3 DLDs spectra are plotted as a function of time. The correspondence
between the two indicates that the fitting successfully extracted the kinetics of LH3-to-LH2
energy transfer. (F) Schematic of the model used to fit the LH2-LLH3 DLDs with corresponding
timescales. The values held fixed from LH2-L.H2 DLDs and LH3-LH3 DLDs are shown as

gray arrows, and the extracted LH3-to-LH2 energy transfer timescale is shown as a black arrow.
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Figure 4. LH3-to-LH2 energy transfer within the photosynthetic membrane. (A) The rate

: 10° LH2 variants (O‘oo
* Experiment LH1-RC Cluster Random
- Theory oo S i Sk

10"

Rate (ps™)

Q\?\\\@
(sd) awi
®)

-
o
N

40 50
LH3-LH2 distance (A)

(left axis) and timescale (right axis) for interprotein energy transfer across the biologically
relevant range as a function of the LH3-to-LH2 distance, which was defined as the separation
between the nearest B820 and B850 BChla. Energy transfer rates in the far-field (dashed gray
line, Top) and near-field (dashed gray line, Bottom) regimes are also plotted. The
experimentally measured LH3-to-LH2 distances and energy transfer timescales for the small
and large DLDs are indicated in teal and two shades of purple dots, respectively. The theoretical
generalized FRET rate is indicated by the solid line (65, 69). (B) Schematic representation of
the Ph. molischianum photosynthetic membrane (26). Dotted ovals highlight LH2 pairs
expected to exhibit faster and slower energy transfer (teal and purple, respectively). (C) The
energy transport distance was simulated using an LH2 network with hexagonal packing for 156
interprotein distances. Three organizations with the same average spacings (Top) were
compared: uniform spacing (Left), tightly interacting cluster (Center), and random tightly
interacting pairs (Right). Total transport distances (Bottom) were calculated for all three

organizations as the distance traveled after 1 ns, which is approximately the lifetime of LH2.



