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ABSTRACT: Photosynthetic purple bacteria can capture and
convert sunlight with a remarkable, nearly 100% quantum
efficiency. The light-harvesting complex 1-reaction center (LHI-
RC) core complex is the membrane complex fundamentally
responsible for solar energy conversion. LHI-RC has a highly
conserved surrounding lipid composition known to favor anionic
lipids for an unknown function. In this work, we compared
experimentally the rate of LH1-to-RC energy transfer in detergent,
membrane nanodiscs with varying lipid compositions, purified
membrane fragments, and live cells. The energy transfer rate
indicated that RC turnover decreased in neutral lipids, yet was partially restored in anionic lipids, revealing an unexpected lipid
dependence. In complementary molecular dynamics simulations, the anionic lipid cardiolipin showed electrostatic interactions with
LH1-RC that may mediate quinone exchange, providing a mechanism for the observed lipid dependence. Overall, these results
revealed that anionic lipids facilitate LH1-RC redox cycling, identifying a functional role for membrane composition in
photosynthetic solar energy conversion.
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B INTRODUCTION

Photosynthetic purple bacteria capture and convert sunlight
with high quantum efficiency through a network of proteins in
the intracytoplasmic membrane (ICM)." The most essential
part of the purple bacterial photosynthetic machinery is the
light-harvesting complex l-reaction center (LH1-RC) core
complex, which is conserved across all species.” LH1-RC
translates absorbed photons into separated charges through a

PG, and CL,'>" which is a distribution of lipid charges
consistent with other species.”” Although anionic lipids
generally make up only 33% of the ICM, studies have shown
that the local lipid composition associated with the LH1-RC
complex is primarily anionic, as the percentage jumps to 66%
of lipids copurified with LH1-RC.® Even more dramatically,
CL only makes up approximately 10% of the total photo-
synthetic membrane, yet it is the dominant lipid associated

series of energy and charge transfer steps that have been well
characterized over the past decades.” The surrounding ICM
itself is an active and dynamic environment, containing a
diverse set of lipids that are highly regulated in proportion and
location depending on environmental conditions.*”® The
rationale behind their bioregulation is not clear, in large part
because the influence of these lipids on the functional
processes of energy and charge transfer has not been
investigated.

The cell membrane of purple bacteria contains primarily
phospholipids.”” Recent work has shown that the lipid bilayer
can influence both the organization and excited-state dynamics
of photosynthetic proteins.”~"" The cell membrane typically
contains the zwitterionic phosphatidylcholine (PC) and/or
phosphatidylethanolamine (PE) headgroups as well as the
anionic phosphatidylglycerol (PG) and cardiolipin (CL)
headgroups. While the specific lipid composition and ratios
can vary between species and with growth conditions,”™” the
major phospholipids in Roseobacter (Rsb.) denitrificans are PC,
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with purified LHI-RC.® Previous work has shown that the
anionic PG and CL stabilize the charge-separated state in the
reaction center and influence the quinone binding site through
electrostatic interactions.'*™'® CL, in particular, has a unique
structure, carrying both twice the charge (—2) and the number
of acyl tails (4) as PG (Figure 1A). Studies of LH1-RC have
found CL tightly bound to LHI1-RC,'” with preferential
orientation on the cytoplasmic side of the membrane near the
RC quinone binding sites."* >

LHI-RC from Rsb. denitrificans consists of a ring-shaped
antenna, LHI, that surrounds the RC. LH1 contains 14—16
protein subunits that each bind two bacteriochlorophyll a
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Figure 1. Reconstitution of LHI-RC into nanodiscs. (A) Schematic of LHI-RC (purple, PDB 3WMM) embedded in a nanodisc (left) with the
membrane (dark gray) stabilized by an encircling belting protein (light gray) and the lipid structures, right; phosphatidylcholine (PC)
(zwitterionic), phosphatidylglycerol (PG) (anionic), cardiolipin (CL) (anionic), and phosphatidylethanolamine (PE) (zwitterionic). (B) Sodium
dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) of LHI-RC in 100 mol % PC nanodiscs showing the LH1-RC subunits and
ApoE422K belting protein. (C) Representative transmission electron microscopy (TEM) micrograph showing individual nanodiscs (dotted line
callouts). The scale bar (white) is 200 nm. (D) Corresponding histogram of nanodisc diameters from TEM images (N = 305). The gray dotted line
indicates the mean. (E) Absorption (solid lines) and fluorescence emission (dashed-dotted lines) spectra of LH1-RC in detergent (black), 100 mol
% PC (neutral) (light pink), 30:70 mol % PG:PC (light purple) (anionic), 30:70 mol % CL:PC (medium purple) (anionic), and 6:36:25:33 mol %
CL:PG:PC:PE (dark purple) (anionic) nanodiscs, native membranes (light blue), and live cells (dark blue). The excitation wavelength of the
emission spectra is 532 nm. (F) Zoom-in of the B870 absorption and emission peaks, highlighting the 2—4 nm blue shift that occurs in both spectra

when LHI-RC is in detergent compared to a membrane.

(BChla) and one carotenoid.”'~** The BChla-containing
proteins form a ring absorbing at ~870 nm, called the B870
ring.”*"** The RC contains three protein subunits that bind
four BChlas and two bacteriopheophytin (BPhe).”*” Two of
the BChlas form the so-called special pair (P),”*"*" with the
rest of the cofactors organized into two branches, A and B,
each with one accessory BChla, one BPhe, and one quinone.
The quinones are denoted Q, or Qg for their associated
branch.?

In purple bacteria, LH1-to-RC energy transfer is the rate-
limiting step in solar energy conversion with a time scale of
30—60 ps.”* *° Once the photoenergy reaches the RC, the
initial charge separation occurs at P, followed by a series of
electron-transfer steps down the A branch to Q, and finally to
Qg. After rereduction of P, another cycle results in the
conversion of Qg to a quinol. The quinol exits LHI-RC to
drive the rest of the cyclic electron transport chain. A fresh
quinone from the quinone pool replaces Qg, “turning over” the

RC.” An RC with P and the quinones in the neutral state is
known as “open,” whereas an RC with P in the oxidized state
(P* and either Q4 or Qg in the reduced state Q) is known as
“closed,” as it cannot perform another electron transfer until P
is rereduced by cytochrome.’™** In a closed LH1-RC, energy
can still transfer from LH1 to an RC with P in the oxidized
state, but with a slower overall time scale of 200—300
ps.****7*" While this detailed picture of the molecular
composition and the resultant energy and electron-transfer
pathways of LH1-RC has been well established, knowledge of
the complex and dynamic surrounding lipid bilayer is much
more limited. Understanding the functional role of these lipids
in solar energy conversion requires new experiments that
directly probe their impact.

In this work, we quantified the impact of the lipid
composition on LH1-to-RC energy transfer, which is sensitive
to RC turnover. By incorporating LH1-RC from Rsb.
denitrificans into model membrane discs, termed “nanodiscs,”**
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Figure 2. Fluorescence lifetime data of LH1-RC in different environments. (A) Time-correlated single photon counting (TCSPC) traces of LH1-
RC in the presence of the electron donor (+ED). The data (solid lines) are overlaid with the fitting results (dotted lines). (B) Time scales of energy
transfer in open (7, open circles) and closed (7, closed circles) RCs based on the fluorescence lifetime fitting results. The dotted lines indicate the
average for each time scale (7, = 50 ps; 7, = 265 ps). (C) Amplitudes of the open RC component (7,) in the presence (squares) and absence
(triangles) of the electron donor. All error bars are the standard deviations of three independent LH1-RC and nanodisc preparations. (D)
Residence time of different lipids around LHI-RC as calculated by coarse-grained MD simulations in the 5—8 A cutoff range. Tabulated binding
durations for other cutoffs are reported in Tables S8—S11. The error bars represent the standard deviations of three replicates, discounting the first

S us as an equilibration. The duration of the simulation is 55 us.

we introduced a tunable lipid environment. Using time-
resolved fluorescence and transient absorption (TA) spectros-
copy, we quantified the LH1-to-RC energy transfer rates in
detergent, in 100 mol % PC (neutral), 30:70 mol % PG:PC
(anionic), 30:70 mol % CL:PC (anionic), and 6:36:25:33 mol
% CL:PG:PC:PE mixture membrane (anionic) nanodiscs as
well as in native membranes and intact cells. While the LH1-
to-RC energy transfer rates are independent of lipid
composition, the data suggest that RC turnover is significantly
hindered in neutral bilayers yet nearly recovers in partially
anionic ones. Using molecular dynamics (MD) simulations, we
showed that cardiolipin forms long-lasting electrostatic
interactions with basic amino acids in the LHI ring, likely
maintaining an open quinone exchange channel for RC
turnover. Although anionic phospholipids are a minority
component of the bilayer, our experimental and computational
results suggest that they are required to maintain robust
electron flow, explaining the functional rationale behind the
observations of their affinity for LH1-RC.

B RESULTS

Nanodisc Formation and Steady-State Character-
ization of LH1-RC. Rsb. denitrificans DSM7001 Apuc is a
knockout mutant for the perigpheral antenna complex, light-
harvesting complex 2 (LH2),*’ which allows biochemical and
spectroscopic studies focusing on LHI-RC and production of
purified LHI-RC in sufficient quantity for spectroscopy
experiments in nanodiscs. Intact cells, LH1-RC-containing
membranes, and isolated LHI-RC were all prepared from this
cell line. Isolated LHI-RC was prepared in n-dodecyl-f3-p-
maltoside (DDM), a nonionic detergent. Three nanodisc
samples were produced with increasing anionic lipid content:
100 mol % PC (zwitterionic), 30:70 mol % PG:PC (anionic),
and 30:70 mol % CL:PC (anionic). These three lipids are the
most prominent found in Rsb. denitrificans'” and similar to the
relative abundances of the lipid charge ratios typically observed
in purple bacteria.”'’ We chose an approximate 30:70%
anionic:neutral mixture in the nanodiscs to replicate the
percentages typically seen in the photosynthetic membranes of
purple bacteria.” Finally, to more precisely replicate the broad
lipid distribution found in many species of purple bacteria, we
also prepared a fourth nanodisc sample with a 6:36:25:33 mol
% CL:PG:PC:PE lipid composition.” Successful nanodisc
formation was confirmed by transmission electron microscopy
(TEM), SDS-PAGE, and steady-state spectroscopy (Figure

1B—F). Analysis of the TEM micrographs (Figure 1C) was
used to find the distribution of nanodisc diameters (Figure
1D), which were ~20 nm for all lipid compositions (Figure
S2). The nanodisc size allowed for one LHI-RC (11.8 nm
diameter) to be incorporated per disc.** The steady-state
spectra for LHI-RC in detergent, nanodiscs, native mem-
branes, and live cells are overlaid in Figure 1E. Similar features
were observed in all samples, confirming that the integrity of
the LH1-RC was generally retained upon nanodisc formation.
The large peak at 870 nm is from the LH1 BChla®"*® and
exhibits a slight blue shift (~2—4 nm) in detergent, similar to
previous studies on purple bacterial proteins (Figure
1F), 104547

Time-Resolved Spectroscopy Reveals that RC Turn-
over Depends on Lipid Environment. The time scale of
LH1-to-RC energy transfer can be observed through the decay
of LH1 fluorescence. This energy transfer step is orders of
magnitude slower than the subsequent charge separation or
quenching by oxidized P in the RC,*® and so it dominates the
fluorescence decay time scale. Under typical laser conditions
for time-resolved experiments, the photon fluence and
repetition rate excite LHI-RC at a rate higher than the RC
recovery time,”® leading to closed RCs. The addition of an
electron donor (ED) to the buffer, such as ascorbate and
phenazine methosulfate, rereduces P and oxidizes the
quinones,””*****¥* leading to open RCs. Fluorescence
lifetime measurements were performed both with and without
the electron donor for LHI1-RC under six conditions:
detergent; nanodiscs with the four lipid compositions; native
membranes; and live cells. Excitation was tuned to the red tail
of the LH1 absorption band (Figure 1E) to minimize direct
excitation of P.”

The fluorescence lifetime traces for all conditions are shown
in Figures 2A and SS, with the corresponding fit values
provided in Tables S1 and S2. For the purified LH1-RC
samples (detergent and nanodiscs), the decays were globally fit
by a triexponential function with the values of the first (z,) and
second (r,) time constants shared between buffer conditions.
7, ~40—60 ps, corresponded to energy transfer to open
RCs,**™*° while T, ~240—320 ps, corresponded to energy
transfer to closed RCs.****~*' The third time constant, T3, Was
allowed to vary across the sample conditions. 73, ~600—1200
ps, corresponded to free LH1 emission with values in
agreement with previous reports.”**°™>” The broad range of
free LH1 lifetimes is likely due to the greater flexibility in the

36708 https://doi.org/10.1021/jacs.5¢12301
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Figure 3. Transient absorption data of LH1-RC in different environments. (A) Two-dimensional (2D) representation of TA data in 100 mol %
neutral PC nanodiscs in the presence of the electron donor system (+ED). Color bar (AA, mOD) represents signal intensity. (B) Single-
wavelength transients of the TA data at 865 nm (pink line in (A)) for the three sample conditions: 100 mol % PC nanodiscs in the presence of the
electron donor (+ED) (pink squares), detergent in the presence of the electron donor (+ED) (black squares), and detergent in the absence of the
electron donor (—ED) (black triangles). The fits are displayed as solid lines.

absence of the RC, which allows local charge and other
interactions to influence its conformation.””** The electron
donor also introduces a small scattering signal that can
influence the third time component. For the anionic nanodiscs
and detergent conditions, the amplitude of the free LHI
emission is small (<13%) (Table S1), indicating the majority
of LH1-RC complexes are intact. The amplitude increased to
~30% for the 100 mol % PC nanodiscs, suggesting that LH1-
RC is less stable and/or harder to incorporate into the neutral
bilayer. This is in agreement with previous studies on LH1-
RC.1447

For the membrane and live cell samples, the decays were
globally fit by a biexponential function, with the values of the
first time constant (7;) shared between buffer conditions. 7;,
~50 ps, again corresponded to energy transfer to the open
RCs. In the presence of the electron donor, there was a nearly
100% amplitude of this fast time constant (Table S1). A small
component due to scattering from the presence of the electron
donor was assigned as the second component. In the absence
of the electron donor, 7,, ~220—240 ps, again corresponded to
energy transfer to closed RCs (Table S2). The similar LH1-to-
RC energy transfer time scales for all samples (Figure 2B)
indicated that the membrane environment does not have a
significant effect on this process. Specifically, the similarity of
these time scales suggests that similar, intact LHI1-RC
complexes are maintained under all lipid conditions with
changes in the relative populations of the open and closed
forms.

From the amplitudes of the two fast components (i.e., LH1-
to-RC energy transfer), the percents of LHI-RC in the open
state were calculated (Figure 2C). For all samples, the open
state dominates in the presence of the electron donor, whereas
the closed state dominates without the electron donor (Tables
S1 and S2), consistent with the role of the electron donor in
enabling redox cycling. For the detergent, native membranes,
and live cells, the samples were almost entirely (>90%) in the
open state with the electron donor (Figure 2C), indicating full
redox cycling, and partially (~30%) in the open state without
the electron donor. For the reconstituted membrane environ-
ments, the amplitudes showed samples only partially in the
open state, both with and without the electron donor. For the
neutral PC nanodiscs with the electron donor, the samples are
60% in the open state. For the anionic PG and CL nanodiscs
with the electron donor, samples are 77 and 82%, respectively,

suggesting anionic lipid content is important in mimicking the
properties of the native membranes. In line with the two-
component anionic nanodisc samples, the CL:PG:PC:PE lipid
mixture nanodisc samples are 81% in the open state. The
mixture of open and closed states without the electron donor
was expected, as the laser shifts the population into the closed
state in a power and repetition rate-dependent manner.*® I
contrast, the mixture of states with the electron donor was
unexpected, as it suggests that full redox cycling cannot be
achieved with these lipids.

To more directly investigate the excited-state dynamics, we
also used TA spectroscopy to probe LH1-RC in detergent and
in 100 mol % PC nanodiscs, which has a higher time resolution
(0.1 ps) than fluorescence lifetime measurements (88 ps) and,
therefore, enables higher precision measurements. These two
samples were selected to span the behaviors observed in the
fluorescence lifetime measurements: LH1-RC in detergent
exhibited the nearly native open state percentage yet lacked the
scattering background of measurements on native membranes
or live cells; and LHI-RC in 100 mol % neutral PC nanodiscs
exhibited the largest closed state percentage with the electron
donor. Similar to the fluorescence lifetime measurements,
excitation was tuned to the red tail of the LH1 absorption band
(880 nm, Figure S8). Representative TA data for LHI-RC in
100 mol % PC nanodiscs with the electron donor are shown in
Figure 3A. The data without the electron donor and in
detergent are shown in Figure S9.

The TA data were fit globally with a sum-of-exponential
decay model. Representative transients at 865 nm for the three
conditions are compared in Figure 3B, with the full data
analysis shown in Figure S9. In the presence of the electron
donor, the 100 mol% neutral PC nanodiscs displayed four
components: 0.12 ps, corresponding to equilibration of LH1;**
44 ps, corresponding to LHI1-to-RC energy transfer in the
open state, 280 ps, corresponding to LHI-to-RC energy
transfer in the closed state, and 720 ps, corresponding to LH1
emission.’® In detergent, the data was reduced to only the two
short components: 0.12 ps (LH1 equilibration) and 32 ps
(LH1-to-RC energy transfer in the open state). In the absence
of the electron donor, the detergent sample displayed three
components: the fast 0.12 and 32 ps components as well as a
slow 260 ps component.

While the 0.12 ps component cannot be resolved in our
fluorescence lifetime experiments, the other three components

n
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Figure 4. Cardiolipins play a facilitating role in LH1-RC quinone diffusion. (A) Molecular dynamic simulation results of lipid interactions with
LH1-RC. Cardiolipins (CL) are emphasized using large, dark gray ball representation. (B) Zoom-in on LH1-RC, showing external CLs interacting
with the LHI-RC from the MD simulation and the respective CLs which are internally bound to LH1-RC (based on PDB code SYSS structure).
(C) Snapshots of suggested quinol (red stick representation) diffusion pathway from the Qj site out of the LH1 ring, mediated by the internal- and
external-interacting CLs (dark gray). The region of LH1-RC depicted is outlined by the dotted lines also shown in panel (B). The tunnel (orange
volume), as calculated by the MOLE server, is a region without a protein backbone that partially overlaps with the lipid tails and connects the Qg
binding site with the membrane environment. The specific residues facilitating external CL binding (purple) are highlighted. The left panel shows
the quinol releasing from the Qg binding site; the middle panel shows the quinol diffusing through the tunnel, and the right panel shows the quinol

moving out of the tunnel through the LHI ring.

measured by TA agree well with those found by the
fluorescence lifetime measurements. In particular, the LH1-
to-RC energy transfer components for both open and closed
RCs even in the presence of the electron donor again indicated
that redox cycling was unexpectedly impeded in the 100 mol%
neutral PC nanodiscs. The TA measurements confirmed the
behaviors observed in our fluorescence lifetime measurements.

MD Simulations Identify LH1-CL Interactions. The
disrupted RC turnover in nanodiscs compared to native
membranes strongly suggested preferential lipid interactions
with the LH1 ring. To investigate the specificity of these lipid
interactions, we performed three sets of coarse-grained MD
simulations of LH1-RC: (1) CL, PG, PC, PE lipids in a
6:36:25:33% ratio (shown in Figure 4A), (2) CL, PC in a
30:70% ratio, and (3) CL, PG in a 30:70% ratio. The first two
mixtures replicated our nanodisc samples, while the third
probed the specific influence of CL versus PG. Simulations
were also performed without ubiquinone as a control (Figure
S17). As the structure of LHI-RC from Rsb. denitrificans has
not yet been resolved, we made a homology model (Figure
S10) based on the structure of Thermochromatium (Tch.)
tepdium,18 which is a 16-mer LH1 af ring with H, L, M, and
cytochrome RC subunits. LH1-RC from Tch. tepidum has the
highest resolution of available structures and lacks the pufX
gene, resulting in a closed ring consistent with current models
of LH1-RC from Rsb. denitrificans. Homology modeling is
widely used to interpret results on proteins for which no
structure is yet available.>>™®" Table S3 shows relatively high

sequence identity between the LHI1-RC subunits of Tch.
tepidum and Rsb. denitrificans, which is typically suggestive of
homologous  structures.””*® It has been found that when
modeling membrane proteins, using a template structure with
at least 30% sequence identity will generally yield an acceptable
C-alpha root mean squared deviation (RMSD) value of less
than 2 A between the predicted structure and the true structure
in the transmembrane regions.”*

The MD trajectories showed the LH1-RC surrounded by a
lipid bilayer with a dynamic local lipid composition. From the
simulations, the duration of each lipid surrounding the exterior
of the LH1-RC, termed “residence time,” was determined by
quantifying how long until the lipid exceeds a threshold from
the LH1 ring (8 A) after coming within S A (Figures 2D, S17,
and S18, Tables S8—S11). In all of the simulations, the average
residence time for anionic PG was slightly longer than that for
the neutral PC and neutral PE, and the time for anionic CL
was almost twice as long, indicating that the times were longer
for anionic phospholipids. The significantly longer residence
time for CL compared to other lipids is consistent with the
strong affinity for anionic CL to LH1-RC previously reported
in the literature.”'”

To further investigate the specificity of the lipid—protein
interactions, the distributions of residence times were plotted
for each lipid (Figures S19—S22). A single-component decay
profile was observed for neutral PC, indicating no specific
interactions between PC and the LHI1 ring. In contrast, an
additional slower decay component was present for anionic
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CL, reflecting a subpopulation that remained bound on the
outside of the LHI ring for over a microsecond. A similar
subpopulation was present for PG, but with a much lower
amplitude. Analysis of the simulation results revealed that this
subpopulation of long-lived bound CL is due to a cluster of
eight residues on the external LH1 ring. These residues have a
net positive charge (F4, K3, K6, M68, S69, H64, W8, and
Q61). The interactions between this cluster and CL are shown
in Figure 4B.

B DISCUSSION

LH1-RC Dynamics Change with Lipid Environment.
The LHI1-to-RC energy transfer time scales were ~50 and
~260 ps for open and closed RCs, respectively, in agreement
with previous studies.”>****~*' Our results are the first direct
comparison between detergent and different membranes. The
same values were observed under all conditions, establishing
that the time scale of this key step is not influenced by the local
molecular environment. This consistency is particularly
notable, as other photosynthetic proteins, such as LHCII in
green plants'' and LH2 in purple bacteria,'® show membrane-
dependent energy transfer time scales. These proteins also
exhibited shorter fluorescence lifetimes in membranes, whereas
the free LH1 component was consistent between the detergent
and membrane samples in the absence of the electron donor
(Table S2). In the presence of the electron donor, membrane
samples had shorter lifetimes, similar to other photosynthetic
proteins, but the small amplitude (<5%) of the free LH1
component in detergent makes it challenging to draw definitive
conclusions. In accordance with the consistent time scales of
the LH1-RC, the MD simulations of the protein show that the
pigments are embedded within the protein without any
distortion as nearby lipids exchange. The LH1-to-RC energy
transfer step is the rate-limiting step of solar energy conversion
in purple bacteria. RC-to-LH1 back transfer is much faster to
allow the excitation to reach other RCs if the first one is
closed.*”**%~% The conservation of this rate-limiting time
scale across a variety of membrane conditions, as demonstrated
in our experiments, may reflect that this step is key for overall
high quantum efficiency in photosynthetic light harvesting.

In contrast to the LHI1-to-RC energy transfer rate, the
turnover of the RC depends strongly on the lipid environment.
Even in the presence of electron donors, such as ascorbate and
phenazine methosulfate, which are expected to maintain an
open LHI1-RC, the population of LH1-RC complexes in the
open state can drop dramatically. This indicates that normal
RC redox cycling was disrupted. The disruption was the most
dramatic for the neutral PC bilayer. Adding the anionic lipids
PG and CL increased the population of LH1-RC complexes in
the open state, indicating that redox cycling was partially
restored. In detergent, the population of LH1-RC complexes in
the open state was very close to native levels, likely because the
native, local anionic lipids that maintain the LHI-RC structure
and function were retained even in detergent solubilization.
This is supported by previous studies that indicate a large
proportion of anionic lipids copurify with LH1-RC in
detergent™” and cryo-EM structures of LHI-RC that resolve
these lipids in similar positions.'”*”** When incorporated into
nanodiscs, these lipids could be disrupted or displaced by the
reconstitution procedure. The LH1-RC sample was solubilized
in n-dodecyl-f-p-maltoside (DDM), a gentle nonionic
detergent commonly used to purify membrane proteins,
whereas nanodisc reconstitution involved the introduction of

lipids solubilized using the anionic detergent cholate. The
introduction of the anionic cholate could have disrupted the
positioning of the lipids interacting with LH1-RC. Indeed, it
has been found that in reconstitution mixtures containing both
cholate and DDM, reconstitution is influenced more strongly
by the cholate.”” While a similar dependence may be present
for nanodisc formation, additional data would be required to
make a definitive assignment. In contrast to the more native-
like kinetics, the peak maxima in detergent were blue-shifted as
compared to the nanodisc samples and native membranes,
which showed similar maxima (Figure 1E). The loss of lateral
membrane pressure in detergent may allow for structural
relaxation,'”*” decreasing the pigment—protein interactions
that red-shift the pigment transitions in the protein binding
pocket.”" Together, these results suggest that the membrane
environment introduces both local interactions and mechanical
forces. Thus, a proper choice of solubilization environment is
critical in the study of native protein structure and function
and may need to be carefully selected based on the parameter
under investigation.

The unexpected disruption of redox cycling by neutral lipids
likely occurred at one of the two charged cofactors, P and the
quinone, in the charge-separated state. P is rereduced through
a series of electron-transfer steps initiated by soluble electron
donors, which interact in solution with the RC cytochrome C
subunit that protrudes out of the membrane and so are
unlikely to have membrane dependence.””” In contrast, the
quinone, now reduced to its quinol form, exits the LH1-RC
within the lipid bilayer, making it the likely site of lipid-
dependent disruption.

Quinone Exchange through LH1-RC May Be Facili-
tated by Cardiolipin. Across species of purple bacteria, there
are two main classes of LHI-RC structures, distinguished by
the structure of their LH1 rings: open, where some LHI1
subunits are “missing,” creating a gap in the ring to facilitate
quinone entry and exit; and closed, where the LH1 completely
surrounds the RC. The open structures often contain proteins
in the gap that are thou;ht to create a pathway to direct
quinone diffusion.””**”*~"” How quinone diffusion occurs
through closed LH1 ring structures has been puzzling.

Both open and closed LH1-RC structures have shown that
lipids preferentially orient in specific positions in the space
between the LH1 ring and the RC. The resolution of lipids in
the LHI-RC structures indicates that they are sufficiently
bound to remain associated even with DDM solubilization.
Lipid and detergent molecules resolved by structural biology
are also likely to be less dynamic and to be more vital to the
complex. Anionic CLs have been observed on the cytoplasmic
side with their headgroups positioned toward the membrane
surface closer to the quinone binding site, whereas detergent
and neutral lipids generally were seen to associate on the
periﬁ)iiszrglig side, farther away from the quinone E)izréding
site. *"” In particular, CLs are consistently resolved””" and
have been the most common lipids found with LH1-RC upon
purification,® consistent with the longer residence times of CL
in the MD simulations (Figures 2D, S17, and S18).

Although the atomic structure of LHI-RC from Rsb.
denitrificans has not yet been resolved, atomic force
microscopy (AFM) images indicated that it has a closed
structure.”* Furthermore, Rsb. denitrificans lacks the pufX gene
that encodes PufX,*° the protein most often responsible for
creating the open LH1 ring.” PufX is believed to have evolved
from an extended version of the N-terminal domain of the RC
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cytochrome subunit, which is still present in species such as
Rsb. denitrificans and Rhodopila (Rpi.) globiformis. The
structure of Rpi. globiformis was recently resolved and found
to be a closed structure.”’ Closed structures from other species
have shown that the regions between the LHI a and f
subunits form small hydrophobic channels that could allow for
the passage of quinone molecules into and out of LHI-
RC.[3192231

For Tch. tepidum, it was found that these regions contain CL
molecules that interact with basic residues on the LH1 a
polypeptides, for example, two arginine residues (R18 and
R19).”"® The strong association of the anionic CL headgroups
with basic residues is what is believed to strengthen the
interaction between the LH1 and RC and facilitate quinone
diffusion through these channels.”'®*” In fact, the pair of
arginine residues is conserved across the sequences of at least
12 species (Figure S23). Our homology model of Rsb.
denitrificans shows a similar positioning of these residues that
interact internally with cardiolipin at the channel sites (Figure
S10D). Recent work monitoring quinone exchange in Tch.
tepidum also showed interaction with the surrounding protein
in a membrane-dependent manner, consistent with a role of
both protein channels and lipids in quinol exit.** Our MD
simulation, which contains ubiquinones in the space between
LH1 and the RC, has shown the exit of the ubiquinol molecule
from the reaction center to the lipid membrane through the
LHI ring, as shown in Movie 1. Observation of this exit
requires significant computational time; consequently, we lack
sufficient sampling behind the exit. Therefore, it can currently
only be categorized as a rare event. However, observation of
this exit shows that it is possible for ubiquinol to exit the LH1
ring, and future simulations will explore this observation in
more detail.

The high affinity of anionic lipids to LH1-RC could explain
why the detergent-solubilized LH1-RC has the turnover rate
closest to the native membranes, as the associated native lipids
are likely maintained (Figure 2C). Lipids are thought to play a
role in maintaining LH1-RC integrity, and a higher proportion
of LHl-only complexes were observed in the nanodiscs
(Tables S1 and S2), consistent with a loss of interacting lipids
during reconstitution. In the PC nanodisc, the proportion of
disrupted complexes was the highest, potentially because the
zwitterionic headgroup results in more complicated and
heterogeneous lipid—protein interactions as well as a less
hydrophobic environment that would slow down quinone
diffusion. Addition of the anionic PG and CL increased LH1-
RC turnover, potentially due to restoration of the native
hydrophobic environment with associated anionic lipids.

Our findings strongly suggest that anionic lipids play a role
in the redox properties of LH1-RC, likely through facilitating
the quinone cycle. Anionic lipids, particularly CL, preferentially
bind externally to the LH1 ring in the MD simulations through
interaction with the basic residues, whereas previously reported
structures indicated that CL binds internally to the LHI
ring.ls’zo These sites are at opposite positions across the
hydrophobic channel (Figure 4C). We hypothesize that
quinone diffusion through the channel may be facilitated by
the anionic CLs at the entry and exit sites, such as through an
exchange process. Future experiments, such as with cationic
lipids, could further investigate whether these specific
interactions play a role. Even in open LH1-RC ring structures,
the quinone can move through both the gaps and through the
opening,” though transport is accelerated through the ring

opening as diffusion is faster and more energetically favorable
through the bulk membrane than the hydrophobic chan-
nels.””® The presence of anionic lipids, which may also
associate at the ring opening, could again help facilitate
quinone transport out of the complex.

It is additionally possible that anionic lipids like CL and PG
affect the kinetics of quinone binding and unbinding at the RC.
Previous studies have found that CL and PG stabilize the P*Qg
charge-separated state,'”'” and a cryo-EM study that
compared LH1-RC from three species of purple bacteria
found a conserved region of CL near the Q, binding site.””
While more work is needed to resolve the specific interactions
at the quinone binding sites, it is very possible that anionic
lipids like CL facilitate the entire quinone transport and
binding/unbinding process within LH1-RC: they could direct
quinone diffusion through the LH1 ring toward the quinone
binding site and/or stabilize charge separation at the RC,
possibly due to modification of the Q, or Qg redox potential
by the anionic lipids."*~"”** Consistent with this picture, the
charge-separated state was destabilized at high pH. This was
attributed to changes in electrostatic interactions between the
charged and aromatic residues, CL, and the quinone pool
between LHI1 and the RC."” The interactions between these
three charged species (quinones, lipids, and protein) likely
work together to maintain cyclic electron transport through the
LHI1-RC complex. Future work can combine simulation and
experiment for a single species of purple bacteria to explore
these mechanisms in more detail, with further comparisons
across multiple species with different ring structures.

B CONCLUSIONS

In summary, we combined time-resolved spectroscopy,
biochemistry, and MD simulations to determine the impact
of lipids on the LH1-RC function by tuning the surrounding
lipid composition with the nanodisc platform. While the LH1-
to-RC energy transfer rate is consistent regardless of the
surrounding lipids, RC turnover appears to require anionic
lipids, suggesting that lipid composition mediates electron
carrier exit from the LHI1-RC. These results illustrate that the
membrane environment must not be ignored: lipids are not
solely a matrix in which proteins sit but can play an active role
in biological processes, and in photosynthesis, membrane
conditions are optimized to facilitate an efficient electron
turnover, potentially in a manner involving pH, redox
potential, and/or membrane potential. LH1-RC is particularly
fascinating because its structure can vary widely across species;
however, key components are preserved, including the LH1-to-
RC energy transfer rate and the lipid immediately surrounding
the complex.

It would be interesting to compare these lipid effects with
species containing open LH1-RC structures, such as that from
Rhodopseudomonas (Rps.) palustris, which can form both open
and closed LH1 rings,20 or Rhodobacter sphaeroides, which has
open rings and can form dimeric or monomeric structures.”” It
has been found that Rps. palustris can form different ratios of
open and closed structures depending on light conditions,”
potentially to fine-tune quinone transport in response to
fluctuating light conditions. Purple bacteria may combine these
two parameters, ring structure and membrane composition, to
balance quinone transport and thus maintain stable solar
energy conversion.
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