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ABSTRACT: Membrane proteins are embedded in a lipid bilayer and maintain strong interactions with lipid
molecules. Tightly bound lipids are responsible for vertical positioning and integration of proteins in the
membrane and for assembly of multisubunit complexes and occasionally act as substrates. In this work we
present the lipidic sponge phase crystal structure of the reaction center from Blastochloris viridis to 1.86 A,
which reveals lipid molecules interacting with the protein surface. A diacylglycerol molecule is bound, through
a thioether bond, to the N-terminus of the tetraheme cytochrome ¢ subunit. From the electron density
recovered at the Qg site and the observed change in recombination kinetics in lipidic sponge phase-grown
crystals, the mobile ubiquinone appears to be displaced by a monoolein molecule. A 36 A long electron density
feature is observed at the interface of transmembrane helices belonging to the H- and M-subunits, probably

arising from an unidentified lipid.

Photosynthesis, the conversion of light into chemical energy by
living organisms, arose approximately 3.5 billion years ago, early
in the history of life on Earth. It is one of the most important
biological processes in nature and plays an essential role in the
energetic and metabolic macrocycle of the biosphere. It originates
from the kingdom of Bacteria, from a period when the level of
molecular oxygen was low in the atmosphere (/). Blastochloris
viridis (formerly known as Rhodopseudomonas viridis) is a
non-sulfur purple bacterium, which contains important charac-
teristics present in oxygenic photosynthetic systems but predates
them (2, 3). The B. viridis reaction center (RC,;)" is structurally
homologous to D1/D2 subunits of photosystem II (PSII), and
therefore it is often considered as a model system for oxygenic
photosynthesis. It was also the first integral membrane protein
from which a high-resolution structure was obtained (4). This X-
ray structure was achieved using detergent-based crystallization
methods, and continuous improvements have extended the
resolution of detergent-based crystals to 1.96 A ).

Membrane proteins consist of a hydrophilic and a hydropho-
bic part and must be extracted from their native membrane using
detergents prior to crystallization. While lipidic cubic phase
crystallization (LCP) still requires purified detergent-solubilized
protein as a starting point, it was developed specifically to tackle
the difficulties related to the long-term loss of native environment
during membrane protein crystallization (6). In this method
detergents are substituted by lipids such as monoolein as the
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crystallization medium. The LCP method has been used for the
successful crystallization of the photosynthetic reaction center
from Rhodobacter sphaeroides (RCy,;) (7—9) and has been
developed further into a lipidic sponge phase- (LSP-) based
crystallization sparse matrix screen (/0). LSP-grown crystals
have generated a number of membrane protein X-ray structures
including the photosynthetic reaction center from R. sphaer-
oides (11, 12), the cobalamin transporter BtuB (/3), and a
bacterial light harvesting complex II (/4).

Here we present the crystal structure of the photosynthetic
reaction center from B. viridis, which was crystallized using the
LSP technique and diffracted to 1.86 A. By taking advantage of
the type I crystal form, the orientation and position of the
reaction center could be established in the lipid bilayer. A
diacylglycerol lipid appeared covalently bound to the tetraheme
cytochrome ¢ subunit, which has not previously been seen when
crystallizing with detergent-based methods. Monoolein, the
major constituent of the LSP matrix, was observed at three
locations including the Qg pocket. In addition, a 36 A long
elongated electron density feature was observed at the interface of
the H- and M-subunit, which probably corresponds to an
unidentified lipid.

MATERIALS AND METHODS

The bacterial strain ATCC 19567 from B. viridis was ordered
from Deutsche Sammlung von Mikroorganismen and Zellkul-
turen GmbH (DSMZ). Monoolein (1-monooleyl-rac-glycerol)
was purchased from Sigma (99% purity), and 1,2,3-heptanetriol
(high melting point isomer) and the detergent N,N-dimethyldo-
decylamine N-oxide (LDAO) were bought from Fluka Chemika.
Jeffamine M-600 and the crystallization additive 1 M trisodium
citrate were obtained from Hampton Research. The POROS HQ
anion-exchange chromatography column was ordered from
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Applied Biosystems and the HiPrep 16/60 Sephacryl S-200
high-resolution gel filtration chromatography column from
GE Healthcare. The LSP kit was obtained from Molecular
Dimensions Ltd. (10).

Purification and Crystallization of RC,,,. The purification
protocol of RC,;. was adopted from ref 75 with the following
modifications. For solubilization LDAO was added dropwise up
to 4% to the membrane mixture and stirred for 3 h at room
temperature in darkness. The solubilized membranes were ultra-
centrifuged for 90 min, 4 °C, 175000g, and the obtained protein
solution was adjusted to pH 8.5 and applied to a high binding
capacity anion-exchange chromatography column (POROS
HQ), which was equilibrated with 20 mM Tris-HCI, pH 8.5,
and 1% LDAO prior to usage. The protein was eluted with a
continuous salt gradient (0—500 mM NaCl in 20 mM Tris-HCl,
pH 8.5, and 1% LDAO). Further impurities were removed by a
high-resolution HiPrep 16/60 Sephacryl S-200 gel filtration
chromatography step (buffer: 10 mM Tris-HCI, pH 8.5, 0.1%
LDAO, and 0.1 mM EDTA). Finally, the buffer was exchanged
by three cycles of concentration and dilution (approximately 10 x
the concentrated volume) with a 20 mM sodium phosphate, pH
6.8,0.1% LDAO, and 10 M EDTA bufferina 100 kDa MWCO
Vivaspin (Sartorius AG) concentrator before a final concentra-
tion step to 20—25 mg/mL. The optical purity ratio (4,g0/Ag30) of
this sample was approximately 2.1.

Crystals were grown using the LSP crystallization technique as
described previously (/7). Initial crystal hits were obtained with
condition 37 of the LSP kit (10). As reservoir solution 0.55 M
sodium acetate, 0.75 M HEPES, pH 6.3, 0.1 g/mL Na/K-PO, has
been used, and 1 uL of protein solution was mixed with 1 uL of
LSP in a hanging-drop, vapor-diffusion experiment. Final
conditions were obtained by mixing monoolein with water in a
ratio of 60:40 (v/v) until a viscous, nonbirefringent LCP was
formed. Thereafter, LSP initiating solution (20% Jeffamine M-
600, 1 M HEPES, pH 8.0, 0.7 M (NH4),SO,, and 2.5% 1,2,
3-heptanetriol) was added in a ratio of 1 to 4 (v/v) and
equilibrated until phase separation has occurred. The upper
LSP was harvested, and 1 uL was used as a precipitant solution
together with 1 uL of protein solution and 1 uL of additive 1 M
trisodium citrate in a hanging-drop, vapor-diffusion experiment.
The crystallization plates were stored in darkness at room
temperature, and diamond-shaped crystals appeared after
2 weeks, growing to a maximum size of 0.25 mm x 0.25 mm x
0.15 mm. The crystals were harvested directly from the LSP
without addition of lipase or cryoprotectants.

X-ray Diffraction Studies. Lower dose X-ray data were
collected at 100 K with an ADSC Q4R CCD detector at ID14-
eh3 of the ESRF (4 = 0.931 A). The oscillation range per image
was 0.5°. Higher dose X-ray data were collected at the SLS (4 =
0.992 A) at 100 K using a PILATUS 6M detector with contin-
uous data collection mode. The detector was read out after every
0.1° rotation of the crystal. Low-dose data was indexed and
integrated with MOSFLM, scaled with SCALA, while high-dose
data was processed with XDS and XSCALE (/6) for optimal
treatment of the very finely sliced reflections. Subsequent data
processing was carried out in the CCP4 program suite (/7). The
crystals belong to space group P2,2,2, and data statistics are
summarized in Table 1. The structures were solved independently
by molecular replacement using the program AMoRe (/8). The
starting coordinates were taken from the detergent-based crystal
structure (PDB entry 2PRC) (/9) and included the protein
moiety only. The rotational search in the resolution range
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Table 1: Crystallographic Data and Refinement Statistics

low-dose data set  high-dose data set

PDB entry 2WIM 2WIN
resolution (A)? 45.9-1.95 45.0—1.86
(2.06—1.95) (2.00—1.86)
space group P2,2,2 P2,2,2
unit cell dimensions, a, b, ¢ (A) 84.5,138.5, 84.8,139.4,
177.8 178.2

total absorbed dose (Gy) 44 % 10° 7.1 x 107

no. of unique reflections” 145856 (18911) 176119 (34206)

completeness (%)" 96.2 (86.4) 97.8 (92.1)

multiplicity® 4.3 (3.6) 6.6 (6.7)

/o) 10.9 (2.1) 15.0 (3.7)

Regm (%)** 8.9 (72.6) 6.8 (48.5)

R/Rpyee (%)° 17.3/20.1 16.6/19.3

rmsd from ideal bond 0.017/2.1 0.018/2.3
lengths (A)/angles (deg)

no. of atoms (protein/ 9186/711/774 9175/692/723
waters/hetero)

Ramachandran plot

(% by PROCHECK)
most favored 92.0 92.4
additionally allowed 7.5 7.1
generously allowed 0.4 0.4
disallowed 0.1 0.1

average B-factors (Az) 33.0+ 6.1 37.0 £ 6.8

protein? 32.6+45 36.6 + 5.2

waters 37.3+88 44.4 +£10.5

all other heteroatoms 342 £ 138 355+ 133

diacylglycerol 66.1 £ 8.1

monoolein 1 (at Qg site 428 +£4.1 47.0 £ 6.1
70% occupancy)

monoolein 2 557+ 1.6 642+ 1.2

monoolein 3 59.6 £ 12.5 64.0 £ 4.4

“Values in parentheses indicate statistics for the highest resolution
shell. /’Rsym = S II, — (DI/> 1, x 100, where I, is the observed intensity
of a reflection and (/) is the average intensity obtained from multiple
observations of symmetry-related reflections. ‘R factor = Y 1 Fo| — |FJl/
S|Fo| x 100. Residual B-factors after TLS refinement.

15-3 A resulted in a single peak far above the noise level. The
translational search assuming the space group P2;2;2 produced
the highest peak. At this point a random selection of approxi-
mately 5% of the data (test set) was assigned for calculation of the
free R-factor and was not included in the refinement. The phases
from the molecular replacement solution were used in automated
rebuilding of the protein subunits using the program Arp/
wArp (20). Even though the automated procedure did not model
cofactors, Arp/wArp was able to find and dock more than 90%
of the residues of the final model in both structures. The models
were systematically improved through iterative cycles of manual
rebuilding by means of Coot (2/) and crystallographic refinement
using the program REFMACS5 (22). The models were checked by
cross-validated SigmaA weighted electron density maps calcu-
lated with both 2mF, — DF, and mF, — DF, coefficients (23). At
the final steps of refinement of both structures a TLS (24) model
of the four polypeptide chains were used, which resulted in the
improvement of the Rp.. value by approximately 2%. The
quality and stereochemistry of the models were monitored during
the refinement with PROCHECK (25) and Molprobity (26). The
absorbed X-ray dose during data collection was estimated by the
program RADDOSE (27). The occupancy of the monoolein in
the Qg binding pocket was estimated using the assumption that
the average B-factors of the glycerol moiety of the lipid are similar
to the interacting amino acid residues and the nearest water
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molecule. Superposition of the detergent and LSP-based crystal
structures was performed with the program LSQMAN (28) using
all equivalent C, atoms. 2F, — F electron density maps of PDB
entries 1 VRN (29) and 2J8C (30) were obtained from the Uppsala
Electron Density Server (3/). Figures were generated with
PYMOL (32).

Charge Recombination Kinetics. Time-resolved absorption
measurements were performed on RC,,;, both in detergent solu-
tion (0.1 mM RC,,, in 0. M HEPES, pH 7.5, and 0.1% (w/v)
LDAO) and in LSP-grown crystals (20% Jeffamine M-600,
1 M HEPES, pH 8.1, 0.7 M (NH4),SO4 and 2.5% 1,2,
3-heptanetriol) (/7). The crystal samples were mounted in a
0.8 mm quartz capillary (Hampton Research), sealed using wax,
and a small aliquot of mother liquid was added to the capillary to
prevent dehydration. The absorption changes at 865 nm were
recorded using a single-beam microspectrophotometer (33)
(XSPECTRA, 4DX systems AB) with a SD2000 monochroma-
tor/detector system (Ocean Optics Inc.). Flash excitation of the
sample was provided by a frequency-doubled Nd:YAG laser
(Spectra-Physics; 532 nm, 6 ns) synchronized to the microspec-
trophotometer using a setup of local design (34). Time-resolved
data were collected in the range of 1 ms to 6 s with each data point
averaged over five acquisitions (1 Hz repetition rate, 0.7 mJ/pulse).

Protein Data Bank Accession Number. The refined crys-
tallographic structure and crystallographic observations have
been deposited in the Protein Data Bank under entries 2WJM
and 2WJN.

RESULTS AND DISCUSSION

LSP-Grown Crystals of Reaction Center from B. viridis.
Crystals of RC,; were grown using the LSP crystallization
method in the presence of monoolein and diffracted up to
1.86 A resolution. These crystals, unlike all previous Protein
Data Bank (35) entries of RC,;. (36), belong to space group
P2,2,2 and show one molecule per asymmetric unit. Two data
sets were collected, which differed by more than 10-fold in
absorbed radiation dose, from different crystals prepared in an
identical way. X-ray diffraction data and final refinement
statistics of the two data sets are summarized in Table 1. The
high-dose data set presented in this work shows improved
resolution of the structure, but it also illustrates the effect of
specific radiation damage. Therefore, the main structural con-
clusions are derived from the low-dose data set, and the high-dose
data set is used only for discussion on radiation damage. The
structure was solved by molecular replacement using an X-ray
structure from detergent-grown crystals (PDB entry 2PRC) (19)
as a starting model. The RC,;. molecules are arranged within
stacked antiparallel planes in the crystal (Figure 1A) similar to
RC,,, grown from LCP and LSP (8, /1) (Figure 1B). Crystal
contacts within the membrane plane are not observed, unlike in
crystals of RC,,, where a bound cardiolipin headgroup estab-
lishes a strong lateral crystal contact (8).

Figure 2 shows the reaction center with the estimated bound-
aries between the hydrophobic and hydrophilic regions of the
crystal. The boundaries are defined by two planes parallel
with the ab crystallographic plane in the asymmetric unit at
Z-coordinates (coordinates Z = 16 and 50 A, respectively) which
define a hydrophobic slab with a thickness of 34 A accounting for
approximately 39% of the crystal volume. The approximate
positions of the delimiting planes along the c-axis were estimated
by the outermost layer of solvent-exposed Trp, Phe, and Tyr
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FiGUrE 1: (A) Type I crystal packing of RC,,, grown from the LSP.
The protein molecules are stacked in antiparallel planes. Left: The
viewing direction is parallel with the ab (membrane) plane. Right: The
viewing direction is parallel to the c-axis. (B) For comparison the type
I crystal packing of RC,,;, obtained from the LCP is shown (PDB
entry 1OGV) (8). Left: The viewing direction is parallel with the
ab (membrane) plane. Right: The viewing direction is parallel to the
c-axis.

residues represented as stick models in Figure 2 (cytoplasmic side,
Tyr-M3, Tyr-M7, Trp-M23, Phe-M33, Trp-M37, Phe-H96; per-
plasmic side, Phe-C2, Trp-L59, Trp-L142, Phe-1L.254, Phe-L.271,
Phe-M79, Trp-M112, Phe-M288). Moreover, these delimiting
planes do not conflict with hydrophilic subunits of symmetry-
related molecules in the adjacent bilayers.

In the LCP- and LSP-grown RC,,, crystals the position of
symmetry-related cofactors of the L- and M-branch are approxi-
mately the same along the membrane normal (8, /7). In contrast,
in the LSP-grown RC,; crystals the active L-branch is shifted
toward the direction of the cytoplasm relative to the inactive
M-branch. This arises because the 2-fold pseudosymmetry axis of
RC,; tilts in another direction, relative to the normal of the
membrane, to that seen in the LSP crystal structure of RC,,,. The
magnitude of the shift is given by i, = 7 -7, where 7 is the vector
connecting the pseudosymmetry-related magnesium ions of the
accessory chlorophylls and 7 is the normal vector of the
membrane and equates to 2.6 A displacement along the normal
vector. Supporting Information Figure 1 describes in detail how
the tilts of the reaction centers in the membrane were calculated.

Residues 46—60 of the H-subunit of RC,;. are disordered in the
LSP crystal structure (Figure 3A) and are not visible in the
electron density. In contrast, in the detergent-based crystals this
region is stabilized by crystal contacts of the transmembrane
helices of two symmetry-related reaction centers: the H-subunit
inmolecule 1 and the L-subunit of molecule 2. Residues Arg-H80
to Thr-H8S5 thus deviate after superposition by more than 6.5 A
compared to the detergent-based structure, which is also influ-
enced by crystal contacts (Figure 3B,C). However, in this case,
packing interactions in the LSP-grown crystal form alter the
native conformation of the loop.
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FIGURE 2: Stereoview of the overall arrangement of lipids bound to the surface of RC,;, in the low-dose data set: one diacylglycerol (red) and two
monoolein molecules outside (blue) and one monoolein inside (cyan) the Qg binding pocket. The colors of the ribbons representing the protein
subunits are as follows: tetraheme cyctochrome ¢ (beige), L-subunit (brown), M-subunit (green), and H-subunit (orange). The approximate

position of the membrane is indicated with transparent planes.

Covalently Bound Diacylglycerol on the N-Terminus of
the Cytochrome ¢ Subunit. LSP-grown crystals revealed lipids
bound to the surface of the protein. Figure 2 shows the overall
fold of the RC,;. and four modeled lipids on the protein surface: a
covalently bound diacylglycerol lipid (red) and three monoolein
molecules (two blue and one cyan). The cyan-colored monoolein
occupies the Qg ubiquinone binding pocket (see below). On the
periplasmic side a covalently bound lipid was observed at the N-
terminal cysteine of the tetraheme cytochrome ¢ subunit
(Figure 4A,B). Previous mass spectrometry studies (37) identified
this lipid as a diacylglycerol molecule covalently attached to the
cysteine side chain through a thioether bond. One of the fatty acid
tails is situated in a well-defined groove and interacts with the
accessory bacteriochlorophyll of the M-branch by van der Waals
forces. The other fatty acid moiety is weaker in electron density
and points perpendicular to the plane of the membrane. This
prokaryotic posttranslational modification facilitates the asso-
ciation of the tetraheme cytochrome ¢ subunit to the membrane
and presumably assists the organization of quaternary structure.
Similar, but reversible modification (thioacylation) can be ob-
served in eukaryotes on cysteines of G protein-coupled receptors
and G proteins (38) where the modification plays a regulatory
role and also leads to the nonrandom distribution of specific
membrane lipids and proteins. It is puzzling why in the detergent-
based crystal form there is no indication of this covalent
posttranslation modification, which was detected by mass spec-
trometry in the detergent-solubilized protein. For example, in the
1.96 A resolution crystal structure by Li et al. (5) (PDB entry
2I5N) there is no indication of an attached thioether bond. One
possibility is that the crystal contacts interfere with the diacyl-
glycerol in the detergent-based crystal form; however, there is not
any crystal contact in close vicinity, which could interfere with the
lipid. Radiation damage, if the X-ray absorption is not con-
trolled, might also provide an explanation for the disappearance
of the thioether bond.

Radiation Sensitivity of the Thioether Bond. While
chemically relatively stable, the thioether bond, which connects
the diacylglycerol to the N-terminal cysteine of the cytochrome ¢
subunit, is sensitive to radiation damage. A high-dose data set
(Table 1) was collected to illustrate the effect of specific radiation
damage in the structure. Electron density recovered from this
high-dose data set shows reduced occupancy of the sulfur atom
and the lipid moiety. In Figure 4C a negative F, — F electron
density (red) appears on the sulfur atom of the N-terminal
cysteine, and the 2F, — F, electron density of the thioether bond
is no longer continuous when contoured at the same o level as in
Figure 4B.

Radiation damage is a complex phenomenon, and according
to the widely accepted model it has a general and specific
form (39). Specific radiation damage affects the electron density
of specific parts of the structure, and different chemical bonds
may have very different dose dependence. Bonds involving
heavier atoms are more affected. For example, disulfide bridges
containing sulfurs are more easily broken than carbon—carbon
bonds. In contrast, general radiation damage manifests as a dose-
dependent decay of //o of the reflections, which is (more or less)
similar in different protein crystals and typically reaches a factor
of 0.5 atan absorbed dose of approximately 2 x 10" Gy (so-called
Henderson limit (40)).

Comparison of the high- and low-dose structures shows a high
degree of general similarity with a 0.16 A rmsd after superposing
all (1171) C4 atoms. When looking at site-specific differences, we
find only residues Cys-Cl, Glu-C85, GIn-L55, Tyr-H41, Phe-
H96, and Glu-H119 in which at least one of the side chain atoms
deviates by more than 1 A. In addition, Glu-L82 is present in two
conformations in the low-dose data set, one of which deviates
significantly from the high-dose conformation. Nonisomorphism
between the crystals could provide an alternative explanation
why these residues differ in conformation. If the molecules are
slightly shifted from one another in the crystal lattice, the residues
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FIGURE 3: Crystal structure comparison of RC,;, crystallized using
the LSP method (orange, PDB entry 2WJM) and detergent-based
method (gray, PDB entry 2PRC). (A) The missing loop in the LSP-
grown crystals between residues 46 and 60 of the H-subunit is
magnified. This region is involved in crystal contacts between neigh-
boring molecules in detergent-based crystals. (B) The modified loop (Arg-
H80 to Thr-H85) of the H-subunit illustrates the area that contributes
to the crystal contacts for the LSP structure. (C) Distance plot of the
H-subunit between the LSP and the detergent-based model of RC,;.

in a close crystal contact may be affected. In the case of Cys-Cl,
however, the closest crystal contact is more than 30 A away.
Extended, Continuous Electron Density Feature Bound
to the Hydrophobic Surface of the Reaction Center. In both
low- and high-dose data sets a very long (~36 A) continuous
electron density feature was observed to lie within a groove in the
membrane region bordered by the transmembrane helix of the
H-subunit, the L-subunit, and cofactors of the L-branch. Figure 5
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F1GURE 4: (A) The position of the diacylglycerol molecule observed
in the 2F, — F_ electron density (0.50 level, blue) of the low-dose data
set is shown in stereoview. (B) Close-up view of the N-terminal
cysteine residue of the tetraheme cytochrome ¢ subunit to which
the diacylglycerol molecule is bound through a thioether bond (2F, —
F., 1.0olevel, blue). (C) Ilustration of the 2F, — F_electron density at
1.00 contour level (blue) and the negative F, — F electron density
peak on the sulfur of N-terminal cysteine contoured at —4.00 level
(red) in the high-dose data set. The 2F, — F, electron density is not
continuous in the high-dose data set, indicating that the radiation
damage breaks the thioether bond.

FIGURE 5: Stereoview of the large electron density feature that is
located in a groove surrounded by transmembrane helices of the
H- (orange) and M-subunit (green) and the cofactors of the L-branch
(magenta), stretching the entire membrane of RC,;.. The omit 2F, —
F, electron density (blue) from the low-dose data set is contoured at
0.90 level and stretches perpendicularly to the membrane plane.
Supporting Information Figure 2 shows the 2F, — F. omit electron
density recovered from the high-dose data set.

shows the omit 2F, — F, electron density at 0.90 contour level
observed in the low-dose data set. The higher absorbed dose does
not affect the shape of the electron density (Supporting Informa-
tion Figure 2). The putative lipid corresponding to this electron
density feature is approximately perpendicular to the membrane
plane and stretches across the whole membrane bilayer. In earlier
crystal structures (PDB entry 2PRC) (19) electron density in the
same binding site was modeled as LDAO molecules, and presum-
ably the electron density was not continuous in the entire binding
groove. In the lipidic sponge phase-grown crystal form, the length of
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the electron density is more than twice the length of an LDAO
molecule and even exceeds the length of membrane-specific fatty
acids in their fully extended conformation (~20 A).

A high proportion of previous crystal structures of reaction
centers from R. sphaeroides indicated the presence of a cardiolipin
molecule (8, 30, 41—43). None of the structures of RC,;. in the
PDB include cardiolipin, although some contain phosphates or
detergents modeled into small electron density features at the
equivalent position on the protein surface. The LSP-grown RC,;,
crystal structure gave similar results to the previous forms, with
two electron density features that were modeled as phosphate
ions but no indication of a more extensive cardiolipin molecule.
In this crystal structure, however, they are not involved in crystal
contacts as in the LCP structure of RCyy, (§).

Monoolein at the Ubiquinone Binding Site. The ubiqui-
none binding site of RC,,. was occupied with a ubiquinone-1
molecule in the original structure obtained from the native source
using detergent-based crystallization methods (36). Several at-
tempts to model a ubiquinone molecule into the binding pocket
of our structure failed, due to the architecture of its headgroup
consisting of a quinone ring which includes two methoxy groups,
one methyl group, and two additional oxygen atoms. When
modeling the ubiquinone headgroup, negative F, — F, electron
density surrounded it, indicating that it is most likely not pure
ubiquinone that occupies the binding pocket. In addition, the
isoprenoid tail of Qg includes branching methyl groups, which
did not fit the density very well.

An alternative candidate for the binding pocket is monoolein,
the lipid used during crystallization, which is abundantly avai-
lable. Monoolein is a monoacylglycerol with a small headgroup,
and it could be placed in the Qg binding site with no residual
negative F, — F, density. Figure 2 shows the full length of this
monoolein molecule (cyan). The hydrogen bonds between the
hydroxyl groups of the headgroup and the surrounding amino
acids were also well satisfied (Figure 6A). The fatty acid tail of
monoolein was fully visible on the protein surface, indicating that
hydrophobic binding interactions in RC,;. are not selective
(Figure 2). The initial segment of fatty acid tail, immediately
after the ester bond, occupies a position similar to the tail of the
semiquinone in the charge-separated conformation in RCgy,
(PDB entry 1AIG) (44). However, the tail of the semiquinone
turns around and runs approximately parallel with the mem-
brane, while in the LSP-based crystal form the distal part of
monoolein is straighter and turns toward the middle of the
membrane. The position of the fatty acid tail is stabilized by
weak van der Waals interactions with Val-L182, Leu-L232, Leu-
1236, Phe-1.235, Phe-L179, the phytyl tail of the accessory
bacteriochlorophyll of the M-branch, and one of the fatty acid
tails of the bound diacylglycerol.

The ubiquinone binding pocket is strongly conserved in
bacterial reaction centers; thus all amino acids interacting with
the ubiquinone headgroup (Asn-L213, Glu-L212, His-L190,
Leu-L193, Phe-L216, and Ser-L223) of RC,; (Figure 6A,B)
and RC,,, (Figure 6C,D) are the same. Both Qp sites are
inhibited by herbicides terbutryn, atrazine, and stigmatellin (9,
45—47). In addition, the D1 subunit of PSII has a slightly more
open, but similar Qg binding pocket, and it is also inhibited by
herbicides. Therefore, it is reasonable to assume that the Qg
binding pockets from different species behave in a similar way
when subjected to different lipidic environments.

To test the influence of monoolein, we studied the occu
pancy of Qg in a related reaction center from R. sphaeroides in
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FiGURE 6: (A) Ubiquinone binding pocket of RC,;, filled with the
lipid monoolein (2F, — F. density at 1.20 level in the low-dose
structure). The smaller headgroup of monoolein in comparison to
ubiquinone fits the electron density, and the hydrogen bonds with the
surrounding amino acids and water molecules are satisfied well. (B)
The binding pocket of RC, . in the traditional detergent-based crystal
(PDB entry 1VRN (29), 2F, — F, density at 1.20 level) clearly
contains a ubiquinone molecule. (C) The same binding pocket in
the LSP-based RC,,, (PDB entry 2GNU) (//) partially occupied with
a ubiquinone molecule. At 1.20 level the 2F, — F_ electron density
shows distinct similarity to (A). (D) In the detergent-based crystal
structures of RC,,, (e.g., PDB entry 2J8C (30), 2F, — F.density at 1.2
o level) the electron density shows often significant disorder, and a
proximal and distal binding site of ubiquinone can be identified. (E)
P* recombination kinetics of RC,,, measured at 865 nm in detergent
solution (squares) and in LSP-grown crystals (triangles). In this
example the following rate constants and amplitudes were derived
from fitting biexponential decays: RC,,, LDAO solution, k; =
10.5 57" (27%) and k> = 0.98 s~ ' (73%), and RC,,;, LSP crystal,
ki =9.7s1(87%)and k, = 0.68s ' (13%). The solid and the dotted
lines are the modeled biexponential decays.

LSP-grown crystals compared to detergent solution. Spectro-
scopic techniques are well suited for comparing functional states
of crystals and solutions of proteins (48—50). Therefore, we
monitored the charge recombination kinetics of the special pair,
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P*—P, by following its absorption change in a microspectro-
photometer (33). Unlike RC,;,, RC,;, does not contain a tetra-
heme cytochrome ¢ subunit, and hence the rereduction of the
special pair can only occur through charge recombination, and
the P™ decay can be fitted to a sum of two exponentials,
corresponding to the recombination of the P*Q,~ and the
P"Qg" states (5/). Recombination from the P*Q, " state occurs
with a reaction time that is approximately 10-fold shorter than
that of the P*Qp™ state (52). Assuming that charge separation
and recombination occur via similar mechanisms in crystals and
in solution, the average fractional occupancy of the Qg site can be
estimated from the relative contribution of the amplitude of the
slow phase (57, 53). Time-resolved absorption spectroscopic
measurements from six different RCy, crystals showed a reduced
amplitude of the slow phase in the P* decay of RC,, in crystals
(dotted line) as compared to that in detergent solution (solid line)
(Figure 6E). The average occupancy of Qg was calculated to be
20 £ 10%, which may not be possible to detect unambiguously
by X-ray crystallography, as compared to 50 £ 10% found for
RC,,;, in detergent solution.

Crystal structures of RCy,, grown from the LCP and LSP,
respectively, did not always indicate the presence of a ubiquinone
headgroup (8, /1), and in the detergent-based crystal structure
the occupancy of the bound ubiquinone was estimated to be
30% (36). If we contour the electron density at higher contour
level, then the most dominant chemical species within the Qg
pocket are highlighted. At 1.20 contour level the electron density
appear to be very similar in the LSP-grown crystal structures of
RC,; and RC,,, and resembles to a linear headgroup (Figure
6A,C). Beyond the transient kinetics experiment performed on
LSP-grown RC,,, crystals, the dominant electron density
features in the Qg pocket also appear to be strongly influenced
by the crystallization (lipidic) environment.

The influence of phospholipids on ubiquinone binding was
also observed in artificial vesicles, with most marked decrease of
binding in phosphoglycerol vesicles (54). In vesicles containing
phosphoglycerol lipids the amplitude of the slow recombination
decreased similarly as in the monoolein containing LSP-grown
crystals (Table 1 in ref 54). Phosphoglycerol lipids are character-
istic components of photosynthetic membranes (55), and the
terminal glycerol moiety of phosphoglycerol lipids is also exposed
in a similar manner as in monoolein and may have a basal affinity
to the Qp binding pocket. A detergent molecule was also
observed in the vicinity of Qg binding site in a ubiquinone-
depleted crystal structure (19); however, the lauryl tail of LDAO
is bound to a different part of the protein surface. Temperature-
dependent spectroscopic measurements highlighted that the Qg
site exhibits marked flexibility, which is essential for the electron
transport from QA to Qg, both in bacterial reaction centers (56)
and in PSII (57). Taken together, these observations imply the
disorder frequently observed in the Qg binding pocket may not
solely be the consequence of the different conformations and
reduction levels of the ubiquinone molecules (44) but also due to
the inherent flexibility of the Qg binding pocket and the presence
of competing molecules.

CONCLUSION

This work establishes the potential of LSP crystallization for
structural studies of the photosynthetic reaction center from B.
viridis, which possesses relatively large hydrophilic domains. This
has previously been considered as a limiting factor for the LCP
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method due to its limited pore size. The crystal structure reveals
intricate details of protein—lipid interactions. In this context, we
observed a posttranslational modification by a diacylglycerol
molecule covalently bound to the N-terminus of the tetraheme
cytochrome ¢ subunit of RC,;. We also studied the effect of
X-ray radiation damage on the crystal structure and found that
the thioether bond of the diacylglycerol is particularly sensitive to
higher X-ray doses. A monoolein molecule was found in the Qg
binding pocket, indicating that competing lipid molecules may
occupy the mobile ubiquinone binding site.
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