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ABSTRACT: Reaction center-light harvesting 1 (RC-LHI)
complexes are the fundamental units of bacterial photosyn-
thesis, which use solar energy to power the reduction of
quinone to quinol prior to the formation of the proton
gradient that drives ATP synthesis. The dimeric RC-LH1-PufX
complex of Rhodobacter sphaeroides is composed of 64
polypeptides and 128 cofactors, including 56 LH1 bacterio-
chlorophyll a (BChl a) molecules that surround and donate energy to the two RCs. The 3D structure was determined to 8 A by
X-ray crystallography, and a model was built with constraints provided by electron microscopy (EM), nuclear magnetic
resonance (NMR), mass spectrometry (MS), and site-directed mutagenesis. Each half of the dimer complex consists of a RC
surrounded by an array of 14 LH1 a8 subunits, with two BChls sandwiched between each af pair of transmembrane helices. The
N- and C-terminal extrinsic domains of PufX promote dimerization by interacting with the corresponding domains of an LH1
polypeptide from the other half of the RC-LH1-PufX complex. Close contacts between PufX, an LH1 af subunit, and the
cytoplasmic domain of the RC-H subunit prevent the LH1 complex from encircling the RC and create a channel connecting the
RC Qg site to an opening in the LHI ring, allowing Q/QH, exchange with the external quinone pool. We also identified a
channel that connects the two halves of the dimer, potentially forming a long-range pathway for quinone migration along rows of
RC-LH1-PufX complexes in the membrane. The structure of the RC-LH1-PufX complex explains the crucial role played by PufX
in dimer formation, and it shows how quinone traffic traverses the LH1 complex as it shuttles between the RC and the
cytochrome bc; complex.

hotosynthesis, the ultimate source of all food and most membrane pool. The quinol migrates through the membrane
bioenergy resources on Earth, begins with the absorption bilayer to the cytochrome bc; complex, where a proton-motive
of solar energy by an array of antenna pigment molecules. The force is generated. ATP synthase converts the proton gradient
transfer of absorbed energy to specialized pigment—protein into ATP, the energy currency of the cell.
complexes, the reaction centers (RCs), initiates a series of Early gene deletion experiments in the phototrophic bacteria
electron-transfer reactions that trap the solar energy prior to its Rhodobacter (Rba.) sphaeroides and Rba. capsulatus showed that
ultimate conversion to ATP, which powers the metabolism of the transmembrane PufX polypeptide facilitates quinone/
the cell. In phototrophic bacteria, the conversion of solar quinol (Q/QH,) exchange across the LHI barrier.**
energy to a chemical form, quinol, is accomplished by RC-LH1 Subsequently, other roles emerged for PufX: it was shown
complexes.l’z The largest of these pigment—proteins is the that dimerization of the RC-LH1-PufX complex from Rba.
dimeric RC-LH1-PufX complex in which 28 LHI1 afBChl, sphaeroides depends on the cytoplasmically exposed N-terminal
subunits form a near-continuous palisade of 56 transmembrane domain of this transmembrane polypeptide. 7 The RC-LHI1-
helices enclosing two RGCs> A two-way traffic of outgoing PufX dimer adopts a bent configuration that imposes curvature
quinols and incoming quinones must traverse this LH1 barrier on the membrane bilayer,” with far-reaching effects that include
to allow the turnover of RC photochemistry. Once inside the the partitioning of the membrane into dimer-rich regions,’
confines of the encircling LH1 complex, a quinone binds to the
RC Qg site, picks up two electrons from RC photochemistry Received: August 29, 2013
and two protons from the cytoplasm, and then exits the Revised:  September 23, 2013
complex as a quinol to be replaced by a quinone from the Published: October 16, 2013
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creation of a favorable environment for stable insertion of the
light-harvesting LH2 complex,10 and, ultimately, the formation
of spherical intracytoplasmic membrane vesicles that contain all
of the machinery for converting solar energy into ATP. It has
been proposed that these 50 nm diameter structures are
bacterial organelles,'" and an atomic-level 3D map of a vesicle
has been calculated on the basis of the known membrane
locations of the RC-LHI1-PufX and LH2 complexes from
atomic force microscopy (AFM) studies.'”

All of the above can be traced back to PufX as a facilitator of
quinone/quinol exchange and a driver of dimerization and
hence membrane curvature. Here, we report the structure of
the dimeric RC-LH1-PufX complex of Rba. sphaeroides
determined to 8 A by X-ray crystallography, which deepens
our understanding of these roles of PufX. The structure shows
that each PufX is positioned adjacent to a RC Qg site by
attachment of its N-terminal region to the cytoplasmic extrinsic
domain of RC-H and that both the N- and C-terminal extrinsic
regions of PufX promote dimerization by interacting with an
LH1 p polypeptide from the other half of the complex. The
architecture of the complex creates a channel, allowing Q/QH,
molecules to cross the LH1 barrier and to internally migrate
between the two halves of the dimer structure.

B MATERIALS AND METHODS

Purification of the RC-LH1-PufX Complex. The Rba.
sphaeroides strain DBCQG,"? which has neurosporene,
hydroxyneurosporene, and methoxyneurosporene as the only
carotenoids and which lacks the LH2 complex, was used for the
purification of the dimeric RC-LH1-PufX core complex
according to previously published methods.’

Crystallization and Data Collection. The core dimer
complex was concentrated to an optical density of ~100 at 875
nm and washed several times using a 0.5 mL Vivaspin spin
concentrator (100 kDa cutoff) in 9 mM (0.42%) n-nonyl-f-p-
maltopyranoside (NM) to exchange the purification detergent,
n-dodecyl-f-p-maltopyranoside (f-DDM). Protein with an
absorbance of ~100 (1 cm path length, 875 nm) was
crystallized in a sitting-drop format using the Screenmaker 96
+ 8 crystallization robot (Gilson). Crystals grew as plates (500
X 150 X 70 ym) in 14.00% PEG400, 0.10 M N-cyclohexyl-3-
aminopropanesulfonic acid (CAPS) pH 10.5, and 1.0%
spermidine. Crystals were frozen at 100 K, and data were
collected at the Science and Technology Facilities Council
Synchrotron Radiation Source, Daresbury, on beamline 9.6
with the Area Detector Systems Corporation Quantum 4
detector at a wavelength of 0.912 A. The crystals diffracted
anisotropically between 8.5 and 7.5 A along the various crystal-
axis directions. A data cutoff of 8.0 A was chosen for the
purpose of structure determination, at which resolution I/ was
1.0, a value usually accepted as the limit of useful data. Data
were processed with MOSFLM'* and merged with SCALA."
The crystal space group was P2, the cell dimensions were a =
78.08 A, b = 415.07 A, ¢ = 129.81 A, and f = 105.75° with a
mosaicity of 1.8° and a data set was processed to an R, of
9.3% and resolution of 8.0 A. One dimer was found in the
asymmetric unit with the noncrystallographic dimeric axis ~4°
misaligned from the crystallographic a axis.

Molecular Replacement. A molecular replacement (MR)
search model of the RC-LH1-PufX dimer complex was derived
from EM data®® The model was composed of the high-
resolution RC structure (1PCR) and transmembrane poly-
alanine helices representing LH1 af and PufX. Initial MR
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solutions produced poor electron density maps, especially at
the periphery of the complex. Low-resolution EM and AFM
images indicate that dimers form V-shaped structures; however,
the V angle can vary and depends on the sample preparation or
the substrate on which it is placed.'" To optimize the MR
starting model, the relative orientations of monomers were
explored by varying two angles (Figure S3A): a rotation angle 6
about an axis in the membrane plane “twist” and angle y that
defines the “bend” angle between monomers (i.e., the V angle).
A log likelihood probability function (L) was used in PHASER
to calculate the agreement between the observed and calculated
structure amplitudes for each model.'® PHASER was run
repeatedly on several dimer models (6, ), and the best L
solution occurred at angles 6 = 1.5° and y = —11.0° (Figure
S3A, B). The value for 6 is similar or slightly smaller and the y
angle is significantly lower than the —17.0° found in single-
particle reconstruction EM images, which implies that in the X-
ray structure the core complex is flattened by comparison.
Electron Density Improvement. Electron density maps
were improved by cyclical electron density modification (DM)
using solvent flattening, histogram matching, and domain
averaging.” To prevent model bias from being introduced, the
starting model phases were not recombined with DM phases
during repeated cycles of the program DM; this allowed the
DM phases to evolve independently of the starting model
phases. In addition, although the calculated solvent content is
64%, a conservative choice of 40% was used to ensure that
structural features were not inadvertently flattened. Limitations
arising from data resolution and data completeness can result in
noise and termination ripple errors in electron density maps.
Solvent flattening and noncrystallographic symmetry (NCS)
averaging mitigated some of these effects. Three averaging
models were investigated that assumed (1) dimeric NCS only
and (2) an NCS domain ‘A’ comprising reaction centers and 28
NCS ‘B’ domain repeats comprising LH1 af pairs with
associated BChl a pigments (Figure S4A). Finally, a third
model was considered comprising domain A, a new NCS
domain ‘C’ composed of the two LH1 af1 + PufX units, and
domain B reassigned to the remaining 26 aff LHI subunits.
The phytol chains were removed from BChl a molecules
because their positions vary between light-harvesting complex
structures, for example, in LH2'"® and LH3." The final DM
electron density maps have NCS-related correlation coefficients
of 0.91 for model 1, 0.9 and 0.70 for model 2 domains A and B,
and 0.93, 0.71, and 0.87 for model 3 domains A, B, and C,
respectively. The figure of merit increased from 0.31 for the
starting model to 0.81 for the final DM phases (Figure S4B).
The correlation coefficient for domain B in model 3 suggests
that the 26 subunits across both monomers differ slightly
around the LH1 ring. Correlation coefficient (CC) statistics
between NCS repeats were found to be powerful indicators that
structural features were correctly identified, as incorrectly
assigned NCS domains result in zero or negative CCs.
Model Fitting to Electron Density. A RC-LH1 dimer was
fitted to electron density aided by high-resolution structures of
RC (IPCR)*® and LH2 (1KZU and 1LGH);'®*' the latter
LH2 aff repeating units, with chromophores, share significant
sequence homology with LH1 @f so that BChl a pigments can
be located in the structure with the correct orientation even
though the electron density here is of low resolution. Fitting
PufX to the electron density began with a straight a-helix
spanning the TM region (30—53) and was thereafter guided by
the appearance of new electron density. The starting model of
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RC-LH1, used in fitting to electron density, was the MR model.
In this model, the RC was mostly intact, whereas the LH1
polypeptides were modeled as 29-residue TM poly alanine
chains, and so they were only 40% complete.

The first 2Fo—Fc map, based on MR phases, showed a strong
elongated peak next to LHI1 al, and the electron density
around LH1 f1 was reduced and noisy. The provisional
interpretation was that the elongated peak was PufX. The old
PufX in the starting model was now reassigned to LH1 a1, and
the old LH1 a1 was now made into LH1 f1. Side chains were
then added to PufX (residues 30—53), and subsequent DM
maps revealed new electron density, which was interpreted as
PufX (residues 20—31). Additionally, the electron density
around LH1 af1 improved, indicating that the interpretation of
these peptides was a better fit. At this point, side chains were
added to all LH1 af peptides with MODELLER?* using NMR-
determined LH1 7 and X-ray-determined LH2 polypep-
tides'®*' as templates. New DM maps indicated stronger, more
connected electron density along LH1 S chains, and, for the
first time, turns were revealed at both ends of the a and f
chains. Residues were fitted for LH1 a (8—49), LH1 S (1—48),
and for PufX density that could accommodate additional
residues 2—19, and 54—58 was also found. Refinement (see
below) and further rounds of DM calculations resulted in the
emergence of density that could be fitted with residues RC-M
(302—304) and RC-H (251—260) in the model. LH1 Bchl a
pigments were repositioned to be consistent with histidines as
ligands and were also checked with the position of Bchl a in the
LH2 af unit from Phaeospirillum molischianum superimposed
onto an LH1 af unit. Finally, the modeled PufX conformation
was compared (see Figure S6B) to an independently
determined NMR solution structure of PufX.**

Refinement. Refinement was performed in REFMACS
using tight atomic geometry restraints through an automatically
determined matrix weighting between X-ray and geometric
terms. Refinement of 38 198 atoms was made against 6308 X-
ray measurements and 133 500 geometry restraints. The
geometry restraints, which include bond distances, bond angles,
torsion, planar, and chiral restraints, cause individual atomic
coordinates to be highly correlated locally and so the X-ray and
geometry terms are sufficient for stable refinement, albeit
mainly on the basis of geometry. The refinement was therefore
mostly a geometry regularization process, with the X-ray terms
providing statistics on the consistency of the geometry
refinement with the X-ray data through the agreement between
the X-ray structure factor amplitudes (Fo) and atomic model
amplitudes (Fc). Additional weights were applied to geometry
restraints to produce refined rms distance errors between 0.01
and 0.02 A and rms angle error between 1.0—3.0°. These values
are typical of higher-resolution structures, particularly of
membrane protein structures. It could be argued that for
lower-resolution data this degree of accuracy overconstrains the
refinement, but it was judged that the final model should be
within the same geometric error levels as obtained for higher-
resolution structures. The residues refined were 8—49 for LH1
a chains, 1—48 for LH1 f chains, RC-H 11-260, RC-M 1—
304, and RC-L 1-281. It has been shown that the 12 C-
terminal residues of PufX are removed by post-translational
modification®® and we found no electron density for residues
59—69 probably because of a disordered conformation of this
part of the C-terminal domain. Nevertheless, residues 2—58
represent the majority of the residues in the RC-LH1 dimer.
For each NCS monomer, 28 LH1 Bchl a pigments, without
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phytol chains, four RC BChl g, two bacteriopheophytin a, two
ubiquinone, one spheroidene, one phosphate, and one Fe(III)
molecule were included in the refinement.

Refinement was performed against data between 20 and 8.0
A because data below 20 A suffer from bulk solvent
contributions that are not modeled well in refinement
programs; this is particularly true of membrane proteins,
which also have contributions from detergent micelles. These
low-resolution data do not add much to the refinement and
even at higher resolution are generally excluded. The possibility
of crystal twinning disorder was statistically tested during data
processing, which suggested that there could be pseudomer-
ohedral twinning but, because of data resolution and
interference from strong NCS symmetry, this was inconclusive.
The possibility was reassessed during refinement using the
twinning option in REFMACS, which deconvolutes the data
during refinement and so uses corrected structure factor
amplitudes for refinement. This refinement indicated a
twinning factor @ = 0.12 and resulted in slightly improved
refinement statistics compared to twinned data (Table 1). The
subsequent electron density maps for twinned and detwinned
data were similar and suggest that the small amount of twinning
has no major effect on structure determination.

The refinement statistics are comparable with those found
for higher-resolution structures. It should be recognized that in
most refinements the Ry, remains flat and 22% is typical in
the resolution range 20—8.0 A, providing that the model is
correct. The good statistics for this structure implies that the
model is substantially correct, with the important proviso that
the optical resolution is between S and 6 A and that any
structural errors (e.g., in side-chain positions) smaller than this
will not be seen in the statistics. NCS skews the data intensity
distributions toward a number of stronger reflections, which
may also account for a low Rg,,.

Calculation of the 3D Qg Channel in the Dimeric Core
Complex. Interior cavities of the dimer complex were
generated using Hollow.”® Casting of the protein interior
cavity was restricted within a cylinder that encompasses the Qg
channel in one-half of the dimeric RC-LH1-PufX complex (d =
10 nm, h = 7 nm). The produced cavity was then sliced, and the
edge of each slice was digitized with a spacing step of 1 A. Areas
not belonging to the Qy channel were removed manually. The
Qg channel in the dimer was then built using Pymol.”’

Mass Spectrometry-Based Quantification of the Core
Complex Subunits: Preparation of >N-Labeled Internal
Standard. Cells (1.5 L) were grown at 37 °C in M9 medium
containing (*NH,),S0, (99 atom %, Cambridge Isotope
Laboratories) to an OD of 0.7 at 600 nm and were then
transferred to 20 °C for 16 h with 0.4 mM IPTG. Cells were
harvested at 4000g for 30 min at 4 °C and then resuspended in
20 mL of IMAC binding buffer (25 mM Tris/HCI pH 7.4, 300
mM NaCl, S mM imidazole). The cells were broken by
sonication (10 X 30 s) on ice, and the lysate was clarified by
centrifugation at 33 000g for 30 min at 4 °C. The pellet was
resuspended in binding buffer and repelleted at 33 000g for 30
min at 4 °C. This pellet was resuspended in binding buffer
containing 8 M urea and sonicated for a further 10 X 30 s on
ice. The resultant solution was stirred for 1 h at 4 °C and
subjected to a final centrifugation step at 33 000g for 30 min at
20 °C. The supernatant was applied to a S mL Ni**-charged
chelating Sepharose column (GE Healthcare) equilibrated in
binding buffer containing 8 M urea. The column was washed
with 50 mL of binding buffer containing 8 M urea and 50 mL of
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Table 1. Data Collection and Refinement Statistics for the
RC-LH1-PufX Core Complex Dimer from Rba. sphaeroides®

data collection

X-ray source SRS 9.6
space group P2,
cell dimensions
a, b c(A) 78.08
415.07
129.81
a, f, v (degree) 90.00
105.75
90.00
wavelength (A) 0.912
resolution (A) 60.8—8.0
(8.4-8.0)°
Ry (%) 9.3 (90.5)
/o 5.6 (1.0)
number of reflections 6831
data completeness (%) 82 (80)
multiplicity of reflections 2.9 (29)
Refinement Statistics
resolution range (A) 20-8.0
number of reflections 6308
number of geometry restraints 133 500
number of atoms 38198
twinned detwinned
twinning factor NA 0.1174
Recror/ Riree (%) 23.3/26.4 22.8/25.8
overall correlation coefficient 0.89 0.90
figure of merit 0.84 0.85
bond rms (A) 0.018 0.013
angle rms (degree) 2.66 2.63
chiral volume rms (A3) 0.10 0.08

“Ryym = 2I(I = (I))I/ X1, where (I) is the average intensity of multiple
measurements. R;,.o; and Ry, = Y lIFol — |Fcll/ Y |Fol, where |Fol and |
Fcl are the observed and calculated structure factor amplitudes,
respectively. Refinement statistics are given for twinned data and
detwinned refinement. Detwinned data were deconvoluted with a
twinning factor of 0.1174. bHighest—resolution bin.

binding buffer containing S0 mM imidazole and 8 M urea. The
!SN-(His,) protein standard was eluted from the column at 250
mM imidazole and 8 M urea, and its concentration was
determined from the calculated molar extinction coefficient at
280 nm (www.expasy.org/protparam/).

Relative Quantification of RC and PufX Proteins. The
RC-LH1-PufX complex, prepared as described above in 20 mM
HEPES pH 7.8, 100 mM NaCl, 0.03% (w/v) -dodecylmalto-
side was buffer-exchanged into digestion buffer (50 mM
ammonium bicarbonate (BioUltra, Sigma), 0.05% (w/v)
ProteaseMax surfactant (Promega)) in a centrifugal ultra-
filtration device (Amicon Ultra, 3 kDa NMWL, Millipore)
according to the manufacturer’s instructions. Each assay,
performed in duplicate, contained 2 uL of the RC-LH1-PufX
complex in digestion buffer (10 ug of protein by Bradford
assay) and either 10, 20, or 30 pmol of '“N-labeled internal
standard protein in a total volume of 16 uL of digestion buffer.
One microliter of dithiothreitol (BioUltra, Sigma, 100 mM in
digestion buffer) was added followed by incubation at 56 °C for
20 min. S-alkylation was carried out with the addition of 1 uL
of iodoacetamide (BioUltra, Sigma, 200 mM in digestion
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buffer) and incubation in the dark at room temperature for 15
min. Two microliters of trypsin (porcine, dimethylated,
proteomics grade, Sigma, 0.2 g/L in digestion buffer) was
added, and the proteins were digested at 48 °C for 4 h. A
farther 2 uL of trypsin (freshly dissolved in digestion buffer)
was added followed by incubation at 37 °C for 16 h. To
degrade the ProteaseMax surfactant, 2.2 uL of 5% (v/v)
trifluoroacetic acid (TFA) was added followed by incubation at
room temperature for S min. The tryptic peptides were desalted
on a Cyg SpinTip (Proteabio) according to the manufacturer’s
instructions, dried by vacuum centrifugation, and redissolved in
20 uL of 0.1% (v/v) TFA, 3% (v/v) acetonitrile. Aliquots of 2
UL were analyzed in duplicate by LC—MS/MS using an
Ultimate 3000 RSLCnano liquid-chromatography system
(Dionex) with S mm X 300 ym trapping and 75 pm X 15
cm analytical PepMap C,g reverse-phase columns. Tryptic
peptide elution was by a 60 min linear gradient from 94%
solvent A (0.1% (v/v) formic acid) to 40% solvent B (0.1% (v/
v) formic acid, 80% (v/v) acetonitrile) at a flow rate of 300 nL/
min.

Stoichiometry Determination of Bacteriochlorophyll
a and Carotenoid in the RC-LH1-PufX Complex from
Rba. sphaeroides. The purified core complex (OD 140 at 875
nm, 1 cm path length) was used for the extraction of pigments.
Twenty-five microliters of protein solution was mixed with 200
uL of acetone/methanol (7:2, v/v), and the mixture was spun
in a desktop centrifuge at 13000 rpm for 1 min. The
supernatant was collected, and the pellet was re-extracted twice
with 100 pL of acetone/methanol solvent. All of the collected
supernatants were pooled together.

The solvent in the supernatant was removed by gently
passing nitrogen gas over the surface of the pooled super-
natants, which were kept on ice in the dark. The extracted
pigment components, BChl a4, and the carotenoids neuro-
sporene, hydroxyneurosporene, and methoxyneurosporene
were redissolved in 300 uL of methanol, and the absorption
spectrum was recorded immediately at room temperature with
pure methanol as a baseline. The carotenoids in the methanol
solution were extracted using four sequential treatments with
200 uL of hexane, ensuring there was no observable carotenoid
in the final hexane layer. The collected hexane solutions were
pooled and dried with nitrogen in the dark on ice. The dried
carotenoid mixture was dissolved in 300 4L of pure hexane, and
its absorption spectrum was recorded at room temperature with
pure hexane as a baseline.

To determine if all of the carotenoid had been extracted from
the original methanol extract, the hexane extract of carotenoid
was dried under nitrogen gas in the dark on ice and then
redissolved in 300 yL of methanol. The carotenoid absorbance
intensity of this methanol extract was almost the same as the
solution before carotenoid extraction. Neurosporene, hydrox-
yneurosporene, and methoxyneurosporene have the same
absorption properties, so the extinction coefficient of neuro-
sporene in hexane at 453 nm,”® 159 mM™! cm™, was used for
quantification. For BChl a in methanol, the extinction
coefficient at 770 nm was 76 mM ™' cm™;*® the BChl a/
neurosporene stoichiometry for the RC-LHI1-PufX dimer
complex was calculated as 1.06 + 0.09, consistent with previous
extractions of photosynthetic membranes comprising a mixture
of LH1 and LH2 complexes®® and with the extraction of the
isolated LH1 complex.”"
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Dimer interface

RC side view

Monomeric LH1

Figure 1. Density maps of selected parts of the RC-LH1-PufX dimer. (A) LH1 af subunits. LHI « is in yellow, LH1 f, blue, and BChl g, bright
green, and the electron density is represented by a gray mesh. All LH1 a8 BChl a subunits were fitted into the electron density individually. (B) RC
complex. RC-H subunit is in cyan, RC-M, magenta, RC-L, orange, and electron density, gray. The RC complex is viewed from two angles rotated 90°
about the z axis. (C) On the left, the arrangement of polypeptides at the dimer interface. For the sake of clarity, only the RC-H subunits, the two
PufX polypeptides in red, and the 1/1" and 14/14" LH1 af pairs are included. On the right, one-half of the dimer with the RC omitted, showing the
14 LH1 of pairs together with a PufX polypeptide. All density maps were produced using Pymol with a contour level of 1.0 based on the final

refined electron density map of the dimer.

B RESULTS AND DISCUSSION

Structural Analysis of the RC-LH1-PufX Complex. The
RC-LH1-PufX complex was purified from membranes of a
LH2-minus mutant of Rba. sphaeroides. SDS polyacrylamide gel
electrophoresis shows that the RC H, L, and M subunits are
present along with the LH1 and PufX polypeptides (Figure S1).
To quantify the amount of PufX, we used a MS approach using
15N-labeled internal standards for the RC-M, RC-L, and PufX
polypeptides (see Table S1). Proteotypic tryptic peptides
derived from the RC-M and -L chains and PufX components of
the purified RC-LH1-PufX complex were all in the molar ratio
range 0.91—1.22 (Table S2). Thus, the MS analysis confirms
that there is one PufX per RC.

The complex was crystallized as described in the Materials
and Methods. Figure S2 shows the crystal packing of the RC-
LHI-PufX complexes, with neighboring rows of dimers
adopting an ‘up—down—up’ configuration, as seen for 2D
crystals of this complex.® Thus, these 3D crystals can be
regarded as ordered stacks of 2D crystals, with the protruding
RC-H subunits in one layer aligned with the slightly recessed
periplasmic surface of the next. One consequence of this
packing appears to be a reduced curvature of the complex;
single-particle reconstruction showed that the two halves of
RC-LH1-PufX incline toward each other at an angle of ~146°,
consistent with the 72 nm diameter of dimer-only tubular
membranes.® However, some flattening has occurred in the 3D
lattice, and the angle subtended by the periplasmic face of the
complex increases to 158°, indicating some flexibility at the
monomer—monomer interface; a similar flattening process was
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observed when curved native membranes were adsorbed onto a
flat mica surface for AFM imaging.""

The initial dimer model for molecular replacement was
derived from cryo-electron microscopy images of 2D crystals®
and single-particle reconstruction.® This model was composed
of the 2.65 A structure of the RC** and polyalanine
transmembrane helices for LH1 polypeptides, which were
individually fitted into the EM images. The best MR solution
for the X-ray data was found by varying two angles that define
the relative monomer orientations (Figure S3A,B). The model
phases were improved by solvent flattening, histogram
matching, and domain averaging (see Figure S4A). The
method, described in the Materials and Methods, is identical
to the procedure employed for the structure determination of
viruses, where structural redundancy is used to overcome
limitations of data resolution and data completeness.’> This
high degree of electron density averaging produced good
quality electron density maps at 8 A resolution. The overall
quality of the data is reasonable, with an overall Ry, of 9% and
<5% in the lowest-resolution range (Table 1). It should be
noted that the low rms values for bond lengths and bond angles
are a reflection of the geometry constraints; they are not
absolute coordinate errors. These constraints were used to
ensure that the geometry of the model is sensible and that
geometry has not been sacrificed to achieve a spuriously low
Re,cror- Given the resolution of our map, the absolute coordinate
error is likely to be around S to 6 A. The starting EM-derived
model was only 40% complete for LHI, comprising only
transmembrane polyalanine chains. Adding side-chains con-
tributed significantly to the electron density, helping to reveal
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new features such as N- and C-terminal turns for LH1 and
improved density for PufX (see the Materials and Methods for
details). However, we emphasize that at this resolution
individual side chains could not be resolved from each other
in the electron density map; subsequent discussion of the likely
interactions between different amino acids relies therefore on
the input of various constraints on the final model
Construction and interpretation of this final model was
informed not only by data from cryo-electron microscopy,
which determined the 8.5 A projection structure of the
complex,® but also from single-particle reconstruction,® MS
analysis (this work), the solution structures of LH1 f and
PufX,”**** the 2.65 A structure of the reaction center,” site-
directed-mutagenesis studies of the LH1 complex,**~>° and the
structures of LH2 complexes.'®' The resultant Rgor/Rpee
values of 22.8/25.8%, can be compared with other structures at
this resolution such as the hexameric building block of the HIV
capsid (3GV2) (resolution 7.0 A and Ry, 28%)® and the
staphylococcal complement inhibitor in complex with human
complement component C3b (3LSN) (resolution 7.5 A and
Rfactor 26%)‘37

Overall Architecture of the Complex. Approximately
90% of the entire structure was assigned, sufficient to reveal the
overall architecture of this large ~521 kDa complex, which
comprises 64 polypeptides, 80 transmembrane helices, and 128
cofactors. Figure 1 shows how the modeled transmembrane
helices and extrinsic regions of the RC, LHI, and PufX
components fit within the electron densities; a gallery of LH1
af pairs (numbers 2—7, 9, and 12) is displayed on the top row,
with LH1 af pairs 1, 8, 10, 11, 13, and 14 also displayed in
Figure SS. Figure 1B also shows the fits of the individual RC
subunits and the RC complex within the electron density maps.
Figure 1C displays the arrangements of RC-H, LH1, and PufX
polypeptides at the dimer interface and the curved array of LH1
polypeptides.

Figure 2A,B shows that each RC is surrounded by the LH1
antenna, which comprises an inner ring of 14 LHI «a
polypeptides, an outer ring of 14 LH1 f polypeptides, and
two BChls sandwiched between each af pair of transmembrane
helices. The conformations of the LH1 a and S polypeptides,
traced within the electron density map (Figure 1A), adopt a
near-perpendicular orientation with respect to the membrane
plane. However, the f polypeptides in the outer ring at
positions 1 and 1’ (Figure 2C) are different in this respect,
having a bent configuration in the region of Trp23, consistent
with solution NMR data for LH1 f showing a predominantly
helical polypeptide with a more flexible central hinge in the
Met19—Trp23 region.”* Thus, the capacity of LH1 f3 to flex in
this region allows the N-terminal regions of 1 and fl1’ to
adopt a shape that differs from the majority of LH1 J
polypeptides, enabling associations with their respective PufX
polypeptides (Figure 2D). The LH1 af units follow the
contours of the RC, adopting an elliptical shape that opens
outward slightly, allowing quinones to congregate close to the
RC Qg site. Consistent with this, analyses of purified,
detergent-washed core dimer complexes show that there are
10—15 ubiquinone molecules and 80—90 phospholipid
molecules per RC.*®

Interactions Between the PufX Polypeptide and the
RC-LH Polypeptides within One-Half of the Dimer.
Figures 1C (right) and 2D show that there is extra density
next to LHI al, which is assigned to PufX. Extra trans-
membrane density in this region was observed in maps
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al1/p1 PufX PufX

Figure 2. Structure of the RC-LH1-PufX dimer. (A) Complex viewed
in the plane of the membrane, with LH1 f in blue, LH1 a in yellow,
RC-H in cyan, RC-L in orange, RC-M in magenta, and PufX in red. a-
Helices are represented as straight rods. (B) Cytoplasmic face of the
complex. (C) Cytoplasmic side of the complex, viewed perpendicular
to the membrane with the LH1 subunits in gray and numbered 1—14
on one-half of the dimer and 1'—14" on the other half. The enclosed
gray volume is the electron density for the dimer interface, consisting
of the RC-H subunit, the two PufX polypeptides, and the 1/1" and 14/
14’ LH1 af pairs. This represents a view perpendicular to that of the
density for the dimer interface in Figure 1C. The RC-bound Qg
quinone (orange), as in 1PCR,*® shows only 35 carbon atoms of the
CS0 chain of UQ,,. LH1 f1, 1/, f14, and 14’ are in blue, LH1 a1,
al’, al4, and al4’, yellow, the respective LH1 BChl a molecules,
green, RC-H, cyan, and PufX, red. (D) Side view of the interaction
between PufX and the nearest LH1 aff pair (aff1) on the cytoplasmic
side of the membrane. (E) Interaction between PufX and RC-H on the
cytoplasmic side of the membrane.

calculated using the first MR model. As a final check, 2Fo—
Fc omit maps were calculated using a final model, calculated
after cycles of refinement but with LH1 @f1 and PufX
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removed. Figure S6A shows the return of these polypeptides in
the electron density map, which is contoured at a 1o level. The
final refined PufX polypeptide chain in our model can be
superimposed onto 2NRG, which is a minimized averaged
solution structure for PufX in solvent** with an rms deviation of
2.08 A and a maximum Ca atom deviation of 3.75 A (Figure
S6B). The largest deviations are in the region 2—23, where
PufX is constrained by interactions with the N-terminal LHI1 a-
polypeptide and the RC-H chain, consistent with the absence of
such constraints in the NMR studies of purified PufX in
solvent.”** Although the bend and the N-terminal loop for
PufX both closely follow 2NRG (Figure S6B), they were
determined completely independently of the NMR struc-
tures.”** Furthermore, the position of PufX next to LH1a1 has
also been determined independently by cryo-EM (3), although
the PufX transmembrane domain is now established as 17 A
from the original best estimate of its position in the EM
projection map.3

Figure 2C shows the position of PufX and RC-H in relation
to the RC Qg inferred from the RC structure (PDB 1PCR)
incorporated into our dimer model. The location of the PufX
transmembrane domain is a consequence of the PufX-RC-H
interaction and the association of PufX with the bent LHI f1
polypeptide. PufX prevents the LH1 array from completely
surrounding the RC, creating a channel (Figure SB) that allows
the traffic of quinones and quinols as they shuttle between the
Qg site, the external quinone pool, and the cytochrome bc,
complex. A similar situation is envisaged for the RC-LH1-PufW
complex of Rhodopseudomonas palustris;” Figure S7A,B shows a
comparison between the Rba. sphaeroides dimer and Rps.
palustris monomer complexes, aligned using the Rba.
sphaeroides RC that is modeled into both structures. Figure
S7B shows the relative positions of PufX and W in relation to
the RC Qg site; the minimum center-to-center distance
between the transmembrane helices is ~5 A.

Figure 2D shows that PufX is stabilized by close contacts
with the N-termini of LH1 a1 and f1 on the cytoplasmic side
of the membrane. PufX is also intimately associated with the
extrinsic domain of the RC-H subunit (Figure 2E), with PufX
residues 21—30 running paralle] with the RC-H C-terminal
region, which forms a bend at residues 244—246. The last 10
residues of RC-H are usually missing in RC X-ray structures but
are observed in 2J8D,” where the residues 228—257 are a-
helical with a bend at 244—245. Our structure is consistent with
this, but a greater bend has been modeled into RC-H in this
region to follow the electron density and contours of PufX. The
absence of PufX from all RC crystal structures may explain why
this otherwise flexible C-terminal region is not usually observed
in electron density maps. The attachment of PufX to RC-H
through residues on the cytoplasmic faces of these proteins is
consistent with AFM nanodissection experiments where
removal of RC-H was frequently seen in PufX-minus mutants."®
This association between RC-H and PufX forms a likely start
signal for the assembly of the RC-LHI1-PufX complex by
forming an arch with RC-H that prevents blockage of the
passage to the RC Qg site and also provides an anchoring point
for docking the first LH1 ofBChl, subunit onto PufX.
Encirclement of the RC could then proceed by the addition of
more LH1 afBChl, units. This assembly sequence was
originally proposed on the basis of Western blotting experi-
ments where the RC-H subunit was detectable first followed by
PufX and then the LHI a and S polypeptides.*’
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Interactions Involving PufX That Stabilize Formation
of the Core Dimer Complex. A third set of interactions,
between the N- and C-terminal extrinsic regions of PufX and
the LH1 14’ polypeptide, stabilizes formation of the dimer. In
our model, at the cytoplasmic face of the complex, Asnl2 of
PufX on one-half of the dimer is predicted to approach a region
of LH1 14’ on the other half that includes Asp13 (Figure 3A).
This prediction is consistent with results from a series of

A

PufX B14’

Figure 3. PufX interactions that stabilize the RC-LH1-PufX dimer. (A)
Interactions between the N- and C-terminal extrinsic regions of PufX
on one-half of the dimer and the 14th LH1f polypeptide from the
other half of the complex. (B) RC-LH1-PufX dimer structure in gray
viewed from the membrane plane, with the two PufX polypeptides
(red) and the LH1 f14 and 14’ highlighted. LH1 $1 and 1’ are in
blue and LHI al and al’ are in yellow. (C) Cytoplasmic side of the
complex. (D) Periplasmic side of the complex.
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deletions constructed at the N-terminus of PufX, where
truncation of 12 or more residues from the N-terminus
abolished dimerization of the complex.®” The structure also
shows an association between the C-terminal regions of PufX
and B14’, consistent with the effects of C-terminal truncation of
PufX.® The resolution of the structure does not allow precise
assignments of contacts between polypeptides, but two PufX
residues, Arg49 and Arg53, are found in this C-terminal contact
zone, and alteration of both of these residues to Leu abolishes
dimer formation, leaving the levels of PufX unaffected.*! The
association between RC-LHI1-PufX monomers is likely to be
relatively weak because photosynthetic membranes contain
some monomers.* Figure 3B—D shows three views of the
dimer structure with only the two PufX polypeptides (red) and
the LH1 f14 and P14’ highlighted, which emphasize the
importance of both the N- and C-terminal regions of PufX for
promoting dimerization of the complex.

Pigments within the RC-LH1-PufX Dimer Complex.
Figure 4A,B shows all 56 LH1 BChls together with the 8 BChls,

sy %
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Figure 4. LH1 and RC pigments in the RC-LH1-PufX dimer complex.
(A) LH1 BChl a pigments (green) enclosing the RC cofactors, viewed
perpendicular to the membrane plane from cytoplasmic side. For
clarity, only the BChl special pair (purple), accessory BChl a (green),
Bphe a (blue), and carotenoid (pink) are shown for the RC cofactors.
The phytol tails of the LH1 BChls are not shown. To highlight the
position of the pigment molecules in the protein, 30% transparency
was imposed on the dimer model. The colors for LH1, PufX and RC
polypeptides are as in Figure 2A,B. (B) RC-LH1-PufX dimer complex,
again with 30% transparency imposed, showing the horizontal
alignment of the LH1 BChl a molecules with the RC pigments.

4Bph, and 2 carotenoid pigments contributed by the two RCs,
assigned here on the basis of the crystallographic structure of
the Rba. sphaeroides RC complex’® modeled into the dimer
structure. There are no LH1 carotenoids included in Figure 4
because of the low resolution of the electron density map, but
pigment extractions (see the Materials and Methods) show that
there is one carotenoid for every LH1 BChl, possibly
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accounting for the extraordinary photostability of this complex
when spheroidenone is bound.**** The disc-like electron
densities for 8 of the 14 LH1 o pairs in Figure 1A and for the
rest of the pairs in Figure S5 allow an approximate positioning
of the LH1 BChls. The precise positions and orientations of the
LH1 BChls in the structural model could not be assigned on
the basis of the 8 A X-ray data, and instead we took into
account results from site-directed mutagenesis of the C-
terminal aromatic residues a43Trp (@ +11 in relation to the
conserved HisO ligand) and STrp47 (f +9), altered to Phe in
each case.’**> Resonance Raman spectroscopy of the mutant
complexes had shown that each of these mutations breaks a
hydrogen bond to the C3-acetyl carbonyl group on each of the
BChls. It was therefore proposed that the LH1 a- and f-bound
BChls within a minimal LH1 unit were hydrogen—bonded to
aTrp 43 and fTrp47, respectively,”® which necessitates a bend
in the vicinity of aPro39. Further mutagenesis/Raman
experiments established that the LH1 BChls are ligated to
the conserved histidine (His0) residues.> The assignments of
56 LH1 af histidines as BChl ligands and 56 H—bonds from C-
terminal LH1 residues to C3-acetyl carbonyls of LH1 BChls
provided important constraints for constructing the final model
of the RC-LH1-PufX complex, as did spectroscopic studies
such as the linear dichroism data for the isolated LHI1
complex.*’ Finally, the homology of LHI and LH2 with
respect to His ligands and hydrogen bonding of C3-acetyl
carbonyls enabled a check of BChl position by superimposition
of the high-resolution LH2 structures.'®*!

The angle made by the two arcs of LH1 BChls is clearly seen
in Figure 4B, as is the horizontal alignment of the LH1 BChls
with the RC special pair of BChls, which are the site of primary
photochemistry. This alignment is consistent with an earlier
AFM study.* Figure 4A shows how the 56 LH1 BChls snake
around the RC pigments. The average distance from each LH1
a BChl Mg atom to a point bisecting the Mg—Mg pair of the
RC BChl, dimer is 47 + 2 A; excitation energy transfer from
LH1 BChls to the RC special pair has a time constant of 37 ps
at 77 K,*” complying with this relatively large separation. This is
a relatively long time scale in the context of, for example, LH2
to LH1 transfers, which are almost an order of magnitude
shorter,*® but it has been proposed that a closer approach of the
LH1 BChls would risk photooxidation of the antenna pigments
by the RC special pair.*” The close approach of the LH1 a14
and aff14’ subunits creates the conditions for the migration of
excited states among all 56 LH1 BChls, consistent with
measurements of fluorescence vyield in isolated dimeric
complexes that show a high degree of energy transfer
connectivity between the two halves of the complex.>
Excitation sharing between the RCs*>>! could help to maintain
efficient charge separation under high light conditions, allowing
energy to migrate rapidly from the half of the dimer with an
already photooxidized (‘closed’) RC to an ‘open’ RC. PufX-
mediated dimerization leads to enlargement and curvature of
the complex, which promotes self-association of dimers, as
predicted by Monte Carlo simulations of protein crowding.’
Although in principle the excitation energy can rapidly access
all of the RCs within an array of dimers, fluorescence yield
measurements found no evidence for interdimer energy
transfer.>

Identification of a Putative Quinone Channel within
the Dimer Complex. The turnover of RC photochemistry
requires the constant exchange of quinones and quinols across
the apparent barrier imposed by the LH1 complex. To visualize
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Figure S. Continuous 3D space enclosed by the LH1 complex. (A) Structure of the RC-LH1-PufX dimer from the cytoplasmic side with RC and
LHI subunits in gray, except for LH1 $1 and 1’ in blue, and LH1 a1 and 1’ in yellow; PufX is in red. The RC subunits are semitransparent so that
Qg, in orange, can be seen. The cyan coloring represents the continuous 3D space enclosed by the LH1 ring that communicates with the exterior of
the complex and with the other half of the dimer. (B) Views of the 3D space in panel A but with all proteins removed and with the two Qg molecules
(orange) from 1PCR? retained; five additional quinones (yellow), modeled as full-length UQ, molecules (from 2GMR), are shown to demonstrate
that the 3D space is sufficient to enclose several such quinones. The top view is in the same orientation as in panel A; the lower view is from the side
of the complex, parallel to the membrane plane. (C) Negatively stained EM projection map of a natural membrane from a RC-LH1-PufX dimer-only
mutant of Rba. sphaeroides showing the packing of adjacent dimer complexes into rows.® (D) Superposition of three RC-LH1-PufX dimers onto the
EM image. Each dimer complex was positioned manually by aligning the gap in the LH1 ring seen in panel C with the gap between LH1 14 and 14’
and the neighboring LH1 ring from the other half of the complex, as in Qian et al.*> (E) Schematic diagram showing possible pathways for quinone
diffusion in, out, and through the dimer structures.

a possible channel allowing the external quinone pool access to Figure 5C,D shows how the association of two or more RC-
the RC Qg site, we calculated the continuous 3D space LH1-PufX dimers, as seen in AFM and EM images of
enclosed by the LH1 ring. ThlS 3D Volume, represented in blue Photosynthetic membranes,SAZ could create such regions and

in Figure SA,B shows that there is indeed continuity between raises the possibility that migration within and between dimers
the external membrane environment and the RC Qy site, with

sufficient room within this volume to accommodate several
quinone molecules, modeled as the full-length molecules with a
C50 tail, rather than the C35 in the 1PCR RC structure.”® The
lack of structural resolution and their inherent disorder
precludes any direct observation of the sequestered lipids and
quinones, but their presence within this 3D volume can be B ASSOCIATED CONTENT
inferred from extractions of purified core dimers that revealed © Supporting Information

10-15 ubiquinon3§ molecules and 80-90 phospholipici SDS polyacrylamide gel electrophoresis of the RC-LH1-PufX
molecules per RC.”® The projection structure from cryo-EM complex; crystal packing of the RC-LHI-PufX complexes;
also showed a space between the LH1 ring and the RC, and the ! S . Y
diffuse density for the first LH1 f8 pol tide ( 51 but structure determination of the RC-LH1-PufX dimer: variation
se density for the firs polypeptide (now u . .

originally numbered 14 in ref 3) was proposed to reflect a olf a?gles c]{)et\/\.reen mon(.)m?rz anc? NCS dorfnalnalfefrlzglls for
highly mobile region of the complex. In this projection map, the € e; ron ?ILS.IW }elxveragmg, en;(ty Tnaps or h .aﬁ
LH1 af31 polypeptide pair has shifted outward from the RC by subunits within the RC-LH1-PufX dimer; omit maps showing

the return into the electron density map of PufX, the LH1 al

up to 7 A relative to its position in Figures 2C and 3B-D, ) )
widening the LH1 arc and enclosing a space significantly larger and f1 polypeptides, and the BChls; superimposed structures

(Figure SE; also, see the movie in the Supporting Information)
could fast-track quinols to their destination, the cytochrome bc,
complex, further optimizing the ability of Rba. sphaeroides to
harvest and utilize light energy.

than that represented in Figure SA,B, providing even more of PufX from the electron density map and from the solution
room for sequestering and exchange of quinones. Thus, Figures structure determined by NMR; structural comparison between
2—S5 probably depict one of several conformational states of this the RC-LHI-PufX dimer complex from Rba. sphaeroides with
dimeric complex, consistent with AFM experiments showing the RC-LH1-PufW monomer complex from Rps. palustris; mass
that the LH1 ring is inherently flexible.” In bacteria with PufX, spectrometry-based quantification of the core complex
this polypeptide prevents ring closure, holding LH1 subunits in subunits: preparation of N-labeled internal standards and
an open, dynamically variable state to promote the exchange of relative quantification of RC and PufX proteins; and movie of
quinones with the external pool. Kinetic studies of purified quinone migration across the LHI ring to the RC Qg site

dimeric core complexes examined the effects of inhibiting a
variable fraction of RCs with stigmatellin and provided
evidence for quinone sharing by the two RCs within a
dimer.*® The 3D volume in Figure 5A,B provides a structural
basis for this observation and raises the possibility that
quinones can cross between the two halves of the structure. Coordinates and structure factors have been deposited in the
Photosynthetic membranes were proposed to contain confined, Protein Data Bank and are split between the entries 4JC9 and
quinone-rich regions surrounding RC-LHI1-PufX dimers;>’ 4JCB.

followed by quinol migration to the other half of the complex.
This material is available free of charge via the Internet at

http://pubs.acs.org.
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