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Anionic lipids play a variety of key roles in biomembrane function,
including providing the immediate environment for the integral
membrane proteins that catalyze photosynthetic and respiratory
energy transduction. Little is known about the molecular basis of
these lipid-protein interactions. In this study, x-ray crystallography
has been used to examine the structural details of an interaction
between cardiolipin and the photoreaction center, a key light-
driven electron transfer protein complex found in the cytoplasmic
membrane of photosynthetic bacteria. X-ray diffraction data col-
lected over the resolution range 30.0-2.1 A show that binding of
the lipid to the protein involves a combination of ionic interactions
between the protein and the lipid headgroup and van der Waals
interactions between the lipid tails and the electroneutral in-
tramembrane surface of the protein. In the headgroup region, ionic
interactions involve polar groups of a number of residues, the
protein backbone, and bound water molecules. The lipid tails sit
along largely hydrophobic grooves in the irregular surface of the
protein. In addition to providing new information on the imme-
diate lipid environment of a key integral membrane protein, this
study provides the first, to our knowledge, high-resolution x-ray
crystal structure for cardiolipin. The possible significance of this
interaction between an integral membrane protein and cardiolipin
is considered.

Biological protein/lipid membranes partition cells and or-
ganelles and support a wide range of important metabolic
processes, including energy transduction, solute transport, pro-
tein transport, signal transduction, and motility. Anionic phos-
pholipids such as phosphatidyl glycerol and cardiolipin play an
important role in a variety of these processes, through both their
contribution to the physical properties of the lipid phase of the
membrane and their interactions with proteins (1-3). Anionic
phospholipids have a particularly important function in energy-
transducing membranes such as the bacterial cytoplasmic mem-
brane and the inner mitochondrial membrane (2), where they
exert effects on a variety of cellular processes (see refs. 1-3 for
reviews). In particular, cardiolipin (diphosphatidyl glycerol; Fig.
14) has been shown to be a key factor in the maintenance of
optimal activity of a number of major integral membrane
proteins. Perhaps the best known of these interactions is the
requirement displayed by cytochrome ¢ oxidase for cardiolipin;
even after extensive purification, the enzyme contains at least
one tightly bound cardiolipin that cannot be removed without
destroying enzyme activity (4, 5). However, no cardiolipin was
identified in the available atomic structures for cytochrome c
oxidase (6-8), although several molecules of phosphatidyl glyc-
erol and phosphatidyl ethanolamine were resolved in a 2.8-A
structure for the bovine heart enzyme (6), and one phosphatidyl
choline was resolved in a 2.8-A structure for the Paracoccus
denitrificans enzyme (8).

The photoreaction center is an integral membrane protein
complex that uses light energy to pump electrons across the
cytoplasmic membrane of photosynthetic bacteria such as
Rhodobacter (Rb.) sphaeroides (9, 10). A great deal is known
about the structure and function of the bacterial reaction center,
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including atomic structures for the reaction centers from Rho-
dopseudomonas (Rps.) viridis (11) and Rb. sphaeroides (12-14)
(Fig. 1B). The Rb. sphaeroides reaction center consists of three
subunits and ten cofactors (12-14). The L and M subunits both
have five transmembrane « helices and are related by an axis of
pseudo 2-fold symmetry that runs perpendicular to the plane of
the membrane. The H subunit has a single transmembrane helix
and a large cytoplasmic domain. The bacteriochlorophyll dimer,
monomeric bacteriochlorophyll, bacteriopheophytin, and
ubiquinone cofactors consist of a redox active head group and an
isoprenoid side chain (omitted for clarity in Fig. 1B). The
complex also contains a nonheme iron atom and a single
carotenoid molecule that plays a role in photoprotection. The
complex catalyzes light-driven transmembrane electron transfer
(9, 10), converting light energy into electrochemical potential
energy with a high quantum yield. The basis of this highly
efficient energy conversion is the separation of electrical charge
across the membrane on a very fast time scale, initially between
the bacteriochlorophyll dimer (P) located near the periplasmic
face of the protein and the bacteriopheophytin most closely
associated with the L subunit (Hy; Fig. 1B). The P*HL~ radical
pair is formed in 3-5 ps after the absorption of light energy by
P, and the electron is passed on to the Qa ubiquinone (Fig. 1B
Right) on the cytoplasmic side of the membrane, forming the
P*Qa radical pair in 200 ps.

Although the reaction center is structurally well characterized,
being one of the most heavily studied integral membrane
proteins, almost nothing is known in detailed structural terms
about how the protein interacts with its lipid bilayer environ-
ment. This is also the case for other integral membrane proteins
for which high-resolution structures are now available, including
a variety of channels and porins (15-23), transporters (24, 25),
toxins (26), electron-transport proteins (27-29), light-harvesting
antenna complexes (30-32), and bacteriorhodopsin (33-36).
Modeled detergent molecules have been reported in some of
these studies (16, 24, 30, 31, 37, 38), but bound lipids have been
reported in only a small number of studies (6, 8, 33), including
the two structures for cytochrome oxidase detailed above.

In the present study, the x-ray crystal structure of a mutant
(AM260W) Rb. sphaeroides reaction center has been determined

This paper was submitted directly (Track Il) to the PNAS office.

Abbreviation: LDAO, lauryldimethylamine oxide.

Data deposition: The atomic coordinates have been deposited in the Protein Data Bank,

www.rcsb.org (PDB ID code 1Q0OV).

SPresent address: Department of Biochemistry, School of Medical Sciences, University of
Bristol, University Walk, Bristol, BS8 1TD, United Kingdom.

TPresent address: Department of Microbiology, University of Queensland, St. Lucia, Bris-
bane, QLD 4072, Australia.

ITo whom reprint requests should be addressed at present address: Department of Bio-

chemistry, School of Medical Sciences, University of Bristol, University Walk, Bristol, BS8
1TD, United Kingdom. E-mail: m.r.jones@bristol.ac.uk.

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.



TAIL 1

A = -

C2 Css

Fig. 1.

Molecular structures. (A) Cardiolipin (diphosphatidyl glycerol) with four acyl chains, each with 16 carbons. (B) The Rb. sphaeroides reaction center. The

complex consists of an L (maroon), M (green), and H (purple) subunit. These encase a dimer of bacteriochlorophyll (red), two accessory bacteriochlorophylls
(sienna), two bacteriopheophytins (cyan), two ubiquinones (yellow), a spheroidenone carotenoid (pink), and a nonheme iron atom (grey). The isoprenoid side
chains of the bacteriochlorophyll, bacteriopheophytin, and ubiquinone cofactors have been omitted for clarity.

to a resolution of 2.1 A. A feature was observed in the electron-
density map of the mutant reaction center in a region close to the
transmembrane helix of the H subunit. This feature is assigned
to a molecule of cardiolipin, and the details of the ionic and
hydrophobic interactions between the cardiolipin and the sur-
face of the reaction center are described. The possible role of the
bound lipid is discussed.

Materials and Methods

Mutagenesis. The mutation Ala M260 to Trp (AM260W) was
introduced into the pufM gene of the reaction center by using
mismatch oligonucleotides. The template for mutagenesis was
plasmid pALTCB-1 (39), which consisted of a Sacl-BamHI
restriction fragment encompassing codons 233-307 of the pufM
gene cloned into the plasmid pALTER-1 (Promega). The re-
sulting changes in the sequence of the pufM gene were confined
to the target M260 codon (GCC to TGG) and were confirmed
by DNA sequencing. The mutated SacI-BamHI restriction frag-
ment was then transferred to plasmid pRKEH10D for expression
in the double deletion/insertion mutant strain DD13, as de-
scribed in detail previously (40—42). The resulting strain, named
AM260W, lacked both the LH1 and LH2 antenna complexes and
contained the mutant reaction center as the sole pigment protein
complex.

Cell Growth and Purification of Reaction Centers. Rb. sphaeroides
strain AM260W was grown under semiaerobic/dark conditions
at 34°C in M22+ medium as described previously (42, 43).
Intracytoplasmic membranes were isolated by breakage of har-
vested cells in a French pressure cell, as described in ref. 42,
followed by ultracentrifugation at ~250,000 X g for 1.5 h.
Intracytoplasmic membranes were resuspended to a concentra-
tion of approximately 10 absorbance units cm™! at 800 nm in 20
mM Tris"HCI (pH 8.0).

Reaction centers were isolated from resuspended intracyto-
plasmic membranes by using the detergent lauryldimethylamine
oxide (LDAO), as described in a recent publication (43). Puri-
fication of the reaction centers was achieved by two passes of the
solubilized material through a DE52 (Whatman) anion exchange
column, followed by further anion exchange separation on a
Sepharose Q column (Pharmacia) and gel filtration by using a
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Superdex 200 preparative grade column (Pharmacia), as de-
scribed in detail elsewhere (43). Pooled reaction centers from
the gel filtration column typically had an absorbance ratio
Azgo/Asoo = 1.3 and at this purity were suitable for crystalliza-
tion.

Purified reaction centers were concentrated by ultrafiltration,
first in a stirred cell (Amicon) under nitrogen gas and finally in
Centricon concentrators (Amicon). After this initial concentra-
tion, the reaction centers were washed with the buffer required
for crystallization, which consisted of 10 mM Triss-HCI (pH
8.0)/0.1% LDAO and were reconcentrated by using Centricon
concentrators. This washing was repeated at least five times to
ensure good buffer exchange, and the reaction centers were
brought to a final concentration of 60 absorbance units cm~! at
800 nm, again in 10 mM Tris-HCI (pH 8.0)/0.1% LDAO.

Crystallization of Reaction Centers. Trigonal crystals, space group
P3,21, were grown by sitting drop vapor diffusion from droplets
containing 10 mg/ml reaction center, 0.1% vol /vol LDAO, 3.5%
wt/vol 1,2,3-heptanetriol, 0.5 M trisodium citrate, and 10 mM
Tris'HCI (pH 8.0). The drops were equilibrated against a reser-
voir of 1.1 M trisodium citrate. Trigonal crystals appeared within
1 to 4 wk and grew as prisms of variable size, ranging from 0.5
mm to 1.5 mm in the longest dimension. The crystals had unit cell
dimensions of a = b = 142.0 A, c = 186.8 A.

Data Collection and Analysis. X-ray diffraction data were collected
at room temperature at beam line 9.6 of the Daresbury Syn-
chrotron Radiation Source, United Kingdom, by using a Quan-
tum-4 ADSC detector, and were processed by using the DENZO
and SCALEPACK packages (44). A total of 124,853 unique reflec-
tions were recorded by using two crystals, giving data that were
97.6% complete between 30.0 and 2.1 A and 82.9% complete in
the outer shell (2.15 to 2.1 A), with an overall multiplicity of 4.2
and an overall Rierge Of 5.7%. The Ryerge for the outer shell was
28.1%. Rigid body refinement was performed by using XPLOR 3.1
(45) by using the coordinates of the wild-type reaction center
(43) as a starting model, followed by restrained maximum
likelihood refinement in REFMAC (46), with waters fitted by ARPP
(47). The R factor was 16.9% with a free R factor of 18.6%. Full
refinement details, together with a detailed description of the
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Fig. 2.

Stereo views of the model of cardiolipin at the surface of the AM260W reaction center. (A) REFMAC 2 mF,—DF. map (blue) of the electron density attributed

to cardiolipin and that of the background protein, with the fitted structure of the protein and the cardiolipin. Overlaid is a mF,—~DF. map (magenta) of the density
attributed to the cardiolipin. Only those parts of the acyl chains resolved in the electron density were modeled (see text). (B) Stick model of cardiolipin and
space-fill model of the surrounding protein, colored according to crystallographic temperature factor. Dark blue (0-30); blue (30-40); sky blue (40-50); yellow

(50-60); orange (60-70); red (70-100).

structure of the AM260W reaction center, will be published
elsewhere (K.E.M., P.X.F, J.LP.R,, NW.I, RJ.C,, and M.R.J,,
unpublished work). In the figures, structures were illustrated by
using the programs MOLSCRIPT (48), RASTER3D (49), 0 (50), and
XTALVIEW (51).

Results and Discussion

Construction and Properties of the AM260W Reaction Center. The QA
ubiquinone is located at the cytoplasmic end of the branch of
reaction center cofactors that is responsible for catalyzing trans-
membrane electron transfer. One of the two keto oxygens of the
head group of the Q4 ubiquinone forms a hydrogen bond with
the backbone amide nitrogen of residue Ala M260. This residue
was mutated to tryptophan with a view to causing exclusion of
the Qa ubiquinone and so preventing light-driven transmem-
brane electron transfer in the reaction center. Spectroscopic
studies, a full account of which has been given recently (52),
showed that the AM260W reaction center does not possess Qa
function, and in particular picosecond time-scale transient ab-
sorption spectroscopy showed that light-driven electron transfer
is blocked at the state P*"Hy .

To characterize further the AM260W reaction center, the
complex was purified and crystallized, and x-ray diffraction data
were collected according to the procedures described in Meth-
ods. The x-ray data obtained confirmed the finding of spectro-
scopic studies, that the AM260W reaction center lacks the Qa
ubiquinone, and showed that changes in structure associated
with the mutation were confined to the vicinity of the M260
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residue and the binding pocket of the Q4 ubiquinone. A detailed
account of these structural changes will be given elsewhere
(K.EM,, PKF.,JP.R,NWI,RJ.C,and M.R.J.; unpublished
work).

Electron Density at the Surface of the Reaction Center. The data set
for the AM260W reaction center were of a significantly higher
quality than have been obtained by us previously for the wild-
type or mutant reaction centers (43, 53, 54). This was because of
a combination of factors, including the particularly good quality
of the AM260W crystals, an increase in flux of beamline 9.6 at
the Daresbury Synchrotron Radiation Source at the time that the
data were collected, and the use of a charge-coupled device
detector system, which meant that the time taken to collect a full
data set was comparatively short (approximately 2 hr), and so
gradual loss of high-resolution reflections because of radiation
damage was minimized. In addition, low-resolution (10.0-30.0
A) reflections were collected and used in the refinement.

In the electron density map of the AM260W reaction center,
a feature was observed in a region close to the H subunit
transmembrane helix that could not be attributed to the protein
(Fig. 2A4). This feature was attributed to a molecule of cardio-
lipin, and a model of cardiolipin built into the density is shown
(Fig. 2A4). This electron density feature was well removed from
the regions of the protein involved in crystal contacts, and there
were no other electron density features at the surface of the
reaction center that could be reliably modeled as either lipid or
detergent.

McAuley et al.



Fig. 3.

Stereo views of the interaction of cardiolipin with the surrounding protein. (A) Main bonding interactions between the cardiolipin headgroup and

surrounding protein. (B) Solid model of the reaction center, colored according to surface potential with the program Grasp (57) (blue positive, red negative, grey
neutral), with cardiolipin shown in stick format. (C) Representation as in B viewed from the periplasmic side of the membrane.

Cardiolipin (diphosphatidyl glycerol) has a polar head group
composed of three glycerol molecules connected by two phos-
phodiester linkages, with four acyl chains connected to the
primary and secondary hydroxyl groups of the terminal glycerol
moieties of the head group (Fig. 1A4). In Rb. sphaeroides, the acyl
chains of cardiolipin can vary in length and in the degree of
unsaturation (55), and environmental changes can alter the
composition (1). In cardiolipins from Rb. sphaeroides, the most
common acyl chain has 18 carbon atoms and a single unsaturated
bond (i.e., 18:1), although both shorter and longer acyl chains are
present in minor amounts (55). In the present study, the ends of
the acyl chains were not resolved in the electron density,
presumably because they were mobile and therefore disordered.
The maximum chain lengths that could be supported by the
density were 15 carbon atoms for chains 1 and 4, 14 carbon atoms
for chain 2, and 9 carbon atoms for chain 3, and only these were
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included in the model. Double bonds were not included in the
models of the acyl tails, because their exact position could not be
determined from the electron density, and approximately 20%
of the acyl tails in cardiolipin derived from Rb. sphaeroides
membranes are fully saturated.

Fig. 2B shows a stereo view of the model of the cardiolipin and
the surrounding protein, with each atom colored according to
the crystallographic temperature factor. For the cardiolipin, the
temperature factors were lowest for the head group and gener-
ally increased with progression down each acyl tail.

Cardiolipin-Protein Interactions. The head group of the cardiolipin
molecule was located on the cytoplasmic side of the membrane
and came into close contact with residues from all three of the
reaction center subunits (Fig. 34). The contacts between atoms
of the modeled cardiolipin and the surrounding protein were
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calculated by using the program CONTACT (56) with a 4-A cutoff,
and the most significant hydrogen bond or salt bridge interac-
tions are shown in Fig. 34. A full list of contacts is available as
supplementary material to this manuscript (see www.pnas.org).
Several possible interactions were observed between the lipid
headgroup and the surrounding protein, in particular between
the phosphate oxygens of P, and His M145/Arg M267. In
addition, the cardiolipin made contacts with the backbone amide
of Lys M144 and with waters S76, S129, S148, and S149. These
waters in turn made contacts with residues Lys M144, Trp M 148,
Arg M267, Trp M271, and Tyr H30.

The tail region interacted over a large surface area within the
transmembrane region of the protein, with the closest contacts
occurring at the top of chains 3 and 4 and toward the middle of
chains 1, 2, and 4. Figs. 3 B and C show different stereo views of
the highly irregular surface of the reaction center, colored
according to surface potential (blue, positive; red, negative; grey,
neutral) with the program GRASP (57). The head group of the
cardiolipin (stick format) was located on the cytoplasmic side of
the membrane, close to the point where the transmembrane helix
of the H subunit traverses the membrane, in a region of positive
potential. The tails of the cardiolipin lie along grooves in the
intramembrane surface of the protein, in regions that are largely
electroneutral. Therefore, the strength of the lipid/protein
interaction is contributed to by both ionic interactions with the
cardiolipin headgroup and van der Waals interactions in the tail
region.

Comparisons with Previous Studies. A number of groups have
determined structures for the wild-type Rb. sphaeroides reaction
center and for several mutant complexes at resolutions ranging
from 3.1 A to 2.2 A (12-14, 58—62). In some of these structures,
density was seen on the surface of the M subunit, in a region
adjacent to the transmembrane helix of the H subunit, that was
modeled variously as a molecule of phosphate and/or one or
more molecules of the detergent LDAO (12-14). In all cases
where it was modeled, the phosphate molecule was located close
to residues Arg M267 and His M 145, which are exposed on the
surface of the reaction center at the interface between the
intramembrane and cytoplasmic regions of the protein (12, 13).
In addition to structures for the Rb. sphaeroides reaction
center, a 2.3-A structure has been determined for the reaction
center from Rps. viridis (11, 63). The structural model for this
complex has a sulfate molecule in close proximity to residues His
M143 and Arg M265, the counterparts of residues M145 and
M267 in Rb. sphaeroides. In addition, four more sulfate mole-
cules were modeled in the structure of the Rps. viridis reaction
center, at the interface between the intramembrane region and
the cytoplasmic surface of the reaction center. Deisenhofer and
coworkers (11) also commented on the fact that a number of
mostly elongated features in the electron density map could not
be satisfactorily modeled and suggested that these may have
arisen from detergent, clusters of water molecules, or heptane-
1,2,3-triol, the amphiphile used in crystallization of the complex.
In considering why the cardiolipin—protein interaction was
resolved in the present study, we have discounted the possibility
that this was because of the use of trisodium citrate as the
precipitant for crystallization of the AM260W reaction center,
rather than the more commonly used phosphate or sulfate
(which could compete for binding with basic residues such as His
M145 and Arg M267). Preliminary analysis of an electron density
map at 2.5- A resolution for a YM210W mutant reaction center
has also clearly revealed the bound cardiolipin (K.E.M., F.P.K,,
M.R.J., RJ.C,, and N.W.L, unpublished data). This reaction
center was crystallized by using the conditions described in a
recent publication (43), with potassium phosphate as the pre-
cipitant rather than trisodium citrate. In addition, in a 2.3-A
resolution structure for a WM115F/FM197R mutant reaction
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center reported recently (54), which was also crystallized by
using potassium phosphate, electron density was observed at the
same position on the protein surface as that occupied by
cardiolipin in the structure described in this report. This density
was not continuous and was modeled as two molecules of
phosphate, 6.2 A apart and at the same height in the membrane,
adjacent to three molecules of LDAO also located on the protein
surface toward the center of the membrane. In retrospect, it
seems highly likely that this density was actually part of the
electron density observed in the present report, corresponding to
the two phosphoryl groups of the cardiolipin and part of acyl
chains 1, 2, and 4.

Possible Function of Bound Cardiolipin. To our knowledge, no study
has been made of the relevance of cardiolipin to the structure
and function of the bacterial reaction center. The findings
described in this report provide a solid framework for such a
study, which is currently under way. However, it is clear that
cardiolipin is a key component of energy-transducing mem-
branes and can affect a wide range of cellular functions. As
indicated in the Introduction, cardiolipin is important for the
maintenance of optimal activity of a number of major integral
membrane proteins, including NADH dehydrogenase, the cyto-
chrome bc; complex, ATP synthase, cytochrome ¢ oxidase, and
arange of carrier proteins (1, 2, 10). The influence of cardiolipin
on the activity of essential membrane-bound protein complexes
provides a potential means of controlling the processes catalyzed
by these proteins. It has been suggested, for example, that the
control of mitochondrial respiration by thyroid hormones is
exerted at the level of cardiolipin synthase (64), with changes in
the cardiolipin content of the membrane leading to changes in
the activity of major proteins such as cytochrome c oxidase (65).

In addition to their specific interactions with integral mem-
brane proteins, anionic phospholipids such as cardiolipin and
phosphatidyl glycerol play a crucial role in the adsorption of a
range of peptides and soluble proteins onto the membrane
surface, some proteins becoming embedded in the membrane
bilayer (3). This process constitutes a second means by which
cardiolipin can affect a diverse range of cellular processes. In
general terms, the proteins involved may be agonists that interact
with membrane-bound receptors, soluble electron transfer pro-
teins that shuttle electrons between membrane-bound electron
transfer complexes, or proteins that are to be translocated across
the membrane by systems such as the Sec protein translocation
apparatus of Escherichia coli (2, 3, 66, 67). Adsorption by anionic
lipids concentrates the protein at the membrane surface, and the
interaction with the membrane may orient the protein for correct
binding to a receptor. Anionic lipids have also been found to
interact with DNA- and RNA-binding proteins, leading to the
suggestion that they may play a role in the control of chromo-
somal replication (3).

It has been reported that bacteriochlorophyll-containing pro-
teins in Rb. sphaeroides preferentially associate with negatively
charged lipids (68). When reaction center/light harvesting I core
complexes in intracytoplasmic membranes of Rps. viridis were
depleted of lipid by extraction with Triton X-100, cardiolipin was
found to be the most abundant of the remaining lipids, perhaps
reflecting a high affinity of cardiolipin for the proteins of the
membrane (69). It has also been observed that the presence of
anionic lipids in an artificial membrane bilayer increases the rate
of electron transfer from soluble cytochrome ¢ to photooxidized
reaction centers, compared with that seen with neutral mem-
branes (70).

It is intriguing that the residues that interact with phosphate
headgroup A (Fig. 34) are conserved among the available full
and partial sequences for the M subunit of the bacterial
reaction center (16 sequences for His M145 and 8 sequences
for Arg M267). Residues Trp M148 and Tyr H30 are also
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conserved in the eight and four available sequences, respec-
tively, and residue M271 is Phe in Rps. viridis but Trp in the
seven remaining sequences that encompass this residue. These
residues may therefore constitute a conserved site for binding
of cardiolipin on the surface of the bacterial reaction center.
Given the important role that cardiolipin plays in the stability
and function of integral proteins in energy-transducing mem-
branes, it will be of great interest to examine the consequences
of disrupting cardiolipin binding at a molecular level. We are
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