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SUMMARY

The role of lipids in the assembly, structure and function of hetero-oligomeric membrane protein
complexes is poorly understood. The photosynthetic cytochrome bgf complex, a 16-mer of eight
distinct subunits and 26 trans-membrane helices, catalyzes trans-membrane proton-coupled
electron transfer for energy storage. Using a 2.5 A crystal structure of the dimeric complex, 23
distinct lipid binding sites per monomer have been identified in the present study. Annular lipids
are proposed to provide a connection for (i) super-complex formation with the photosystem-I
reaction center, and (ii) the LHCII kinase enzyme for trans-membrane signaling. Internal lipids
mediate (iii) cross-linking to stabilize the domain-swapped iron-sulfur protein subunit, (iv)
dielectric heterogeneity within inter-monomer and intra-monomer electron transfer pathways, and
(v) dimer stabilization through lipid-mediated inter-monomer interactions. This study provides the
most complete structure-analysis thus far obtained of lipid-mediated functions in a multi-subunit
membrane protein complex, and reveals lipid-sites at positions essential for assembly and
function.

INTRODUCTION

Membrane proteins can assemble into large complexes and super-complexes (Iwai et al.,
2010; Schagger and Pfeiffer, 2000), whose stability is dependent on association with lipids
(Pfeiffer et al., 2003; Wenz et al., 2009). Specific lipid-protein interactions have been
inferred from crystal structures of a number of membrane proteins (Galdiero and Gouaux,
2004; Hanson et al., 2008; Hite et al., 2010; Lee et al., 2005), including hetero-oligomeric
complexes such as cytochrome c oxidase (Qin et al., 2006; Qin et al., 2008; Shinzawa-Itoh
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et al., 2007; Tiefenbrunn et al., 2011), cytochrome bc; complex (Hunte and Richers, 2008;
Lange et al., 2001; Palsdottir and Hunte, 2004), and the photosystem-I1 reaction center
(Guskov et al., 2009). Despite the increase in resolved membrane protein structures (~450,
http://blanco.biomol.uci.edu/membrane_proteins_xtal.html), hetero-oligomeric complexes
constitute only a small fraction, <75 structures, of the depositions in the PDB, thereby
limiting information concerning general principles that determine integral lipid functions.

The hetero-oligomeric cytochrome bc complexes, bgf and bc,, catalyze proton-coupled
quinone-redox reactions to generate a trans-membrane proton electrochemical gradient for
energy storage, as summarized (Berry et al., 2000; Cramer et al., 2006). The bgf complex
embedded in the thylakoid membrane consists of two monomers related by a 2-fold
symmetry axis normal to the membrane (Figures 1A, B). Each monomer has at least eight
distinct trans-membrane subunits (Figure 1A)- cytochrome bg (cytochrome b) and subunit
IV, respectively, with 4 (“A-D") and 3 (“E-G”) trans-membrane helices, and the single
helix subunits cytochrome f, iron-sulfur protein (ISP), and PetG, PetL, PetM and PetN, the
latter four forming a “picket-fence” around the periphery of the complex (Kurisu et al.,
2003; Stroebel et al., 2003). The cytochrome b subunit is linked non-covalently to the trans-
membrane hemes, b, and by, respectively on the electrochemically positive (p) and negative
(n) sides, and the covalently to heme ¢, (Figure 1B). The p-side extrinsic domains of ISP
and cytochrome f respectively bind a [2Fe-2S] cluster and a c-type heme (heme f) (Figure
1B). Structural stability of the bgf complex dimer (Breyton et al., 1997) as well as formation
of well-diffracting crystals (Zhang et al., 2003), depends on the presence of lipids. In the
related bc, complex, structure-function dependence on lipids has been demonstrated (Wenz
et al., 2009), and functions suggested for specific lipid sites (Lange et al., 2001; Palsdottir
and Hunte, 2004). Conservation of lipid-binding sites has been noted between the bgf and
bc, complexes (Hasan et al., 2011).

To understand the role of lipids in the biogenesis of hetero-oligomeric membrane protein
complexes, it is essential to obtain high resolution crystallographic information that
elucidates lipid-binding sites for targeted analysis by mutagenesis (de Vitry et al., 2004;
Lange et al., 2001; Wenz et al., 2009). In the present study, 23 lipid-binding sites per
monomer were identified in a 2.5 A crystal structure of the dimeric bgf complex isolated
from Nostoc PCC 7120. Specific functions are proposed for each lipid site: (i) formation of
an interface around the $-carotene to facilitate super-complex formation; (ii) stabilization of
the chlorophyll binding site inferred to have a role in trans-membrane signaling; (iii) a
determinant of position of the ISP helix; and (iv) a determinant of quinone traffic in the
inter-monomer cavity that modulates the intra-membrane electron-proton transfer. The study
provides the most comprehensive description thus far available of lipid functions in a hetero-
oligomeric membrane protein complex, partly as a consequence of the multiple pathways of
electron-proton transfer in the cytochrome complex.
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Lipid and Detergent Sites in the Cytochrome bgf Complex

Crystallographically ordered lipids and detergents indicate physiologically relevant lipid-
binding sites in membrane proteins (Qin et al., 2007), with an average lipid density of
approximately 10 lipid sites per 100 kDa (S, Table T1). The 2.5 A cytochrome bgf complex
structure described in the present study (Table 1) has revealed the presence of 12 lipids, 6
partially ordered alkyl chains, and 5 detergents per monomer (SI, Tables T2, T3, Figures S1,
and S2). Head-group atoms could be assigned to three n-side lipids- a sulfolipid and
monogalactosyldiacylglycerol (MGDG), which are unique to the membranes of oxygenic
photosynthesis, and the synthetic dioleoylphosphatidylcholine (DOPC). Other lipids were
modeled as diacylglycerols (DAG). It is significant to note that thylakoid membranes, unlike
other cellular membranes, consist of primarily neutral galactolipids (SI, Tables T4, T5). The
6 partially ordered alkyl chains represent loosely bound lipids.

Boundary Lipids Adjacent to the p-Carotene

An integral B-carotene-chlorophyll pigment pair, separated by ~14 A, is associated with the
cytochrome bgf complex (Kurisu et al., 2003; Stroebel et al., 2003) (Figure 2A). The 11 A
exposed conjugated chain of B-carotene has been proposed to mediate super-complex
formation with the photosystem-1 complex (Hasan and Cramer, 2012). However, whether
the p-carotene performs this “latch” function alone, or in combination with surface-bound
lipids, remains unknown.

Seven lipidic sites occupied by lipids, detergents, and an 8-carbon chain were assigned
around the bgf B-carotene pigment (Figure 2B). (i) The acyl tails of the lipid DAG6 (Figure
2B; SI, Figure S1A) interact with the subunits PetG and PetM (SI, Tables T2, T3). (ii) The
detergent UDM2 (Figure 2B; Sl, Figure S1B) is observed within interaction distance of the
PetG subunit, and the n-side subunit 1V fg-loop (SI, Tables T2, T3). (iii) The lipid DAG7
interacts with the subunit 1V G-helix and PetG (Figure 2B; Sl, Table T2, T3, Figure S1C).
(iv) The lipid MGDG (Figure 2B; Sl, Figure S1D) is located on the n-side, proximal to the
subunits PetL and PetM (SI, Tables T2, T3). (v) The lipid DAG4 (Figure 2B; SI, Figure
S1E) is associated with the core helices A, B and E (SI, Table T2). One acyl tail of DAG4 is
exposed on the bgf periphery, proximal to PetL, PetM, PetG and PetN (Figure 2B; Sl, Table
T2, T3). (vi) The lipid DAGS (Figure 2B; Sl, Figure S1F) interacts with the core helices B
and E (SI, Table T2, T3). The surface-proximal DAG5 acyl chain is associated with the
protein periphery, in contact with the subunits PetG and PetM (Figure 2B). (vii) An 8-
carbon chain (OCT, Figure 2B; Sl, Figure S1G) was modeled on the p-side, between the
peripheral acyl chains of the lipids DAG4 and DAGS5.

Stabilization of the Chlorophyll-Binding Niche

A chlorophyll molecule is associated with the p-side quinone-binding (Qp) site of the bgf
complex (Figure 2C), and has been proposed to be involved in mediating photosynthetic

state-transitions to maintain redox balance (de Lacroix de Lavalette et al., 2008; Hasan et
al., 2013b; Pierre et al., 1997). The chlorophyll phytyl-tail, which is inserted into the Qp-
portal between the F and C-helices, may function as a “sensor” for quinone/quinol traffic
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(Hasan et al., 2013b). The chlorophyll chlorin-ring is inserted between the F and G-helices,
and is exposed to the lipid bilayer on the edge (Baniulis et al., 2009; Kurisu et al., 2003;
Stroebel et al., 2003) (Figure 2C). In the cyanobacterial bgf complex structures, the exposed
chlorin-ring edge interacts with a DOPC lipid molecule (Figure 2D; Sl, Figure S1H).

The chlorophyll binding site is stabilized by lipid. (i) The n-side lipid DAG8 interacts with
the subunit 1V F-helix (Figure 2D; SI, Tables T2, T3, Figure S1I). (ii) The n-side lipid
DAG?7 (Figure 2C; Sl, Figure S1C) is associated with the subunit IV G-helix and PetG (SI,
Tables T2, T3). (iii) The p-side lipid DAG5 (Figure 2D; Sl, S1F) interacts with the subunit
IV ef-loop and G-helix (Sl, Tables T2, T3), thus forming an extensive association with the
chlorophyll niche.

A Lipidic-Cage around the ISP-Cytochrome f Trans-Membrane Helices

The ISP p-side extrinsic domain undergoes motion from the p-side quinone-binding site to
the cytochrome c; (bcy) or cytochrome f (bgf) extrinsic domain for electron transfer
(Yamashita et al., 2007; Zhang et al., 1998). Previously, a UDM molecule was modeled at
the p-side interface between the cytochrome f and ISP helices in the cyanobacterial bgf
structures, and a 20-carbon chain in the algal bgf structure. However, in the 2.7 A bgf
structure from Nostoc PCC 7120 (PDB ID 4H44), the 2.8 A structure from M. laminosus
(PDB ID 417Z), and the 2.5 A structure described in the present study (PDB ID 40GQ), a
lipid DAG2 (Figure 3; SI, Figure S1J) was modeled in the electron density. The lipid
position is conserved in the related cytochrome bc; complex (Hasan et al., 2011). The
DAG?2 acyl tails interact with the cytochrome f and ISP helices, and with the E-helix of
subunit IV (SI, Tables T2, T3). Additional interaction of the ISP helix is observed with the
lipid DAGL1 (Figure 3; SI, Figure S1K, Tables T2, T3). On the n-side, it has previously been
shown that the sulfolipid mediates interactions between the ISP and cytochrome f helices (de
Vitry et al., 2004) (Figure 3; Sl Figure SIM). In the present study, an additional n-side lipid
DAGS interacts with the ISP helix through one of its acyl tails to enhance contacts of the
ISP subunit with the bgf core (Figure 3; Sl, Tables T2, T3, Figure SIN).

On the p-side, the cytochrome f helix is stabilized by interactions with the lipids DAG2 and
DAG3 (Figure 3; S, Tables T2, T3, Figure S1L).

Nature of the Inter-Monomer Cavity

The bgf complex dimer encloses a large 30A x 15A x 25A cavity, which functions in
quinone/quinol exchange with the bulk membrane (Cramer et al., 2006). The contents of the
cavity have not been resolved in the previously published lower resolution bgf structures. In
the present study, a total of 6 lipidic sites were assigned in the cavity per monomer (SI,
Table T2). (i) A lipid DAG9 was modeled proximal to heme ¢, along the cavity walls
defined by the helices A, D and E (Figure 4A; SI, Tables T2, T3 and Figure SIN). (ii) A
partially ordered UDM5 detergent was modeled close to the axial position of heme ¢,
(Figure 4A; SI, Tables T2, T3 and Figure S1P). However, the 11-carbon UDM tail does not
sufficiently occupy the long tubular density, which extends further toward the p-side. (iii)
Hence, an 18-carbon chain (8K6-4) was also modeled in the electron density (Figure 4A; Sl,
Tables T2, T3, and Figure S1P). (iv, v) Two n-side 18-carbon chains (8K6-2, and 8K6-3)
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were modeled at the boundary/cavity interface of the bgf dimer, proximal to the DAG9 lipid
(Figure 4B; Sl, Tables T2, T3 and Figure S1Q). (vi) A lipid, DAGS (SlI, Figure S11) was
found to be located proximal to 8K6-2 and 8K6-3 (Figure 4B). The DAGS glycerol moiety
interacts with the N-terminal surface helix of the cytochrome b subunit in one monomer,
while the DAGS acyl tails contact the cytochrome b C-helix, and the subunit IV F-helix in
the other monomer (SI, Tables T2, T3).

The periphery of the cytochrome bgf complex inter-monomer cavity was observed to contain
5 lipidic sites. (i, ii) On the n-side, two partially ordered UDM molecules (UDM3 and
UDM4) have been previously reported to be bound to the cytochrome b N-terminal surface
helix (Figure 4C; SI, Tables T2, T3, Figure S1R). (iii) The sulfolipid acyl tails, located
proximal to the cavity, were previously reported to be disordered (Baniulis et al., 2009;
Stroebel et al., 2003; Yamashita et al., 2007). In the present study, electron density was
assigned to portions of the acyl tails, one of which is wrapped around the ISP helix (Figure
4D). (iv, v) On the p-side of the bgf complex, an 18-carbon 8K6-1 and a 15-carbon MYS
chain (Figure 4E; Sl, Figure S1S, S1T) were assigned within the cavity (SI, Table T2, T3).

It is noted that the lipid binding sites described in the present study are abundant in aromatic
residues (S, Table T3). The relatively more polar tyrosine and tryptophan residues are
located mainly near the polar lipid head groups, while the phenylalanine residues are found
closer to the lipid acyl tails (SI, Figures S2A-S2T).

DISCUSSION

Specific interactions with lipids have been implicated in regulation of topology, assembly
and oligomerization of membrane protein assemblies (de Vitry et al., 2004; Dowhan and
Bogdanov, 2009; Hasan et al., 2011; Hasan et al., 2013b; Remy et al., 1982). Models have
been proposed to describe the insertion and assembly of simple membrane proteins in lipid
bilayers (Egea and Stroud, 2010; Rapoport et al., 2004; White and von Heijne, 2004).
However, the sequence of assembly-related events relevant to multi-subunit membrane
proteins, especially the hetero-oligomeric complexes remains unknown. It is inferred that
insertion of lipids must occur during assembly of membrane protein complexes. The 23
lipid-binding sites identified in the present study provide clues about additional necessary
steps in the assembly of hetero-oligomeric complexes and super-complexes. The association
of the cytochrome bgf complex with lipids occurs mainly through the lipid acyl chains as the
head-group electron density is poorly defined for nine of the 12 lipids reported to be bound
to the bgf complex.

Lipids in the Vicinity of the Unique p-Carotene

In the present study, 7 lipid sites were identified on the bgf complex surface, close to the -
carotene (Figure 2B). Due to their surface location, lipids may provide cross-linking
interactions that stabilize a bgf super-complex formed with the PSI reaction center complex.
Hence, in contrast to information derived from lower resolution bgf structures (Hasan and
Cramer, 2012; Hasan et al., 2011; Stroebel et al., 2003), the present study shows that
stabilization of a bgf-PSI super-complex may be mediated by the $-carotene and
supplemented through lipid contacts (Figure 2B), thereby providing a lipidbased mechanism
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of super-complex formation that is conserved between the respiratory and photosynthetic
electron transfer chains.

Lipidic Environment of the Chlorophyll-Binding Site

The bgf complex chlorophyll (Figure 2C) can perform a quinone/quinol sensing function in
state transitions in which the p-side quinol-binding site acts as a redox sensor (Vener et al.,
1997; Zito et al., 1999). The interaction of the bound quinone with the chlorophyll phytyl-
tail may generate a signal that activates the enzyme LHCII kinase for state transitions
(Hasan et al., 2013b; Lemeille and Rochaix, 2010). Insertion of an a-helix proximal to the
chlorophyll-binding site inhibits state transitions indicating a specific role of chlorophyll-
binding niche in trans-membrane signaling (Zito et al., 2002). In the bgf structure described
in the present study, a total of 4 lipids have been identified in the vicinity of the chlorophyll-
binding niche (Figure 2D). The synthetic lipid DOPC has previously been reported to
occupy an n-side site between the F and G-helices of subunit IV (Baniulis et al., 2009;
Yamashita et al., 2007). The DOPC position is occupied by the cytochrome b terminal H-
helix in the related bc; complex (Hasan et al., 2011). Additional stabilization is provided by
the lipids DAG5, DAGS, and DAG7 (Figure 2D). It is significant that the lipidic sites are
located on the surface, proximal to the chlorophyll, thereby providing an adaptable surface
for interaction with the LHCII kinase through lipid-mediated contacts.

Lipid-Mediated Stabilization of the Iron-Sulfur Protein

Enhanced flexibility of the bgf ISP subunit, which would require additional stabilization, is
inferred from a comparative analysis of the biochemical and structural properties of the ISP
subunit in the bgf and bcy complexes (Hasan et al., 2013a) including, (i) a disordered
flexible poly-Gly hinge in the bgf ISP subunit in crystal structures (Kurisu et al., 2003;
Stroebel et al., 2003), and, (ii) resistance of bgf ISP poly-Gly hinge mutagenesis to loss of
function (de Vitry et al., 2004; Yan and Cramer, 2003). Here, it is significant that bgf
delipidation is correlated with ISP loss (Breyton et al., 1997; Zhang and Cramer, 2005). In
the present study, multiple lipid sites were observed proximal to the ISP helix. On the p-
side, the lipids DAG1 and DAG2 act as cross-linkers to enhance the stability of the ISP
subunit (Figure 3). On the n-side, the sulfolipid headgroup augments interactions of the ISP
with cytochrome f (de Vitry et al., 2004) (Figures 3, 4D). One of the sulfolipid acyl tails is
inferred to interact with the ISP helix (Figure 4D). Hence, an extensive lipid-based network
is involved in ISP stabilization in the bgf complex.

Role of Lipids in the Inter-Monomer Cavity

In the present study, five lipidic sites (SI, Figure S3A, B) have been identified that connect
the Qp-portal to the inter-monomer cavity. The acyl tails of the lipid DAG8 (Figure 4B)
point toward the Qp-portal. Additional sites along the Q,-portal are occupied by the 15-
carbon chain MY'S (Figure 4E), and the 18-carbon chains 8K6-1 (Figure 4E), 8K6-2 (Figure
4B), and 8K6-3 (Figure 4B). The location of the lipidic sites may be significant for quinone/
quinol traffic. The quinone molecule has a long 45-carbon hydrophobic tail, which can
potentially interact via Van der Waals’ interactions with sites other than the quinone binding
site. The lipidic sites enhance tight packing of the bgf complex hydrophobic core, and
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occupy potentially superfluous quinone binding sites. It is expected that the efficiency of
quinone/quinol traffic is enhanced in the presence of lipids (SI, Figures S3A, B), which
reduce the number of quinone binding sites that may result in unproductive quinone-protein
interactions.

It is relevant to note that delipidation has been implicated in monomerization and
inactivation of the bgf complex (Breyton et al., 1997). In the present study, 11 distinct lipid
sites (Figures 4A-E) per bgf monomer associated with the cavity have been identified.
Recent studies on the cytochrome bc; complex have defined inter-monomer electron transfer
(Lanciano et al., 2011; Swierczek et al., 2010). The presence of lipids in the cavity may
influence inter-monomer interactions relevant to electron transfer, by altering the dielectric
constant between the inter-monomer heme pairs. In contrast, the intra-monomer heme pair is
embedded in a protein environment. Therefore, lipids within the cavity may modulate the
function of cytochrome bc complexes.

In summary, the present study shows that intrinsic lipids perform crucial functions as
bridging molecules that mediate contacts between subunits of polytopic, multi-subunit
membrane protein complexes, and thus enhance subunit-subunit interactions while
providing an interface for super-complex formation. This study poses questions about the
presently unknown mechanism by which lipids are inserted into critical internal sites within
hetero-oligomeric complexes and super-complexes at the inter-subunit interface during
translocon-dependent assembly.

EXPERIMENTAL PROCEDURES

Isolation and Crystallization of the Cyanobacterial Cytochrome bgf Complex

Purification and crystallization of the dimeric cytochrome bgf complex from Nostoc PCC
7120 have been described (Baniulis et al., 2009; Baniulis et al., 2011). The isolated bgf
dimer complex was concentrated to 135 uM (monomer concentration) in the buffer Tris-HCI
(30 mM, pH 7.5, at room temperature), NaCl (50 mM), sucrose (10%), analytical grade
UDM (3 mM, Anatrace, Maumee OH) and the lipid DOPC (1 mM, Avanti Polar Lipids Inc.,
Alabaster AL), and crystallized as described (Baniulis et al., 2011). The concentration of the
lipid DOPC is close to saturation in the protein buffer, which is essential for stabilization of
the isolated dimeric bgf complex. Following cryo-protection, the cytochrome bgf complex
crystals were frozen by plunging in liquid nitrogen.

X-ray Data Collection, Data Reduction, and Electron Density Map Calculation

Diffraction data sets were previously collected at 100 K for the cytochrome bgf complex
crystals (PDB ID 2ZT9), at beamline 19-1D-B of the Advanced Photon Source, Argonne IL.
Based on the correlation-coefficient method of diffraction data merging (Karplus and
Diederichs, 2012), the X-ray diffraction data (PDB ID 2ZT9) (Baniulis et al., 2009) were re-
processed in HKL2000 (Otwinowski and Minor, 1997) to a resolution of 2.5 A (Table 1).
Rigid-body refinement of the bgf complex atomic model (PDB ID 4H44) was performed in
Phenix (Adams et al., 2010) against the 2.5 A diffraction data-set, using a single rigid-body.
Model building was performed in COOT (Emsley et al., 2010). Simulated annealing of
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torsion angles and Cartesian coordinates was performed, along with Translation-Libration-
Screw refinement. The fitting of coordinates of the Rieske iron-sulfur protein extrinsic
domain (chain D, Thr54-Ser179) into the electron density map was improved by manually
modeling the coordinates on the cyanobacterial iron-sulfur protein extrinsic domain crystal
structure (PDB ID 3AZC) (Veit et al., 2012), followed by restrained refinement. Lipid and
detergent sites were located using the Fo-Fc and 2Fo-Fc maps, respectively contoured at
3.0-3.5 0 and 1.0-1.5 o. The ligands were built manually into the electron density in COOT,
followed by restrained refinement.

Analysis of Lipid-Protein Contacts

A model of the dimeric bgf complex was analyzed in PyMol (www.pymol.org). A cut-off
distance of 4.0 A was used to identify the amino acids which interact with each lipid. The
residues are listed in SI Table T3.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

8K6 18-carbon chain

Car j-carotene

Chl chlorophyll

Cyt cytochrome

DAG diacylglycerol lipid

DOPC dioleoylphosphatidylcholine lipid

Heme c,, covalently linked heme on n-side of cytochrome b polypeptide, serves as
quinone binding site

ISP iron-sulfur protein, bound to high-potential [2Fe-2S] cluster

MGDG monogalactosyldiacylglycerol lipid

MYS 15-carbon chain

n, p-sides electrochemically negative and positive side of membrane and cytochrome
bc complexes

OCT 8-carbon chain

PDB Protein Data Bank
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PSI photosystem-I reaction centre complex
Qn, Qp-sites quinone reduction-protonation (n-side) and quinol deprotonation-oxidation
sites (p-side)
SQDG sulfoquinovosyldiacylglycerol lipid
SublVv subunit 1V of bgf complex
TMH trans-membrane helix
UDM n-undecyl-3-D-maltopyranoside
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Figure 1.
Dimeric cytochrome bgf complex from Nostoc PCC 7120. (A) The monomer consists of

eight polypeptides (ribbons)- cytochrome bg (yellow, 4 helices), subunit IV (orange, 3
helices), cytochrome f (cyan, 1 helix), ISP (pink, 1 helix), PetG (dark green, 1 helix), PetL
(gray, 1 helix), PetM (light brown, 1 helix), PetN (light green, 1 helix). (B) Prosthetic groups
associated with the bgf complex- two non-covalently linked hemes, by and by, a covalently
linked heme c,, a chlorophyll-a/B-carotene pair, a covalently linked heme (heme f) and a
[2Fe-2S] cluster. n, p, electrochemically negative (stroma) and positive (lumen) sides.
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Figure 2.
Lipidic-interface for super-complex formation. (A) The B-carotene molecule (yellow sticks)

has been proposed to serve as a “latch” for interactions with the PSI complex. (B) On the n-
side, the lipids DAG6 (orange/red sticks), DAG7 (white/red sticks), MGDG (blue/red sticks)
and the partially ordered detergent UDM2 (brown/red sticks), and on the p-side, the lipids
DAG4 and DAGS5 (white/red sticks), and an 8-carbon OCT (red) form the interface. (C) A
chlorophyll (green/red/blue sticks) is inserted between the F and G-helices of subunit IV
(orange ribbons). C-helix shown in gray. A quinone analog (red sticks, from PDB ID 2E76)
is shown for reference. (D) A DOPC lipid (brown/blue/red/yellow sticks) is associated with
the F and G-helices. Further stabilization is provided by the lipids DAG7 (yellow/red sticks)
and DAGS (light blue/red sticks) that interact, respectively, with the G and F-helices of
subunit V. On the p-side, an acyl tail of lipid DAG5 (blue/red sticks) further stabilizes the
chlorin-ring. Black mesh, 2Fo-Fc map at 1.1 o.
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Figure 3.
p-Side lipid cage around ISP-cytochrome f. Lipid DAG2 (white/red sticks) enhances the

stabilization of the ISP helix (pink ribbon) by cross-linking with the cytochrome f helix
(cyan ribbon). The lipid DAG1 (green/red) connects the ISP helix to the cytochrome b
polypeptide (yellow surface). The cytochrome f helix (cyan ribbon) is stabilized by the lipid
DAG3 (blue/red sticks). On the n-side, interactions of the ISP helix with the bgf core are
mediated by the sulfolipid (red sticks, SQDG) and lipid DAG9 (yellow/red sticks). Black
mesh, 2Fo-Fc map at 1.1 o.
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Figure 4.
Lipidic sites in the inter-monomer cavity of the bgf complex. (A) Lipids located proximal to

heme c,. The lipid DAG9 (green/red) interacts with the A, D and E-helices. The ligand
bound to heme c;, (red sticks) is modeled as a partially ordered detergent UDM5 (cyan/red).
An alternate ligand is modeled as the 18-carbon 8K6-4 (magenta). (B) Two 18-carbon
chains, 8K6-2 and 8K6-3 (magenta sticks), are modeled proximal to the C and D-helices. A
lipid, DAGS (yellow/red sticks), provides a connection between the inter-monomer cavity
and the lipid bilayer. (C) The detergents, UDM3 and UDM4 (white/red sticks) are observed
at the n-side lipid-water interface. ISP helix shown as a pink ribbon. (D) The sulfolipid
(SQDG, yellow/red sticks) provides an n-side connection between the ISP (pink ribbon) and
cytochrome f (cyan ribbon) helices. (E) An 18-carbon 8K6-1 (magenta sticks) and 15-carbon
MYS (blue) chains were modeled in proximity to the Qp-site, marked by the chlorophyll
phytyl-tail. Black mesh, 2Fo-Fc map at 1.1 o.
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Table 1

Summary of crystallographic data. Values in parentheses correspond to the outer shell.
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Crystal Cyt bsf (PDB ID 40GQ)
Data Collection

Space Group P6,22
Cell Dimensions

a b, c(A) 159.3, 159.3, 365.9

a, B, v (A) 90, 90, 120
Number of Molecules (A. U.) 1
Resolution (A) 50.00-2.50 (2.54-2.50)
Ryim (%) 4.8 (90.6)
cc* 0.68
<I>/<op> 16.7 (1.0)
Measured Reflections 498,334
Unique Reflections 93,444
Completeness (%) 98.2 (89.9)
Redundancy 53(5.2)
Refinement

Resolution (A) 39.57-2.50

Ruork/Riree (%) 20.0 (33.8)/23.2 (36.3)
Coordinate Error (M.L., A) 0.33
Ramachandran statistics"

Favored 93.11

Allowed 6.14

Unfavored 0.75
Rotamer Outliers (%) 0.90
Amino Acids (A.U.) 949
No. of atoms

Protein 7296

Ligand/lon 1007

Water 93
B-factors (A2 Average)

Protein 94.40

Ligand/lon 108.60

Water 82.90
RMS Deviation

Bond lengths (A) 0.003

Bond angles (°) 0.766
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Data merged from two crystals; 5% of the reflections used for Rfree calculation; A.U., asymmetric unit; CC*, correlation coefficient; M.L.,
maximum-likelihood;

*
Molprobity statistics.
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