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Is There a Conserved Interaction between Cardiolipin and the Type Il
Bacterial Reaction Center?

Marion C. Wakeham, Richard B. Sessions, Michael R. Jones, and Paul K. Fyfe*
Department of Biochemistry, School of Medical Sciences, University of Bristol, Bristol, BS8 1TD, United Kingdom

ABSTRACT In a recent publication, the structural details of an interaction between the Rhodobacter sphaeroides reaction
center and the anionic phospholipid diphosphatidyl glycerol (cardiolipin) were described (K. E. McAuley, P. K. Fyfe, J. P.
Ridge, N. W. Isaacs, R. J. Cogdell, and M. R. Jones, 1999, Proc. Natl. Acad. Sci. U.S.A. 96:14706-14711). This was the first
crystallographic description of an interaction between this biologically important lipid and an integral membrane protein and
was also the first piece of evidence that the reaction center has a specific interaction with cardiolipin. We have examined the
extent to which the residues that interact with the cardiolipin are conserved in other species of photosynthetic bacteria with
this type of reaction center and discuss the possibility that this cardiolipin binding site is a conserved feature of these reaction
centers. We look at how sequence variations that would affect the shape of the cardiolipin binding site might affect the
protein-cardiolipin interaction, by modeling the binding of cardiolipin to the reaction center from Rhodopseudomonas viridis.

INTRODUCTION

Reaction centers are integral membrane protein complexdufX protein and so probably undergoes specific molecular
found in photosynthetic organisms, including a wide varietyinteractions with both lipids and integral membrane proteins.
of bacterial species. The structures of the reaction center Recently a 2.1-A resolution x-ray crystal structure for a
from two species of purple bacteri&hodopseudomonas Rb. sphaeroideseaction center carrying an Ala M260 to
(Rps) viridis andRhodobacte(Rb) sphaeroidefiave been  Trp (AM260W) mutation was determined (Protein Data
solved by x-ray crystallography, to resolutions approaching8ank (PDB) entry 1QOV) (McAuley et al., 1999). A large

2 A (Ermler et al., 1994a,b; Deisenhofer et al., 1995; Lan-region of continuous density was observed in the electron
caster and Michel, 1997, 1999; Stowell et al., 1997). Thegensity map for this mutant, located on the intra-membrane
two structures are similar in terms of overall architecture,gyrface of the reaction center (McAuley et al., 1999). This
with a transmembrane region formed by 11 membranegensity was attributed to a single molecule of the diacidic
spanninga-helices contributed by three polypeptide sub-pnospholipid diphosphatidyl glycerol, or cardiolipin (Fig. 1
units. The L- and M-subunits each have five transmembrang\)_ This electron density feature has also been seen in
a-helices, and these are related by an axis of pseudo tWOfO'&ystaIIographic data on other mutant reaction centers

symmetry that runs approximately perpendicular to thep;caley et al., 2000) and therefore was not present as a
plane of the membrane. The remaining transmembran onsequence of the AM260W mutation

a-helix is contributed by the H-subunit. The L-, M-, and L - -
. U Anionic phospholipids such as phosphatidyl glycerol and
H-subunits are encoded by thefl, pufi, andpuhAgenes, cardiolipin are found in energy-transducing membranes of

respectively. A major difference is that tHeps. viridis

. . _ both prokaryotes and eukaryotes, where they play a number
reaction center has a fourth subunit comprising a tetra-heme, . . ; :
cytochrome that is bound to the periplasmic faces of the I__of important roles. These include the formation of selective
and M-subunits (Deisenhofer et al., 1995). A combinationimer"?wtions with integral membrane proteins (Ioa.mr_w. apd
of spectroscopy, x-ray crystallography, and mutagenesis ha%OIdmg' 1979; HOCh’ 1992; l_)owhan, 1997). C"?“d'o"p'” IS
provided a detailed description of the mechanism of Iightperhaps most widely known in this respect for its essential

energy transduction in the reaction center (for reviews Segwteractio_n with t_he res_pirator_y protein cytochrprpe_)xi—
Parson, 1991, 1996; Fleming and van Grondelle, 1994§I(:15e. This protein carries a tightly bound cardiolipin even

Woodbury and Allen, 1995; Hoff and Deisenhofer 1997)_after extensive purification, and removal of this cardiolipin
However, relatively little is known about how the reaction "enders the complex inactive (Awashti et al., 1971; Robin-
center interacts with the protein/lipid environment that sur-S0n, 1982). Cardiolipin has also been shown to be important
rounds the complex in vivo. IRb. sphaeroideshe reaction N the maintenance of optimal activity of a number of other

center is associated with the LH1 antenna complex and th&ajor integral membrane proteins (loannu and Golding,
1979; Hoch, 1992). The precise details of how cardiolipin

interacts with cytochrome oxidase is not yet evident from
Received for publication 31 July 2000 and in final form 6 December 2000.the published x-ray structures for this complex (lwata et al
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FIGURE 1 () Molecular structure of cardiolipin (diphosphatidyl glycerol), with four acyl chains each with 16 carl®)ngiefv of the main bonding
interactions between the cardiolipin headgroup andRhesphaeroideseaction center (model 1QOV). The main-chain atoms of the amino acid residues
have been omitted for clarity, with the exception of Lys M144.

The function of the molecule of cardiolipin that is ob- 1986),Rb. capsulatugYouvan et al., 1984), anBhodospi-
served to bind to the intra-membrane surface of the reactiorillum rubrum (Belanger et al., 1988). Alignments of the
center is unclear. As discussed by McAuley and co-workersequences for the L- and M-subunits indicated a high degree
(1999), itis known that cardiolipin is a minor component of of conservation of structurally and functionally important
the cytoplasmic membrane in many species of purple bagesidues (Komiya et al., 1988). In recent years, a great deal
teria (Russell and Harwood, 1979; Imhoff and Bias-Imhoff, of new sequence information for the L-, M-, and H-subunits
1995), and it is also known that bacteriochlorophyll-con-has become available, enabling more extensive alignments
taining proteins from these bacteria preferentially interactg pe constructed. In this report, we have compiled the
with anionic lipids (Birrell et al., 1978; Welte and Kreutz, sequence information available for reaction centers of the
1982). However, to our knowledge there has been no spgype found inRps. viridisandRb. sphaeroidesThese com-
cific study of the influence of cardiolipin on the properties plexes have (bacterio)pheophytin/ubiquinone electron ac-
of the bacterial reaction center. In the strucfcur_e_described b¥eptors and are classified as type Il reaction centers, to
McAuley and co-workers (1999), the cardiolipin molecule yiginguish them from the type I reaction centers of green

occupies a depression in the intra-membrane surface of g, hacteria and heliobacteria that have iron-sulfur com-
feac“o'_" center. This depres_smn is located t_)etween th|‘5~"Iex acceptors and a more complex overall architecture. We
N-terminal transmempranehehx afthe H-subun|t an_d the use the compiled sequence information to examine whether
C ransmembrana-helix of the M-subunit. At the periplas- the residues located at the site of interaction between car-

mic side of the membrane the depression is bounded béfiolipin and theRb. sphaeroideseaction center are con-

amino acids 59-65 of the H-subunit. The lipid makes . : . T .
o . . ) . served in other species of photosynthetic bacteria with this
specific interactions with several amino acids from both the

H- and M-subunit (Fig. B). These contacts are either direct typg (.)f reac_t|on center. We_ al_so examine .h9W sequence

bonding interactions between the protein and the pola}/"’lr'atIons might affect the binding of cardiolipin.

headgroup of the lipid or indirect bonding interactions be-

tween the two mediated by crystallographically defined

water molecules. In addition, the interaction between thgATERIALS AND METHODS

lipid and the protein is augmented by extensive van der . .

Waals contacts between hydrophobic surface of the trangeduence retrieval and alignment

membrane region of protein and the lipid acyl chainssearches were made of the SWISS-PROT (Bairoch and Apweiler, 2000)

(McAuley et al., 1999). and GenBank (Benson et al., 1999) sequence data bases, using PufL, PufM,
For many years following the first descriptions of the and PuhA as the search subjects. Where multiple entries were found for a

structures of reaction centers of the type foundes. particular spe.cies only o'ne of these vyas included in th.e alig'nment unless

viridis andRb. sphaeroidesequence information for the L- there were differences in the deposited sequences, in which case both

d buni f th . limited . f sequences were used. The sequences were aligned with the program Clustal
and M-subunits of the protein was limited to just four W (1.8) (Thompson et al., 1994). The reference sequences used in the

species of photosynthetic bacteria, nameRps. viridis  alignments were those f&hodobacter sphaeroidesnd amino acid num-
(Michel et al., 1986),Rb. sphaeroidegWilliams et al., bering is as for these sequences unless specified otherwise.
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Molecular modeling and energy minimization a-helix of the H-subunit. These amino acids are listed in

. o _ Tables 1 and 2. To look at the cross-species conservation of
The coordinates of the structural model of fRps. viridisreaction center . . .
(PDB entry 3PRC) (Lancaster and Michel, 1997) were superimposed oﬁhese amino ac'qs' the sequences for the_ PuflL (L'S“p“”'t)'
those of the model of thRb. sphaeroideAM260W reaction center (PDB ~ PUfM  (M-subunit), and PuhA (H-subunit) polypeptides
entry 1QOV) (McAuley et al., 1999) using the program LSQKAB (Col- available in the SWISS-PROT (Bairoch and Apweiler,
laborative Computational Project No. 4., 1994). Thearbon positions of  2000) and GenBank (Benson et al., 1999) databases were
the amino acids of the L-, M-, and H-subunits were fitted, giving an ¢q|5ted and aligned, as described in Materials and Methods.
average root mean square deviation of 0.29 A. The cardiolipin moleculel_ bles 1 and 2 ' f th | inf
was then selected from the AM260W model and added to the superim-_a eslan ,Comam a summary. ort e relevant 'n_orma'
posecRps. viridiscoordinates. The cardiolipin was translated such that thetion. Full details of these extensive alignments will be
position of the phosphorus atom of, Phosphate group overlapped with published elsewhere (manuscript in preparation). The rele-
the central sulfur atom of the modeled sulfate ion {802) in the 3PRC  vant parts of the alignments, together with the database
coordinate set, which was subsequently removed from the model. Th‘éccession codes and supporting references, are available as
resulting model was assigned the code VMODL1. L L . .

The coordinates of VMOD1 were prepared for energy minimization in supporting information in the form of a text file. The file can
the following manner. The addition of hydrogens and force-field parame0€ accessed from the web page of the authors at http://
terization was performed using the program Insight Il 2.3.0. (Molecularwww.bch.bris.ac.uk/staff/mrj.html or can be requested by
Simulations, San Diego, CA), and the complex was soaked in a 4-A shelE-mail to p.k.fyfe@bristol.ac.uk or m.r.jones@bristol.ac.uk.
of water. Energy minimization was then performed using the program A total of 49 full or partial sequences were obtained for

Discover 2.9.7. (Molecular Simulations), with the protein backbone teth- . .
ered to its crystallographic coordinates. Initial energy minimization wasthe PufL protein, 45 full or part'al sequences for the PufM

carried out for 100 iterations of steepest descents with a tethering forc®rotein, and 7 sequences for the PuhA protein. Sequences
constant of 100 kcal/A This was followed by 2500 cycles of conjugate for PufL and PufM were obtained for several genera of the
gradient minimization with a force constant of 50 kcé/4o give a final family Rhodospirillaceae, including three species of
average apsolute derivative Qf energy yvith res_pect to coordinates of O'Oﬁhodobacter three species oRhodospiriIIum and either
kcal/A. This allowed the amino acid side chains and cofactors to relax .
while maintaining the backbone geometry of the polypeptides. The resuttoNe Of two species from the ge,nel%,OdOPSEUdomon’as
ant minimized model was assigned the code VMOD?2. RhodocyclusRhodoferaxRhodomicrobiumRhodoplanes
The figures were produced using the programs Molscript (Kraulis, Rubrivivax, Blastochloris and Rhodovulum Sequences
1991), SPOCK (J. A. Christopher, Texsh & M University, College  were also obtained for two species Gfhromatiaceag
Station, TX), Raster3D (Merritt and Bacon, 1997), and GRASP (Nicholls namely, Chromatium vinosunand Thiocystis gelatinosa
et al., 1991). . . . . .
one species dEctothiorhodospiraceaéEctothiorhodospira
shaposhnikovji two Sphingomonaspecies, and a number
RESULTS AND DISCUSSION of aerobic anoxygenic phototrophs. The latter included several
species ofErythrobacterand severalAcidiphilium species.
Sequences for the PuhA protein were obtained=for spha-
The cardiolipin molecule described by McAuley and co- eroides Rb. capsulatysRps. viridis Rhodospirillum rubrum
workers (1999) makes contacts with amino acids in the (Rubrivivax gelatinosysandRoseobacter denitrificans
and E transmembrane-helices of the M-subunit, amino For the L-subunit, it was possible to align all 49 se-
acids in a short loop that connect the D and DE helices ofjuences with only two gaps. The first of these was between
the L-subunit, and several residues in the transmembraremino acids L57 and L58Rb. sphaeroidesumbering), to

Sequence alignment

TABLE 1 Conservation of residues in the region of the protein surface opposing the cardiolipin headgroup

Identity in alignment Percentage Residue and position
Rb. sphaeroidesesidue (number of occurrences) conservation* in Rps. viridig
Leu L195 Leu (47), Val (2) 96 Leu L195
Asn L199 Asn (49) 100 Asn L199
Pro L200 Pro (44), Val (4), Thr (1) 90 Pro L200
Gly M143 Gly (42), Ser (3) 93 Gly M141
Lys M144 Thr (23), Met (11), Lys (7), GIn (3), Tyr (1) 16 Thr M142
His M145 His (45) 100 His M143
Trp M148 Trp (45) 100 Trp M146
Arg M267 Arg (14) 100 Arg M265
Trp M271 Trp (13), Phe (1) 93 Phe M269
Tyr H30 Tyr (7) 100 Tyr H31

The residues shown are withé A of themodeled cardiolipin in the 1QOV structure. Data were collated from 49 full or partial sequences for the L-subunit,
45 full or partial sequences for the M-subunit, and 7 sequences for the H-subunit (see text).

*Percentage conservation relative to tRb. sphaeroidesequence.

TIdentity and position of the corresponding residue in fps. viridisreaction center.

Biophysical Journal 80(3) 1395-1405



1398 Wakeham et al.

TABLE 2 Conservation of residues in the region of the protein surface opposing the cardiolipin acyl chains

Identity in alignment Percentage Residue and position
Rb. sphaeroidesesidue (number of occurrences) conservation* in Rps. viridig
Leu M151 Ala (40), Leu (5) 11 Ala M149
Ser M152 Ser (33), Ala (11), Met (1) 73 Ala M150
Trp M155 Trp (31), Phe (13), Leu (1) 69 Phe M153
lle M270 Trp (11), lle (2), Tyr (1) 14 Trp M268
Trp M271 Trp (13), Phe (1) 93 Phe M269
Val M274 Val (13), Leu (1) 93 Leu M272
Leu M278 Leu (9), lle (3), Phe (1), Val (1) 64 Val M276
lle M282 lle (12), Val (1) 92 Val M280
Ser H19 Ser (3), Ala (3), Leu (1) 43 Ala H19
Phe H20 Phe (6), GIn (1) 86 Gln H20
lle H22 Ala (2), lle (4), Leu (1) 57 Leu H22
Phe H23 Phe (6), Val (1) 86 Val H23
Ala H25 Ala (6), Trp (1) 86 Trp H25
Gly H26 Gly (5), Tyr (1), Thr (1) 71 Thr H26
Leu H27 Leu (6), Val (1) 86 Val H27

The residues shown are withé A of themodeled cardiolipin in the 1QOV structure. Data were collated from 49 full or partial sequences for the L-subunit,
45 full or partial sequences for the M-subunit, and 7 sequences for the H-subunit (see text).

*Percentage conservation relative to fRb. sphaeroidesequence.

Tldentity and position of the corresponding residue in . viridisreaction center.

accommodate an extra five amino acids in the three seterminal a-helix of the H-subunit irRps. viridis As it was
quences focChromatiaceaespecies. The second was either not obvious from the aligned sequences, the decision as to
between amino acids L257 and L258 or between aminavhere to place the single amino acid gap in the remaining
acids L258 and L259, to accommodate an extra two amingix sequences was taken using the x-ray crystal structures of
acids in theRps. palustrissequence. All of the sequences the Rps. viridisand Rb. sphaeroideseaction centers as a
appeared to be complete at the C-terminal end, but a numbeguide.
of sequences were lacking amino acids at the N-terminal
end, such that amino acid L39 was the first to be present in
all 49 sequences. Full sequence information was availabl&vera" conservation
for the central 200 amino acids of the L-subunit between
positions L58 and L257, and the alignment in this regionFor the alignments of the available sequence information to
had no gaps. be useful in the present study, it had to be assumed that the
For the M-subunit, it was again possible to align all 45 overall backbone fold of the protein is essentially the same
sequences with very few gaps. A one- or two-amino-acidacross the different bacterial species. The fact that the
gap had to be inserted into 41 of the 45 sequences in theollated sequences could be aligned with only a few small
M31-M35 region and a one-amino-acid gap in approxi-gaps suggests that this assumption is valid. Those gaps that
mately two-thirds of the sequences in the M105-M108had to be introduced to achieve successful alignment of the
region. Three of the sequences also required a one-amin®ufL and PufM sequences were located outside regions
acid gap near the N-terminus. All of the sequences appeareskpected to correspond to major structural elements such as
to be complete at the N-terminal end, but many of thethe transmembrane-helices or connecting amphipathic
sequences were truncated before the C-terminus, at varying-helices. Using the x-ray structure of tRb. sphaeroides
points between amino acids M242 and M278, such that onlyeaction center as a guide, all of the gaps in the alignment
16 of the 47 sequences used in the alignment were of the futepresented short (one- to five-amino-acid) insertions or
PufM protein (the longest PufM sequence used had 33@deletions in surface-exposed loops. In addition, analysis of
amino acids). Full sequence information was available bethe aligned sequences showed absolute conservation of
tween amino acids M109 and M242, and the alignment irmany of the amino acids that are important for the structure
this region had no gaps. of the reaction center. These absolutely conserved residues
Seven sequences were found for the H-subunit, includingnclude the axial His ligands to the four reaction center
two sequences foRb. sphaeroideshat differed by three bacteriochlorophylls, the ligands to the non-heme iron, and
amino acids (H38, H81, and H107). The sequences could bieey residues in the binding pockets of the, @nd
aligned if a total of eight gaps were introduced, the largestibiquinones. The heavily studied residue pair Tyr M210
of which was of five amino acids. One of these gaps was t@nd Phe L181 was also absolutely conserved. There was
accommodate a single additional amino acid in the N-also strong conservation of residues likely to be important
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for the structure and assembly of the reaction center, includsurface is contributed to by backbone and side-chain atoms
ing Pro residues that interrupt helical regions and Trp resef ~15 apolar amino acids, from the C and E transmem-
idues at the ends of transmembrane helices. The overatirane helices of the M-subunit and the single transmem-
conclusion, therefore, is that it is highly likely that the brane helix of the H-subunit. The depth of the depression
overall backbone fold of the protein is essentially the saménto which the cardiolipin binds is contributed to by a cleft
across the different bacterial species, and the remainder dietween the C and E helices of the M-subunit. The area of
the analysis in this report is based on this premise. the protein surface that engages in interactions with cardi-

olipin is ~543 A2, with the lipid tails bedding into grooves

in the irregular surface of the protein. The identity and
Bonding interactions between cardiolipin and the conservation of the amino acids that interact with the lipid
reaction center protein acyl chains is summarized in Table 2.

In Table 1 we show the degree of cross-species conservatia Although the amount of conservation was not as high
9 P i‘mong these residues as those involved in bonding interac-

of each of the residues identified in the x-ray structure of thetions with the lipid headgroup, with one exception where

Egisgﬁﬁﬁgotﬁsa'r\gfggvg rﬁ:ggotﬂ:te.?]ttirr:;gmmbtﬁgng;%. these amino acids were not conserved they were replaced by
atp protein su that | Wi a hydrophobic amino acid of a similar size, or smaller. This
olipin headgroup. As shown in Fig. B, the modeled

L . o . ; suggests that the depression at this position on the surface of
cardiolipin makes possible bonding interactions with the 99 P b

. . . . .., the Rb. sphaeroideseaction center will be retained in the
tsr:((jaebg;ilt?osnoef:;;scljdeug? LHISS‘|\I>|/I11:45 gg‘tjhAAr? %226677Znn%ﬁ.t2reaction centers of the other species of photosynthetic bac-
: y ' 9 : teria, although the precise contours of the depression will

M145 are absolutely conserved among the available Se\{'ary according to the precise sequence.

quences (Table 1). Lys M144 is not conserved (Table 1), bu The exception to this size conservation was residue lle

a backbone amide will be conserved at this position regard: C .
less of the identity of the M144 residue. M270, which is located at the bottom of the depression that

L ., .accommodates the cardiolipin, at the position where the acyl
The modeled cardiolipin also makes a number of possibl P P Y

- o . ; . : "D'%hains of the lipid join the headgroup. This residue is
ngfactzzogd'Cv%{ge;?glt;ﬁevs\"t(iith';reg'ggtglttgisgoge;n'replaced by a Trp in all but one of the other available
traced 1o th):a hydroxyl of Tyr H3g.(vi.a water S3), to the sequences, including th_at. of tikps. viridisreaction center
indole nitrogen of Trp M271 (via water S81), to t’he side (Table 2). In the remaining sequence, lie M270 was re-
chain of Arg M267 (via water S81), to the term’inal nitrogen placed by a Tyr. In.the next s_ection, we I.OO!( atthe pqssjple
of Lys M144 (via water S39), and to the indole nitrogen of consequences of this substitution for the binding of cardiolipin.
Trp M148 (via water S40). The sequence information shows

that the potential for these interactions is retained across tiModeling the binding of cardiolipin to the

range of bacterial species considered, with both Trp M148ntra-membrane surface of the Rps. viridis

and Arg M267 being absolutely conserved. Tyr H30 is alsoreaction center

conserved in the seven available sequences for the H-su
unit. Trp M271 is conserved in 13 of the 14 available
sequences for this region of the M-subunit, but is a Phe i
theRps. viridisreaction center. In the 45 sequences collate
the M144 residue appears as, in descending order of fr
quency, a Thr, Met, Lys, GIn, and Tyr. Conservation of a
Lys residue is therefore poor, but with the exception of 10
sequences that contain a Met, the M144 residue is conserve
as a polar amino acid that could form a hydrogen bon
interaction with an adjacent polar group (as illustrated
below).

Pﬁ addition to the published data on tiib. sphaeroides
r{eaction center, high-resolution structural information is
Iso available for the reaction center froRps. viridis
iDeisenhofer and Michel, 1989; Deisenhofer et al., 1995;
ancaster and Michel, 1997, 1999). This presents the op-
portunity to look at how differences in the protein sequence
Il affect the contours of that part of the surface of the
eaction center that has been shown to bind cardiolipin in
b. sphaeroidesln addition, it is interesting to examine
whether the substitution of Trp for lle at residue M270
would be catastrophic for the binding of cardiolipin to the
reaction center in other species of photosynthetic bacteria.
The published x-ray structures of tRgs. viridisreaction
center do not include a modeled cardiolipin. However,
several of these structures do include a modeled sulfate ion
The strength of the interaction between the protein and the a position that is approximately equivalent to that of the
cardiolipin is not due to ionic interactions alone. A large P, phosphate group of cardiolipin in the 1QOV structure of
contribution is made through van der Waals interactionghe Rb. sphaeroide&AM260W mutant. This sulfate is in a
between the intra-membrane hydrophobic surface of th@osition where it could interact with the absolutely con-
reaction center and the lipid acyl chains. This hydrophobicserved residues Arg M267 and His M145. In addition, in

Interactions between the intra-membrane surface
of the protein and the lipid acyl chains

Biophysical Journal 80(3) 1395-1405



1400 Wakeham et al.

some models of thérps. viridis reaction center several acyl chain 4 of the cardiolipin and the, Phosphate group,
water molecules have been modeled in positions that closelgespectively. Again, it is an open question as to whether
follow the expected position of the cardiolipin headgroup,these features are genuinely as modeled or whether they are
when the R phosphate group of the latter is matched to thewell resolved parts of an otherwise poorly resolved cardio-
position of the sulfate ion (Deisenhofer and Michel., 1989;lipin molecule. Clearly, this is a difficult issue to address, as
Lancaster and Michel, 1997, 1999). However, no detergents is difficult to distinguish between a partially resolved lipid
have been modeled in the region where the acyl chains adnd a mixture of bound ions and detergents, unless features
the cardiolipin might be expected to be located. such as the glycerol bridges that connect the phosphate
Itis known that cytoplasmic membranes frétps. viridis  groups to each other and to the lipid acyl chains are clearly
contain cardiolipin as a minor component (Imhoff and Bias-resolved in the electron density.
Imhoff, 1995). As a result, it is conceivable that the modeled To look at how the relevant region on the surface of the
sulfate marks a position where the headgroup of cardiolipirRps. viridisreaction center would interact with a cardio-
would bind if this lipid were attached to theps. viridis lipin, the 3PRC structural model of this reaction center
reaction center. It is even possible that the density modelefLancaster and Michel, 1997) was superimposed on the
as a sulfate is in fact well defined partial density attributablelQOV model of theRb. sphaeroideaAM260W mutant, as
an otherwise poorly defined bound cardiolipin. Studies ofdescribed in Materials and Methods. The main part of the
the Rb. sphaeroideseaction center have shown that the structure of the AM260W reaction center was removed,
extent to which the cardiolipin is resolved varies betweerleaving the cardiolipin molecule and thips. viridisreac-
data sets for different mutant reaction centers, in a way thaion center. The cardiolipin was then translated such that the
is not yet understood (unpublished data). Furthermore, ahosphate group overlapped with the modeled sulfate in the
number of the more recent, higher-resolution x-ray struc3PRC coordinate set, and this sulfate was then removed.
tures for theRb. sphaeroideeaction center include a single Fig. 2 compares the resulting model of cardiolipin bound to
lauryl dimethylamine-N-oxide molecule modeled in the the surface of theRps. viridisreaction center (VMOD1)
deep groove between the C and E helices of the M-subuniwith the 1QOV structure of the AM260W mutant. As can be
and/or an ion (phosphate or chloride) (Ermler et al.,seen from Fig. 2A, in the VMOD1 model there is good
1994a,b; Stowell et al., 1997; Axelrod et al., 2000). Theseoreservation of the direct interactions between the phos-
are in positions that correspond to the most deeply buriegphate oxygens of the cardiolipin and residues Arg M267,

1Q0V VMOD1
FIGURE 2 Comparison of the

HM145 Lys M144 His M143 i
Arg M267 ﬁ
&{%_ ' i B Thr M142
crystallographically determined in-

teraction of cardiolipin with the reac- Tyr H30
tion center of Rb. sphaeroides

(1QQOV) and a model of cardiolipin

bound to the reaction center from

Rps. viridisbefore energy minimiza-

tion (VMODZ1). (A) Main bonding in- A
teractions between cardiolipin (wire-
frame format) and the surrounding
protein. In the VMOD1 structure, the
position of sulfate SQ 802 used to
position the R phosphate of the car-
diolipin is also shown (stick format).
(B) Surface representation model of
the reaction center proteins with car-
diolipin shown in stick format. The
view is along the intra-membrane
surface of the protein, from the
periplasmic side of the membrane. In
both A and B the acyl chains of the
cardiolipin are numbered.

Trp M146

B Rb. sphaeroides Rps. viridis
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His M145, and Trp M148 (numbered M265, M143, and zation. Fig. 4A shows a stereo view of the cardiolipin
M146, respectively, ilRps. viridi§ and the backbone amide binding site in theRb. sphaeroides reaction center, whereas
of residue M144, which is Thr (M142) iRps. viridisrather ~ Fig. 4 B shows the corresponding region in the energy-
than Lys. In Table 3 the details of these putative bondingminimized VMOD2 Rps. viridisreaction center. The con-
interactions in the different models are compared. An indiformation of the cardiolipin headgroup region remains
rect contact with residue Tyr H30 (H31 Rps. viridig is  largely unaffected by the minimization. Electrostatic and
also preserved, via water S296 present in the 3FpS.  hydrogen bonding interactions between the headgroup and
viridis structure. Finally, it is apparent that the water-medi-the surrounding protein all show reasonable bonding dis-
ated contact between phosphageaid the side chain of Lys tances (Table 3). In particular, the interactions of both Arg
M144 in the 1QOV structure could be replaced by a directM267 and His M145 with the OA3 oxygen of the,P
contact between phosphatg Bnd the side chain of the phosphate group are well maintained.
equivalent residue, Thr M142. More movement of the cardiolipin was observed in the
Fig. 2 B shows that the depression into which the cardi-acyl chain region following energy minimization. The larg-
olipin fits in the Rb. sphaeroidesesaction center is broader est shifts occurred near residue Trp M268, whichRips.
and shallower in th&ps. viridisreaction center, particularly viridis partially blocks the deep cleft that is found in tRé.
at the point where the acyl chains join the headgroup of thephaeroidestructure. The acyl chain that occupies this cleft
lipid. The increased breadth is mainly due to the replacein the Rb. sphaeroideseaction center (chain 4) was lifted
ment of Trp M271 by Phe (M269), whereas the decreasedway from the protein by up to 3.7 A in the VMOD2 model,
depth is due to the replacement of lle M270 by Trp (M268).flexing in order to pass over the Trp M270 (FigsC3and
As detailed in Fig. 3, this latter change results in part of the4 B). Unlike in the crystal structure of theb. sphaeroides
Trp M268 residue in th&ps. viridisVMOD1 model occu-  structure where this acyl chain resides in a deep U-shaped
pying the same volume as part of acyl chain 4 of thecleft, the acyl chain in the VMOD2 model rests on a shelf
cardiolipin (Fig. 3,B compared withA), which is the chain  formed by transmembrane helix E of the M subunit (Fig.
most deeply embedded in the protein surfac®m spha- 4 B). The movement of this acyl chain also causes some
eroides(see Fig. B). This clash shows clearly that a Trp at alteration of the packing of the adjacent chain 2. The top
this position, as found in all available sequences other thapart of this chain is again pushed away from the protein
that from Rb. sphaeroideswould not allow cardiolipin to  surface by up to 2.5 A and toward the end falls back to lie
adopt the conformation modeled in the VMOD1 structure.along a shallow groove on the protein surface. Acyl chains
To look at the question of whether this steric problem1 and 3 showed little alteration in conformation. The shorter
could be overcome, the VMOD1 model was subjected tachain (chain 3) lies along the top of the more deeply buried
energy minimization analysis, as described in Materials an@cyl chains and showed a maximal displacement b A.
Methods. Energy minimization of the VMOD1 model was The remaining acyl chain (chain 1), which interacts most
continued until the point at which the average absoluteclosely with the transmembrane helix of the H-subunit,
derivative value had fallen to 0.02 kcal/A. This point was shows very little change in the overall conformation. How-
reached after 2500 iterations of conjugate gradient minimiever, some alteration was observed near the end of the acyl

TABLE 3 Distances (in lf\) calculated for bonding interactions between the protein and the cardiolipin headgroup

Atom 1 Atom 2 1QOV VMOD1 VMOD?2
PA OA3 Arg M267 NH1 3.2 2.9 2.6
PA OA3 Arg M267 NH2 2.8 2.7 2.9
PA OA3 His M145 NE 2.8 2.8 2.9
PA OA4 WAT 3 (WAT 296) 2.9 2.6 2.8
WAT 3 (WAT 296) Tyr H30 OH 2.7 3.2 2.8
WATS1 Arg M267 NH2 3.1

CDL 03 WAT 81 2.5

WAT 81 Trp M271 NE 3.1

PB OB3 Lys M144 N (Thr M144 N) 2.7 2.8 2.3
PB OB3 WAT 39 (WAT 339) 2.8 25 3.0
PB OB4 WAT 40 2.6

WAT 40 Trp M148 NE 2.9

WAT 39 Lys M144 NZ (Thr M144 NZ) 2.9

CDL OB3 Thr M142 3.0 2.6

Discrepancies in the number and position of crystal waters built intdRthesphaeroideand Rps. viridisreaction center models preclude a complete
comparison of all possible interactions. Text in plain type indicates interactions that are common ®bbaphaeroidesind Rps. viridis. Text in
parentheses indicates data for fRps. viridisreaction center where the protein differs from thaR#if. sphaeroidesText in italics indicates interactions
that are unigue to eithd®b. sphaeroidesr Rps. viridis.
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FIGURE 3 Cut away views of space-filling models of cardiolipin (mid-gray) interacting with the surface of the reaction center (Ah@ardfolipin
interacting with theRb. sphaeroidesesaction center (1QOV structure). Acyl chain 4 passes over residue lle M270 (bBeSaife view of the VMOD1

model of cardiolipin interacting with thBps. viridisreaction center. There is a steric clash between acyl chain 4 of the cardiolipin and residue Trp M269
(black). (€) Same view of the energy-minimized VMOD2 model of cardiolipin interacting withRps. viridisreaction center. Acyl chain 4 flexes by as
much as 3.5 A, to pass over residue Trp M269 (black).

chain where it rises by-3.5 A to accommodate the substi- attached to the surface of the reaction center be located at
tution of Thr for Gly at residue H26. the point of contact between reaction centers in a dimeric
In Fig. 4 C the cardiolipin molecules from the 1QOV and structure? When purified and crystallized, tRb. sphae-
VMOD2 models have been overlaid by matching theirroidesreaction center is clearly not a dimer. However, there
headgroup regions between phosphatesafd R, as this is both spectroscopic and biochemical evidence that the
region was hardly affected by the energy minimizationmembrane-bounBb. sphaeroideeaction center is dimeric
procedure. As can be seen, the main effect of the minimi{Morrison et al., 1977; Vermeglio et al., 1993; Francia et al.,
zation was to introduce a kink at the top of acyl chain 4, t01999; Loach, 2000), and this is clearly a point that warrants
accommodate residue Trp M268 in tR@s. viridisreaction  further investigation. That part of the surface of tRé.
center. This change in conformation of acyl chain 4 alsosphaeroidesreaction center to which cardiolipin binds
pushes the top part of acyl chain 2 away from the proteinvould provide a good contact point between monomers in a
surface, which is on the right in the view shown in FigC4  dimer. Examination of space-filling models of the reaction
center show that it is by far the flattest part of the intra-
. L membrane surface of the reaction center, particularly when
Function of cardiolipin the cardiolipin molecule is included in the structure.
Turning to the possible function of the bound cardiolipin in
Rb. sphaeroideghe simplest explanation for its presence at .
. ) . General conclusions
this location on the surface of the reaction center may be
that it is the most suitable lipid, in terms of size and shapeThe protein sequence data analyzed in this report reveals
to interact with this part of the protein. Cardiolipin is a that the depression in the intra-membrane surface dRthe
non-bilayer-forming lipid, with a headgroup that is small in sphaeroidegeaction center, which provides a site of inter-
relation to the size of the acyl chain region. A lipid with a action with a molecule of cardiolipin, is well preserved in
larger headgroup might have more difficulty binding in this terms of size, shape, and charge distribution over a wide
region, due to the overhang presented by residues H59—-H@ange of photosynthetic bacteria. It is also known that car-
and L200-L202 (see Fig. 4). However, it is tempting todiolipin is a component of the cytoplasmic membrane in a
speculate that this cardiolipin also has a more specific rolevariety of photosynthetic bacteria, including many species
In cytochromec oxidase a bound cardiolipin is essential for of the RhodospirillaceagChromatiaceagandEctothiorho-
activity, and a preliminary report of an x-ray crystal struc- dospiraceaélmhoff and Bias-Imhoff, 1995), and it is prob-
ture of this protein places cardiolipin molecules at theable that it is present in the membranes of most of the
interface between monomers in a cytochrome oxidase dimespecies of photosynthetic bacteria surveyed in this work. It
(Mizushima et al., 1999). Recent high-resolution x-rayis not ubiquitous, however, and, for example, it does not
structures of bacteriorhodopsin have also shown verappear to be present in eithRb. capsulatu®r Rhodomi-
clearly the role of lipids in mediating protein-protein con- crobium vanielli (Imhoff and Bias-Imhoff, 1995). Given
tacts between monomers in a trimeric structure (Essen et alhis, it is not our purpose in this report to attempt to prove
1998; Luecke et al., 1999). These observations raise athat the reaction centers from all of these bacteria bind
obvious question: could the molecule of cardiolipin that iscardiolipin at the position indicated by tliRb sphaeroides
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FIGURE 4 Cardiolipin in the
VMOD?2 model of theRps. viridisre-
action center. ) Stereo image of a
surface representation of th&b.
sphaeroidegeaction center, with the
crystallographically resolved cardio-
lipin molecule shown in stick format.
The view is along the intra-membrane
surface of the protein, from the
periplasmic side of the membran8)(
Stereo image showing a surface rep-
resentation of th&®ps. viridisreaction
center, with the cardiolipin shown in
stick format. C) Stereo image of the
cardiolipin molecules from the 1QOV
(dark gray) and VMOD?2 (light gray)
models.

1QOV structure. Rather, our aim is to point out the se-could overcome variations in the precise architecture of the
quence conservation in this region of the protein and tcsurface of the reaction center caused by variation in the
draw attention to the possibility that cardiolipin may bind to amino acids that contribute to this surface.

the protein surface at this position in those photosynthetic

bacteria that contain this lipid. The modeling studies with

the Rps. viridis reaction center illustrate how modest This work was supported by the Biotechnology and Biological Sciences
changes in the detailed conformation of the cardiolipinResearch Council of the United Kingdom.
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