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ABSTRACT: This study describes the use of brominated phospholipids to distinguish between lipid and
detergent binding sites on the surface of a typicalR-helical membrane protein. Reaction centers isolated
from Rhodobacter sphaeroideswere cocrystallized with added brominated phospholipids. X-ray structural
analysis of these crystals has revealed the presence of two lipid binding sites from the characteristic
strong X-ray scattering from the bromine atoms. These results demonstrate the usefulness of this approach
to mapping lipid binding sites at the surface of membrane proteins.

As more X-ray crystal structures of integral membrane
proteins become available, attention is being focused on the
ways in which these proteins interact with the bilayer lipids.
Sometimes, when these lipids are bound either within the
interior of the protein complex, e.g., as integral cofactors in
photosystem I (PSI)1 (1), or between protein subunits as in
cytochromebc1 (2), the complete lipid structure can be
resolved. On other occasions, crystal structures of membrane
protein complexes reveal surface-exposed nonprotein electron

density that can be unambiguously interpreted as specific
lipids (3) since the electron density contains clear features
that can be interpreted as specific lipidic head groups or, in
the case of phospholipids, density for the phosphate group.
A cardiolipin (CDL) molecule, fitted into electron density
on the surface of the reaction center (RC) fromRhodobacter
sphaeroides(see Figure 2 in ref3), is a good example of a
well-defined annular lipid. More often, however, the non-
protein electron density around the outer surface of the
membrane protein appears as elongated stretches that could
represent either fragment(s) of the hydrophobic tail(s) of a
lipid, with the head group completely disordered, or a bound
detergent molecule. Figure 1a illustrates this, showing part
of the surface of the RC where there are several tubelike
stretches of electron density. With RC structures [crystallized
in the detergentN,N-dimethyldodecylamineN-oxide (LDAO)],
such densities are usually assigned to LDAO molecules, but
parallel, pairwise arrangements of these stretches suggest that
these LDAO molecules are actually located in lipid binding
sites on the RC hydrophobic surface or indeed could
represent two lipid fatty acid tails where the head group is
disordered.
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Understanding the details of protein-lipid interactions at
the surface of membrane proteins is important for two major
reasons (4-6). First, many membrane proteins have a very
uneven surface (see Figure 1b), yet they have to be inserted
into their host membrane in such a way that the membrane
remains electrically sealed, without leakage of ions across
the membrane around the surface of the inserted membrane
protein. There is, therefore, an important role for annular
lipids that are able to mold themselves into the contours of
membrane proteins ensuring that the effective surface is
smoothed out and preventing local disruption of the seal.
The interactions between the annular lipids and the mem-
brane protein must also be sufficiently flexible to allow the
movements and conformational changes that some membrane
proteins have to undergo during their catalytic cycles (7, 8).
Again this flexibility must allow these motions to occur
without adventitious ionic leakage. Second, specific phos-
pholipids are often required for functional activity; e.g., CDL
is essential for bovine heart cytochromec oxidase (9), the
mitochrondrial ADP/ATP carrier (10), and cytochromebc1

(2).

Purification and crystallization of membrane proteins
require detergent solubilization, a process that usually
removes the vast majority of annular lipids. In some cases,
it can be beneficial to augment the purified lipid-depleted
membrane protein complex with lipids prior to crystallization
to produce better diffracting crystals (11, 12). In at least one
case, retention of the native lipids in the crystallization drop,
by avoiding solubilization of the protein, has also led to
significant improvement in crystal quality (13). Usually,
however, any lipids remaining at the protein surface after
solubilization are not sufficiently ordered to be easily detected
and modeled in residual electron density maps. If the annular
lipids have been completely stripped off the protein, then
the putative lipid binding sites may be filled instead with
detergent molecules, some of which may be ordered.

This paper describes a general method that uses heavy-
atom derivatives of membrane lipids to unequivocally
identify annular lipid binding sites on the surface of a
membrane protein. By including heavy atoms, e.g., bromines,
in the hydrophobic tail(s) of lipids and adding these lipids
during the crystallization of the membrane protein, we are
able to use X-ray crystallography to locate the heavy atoms
and, therefore, positively identify that electron density as
being due to lipids.

To test if this approach is feasible, easily crystallizable
RCs from the purple photosynthetic bacteriumRb. sphaeroi-
desstrain R26-1 were used as a model membrane protein
(14, 15). The structure of this RC is well-characterized and
has been described in a number of reviews (16-19).
Brominated lipid derivatives are easily produced, provided
the starting lipid contains at least one double bond. Bromine
readily adds across double bonds in the lipid acyl chain to
yield the brominated derivatives. The RC is then crystallized
in the presence of the brominated lipid, and if the tagged
lipid binds in an ordered manner to a site on the RC, the
characteristic features of electron density can subsequently
identify it. The implicit assumption that the presence of two
bromine atoms does not adversely affect the affinity of the
lipid at the binding sites will require further tests. This paper
describes the successful use of this method in identifying
two lipid binding sites on the RC surface. The lipids are
defined in Experimental Procedures.

EXPERIMENTAL PROCEDURES

RC Purification and Crystallization.R26-1 RCs fromRb.
sphaeroideswere isolated and purified in the presence of
the detergent LDAO as previously described (20). Large
trigonal crystals (∼0.5 mm) were grown by the vapor
diffusion method using potassium phosphate as a precipitant
(21). These crystals belong to space groupP3121 with one
RC complex in the asymmetric unit.

Preparation and Reconstitution of Brominated Lipid into
Reaction Centers.The chemical structures of all brominated
lipids used in this study are shown in Figure 2. The first
two, the brominated PC derivatives (dibromo-PC,I) 1-palmi-
toyl-2-stearoyl(6,7-dibromo)-sn-glycero-3-phosphocholine and
(tetrabromo-PC,II ) 1,2-distearoyl(9,10-dibromo)-sn-glycero-
3-phosphocholine, in chloroform, were purchased from
Avanti Polar Lipids.

Brominated phosphatidylglycerol (dibromo-PG,III ), bro-
minated phosphatidylethanolamine (dibromo-PE,IV ), and

FIGURE 1: (a) LDAO molecules (green) fitted into surface 2Fo -
Fc electron densities shown at the 0.5σ level at groove A for the
1.95 Å structure of the RC Zn mutant fromRb. sphaeroides
(unpublished). The whole displayed area is within the transmem-
brane region of the RC; UQA is colored yellow. (b) Reaction center
surface with water molecules included. C atoms are colored green,
O atoms red, N atoms blue, and S atoms orange, and the
approximate position of the membrane is indicated by the horizontal
parallel lines.
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brominated phosphatidylserine (dibromo-PS,V) were syn-
thesized from the following base compounds also purchased
from Avanti Polar Lipids: PG, 1-palmitoyl-2-oleoyl-sn-
glycero-3-[phospho-rac-(1-glycerol)] (sodium salt); PE,
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine; and
PS, 1-palmitoyl-2-oleoyl-sn-glycero-3-(phospho-L-serine) (so-
dium salt).

All these base phospholipids contain a single, unsaturated
double bond in the oleoyl fatty acid at positions 9 and 10.
Dibromine was titrated into each lipid/chloroform mixture
(20 mg/mL) until the solution retained a faint yellow color.
Excess bromine was removed by flushing this solution with
nitrogen and redissolving the lipid with choloroform several
times. The sample was left overnight in a desiccator to
remove any last traces of excess bromine. Mass spectroscopy
analyses (total mass) showed that the addition of bromine
across the double bond of the lipid acyl chain was essentially
100% complete with no significant side reactions (data not
shown).

The brominated lipids were resuspended in 20 mM Tris,
0.1% LDAO, and 180 mM NaCl (pH 8.0), equivalent to a
1:1 (molar ratio) Br-lipid:LDAO ratio. Prior to the recon-
stitution, RCs were concentrated by centrifugation to a
minimal volume using a 50 kDa cutoff Centricon and washed
once with 20 mM Tris (pH 8.0). Two milliliters of the Br-
lipid solution was added to the Centricon, sealed, and
incubated at 4°C overnight. The sample was then concen-
trated to an OD800 of 70 and crystallized as described above.

X-ray Diffraction Data Collection, Processing, and Struc-
ture Refinement.The data processing and final structure
refinement statistics for six structures together with their
Protein Data Bank entries are listed in Table 1. Samples of
different RC crystals were all gradually equilibrated in

mother liquors containing increasing concentrations of eth-
ylene glycol (5-30%, v/v) before being looped and quickly
placed in a stream of N2 at 100 K. Data sets, for complexes
denotedI-A and II , were collected using X-rays with a
wavelength of 0.87 Å, far from the bromine absorption edge.
In an attempt to increase the anomalous signal, the data sets
for complexesI-B , III , IV , andV were collected at or near
the bromine absorption edge using the X-rays with aλ of
ca. 0.92 Å. However, these experiments did not improve the
anomalous signal, due probably to radiation damage. Reduc-
ing exposure times did not improve this situation.

The data were indexed, integrated, and scaled using the
HKL or HKL2000 suites of programs (22). All data were
phased by molecular replacement with AMoRe (23) using a
1.95 Å resolution structure of the RC Zn mutant fromRb.
sphaeroides(unpublished data) as an initial model. Further
computations were carried out using programs from the
CCP4 package (24). All refinements used a maximum
likelihood method as implemented in REFMAC (25) with
the use of the TLS thermal mode of refinement which allows
a separation of the overall lattice vibrations before the
standard restrained refinement of atomic coordinates and the
individual atom isotropicB-factors (26). The whole asym-
metric unit containing one RC complex was assigned as a
single TLS group in the structures reported here. The TLS
refinement and the presence of very low-resolution reflections
in our data sets led to more clear RC surface features in the
electron density maps. Manual rebuilding of the RC protein
chains and fitting of molecules of phospholipids, LDAO,
glycerol, and phosphate ions into the surface electron
densities were carried out using QUANTA (Accelrys) and
COOT (27). REFMAC dictionaries for all phospholipids
were created using the Dundee PRODRG server (28).
Occupancies of the surface molecules were adjusted manually
to approximately equalize their atomicB-factors to the overall
Wilson plot B-factor and to theB-factors of the adjacent
protein atoms. For the brominated lipids, the occupancies
were estimated using anomalous difference data as described
below. The occupancies were not refined. During the
refinement, the models were monitored for geometrical
quality using PROCHECK (29) and the validation features
of COOT (27). Figures were prepared using QUANTA
(Accelrys), COOT (27), and PyMOL (30).

RESULTS

Transmembrane Hydrophobic Portion of the Surface of
the Reaction Center.The three-dimensional structure of the
RC from Rb. sphaeroideshas a pseudo-2-fold symmetry
between the L and M protein chains, and their 10 trans-
membrane helices form an S shape cross section in projection
at the level of the membrane (for reference, see Figure 4a
of ref 31). This arrangement produces two symmetrically
related major grooves in the hydrophobic surface of RC, one
of them associated with the tail of ubiquinone A (UQA) and
another with the tail of ubiquinone B (UQB). These two
grooves are not exactly similar in shape due to the symmetry
breaking presence of the single transmembrane helix of
protein H. This helix is located on the edge of the groove
associated with UQA and makes this groove deeper than the
groove associated with UQB; it also produces a smaller
groove that is occupied by the molecule of CDL. However,
the difference between two major grooves is not only in

FIGURE 2: Chemical structures of brominated lipidsI-V used in
this study.
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shape. They also differ significantly in their molecular order.
In the groove associated with UQA, the phytol tails of
pigments forming the active branch [Bchl B302, Bchl B304,
and Bpheo P402 (PDB file labeling)] and the isoprenoid tail
of UQA are all well ordered. On the other hand, in the groove
associated with UQB, the phytol tails of Bchl B301 and
Bpheo P401, and the tail of UQB are all less well ordered.
UQB, when it is fully reduced, has to leave the RC and deliver
its reducing equivalents to the cyclic electron transfer
pathway (32). It is not surprising, therefore, that this portion
of the surface area of the RC through which UQB has to
move is less rigid.

Differentiation between Brominated Lipid and Detergent.
Figure 3 presents an example of the residualFo - Fc electron
density on the surface of the RC cocrystallized with the
brominated phosphatidylcholine (dibromo-PC,I ), which is
significantly different than the tubular densities shown in
Figure 1a. This density shows two protruding features,
consistent with the more pronounced scattering of X-rays
from the heavier bromine atoms. These features allow the
fitting of the respective brominated lipid used for cocrys-
tallisation with the RC.

Using the data from experimentI-A , it has been possible
to locate the positions of dibromo-PC at two sites on the
surface of the RC where density had been previously
assigned to LDAO molecules. These two positions are
labeled sites A and B, as the lipids are found to be in close
contact with the isoprenoid tails of UQA and UQB, respec-
tively. Interestingly, association of tightly bound phospho-
lipids with quinones QA and QB was also observed in the

structures of cytochromeb6f (33) and the reaction center of
PSI (1).

Fourier maps computed with the anomalous differences
as coefficients confirmed the positions of the bromine atoms.
The heights of the bromine peaks in these maps were
compared with that of the anomalous peak for the iron atom,
always present at 100% occupancy, in the RC. These
comparisons, together with the values of the imaginary
scattering factors (δf′′) for Br and Fe atoms at the wave-
lengths of the X-rays that were used, allowed an estimation
of the occupancy of Br atoms and, therefore, of the bound,
ordered brominated lipids. This was found to be∼15-25%.
However, higher electron density was observed in the

Table 1: Data Collection and Refinement Statistics (all structures in space groupP3121)

dibromo-PC
(I-A )a

tetrabromo-PC
(II )a

dibromo-PC
(I-B )a

dibromo-PG
(III )a

dibromo-PE
(IV )a

dibromo-PS
(V)a

Protein Data Bank entry 2HG3 2HG9 2HH1 2HHK 2HIT 2HJ6
resolution range (Å) 34.36-2.70 39.36-2.45 46.03-2.55 46.03-2.50 46.03-2.75 39.28-3.00
outer shell (Å) 2.85-2.70 2.58-2.45 2.69-2.55 2.64-2.50 2.90-2.75 3.16-3.00
beamline 9.6 at SRS 9.6 at SRS BM14 at ESRF BM14 at ESRF BM14 at ESRF 10.1 at SRS
CCD detector ADSC Quantum4 ADSC Quantum4 Marmosaic225 Marmosaic225 Marmosaic225 Marmosaic225
wavelength (Å) 0.87000 0.87000 0.91929 0.91920 0.91929 0.92000
cell dimensions (Å)

a ) b 139.84 139.55 139.54 139.42 139.29 139.35
c 184.34 184.61 183.96 183.70 183.84 183.22

no. of unique reflections 57840 76588 67857 71485 54102 41533
redundancy (outer shell)b 5.8 (5.8) 8.6 (7.8) 15.9 (16.1) 10.9 (11.0) 10.9 (11.1) 6.9 (7.0)
completeness (%) 99.9 (100.0) 99.7 (100.0) 100.0 (100.0) 99.6 (99.4) 99.9 (100.0) 99.7 (100.0)
meanI/σ 14.6 (2.6) 18.0 (3.8) 22.6 (5.8) 22.8 (4.6) 23.0 (4.3) 15.3 (3.1)
Rmerge

c (%) 8.2 (62.9) 6.8 (61.4) 8.8 (53.8) 5.9 (54.3) 6.6 (56.9) 8.5 (57.5)
Rpim

d (%) 4.1 (31.7) 2.4 (23.2) 2.4 (14.2) 2.0 (17.8) 2.2 (18.6) 3.7 (24.9)
refinementR factore (%) 16.4 17.9 17.8 17.2 18.2 17.4
Rfree

e (%) 19.9 20.9 21.0 19.7 22.2 22.7
Ramachandran plot

featuresf (%)
91.8/7.9/0.0 92.4/7.3/0.0 92.1/7.6/0.0 92.7/7.0/0.0 91.1/8.6/0.0 91.0/8.7/0.0

rmsd
bond lengths (Å) 0.019 0.019 0.019 0.019 0.019 0.018
bond angles (deg) 1.86 1.74 1.76 1.76 1.88 1.94

coordinate errorg (Å) 0.265/0.136 0.198/0.115 0.227/0.108 0.203/0.104 0.319/0.152 0.502/0.192
no. of non-H atoms

used in refinement
7921 7843 7923 7824 7852 7685

mean atomic/Wilson
plot B factor (Å2)

53.5/57.8 55.5/51.5 52.6/54.2 64.8/59.6 70.0/74.5 70.2/81.1

a The lipid formula is shown in Experimental Procedures.b Values in parentheses are for the highest-resolution shell.c Rmerge) ∑hkl∑i|Ii(hkl) -
〈I(hkl)〉|/∑hkl∑iI i(hkl). d Precision indicating mergingR factor. Rpim ) ∑hkl[1/(N - 1)]1/2∑i|Ii(hkl) - 〈I(hkl)〉|/∑hkl∑iI i(hkl) (36, 37), whereN is the
redundancy for thehkl reflection, calculated by SCALA from the CCP4 suite (24). e R ) ∑hkl||Fo(hkl)| - |Fc(hkl)||/∑hkl|Fo(hkl)| for all data except
for 5% that was used for theRfree calculations.f Percentages of residues in most favored/additionally allowed/disallowed regions.g Estimated standard
uncertainty; the first value was calculated using the method of Cruickshank (38) and second one based on maximum likelihood as implemented in
REFMAC (25).

FIGURE 3: Example of the RC surfaceFo - Fc electron density
after molecular replacement and before the fit of the lipid (for
structureI-B ; blue contour drawn at the 2.3σ level and the green
contour at the 4.5σ level). The RC protein is represented as a yellow
stick-style model.
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residualFo - Fc maps for the aliphatic portions of the lipids,
and in particular for the brominated stearoyl fatty acid tail.
On the basis of the analysis of the temperature factors, the
phospholipid molecules were therefore refined with occupan-
cies fixed at 50% and the bromine atoms with occupancies
fixed at 12-25% depending on the experiment. The differ-
ence in occupancies could be due to three factors. First, some
RCs in the crystal could have LDAO molecules bound in
these sites, which would then be counted as putative fatty
acid tails. Second, some of RCs could retain original
membrane lipids bound in these sites. Finally, some of the
Br atoms may have been removed due to X-ray-induced
cleavage of C-Br bonds.

Brominated Lipids at Site A.Figure 4a shows a surface
view of a RC. The smaller groove on the left-hand side of
helix H is filled with the CDL, which resists the solubilization
process and is found at this site (for convenience termed
site C) in most of our RC structures (3, 15). The second,
larger groove on the right-hand side of helix H is typically
occupied, in the absence of added brominated phospholipids,
with the elongated tubelike stretches of electron density that
can be fitted only reasonably with LDAO detergent mol-
ecules (Figure 1a). However, as shown in panels a and b of
Figure 4, when the RC has been cocrystallized with bromi-
nated lipid I, the lipid binds in the deep crevice between
helix H and the tail of UQA. Several ordered detergent
molecules (represented as stick models) shown near the lipid
site may also indicate less tight lipid binding sites that are,
however, not filled with the brominated lipids in this
structure.

Figure 5a shows lipid I with its electron density after the
final structure refinement. The higher electron densities for
the Br atoms and the phosphate group are evident. The two
fatty acid tails of this lipid coincide in space and orientation
with the two LDAO molecules previously fitted in this site
(Figure 5b) in RCs crystallized without added lipids.

Details of Lipid-Protein Interactions in Site A. The fatty
acid tails of the lipid I found in site A form mainly
hydrophobic interactions with the surrounding, predominantly
hydrophobic residues of helix H (Leu H24, Leu H27, Ile
H28, Gln H32, and Phe H56) and of protein M (Phe M258
and Trp M268), with the extensive fragment (C12-C30) of
the isoprenoid tail of UQA, and with phytol tails of Bchls
B302 and B304. Of particular interest is the aromatic ring
of Phe M258 that is approximately parallel to the lipid C36-
C37 bond (bromine atoms are attached to these carbon
atoms). In a natural lipid, this orientation at a distance of
3.5-3.6 Å would produce a very goodπ-π stacking
interaction with the C36dC37 pair. The hydrophilic portion
of the lipid I forms several hydrogen bonds to the surround-
ing residues, namely, to the OH group of Tyr H40, to the
carbonyl oxygen and to the side chain amide N atom of Asn
H52, to the carbonyl bond of Gly M257, and to water
molecule X169. Asparagine H52 forms a limiting barrier
closing site A. The neighboring Arg M253 has been modeled
with two alternate conformations of its side chain with equal
occupancies, one of which would clash with the lipid but
could form an H-bond with the head group of a bound LDAO
molecule. This is probably due to the mixed occupancy of
this site in the different RC molecules in the crystal.

Brominated Lipids at Site B.Electron density features
similar to those found in site A identified a second binding

site for dibromo-PC (I ) on the opposite side of the RC
complex from site A (Figure 6a). As in site A, the fatty acid
tails of lipid I found in site B form mainly hydrophobic
interactions with the surrounding protein and pigment
molecules. However, the crevice, in which lipid is bound, is
less deep and is not limited externally in its length. The
hydrophobic “bed” for the lipid fatty acid tails of lipidI in
site B includes various residues of protein chains M and L,
the phytol tails of Bchls B301 and B303, and of Bpheo P401,
and the isoprenoid tail of UQB. Tails of pigments B301 and
P401 are rather poorly ordered, but they seem to cover the
lipid tails in the binding site. The location of the dibrominated
fragment of the stearoyl acyl chain is approximately above

FIGURE 4: (a) Site A (in the groove to the right of helix H) and
site C (in the groove to the left of helix H) containing tightly bound
dibromo-PC (I , from structureI-A ) and CDL molecules, respec-
tively. The approximate position of the membrane is indicated by
the horizontal parallel lines. (b) Site A with bound dibromo-PC
shown in detail. The M chain (including pigments) is shown as a
pink surface, the L chain (including pigments) as a blue surface,
and the H chain as a green surface. The brominated lipid is
represented with van der Waals spheres with C atoms colored
yellow, O atoms red, and Br and P atoms orange. UQA is drawn as
cyan spheres, and LDAO molecules are shown as white stick-style
models.
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the Val 220-Tyr 222 loop of RC protein L. There is only a
single H-bond binding lipidI in site B, and it is between
the lipid phosphate group and the main chain amide NH
group of Gly M31.

Cocrystallisation with Other Brominated Lipids.The
cocrystallisation experiments have been repeated using
brominated phospholipidsII -V, and in every case, the
brominated lipid could be unequivocally located in site B.
Figure 6b shows site B with lipidV. This molecule lies next
to UQB (both molecules are displayed using van der Waals
spheres to represent the atoms). If any of the brominated
lipids II -V were present in site A, they had an occupancy
that was too low to be identified reliably. In these structures
(despite some weak residual fragments of density observed
in the region that was occupied by the lipid head group in
structureI-A ), it was only possible to fit two molecules of
LDAO in site A (as in Figure 5b).

Since site B has been found to contain brominated lipid
in all of our cocrystallisation experiments, it clearly does
not discriminate between the 6,7-dibrominated and 9,10-
dibrominated lipids. Furthermore, this site accommodates a
variety of phospholipid head groups, suggesting that the
dominant, stabilizing interactions in this site are the hydro-
phobic contacts between the acyl chains and the protein,
rather than those from the specific polar head groups.

The lipids modeled in site B all show the same general
structural features and lipid-protein interactions as found
for lipid I in structure determinationI-A . However, to
accommodate the difference in the distance from the bro-
mination site to the head group between the 9,10-brominated
lipids (lipids II -V) and the 6,7-brominated one (lipidI ),
the former bind in site B with their head groups shifted
farther from the hydrophobic surface of the RC; the observed
difference in the position of the phosphate group due to this

shift is ∼5 Å. This shift and the chemical differences in the
head groups cause different hydrogen bond interactions. In
the RC complex with lipidIII , as well as the H-bond between
the NH group of Gly M31 and the lipid phosphate group,
there are two other H-bonds formed between the lipid
glycerol group and the carbonyl oxygens of Arg M29 and
Leu M26. In the dibromo-PE-RC complex (IV ), the only
H-bond to the Arg M29 carbonyl oxygen is formed by the
ethanolamine moiety. Finally, in complexV (RC cocrystal-
lized with dibromo-PS), the H-bond is formed between the
Arg M29 carbonyl oxygen and the lipid phosphate group.

The binding of the added lipid can vary in different
cocrystalliation trials. The structure of complexI-B prepared
with the same dibromo-PC lipid (I ) as complexI-A revealed
the brominated lipid in site B only. More systematic studies
aimed at investigating which factors both cause this vari-
ability and may allow higher site occupancies to be achieved
are required.

Tetrabromo-PC.The structure of the RC cocrystallized
with the tetrabromo-PC (lipidII , PC with both fatty acid
tails brominated at positions 9 and 10) has similarly revealed
the lipid bound in site B, but with weaker electron density

FIGURE 5: (a) 2Fo - Fc map for dibromo-PC (I , from structure
I-A ) fitted in site A. Map contours are drawn at the 2σ level in
green and at the 0.5σ level of in blue. (b) Variation of Figure 1a
showing LDAO molecules in site A. The 2Fo - Fc map contour is
drawn at the 0.5σ level.

FIGURE 6: (a) Site B containing dibromo-PC (I , from structureI-A )
next to UQB. The approximate position of the membrane is indicated
by the horizontal parallel lines. (b) Site B with bound 9,10-dibromo-
PS (V) shown in detail. The color code is that for Figure 4 with
UQB drawn as cyan spheres.
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for the bromine atoms, which were refined with lower
occupancies (only 12%) than in the dibromo-PC case. Again,
one of the fatty acid tails, the one which was bound in the
same position as the dibrominated tail in complexesI-A ,
I-B , and III -V, was ordered while the other tail was less
ordered and so more difficult to fit to the electron density.
The lower occupancy of the tetrabromo-PC in site B probably
reflects steric hindrance caused by the bromination of the
second acyl chain.

Phospholipid in Site D.All of the RC structures described
here also showed other tubular-shaped residual electron
density, usually fitted as LDAO, in sites other than A or B.
However, a new fourth lipid binding site, called site D, was
discovered during the modeling of these residual surface
features in structuresI-B and II -IV . It is located in the
groove containing UQA but is on the opposite side of the
hydrophobic belt (Figure 7). Lipid in site D is surrounded
by helices of all three protein chains, L, M, and H, and by
Bchl B304. As there were no obvious “bromine” features in
the electron density, a nonbrominated phospholipid has been
modeled in this site, suggesting that some of the original
membrane lipids bound in site D appear to have “survived”
the solubilization process, just as the CDL in site C has done,
though the actual identity of the lipid in site D cannot be
determined from the relatively weak electron density. In
structuresIII andIV , the head group of this lipid has been
modeled with two alternative conformations. The acyl
oxygen of the lipid in site D forms an H-bond with the side
chain of Gln L62.

DISCUSSION

The strategy of using phospholipids tagged with bromine,
as a heavy atom, has successfully enabled the unequivocal
identification of lipid binding sites on the surface of our test
membrane protein, the purple bacterial RC, even though the
occupancy of these lipid binding sites was rather low. All
of the bound lipids, brominated phospholipids in sites A and
B, the CDL in site C, and the nonbrominated phospholipids
in site D, adopt a “classical” position. Their head groups
make polar contacts with hydrophilic residues at the interface
between the hydrophilic and hydrophobic regions of the RC,
and their hydrophobic, fatty acid tails extend into the
hydrophobic region of the protein.

Two previous crystallographic studies with RCs from both
Thermochromatium tepidumand Rb. sphaeroides(34, 35)
have identified lipid binding sites. A site, analogous to our
site A, has been identified on the RC from purple sulfur
bacteriumTch. tepidumwhere phospholipid PE is bound
(34). Camara-Artigas et al. (35) reported the presence of one
molecule of the glycolipid glucosylgalactosyl diacylglycerol
(GGD) and one molecule of phospholipid PC on the surface
of the RC fromRb. sphaeroides. The glycolipid GGD was
found in the groove associated with UQA but was fitted
differently than lipidI as determined in this study. The fatty
acid chains occupy the same positions in site A as the acyl
chains of lipidI as described above. However, the head group
is positioned in the middle of the hydrophobic belt of RC.
The authors (35) also reported a molecule of PC bound in a
location coinciding in part with our site B, but with the PC
orientation perpendicular to that of the brominated lipids in
this site.

It is not clear what factors make it easier to bind added
lipids to site B than to site A. Since lipidsII -VI were not
observed with significant occupancy in site A, it is possible
that this site favors binding of lipids with bromination at
positions 6 and 7 in contrast to bromination at positions 9
and 10. Further experiments with other types of brominated
lipids at positions 6 and 7 to test this hypothesis and to
investigate whether bromination at positions 9 and 10
introduces steric hindrance at site A are underway. Site A
is, though, restricted in length with residue Asn H52 forming
a limiting wall for the lipidic head group. As mentioned
above, the aromatic ring of Phe M258 is approximately
parallel to the lipid C36dC37 pair, which would produce
good π-π stacking interactions. This, together with the
influence of Asn H52, may determine a preference in site A
for 6,7-brominated lipids. Alternatively, the replacement or
substitution of species bound in site A (LDAO to phospho-
lipids during crystallization) is just much more difficult than
that in site B, which is in the more flexible region of the RC
surface where the diffusing quinone UQB is bound.

The possibility of using the anomalous signal from
brominated lipids to phase X-ray diffraction data is under
investigation in our laboratory. However, the relatively low
occupancies of the brominated lipids need to be overcome
to make this a viable phasing procedure.
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