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Role of Domain Swapping in the Hetero-Oligomeric Cytochrome
bef Lipoprotein Complex

Rachna Agarwal’, S. Saif Hasan®, LaDonna M. Jones?#, Jason T. Stofleth™ !, Christopher M.
Ryan$, Julian P. Whitelegge$, David M. Kehoe*, and William A. Cramer™ T

TDepartment of Biological Sciences, Purdue University, West Lafayette, Indiana 47907, United
States

*Department of Biology, Indiana University, Bloomington, Indiana 47405, United States

SPasarow Mass Spectrometry Laboratory, NPI-Semel Institute, University of California, Los
Angeles, California 90095, United States

Abstract

Domain swapping that contributes to the stability of biologically crucial multisubunit complexes
has been implicated in protein oligomerization. In the case of membrane protein assemblies,
domain swapping of the iron—sulfur protein (ISP) subunit occurs in the hetero-oligomeric
cytochrome bgf and bcy complexes, which are organized as symmetric dimers that generate the
transmembrane proton electrochemical gradient utilized for ATP synthesis. In these complexes,
the ISP C-terminal predominantly #-sheet extrinsic domain containing the redox-active [2Fe-2S]
cluster resides on the electrochemically positive side of each monomer in the dimeric complex.
This domain is bound to the membrane sector of the complex through an N-terminal
transmembrane a-helix that is “swapped’ to the other monomer of the complex where it spans the
complex and the membrane. Detailed analysis of the function and structure of the bgf complex
isolated from the cyanobacterium Fremyella diplosiphon SF33 shows that the domain-swapped
ISP structure is necessary for function but is not necessarily essential for maintenance of the
dimeric structure of the complex. On the basis of crystal structures of the cytochrome complex, the
stability of the cytochrome dimer is attributed to specific intermonomer protein—protein and
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protein—lipid hydrophobic interactions. The geometry of the domain-swapped ISP structure is
proposed to be a consequence of the requirement that the anchoring helix of the ISP not perturb
the heme organization or quinone channel in the conserved core of each monomer.
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Protein oligomerization under in vivo conditions is crucial for cellular survival® as it leads to
stability, enhanced allosteric control, increased availability of active sites, and formation of
novel sites at intersubunit interfaces.1~3 Despite the significance of oligomerization to
cellular physiology, the mechanism by which individual proteins assemble and interact to
form a multisubunit complex remains enigmatic. Domain swapping provides a mechanism
for achieving oligomerization and involves exchange of identical domains, or secondary and
tertiary structure elements, between monomeric units to generate a higher-order
assembly.2~4 Domain swapping can provide a physical connection between monomeric
subunits, leading to the stabilization of a multisubunit oligomer. Domain swapping has also
been implicated in disease development, especially in neurodegenerative disorders.>6
Elucidation of the mechanism and effects of domain swapping is central to an understanding
of the relation of structure to function in heterooligomeric membrane protein complexes.

Oligomerization of polypeptides into higher-order assemblies has been extensively reported
for membrane protein complexes, including those involved in ion conductance,’-8 nutrient
transport,® cellular signaling,1%-12 photosynthetic electron transfer,13-16 respiratory electron
transfer,17-19 and ATP synthesis.2%-21 Oligomerization is achieved mostly through limited
exchange of structural elements between the monomeric subunits of membrane protein
complexes. A unique case of oligomerization is presented by the membrane-associated
dimeric cytochrome bc complexes (bgf of oxygenic photosynthesis and bcy of anoxygenic
photosynthesis and respiration) that catalyze quinone redox reactions during photosynthesis
and respiration. These complexes consist of multiple subunits that are organized into the
monomeric unit of the dimeric complex.22-31 In the case of the cytochrome bgf complex,
eight distinct polypeptides (Figure 1A) and seven prosthetic groups (Figure 1B) have been
resolved crystallographically in the monomer, for which a number of crystal structures have
been published, the latest described in Protein Data Bank (PDB) entry 40GQ.32 The
complex contains four relatively large subunits, cytochrome bg [cyt b subunit containing
four transmembrane helices (TMH), “A-D"], subunit IV (sublV with three TMH, “E-G”),
cytochrome f, and the iron—sulfur protein (cyt f and ISP, respectively, each with a single
TMH and a large extrinsic domain). The complex also contains four small peripheral
subunits, PetG, L, M, and N, each spanning the membrane as a single TMH. The dimer
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encloses an intermonomer cavity, which has been proposed to be involved in quinone/quinol
capture from the lipid bilayer, and subsequent transfer to the quinol deprotonation—oxidation
(Qp) site through a narrow, partially occluded channel 3334 The intermonomer cavity is
occupied by lipid molecules,32 which have been inferred to influence electron transfer
through dielectric constant modulation within the transmembrane domain.3°

In the bgf and bcy complexes, the ISP subunit is organized in a transmonomer conformation
by “domain swapping”, through which the ISP p-side extrinsic domain, which must undergo
significant rotation and translation to accomplish competent electron transfer,36 is located
proximal to one monomer, while its single TMH is associated with the other (Figure 1C). In
the cyt bgf complex, electron transfer from plastoquinol to the ISP subunit leads to
generation of a neutral semiplastoquinone and reactive oxygen species, which have been
implicated in cellular signaling.3” The first structure of the ISP extrinsic domain in the cyt
bgf complex [PDB entry 1RFS (Figure 1D)] was isolated from spinach thylakoids,
crystallized, and resolved to a resolution of 1.83 A.38 The C-terminal ISP extrinsic domain
consists primarily of f-sheet and has a bipartite structure consisting of two distinct
subdomains (Figure 1D), a [2Fe-2S] cluster binding “small” subdomain and a large
subdomain that are distal and proximal, respectively, to the domain-swapped transmembrane
a-helical domain (Figure 1C). The small subdomain, which provides ligation to the [2Fe-2S]
cluster, shares structural homology with the corresponding subdomain in the related cyt bcy
ISP subunit and has a rubredoxin-like fold.38 The large subdomain, which connects to the
TMH in the adjacent monomer, is not similar in structure to the ISP subunit of the bcy
complex.

The N-terminal ISP subunit TMH shows limited conservation of structure between the cyt
bgf and bcy complexes (Figure 1E, PDB entry 1Q90). In the cyt bgf complex, the ISP TMH
shows a distinct bend induced by the presence of Pro37, as seen in the structure of the
cyanobacterium Mastigocladus laminosus (PDB entry 2E74), and Pro56 in the
Chlamydomonas reinhardtii complex. It is of interest to note that Pro37 in the
cyanobacterial ISP structure is replaced by Gly63 in the C. reinhardtii structure, while Pro56
in the C. reinhardtii ISP structure is replaced by Gly28-Val29 in the M. laminosus structure.
The functional significance of the bent ISP TMH remains unknown, although in the 2.5 A
structure of the cyt bgf complex (PDB entry 40GQ),32 the ISP TMH is found to be
connected to the TMH of the PetL subunit via an n-side lipidic molecule. PetL has
previously been implicated in the stability and assembly of the bgf complex in the eukaryotic
C. reinhardtii.3%-42 The ISP-encoding petC gene is nuclear-encoded in eukaryotes, and the
insertion and assembly of the petC gene product into a stable and functional complex may
require additional factors, such as interaction with PetL. The bend in the ISP TMH would
prevent potential steric clashes with the PetL helix and generates an n-side interhelix lipidic
site, occupied by the detergent UDM, between the transmembrane helices of the ISP and
PetL subunits (Supporting Information, Figure S1).

In the bcq complex, the ISP extrinsic domain has been shown to undergo a large-scale
motion relevant to electron transfer.43 Motion of the ISP extrinsic domain in the cyt bgf
complex has been inferred from the crystallographic disorder of the domain,** projection
map analysis of the isolated dimer in the presence of a quinol analogue,*® and mutagenesis

Biochemistry. Author manuscript; available in PMC 2015 December 08.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Agarwal et al.

Page 4

of the flexible hinge that connects the ISP extrinsic domain to the TMH.#647 It has been
suggested that domain swapping of the ISP subunit contributes to dimer stability,22:23 as loss
of this subunit during detergent extraction and purification of the bgf complex from
thylakoid membranes has been associated with monomerization and inactivation of the
complex.24:39.48-50 Co_crystal structures of the bgf complex with the quinol analogue TDS
(tridecyl-stigmatellin) (PDB entry 4H13) show that the electron donor, the [2Fe-2S] cluster,
is separated from the electron acceptor, a ring of the heme of cytochrome f, by ~28 A.51 To
transfer electrons from the bound quinol to the heme of the cyt f subunit, the ISP extrinsic
domain must undergo motion from a quinol-proximal position to a heme f-proximal
position,2 as documented crystallographically for the mitochondrial bc; complex.36
Although tight binding of the ISP extrinsic domain to the bgf monomer at the quinol-
proximal or heme f-proximal site would enhance dimer stabilization, a strong interaction of
the ISP extrinsic domain with either docking site would interfere with ISP extrinsic domain
motion. Contrary to the view presented previously,* it is inferred from these studies that
dimer stability in cyt bc complexes does not require a connection between the two
monomers mediated by an intact ISP subunit and must involve intermonomer hydrophobic
interactions other than those mediated by ISP domain swapping. In the study presented here,
isolation and biochemical characterization of the cyt bgf complex from the cyanobacterium
Fremyella diplosiphon SF33 are reported. It is demonstrated that the ISP subunit contributes
minimally to the stabilization of the dimeric state of the cytochrome bgf complex. Analysis
of the interactions that are significant for stabilization of the cyt bgf dimer in the context of
the recent structure data has identified several residues in the transmembrane helices near
the intermonomer interface that are well positioned to stabilize the dimeric structure, along
with internal lipids that can have a role in the stabilization.

MATERIALS AND METHODS

Genetic Modification of the petA Gene

A PetA-His strain of F. diplosiphon SF33 that contained a petA gene with six histidine
codons added in-frame after the final codon at the C-terminus (see Table S1 of the
Supporting Information for details of primers) was obtained by genetic modification. This
strain was created using plasmid pPetA-His. The pPetA-His insert was obtained by overlap
polymerase chain reaction amplification as previously described,®? using the primer pairs
petA-F-Ncol and petA-His-R3 for one fragment and petA-R-EcoRI and petA-His-F3 for the
second fragment. The final fusion product was amplified using the primer pair petA-F-Ncol
and petA-R-EcoRl, and the 2.9 kb product was cleaved with EcoRI and Ncol and then
cloned into EcoRI- and Ncol-cut pJCF276.54 The insert and junctions of pPetA-His were
verified by sequencing prior to conjugation into the cpc3 P+L strain of F. diplosiphon
SF33%5 as previously described.>#:56 Colonies with chromosomally integrated pPetA-His
were selected on 1% agar-Medium D (pH 8.0) containing 10 mg/mL neomycin.
Transformed colonies were grown in 50 mL of BG-11 medium (pH 8.0) without selection
and bubbled with air containing 3% CO, while being illuminated by 10-15 mmol of photons
of red light m™2 s71 from LEDs (Digikey.com model 160-1415-2-ND). The culture was
grown to an absorbance of 0.7 at 750 nm and then plated. The resulting colonies were
sucrose-resistant and screened for allelic replacement.>*56 Genomic DNA from these
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colonies was sequenced to confirm the presence of a six-histidine-tagged petA gene.
Colonies containing six-histidine-tagged petA were restreaked four times and resequenced to
verify the presence of the six-histidine tag.

Cell Growth

Mutant F. diplosiphon SF33 with a six-histidine tag at the C-terminus of cyt f was grown in
two phases, under different illumination conditions. A starter culture of 1 L was grown
under red-white light (~100 pmol m=2 s71) at 30 °C for ~7 days. The culture was used as an
inoculum for a 10 L carboy that was grown for an additional 7-8 days under blue-white light
(~100 pmol m~2s71), to an optical density of ~0.5 at 730 nm.

Membrane Preparation

A 350 mL bead-beater chamber was filled with ~175 mL of sterile glass beads (0.1 mm
diameter). Cells from three carboys (~25-30 g of wet cell mass) were suspended in ~165 mL
of a cell breakage solution containing 25 mM HEPES buffer (pH 7.5), 400 mM sucrose, 10
mM MgCl,, 10 mM CaCls,, and protease inhibitors (2 mM benzamidine, 2 mM 6-
aminohexanoic acid, and 0.2 mM phenylmethanesulfonyl fluoride) and packed in the bead-
beater chamber. Cells were broken by a short (~10 s) agitation followed by cooling (~6
min). The cycle was repeated 15 times. Cell debris was removed by centrifugation of the cell
lysate at 25009 (4 °C). Thylakoid membranes were harvested from the supernatant by
ultracentrifugation (300000g, 40 min, 4 °C).

Protein Purification and Characterization

Membranes were resuspended in an extraction buffer containing Tris-HCI (20 mM, pH 8.0),
NaCl (50-100 mM), and protease inhibitors and extracted with UDM detergent [0.5% (w/v)]
for 30 min at 4 °C in darkness at a chlorophyll a concentration of 2 mg/mL. The extract was
clarified by centrifugation (300000g, 40 min, 4 °C), and the pH of the debris-free
supernatant was re-equilibrated to 8.0 with Tris-HCI. The extract was passed through a 0.45
um syringe filter and loaded under gravity on a 15 mL Ni-NTA metal affinity
chromatography column equilibrated with extraction buffer supplemented with 0.05%
UDM. The column was washed with the same buffer, and the protein was eluted with 300
mM imidazole dissolved in equilibration buffer (pH 8.0). The eluted protein was loaded on a
10 to 32% linear sucrose gradient prepared in Tris-HCI (30 mM, pH 7.5), NaCl (50 mM),
EDTA (1 mM), UDM (0.05%), and protease inhibitors and centrifuged at 1600009 for 12—
16 h 4 °C to separate the dimer from the monomer. Sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS-PAGE) analysis of the purified protein was performed on a 12%
polyacrylamide gel using standard procedures. Purification of the bgf complex from spinach
and Nostoc PCC 7120 has been described previously.2457 Genetic modification and
purification of the cyt bgf complex from Synechocystis sp. PCC 6803 were performed
following protocols described for Synechococcus sp. PCC 7002.58 Clear native gel
electrophoresis was performed according to published protocols®® on a 4 to 12% gradient
gel. Gel densitometry was performed using AlphaView software from ProteinSimple.50
Briefly, the intensity of bands corresponding to cyt f, cyt bg, ISP, and sublV was determined,
followed by scaling to the corresponding molecular masses to obtain the subunit
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stoichiometry relative to cyt f. Two-dimensional (2D) clear native-PAGE was performed
according to a protocol described elsewhere.61

Assay of Electron Transfer Activity

Thylakoid membranes and cytochrome bgf were isolated from F. diplosiphon, as described
in this section. Cytochrome bgf oxidoreductase activity was measured at room temperature
in a 20 mM Tricine-NaOH buffer (pH 8.0) containing 0.05% UDM. The reaction mixture
containing 25 pM decyl-plastoquinone, 2.5 uM horse heart cytochrome c, and 250 pM
potassium ferricyanide was initiated by addition of ~10 nM cytochrome bgf complex or
thylakoids containing ~5 pg of chlorophyll. The reaction was monitored through the change
in ferricyanide absorbance at 420 nm, relative to the background rate, based on a millimolar
extinction coefficient gy of 1.02 mM~1 em™,

Mass Spectrometric Analysis

The polypeptide composition of the Fremyella cytochrome bgf preparation was analyzed by
liquid chromatography and mass spectrometry (Supporting Information, Figures S2—-S9)
with fraction collection as described previously (LC-MS+).52 Selected polypeptide masses
were further analyzed by high-resolution Fourier transform mass spectrometry using
collisionally activated or electron capture/transfer dissociation (CAD/ETD) as described
previously.83 The high-resolution data were collected using positive ion nanoelectrospray
ionization on ion cyclotron resonance/orbitrap Fourier transform instruments (Thermo
Scientific) externally calibrated to yield data at mass accuracy tolerances of <15 ppm. Data
were interpreted using Prosight PC 2.0 (Thermo Scientific) to transform raw files in to peak
lists and match the resulting monoisotopic masses to protein structures with various post-
translational modifications.%4

Structure Studies of Intermonomer Contacts

Intermonomer interactions were identified in the recently published 2.5 A crystal structure
of the bgf complex (PDB entry 40GQ),32 and the 1.9 A crystal structure of the cyt bcy
complex (PDB entry 3CX5).31 The crystallographic dimers of the bgf and bcy complex were
analyzed for intersubunit interactions and interfacial area calculations using COCOMAPS.6°
Residue pairs separated by more than 4 A were classified as noninteracting.

Sequence Alighment

Multiple-sequence alignment was performed in Clustal-Omega, using default settings. NCBI
accession numbers: cyt bg, Synechocystis sp. PCC 6803 (BAA10149.1), Synechococcus
PCC 7002 (P28056.1), Nostoc PCC 7120 (BAB75120.1), M. laminosus (AAR26242.1), C.
reinhardtii (CAA44690.1), Arabidopsis thaliana (NP_051088.1), and Spinacia oleracea
(CAA30128.1); sublV, Synechocystis sp. PCC 6803 (BAA10150.1), Synechococcus PCC
7002 (YP_001734101.1), Nostoc PCC 7120 (NP_487462.1), M. laminosus (AAR26243.1),
C. reinhardtii (CAA40030.1), A. thaliana (NP_051089.1), and S. oleracea (CAA30129.1);
cyt b (bcy complex), Rhodobacter sphaeroides (ABA80574.1), Rhodobacter capsulatus
(ETE52795.1), Saccharomyces cerevisiae (NP_009315.1), Gallus gallus (BAE16037.1), and
Bos taurus (AAZ95350.1). Sequence alignment figures were generated in ESPript 3.0
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(http://espript.ibcp.fr/ESPript/ESPript/index.php).66 Assignment of secondary structure
elements to cyt bg and sublV polypeptide sequences utilized the cyt bgf complex structure
(PDB entry 40GQ) from Nostoc PCC 7120.32

Model Building of the ISP Extrinsic Domain

Structures of the cyt bc; complex (PDB entries 1BE3 and 3CX5) were superimposed on a
cyt bef dimer structure (PDB entry 4H13) in PyMol (www.pymol.org) using the N-terminal
domain of the cyt b polypeptide as a template. An additional finding is that the cyt bgf ISP
extrinsic domain (PDB entry 4H13, chain D, Thr54-Val179) is more similar to the yeast ISP
(PDB entry 3CX5, chain P, Val94-Gly215) than the bovine ISP (PDB entry 1BE3, chain E,
11e76-Gly196). The yeast ISP extrinsic domain was rotated and superposed onto the bovine
ISP extrinsic domain in PyMol using the “align” command. The cyt bgf ISP extrinsic
domain was then superposed on the rotated yeast cyt bcy ISP extrinsic domain in PyMol.
The angle of rotation of the cyt bgf ISP extrinsic domain was calculated in Chimera.5”

RESULTS

Purification and Characterization of the F. diplosiphon SF33 Cyt bgf Complex

The petA gene, which encodes the cyt f polypeptide, was genetically modified in F.
diplosiphon SF33, to include a C-terminal six-histidine affinity purification tag. Following
mass cell culture and membrane preparation, detergent-mediated extraction of proteins was
performed as described previously.24 Nonionic maltoside detergents have been
demonstrated to keep the cyt bgf complex in a stable dimeric state.23:24 The detergent n-
undecyl f-D-maltopyranoside (UDM), which was used for the successful purification and
crystallization of the cyt bgf complex from Nostoc PCC 712024 and M. laminosus,224? was
utilized for the extraction and purification of the bgf complex from F. diplosiphon SF33. A
simple two-step procedure was followed for isolation of the complex. The clarified extract
from UDM-solubilized thylakoid membranes was applied to a Ni affinity chromatography
column to selectively purify the bgf complex, followed by sucrose density centrifugation of
the eluted protein (Figure 2A) to separate the bgf dimer from the monomer. Approximately
65% of the purified bgf protein was found to be dimeric as quantitated from redox difference
spectra.®8 Fractions of purified monomer and dimer were resolved via clear native-PAGE to
estimate their size. The dimer, presumably with bound detergent, migrated at ~300 kDa
close to the spinach and Nostoc dimers (Figure 2B), whereas the migration of the monomer
at ~150 kDa was similar to that of the bgf monomer of Synechocystis PCC 6803 (Figure 2B).

The subunit composition of the two forms of the cyt bgf complex was analyzed by SDS-
PAGE (Figure 2C). The purified dimeric bgf complex from spinach was utilized as a control
for molecular mass estimation. All four “large” transmembrane subunits (cyt f, cyt bg, ISP,
and sublV) were resolved by SDS-PAGE in both the dimer and monomer of the F.
diplosiphon SF33 bgf complex (Figure 2C). However, the content of ISP in both dimer and
monomer was substoichiometric in comparison to that of the spinach bgf complex (Figure
2C). A densitometric analysis of the purified spinach cyt bgf complex, normalized to the
content of cyt f, showed an approximate unit stoichiometry (1:0.96:0.95:0.85 cyt f:cyt
bg:1SP:sublV) (Figure 2D and Table 1). However, in the F. diplosiphon SF33 cyt bgf dimer,
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the ISP and sublV polypeptide subunits were approximately 17 and 45% of that of the cyt f
content, respectively (Tablel). The ISP subunit content of the purified dimeric and
monomeric cyt bgf complex from F. diplosiphon SF33 membranes was further estimated by
2D-PAGE (Figure 2E). The 2D gel showed prominent bands corresponding to cyt f, cyt bg,
and sublV, but the ISP band was found to have a significantly lower intensity (Figure 2E).
This loss of ISP paralleled the decline in electron transport activity of the complex. The
electron transport rate was 375 electrons monomer~1s =1 in the isolated thylakoids, whereas
it was 94 electrons monomer~1 s71 in the purified dimer, approximately 25% of the activity
in thylakoids. This decrease in electron transport activity in the purified dimer is similar to
the 17% reduction in ISP subunit stoichiometry relative to cytochrome f calculated via one-
dimensional SDS-PAGE (Figure 2D and Table 1).

Intact protein mass spectrometry of the F. diplosiphon SF33 cyt bgf complex eluted from the
Ni affinity chromatography column was performed to determine polypeptide composition
(Table 2). LC-MS+ analysis identified nine components (Table 2), including a 14579 Da
species that was considerably more hydrophilic than the ISP subunit, which is the most
hydrophilic member of the cyt bgf complex. The hydrophilic species was unequivocally
identified as an N-terminally truncated extrinsic domain of the ISP subunit. The
transmembrane helix of the ISP subunit was found to be absent from the identified species,
as a consequence of cleavage between residues 41 and 42 (Supporting Information, Figure
S9A,B), as reported previously for the cyt bgf complex isolated from M. laminosus.*8 The
truncated ISP extrinsic domain was found to have lost the [2Fe-2S] cluster during sample
preparation, and consequently, the thiols became partially oxidized to disulfide bonds. The
calculated mass of the truncated ISP extrinsic domain reflects a single disulfide, while the
measured monoisotopic mass was lighter by 1 Da, presumably indicative of a mixture of
one- and two-disulfide species. High-resolution PetG mass measurements were in full
agreement with the F. diplosiphon SF33 gene sequences (Supporting Information, Figure
S9C). As F. diplosiphon SF33 PetM and PetL sequences were unavailable, experimental
data required manual assignment. For PetM, this was achieved by using Prosight PC version
2.0 (Thermo Scientific) to extract sequence tags from the data that were then screened
against a database of cyanobacterial PetM sequences from the Uniprot protein database.
Two sequence tags matched to Nostoc azollae PetM, and the high-resolution mass
spectrometry data matched well to an N-formylated version of this sequence, confirming the
3578 Da small subunit as F. diplosiphon SF33 PetM (Supporting Information, Figure S9D).
Two sequence tags were obtained using Prosight and by manual interpretation of the top-
down data set for the 3255 Da species and were matched to the N. azollae PetL sequence,
followed by manual sequence adjustment to achieve an optimal match of precursor and
product ions, again with N-formylation of the initiating Met residue (Supporting
Information, Figure S9E). It is significant to note the strong agreement of top-down mass
spectrometry data with the sequence, which confirms the MS species as F. diplosiphon SF33
PetL, and rules out other assignments. PetN, the fourth peripheral transmembrane subunit,
was also identified (Supporting Information, Figure S9F). In conclusion, the cyt bgf complex
isolated from F. diplosiphon SF33 consists of eight subunits but shows evidence of the
truncated ISP in a subpopulation of the isolated complex. Notably, because of the high
sensitivity of the MS technique, the 14570 Da extrinsic domain of the ISP subunit could be
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detected in the mass spectrometry results of the isolated bgf complex after the Ni affinity
chromatography purification.

Protein—Protein Intermonomer Contacts within the Cyt bgf Dimer

Crystal structures of the cyanobacterial cyt bgf complex have been obtained from M.
laminosus (PDB entries 1VF5, 2D2C, 2E74, 2E75, 2E76, 4H13, and 4H0L)22:51.69.70 gnq
Nostoc PCC 7120 (PDB entries 2ZT9 and 4H44),2451 including a 2.5 A structure (PDB
entry 40GQ).32 Multiple-sequence analysis of the core subunits, cyt bg and sublV, of the bgf
complex from M. laminosus, Nostoc PCC 7120, and F. diplosiphon SF33 showed sequence
identities of 95.4 and 90.0% for cyt bg and sublV, respectively (Supporting Information,
Figures S10 and S11). From the high level of sequence identity, it is expected that structure
features are conserved between the bgf complex of F. diplosiphon SF33 and of Nostoc PCC
7120 and M. laminosus. The cyt bgf crystal structure from Nostoc PCC 7120 (PDB entry
40GQ) was analyzed to identify the major source of intermonomer contacts. The largest
number of residues involved in intermonomer interactions is contributed by the cyt bg
polypeptide, whose four TM helices form a large fraction of the intermonomer interface,
including 31 distinct cyt bg—cyt bg interactions (Supporting Information, Table S2), and one
pair of interacting residues between cyt bg and sublV (Supporting Information, Table S2). It
is significant to note that the intermonomer interface is enriched with aromatic residues
(Figure 3A,B), which show significant conservation across prokaryotic and eukaryotic
species (Supporting Information, Figures S10 and S11). In the cyt bgf complex from Nostoc
PCC 7120 (PDB entry 40GQ), 10 aromatic residues are inferred to provide stability to the
dimer. In contrast, of a total of 21 residues of the cyt b polypeptide that constitute
intermonomer interactions (Supporting Information, Table S3), only three aromatic residues
(Tyr9, Tyr54, and Tyr184) are observed to provide intermonomer contacts in the related cyt
bc, complex (PDB entry 3CX5) (Figure 3C). Of the three aromatics involved in
intermonomer interactions between the cyt b subunit of the bcy complex, Tyr184 of the bcy
complex is substituted with Phe189 in the cyt bg subunit of Nostoc PCC 7120 (Supporting
Information, Figures S12 and S13).

The amino acid residues of the cyt bg and sublV polypeptide that are inferred to provide
stabilizing intermonomer contacts show strong conservation across species (Supporting
Information, Figures S10 and S11), with three significant exceptions. In prokaryotic
organisms, positions 48 and 193 of the cyt bg subunit are occupied by aromatic residues Phe
and Trp, respectively. However, in eukaryotic organisms, the residues are replaced with
Val48 and Leu193, respectively. Position 201 of the cyt bg polypeptide shows strong
conservation only in eukaryotic organisms, where Met201 is conserved.

Protein—Lipid Interactions

The core of the cyt bgf complex dimer is composed of the cyt bg polypeptide dimer.22-24
Apart from protein—protein interactions, the cyt bg subunit also participates in protein-lipid
interactions. In the 2.5 A structure of the cyt bgf dimer (PDB entry 40GQ), a total of four
lipidic sites were located at the monomer—-monomer interface (Figure 3D). On the n-side of
the bgf complex (PDB entry 2E74),70 a crystallographically ordered UDM detergent
molecule is found to provide cross-linking interactions between the two monomers (Figure
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3D). It has been proposed that crystallographically ordered detergent molecules reside at
physiologically relevant lipid binding sites’1:72 and inferred that the dimer of the bgf
complex is stabilized by lipidic sites. The lipid molecules within the intermonomer cavity
have been inferred to provide directionality to transmembrane electron transfer.3°

Analysis of the ISP Subunit Structure

Motion of the ISP extrinsic domain has been previously reported in the related cyt bcy
complex.3 In the heme c;-proximal position of the cyt bcy ISP extrinsic domain (PDB entry
1BE3), the [2Fe-2S] cluster is located within 11 A of the heme ¢ ring. A rotation of ~57°
of the ISP extrinsic domain from the cyt b-proximal position orients the [2Fe-2S] cluster
into a position to donate an electron to the heme of cytochrome ¢;.43 A continuous
diffusion-based motion of the ISP extrinsic domain between positions proximal to cyt b and
cyt ¢; was inferred from a steered molecular dynamics study of the cyt bc; complex.’3 In the
absence of structural data to define a heme f-proximal state of the ISP subunit in the cyt bgf
complex, a model was generated using the heme cq-proximal orientation of the cyt bcy ISP
subunit. (PDB entry 1BE3, Figure 4A,B). The heme f-proximal state was achieved by a
74.5° rigid-body rotation of the ISP extrinsic domain from the cyt b-proximal position (PDB
entry 4H13). In the heme f-proximal state, the [2Fe-2S] cluster is located within 14.5 A of
the heme f porphyrin ring and 20.5 A from the quinol analogue TDS bound within the quinol
oxidation site (Figure 4C).

It is significant to note that the flexible linker that connects the ISP TMH to the ISP extrinsic
domain is a poly-Gly tract in the bgf complex, which is devoid of well-defined secondary
structure. In the context of the cyt bcq complex, it has been suggested that the ISP linker
may undergo an order—disorder transition, which determines the position of the ISP extrinsic
domain.”4=76 Docking of the bcy ISP extrinsic domain proximal to the Qp, site has been
suggested to involve loss of secondary structure of the linker. Similarly, the ISP extrinsic
domain of the cyt bgf complex has been observed to be located proximal to the Qp, site when
the site is unoccupied (PDB entries 2E74, 2ZT9, 4H44, and 40GQ), which may be
attributed to the absence of defined secondary structure in the linker.

The cyt f extrinsic domain consists of an extended, 75 A long fsheet-based arrangement,
which is closely wrapped around the ISP extrinsic domain.22:23.77 The model of the heme f-
proximal state of the ISP subunit, achieved through a rigid-body rotation of 74.5°, does not
show significant steric clashes with the cyt f extrinsic domain, indicating that an ISP
extrinsic domain rotation similar to the domain motion reported in the cyt bcy; complex is
plausible in the bgf complex. It is noted that in the cyt bgf complex, the propionate groups of
the c-type heme of the cyt f extrinsic domain point away from the ISP binding interface
(Figure 4B), which is different from the organization of the high-potential chain in the cyt
bc, complex, where the propionate groups of the c-type heme of the cyt ¢4 subunit are
oriented toward the ISP binding interface.*3:75

The view orthogonal to the membrane plane of the peripheral arrangement of the N-terminal
TMH of the ISP in the second monomer (Figure 4D) shows that an anchor function is
achieved with minimal perturbation of the functional domains of the ISP subunit.
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DISCUSSION

The role of the ISP subunit in stabilization of the cyt bgf complex dimer in the context of the
2.5 A structure (PDB entry 40GQ) was investigated using a two-step purification scheme.
The petA gene encoding the cyt f subunit was genetically manipulated in the cyanobacterium
F. diplosiphon SF33, to introduce a C-terminal six-histidine purification tag. Extraction of
protein from isolated thylakoid membranes was performed using the neutral maltoside
detergent UDM, which has previously been used for the successful isolation of dimeric cyt
bsf from Nostoc PCC 7120.8.78 The complex was purified using metal affinity Ni-NTA
chromatography, and the dimer fraction was separated from the monomer fraction by
sucrose density gradient centrifugation. It was observed that the isolated dimeric bgf
complex from F. diplosiphon SF33 contains a substoichiometric amount of ISP, as inferred
from SDS-PAGE analysis. Therefore, the loss of the ISP subunit may not be the primary
determinant of dimer to monomer conversion of the cyt bgf complex. In this context, it is
significant to note the isolation of a stable cytochrome bgf dimer devoid of ISP.39.79

Structural Basis of Dimer Stability: Role of Aromatic Residues

Analysis of the cyt bgf structure (PDB entry 40GQ) provides a basis for the structural
stability of the ISP-devoid cyt bgf dimer. The cyt bgf structure shows that the intermonomer
interface consists primarily of the cyt bg polypeptide within the transmembrane domain
(Figure 3A,B). A total of 31 cyt bg residues from TMH A, B, and D and the ab and cd loops
contribute to intermonomer interactions. It is significant that the cyt bg polypeptide, which
not only shows strong conservation of sequence in organisms that perform oxygenic
photosynthesis but also shares conserved residues and structure-related features with the cyt
b subunit N-terminal domain of the bc; complex,8% shows limited conservation of critical
aromatic amino acids that are inferred to provide intermonomer contacts (Supporting
Information, Figure S12). From the analysis presented here, it is inferred that evolution from
the cyt bcy complex of anoxygenic photosynthesis and respiration to the cyt bgf complex
involved a transition in the sequence of the core cyt b subunit to favor aromatic residues for
dimer stabilization in the cyt bgf complex.

Structural Basis of Dimer Stability: Role of Lipids

The intermonomer contacts within the transmembrane domain of the cyt bgf complex are
further strengthened by lipid—protein interactions at the intermonomer interface (Figure 3D).
As discussed elsewhere,81:82 the cytochrome bgf complex structure consists of an inner
polytopic core domain, and a peripheral monotopic domain. Lipidic sites between the core
and peripheral domains have been noted, as well as lipidic sites at the intermonomer
interface. Hence, lipids may be involved in the assembly of the core domain of the cyt bgf
complex dimer, and in stabilization of the assembled dimer.

Formation of the polytopic core during initial steps of assembly may be a feature that is
conserved within the cyt bc complexes.82 The isolation of a cyt b—cyt ¢; subcomplex of the
homologous cyt bc; complex has been reported from the photosynthetic bacterium R.
capsulatus.82 The absence of the ISP does not cause destabilization of the subcomplex, and
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augmentation with purified ISP restores the activity of the complex, providing evidence of
association of the single helix peripheral subunits after the formation of a polytopic nucleus.

Evolutionary Optimization of the ISP Position

The ISP extrinsic domain must undergo motion to transfer an electron from the bound
quinol to a high-potential p-side heme (of cyt f in bgf, and of cyt ¢4 in the bcy complex). Key
requirements for the positioning of the ISP subunit within the cyt bc complex must be (i) the
proximity of the ISP extrinsic domain to the Qp site and the high-potential heme (of cyt f
and cyt 1) and (ii) the lack of occlusion of the Q, channel by the ISP TMH. In this study, it
is inferred that the ISP extrinsic domain may undergo a simple rotation from the quinol-
proximal position to the heme f-proximal position (Figure 4A,C). Such a rigid-body motion
would involve minimal steric clashes with the surrounding p-side protein environment of the
cyt bg cd loop and the cyt f extrinsic domain, thereby reducing the energetic cost of ISP
motion during catalysis. Moreover, the ISP TMH is distal in location from the p-side quinol
channel, which prevents steric hindrance for quinol diffusion. In view of requirements (i)
and (ii) discussed above, an analysis (points a—d below) of the cyt bc complex structures
shows that the position of the ISP subunit may have been optimized during evolution.

a. It has been suggested that the intermonomer cavity may function in quinone/quinol
exchange.33 If the ISP subunit TMH were located within the intermonomer cavity,
it would interfere with the capture of quinone/quinol (Figure 5A).

b. The location of the ISP subunit within the same monomer would require
positioning of the ISP TMH between helices F and G of the sublV polypeptide of
cyt bgf (Figure 5B). However, in such an orientation, the ISP TMH would be
almost normal to the membrane plane. Electron transfer from the bound quinol to
the [2Fe-2S] cluster would require extensive bending of the ISP extrinsic domain
upon the flexible hinge toward the bound p-side quinol. It has been suggested that
interaction with the cd loop is essential for ISP function in quinol oxidation.84
However, if the ISP TMH were located between TMH F and G, then significant
steric hindrance would be imposed on ISP extrinsic domain motion, especially
because of clashes with the cd loop of the cyt bg subunit (Figure 5B). Moreover, the
space between TMH F and G is occupied by helix H of the cyt b subunit in the cyt
bcy complex,23:81.85

c. Toavoid the need for domain swapping, the ISP subunit might be placed within the
same monomer of cyt bc complexes (Figure 5C). Rotation of the ISP TMH along
the axis normal to the membrane places the ISP extrinsic domain within the same
monomer (Figure 5C). In such a situation, the ISP TMH still does not cause steric
interference with quinol diffusion. However, the ISP extrinsic domain would
require a significantly elongated hinge to reach the Q, site on the same monomer.
Moreover, extensive steric clashes would occur between the ISP extrinsic domain
and the cd loop of cyt bg (Figure 5C).

d. The final possibility may be to place the ISP subunit proximal to the PetG-L-M-N
peripheral four-helix bundle on the cyt bgf complex (Figure 5D). However, the p-
side extramembrane space proximal to the PetG-L-M-N bundle is occupied by the
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extrinsic domain of the cyt f polypeptide. Insertion and motion of the ISP subunit in
the peripheral position would involve extensive clashes of the N-terminal portion of
the ISP extrinsic domain with the cyt f subunit, and of the [2Fe-2S] cluster
containing the C-terminal ISP extrinsic domain with the ab and cd loops (cyt bg)
and ef loops (sublV) (Figure 5D).

Hence, the orientation of the ISP subunit presented here may be optimal for functioning in
electron transfer and minimal interference with quinol/quinone diffusion.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Cyt bgf complex of oxygenic photosynthesis (PDB entry 2E74). (A) Polypeptide

composition of the cyt bgf complex. Polypeptide subunits are shown as ribbons. Color code:
cytochrome bg (cyt bg), yellow; subunit IV (sublV), orange; cytochrome f (cyt f), cyan;
iron—sulfur protein (ISP), pink; PetG, gray; PetL, wheat; PetM, green; PetN, blue. (B)
Prosthetic groups involved in electron transfer (hemes f, by, by, and ¢, and the [2Fe-2S]
cluster). The photosynthetic pigments chlorophyll a (chl-a) and f-carotene (f-car) are
colored green and yellow, respectively. (C) Domain swapping of the iron—sulfur protein
(ISP). The ISP subunit (colored pink) provides a connection between the monomers of the
dimeric cyt bgf complex (PDB entry 2E74). The extrinsic domain is associated with one
monomer, while the transmembrane helix (TMH) interacts with the other monomer, to
stabilize the dimer. For the sake of simplicity, the cyt bgf monomers are shown as
semitransparent surfaces. (D) Extrinsic domain of the ISP subunit from spinach (PDB entry
1RFS). The polypeptide sequence is colored in a rainbow pattern, blue at the N-terminus to
red at the C-terminus. The [2Fe-2S] cluster is shown as spheres (Fe, dark brown; S, light
brown). The [2Fe-2S] cluster binding “small” subunit is outlined with a dashed box. (E)
Difference in ISP TMH geometry. The TMH of cyt bgf ISP (pink) is bent, while the cyt bcq
ISP TMH (green) does not show any apparent bending.
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Figure2.
Biochemical characterization of the oligomeric state of the cyt bgf complex isolated from F.

diplosiphon SF33. (A) Sucrose density gradient profile of the cyt bgf complex from F.
diplosiphon SF33 eluted from a Ni affinity chromatography column, showing the presence
of the monomer and dimer. (B) Native gel electrophoresis of the purified cyt bgf complex
dimer (Fd-dimer) and monomer (Fd-monomer) from F. diplosiphon SF33. Purified cyt bgf
from spinach (Sp-dimer), Synechocystis PCC 6803 (Syn-monomer), and Nostoc PCC 7120
(Nos-dimer) were used as controls for comparison. Molecular mass standards (MW, in
kilodaltons) are also shown (lane 1). (C) Subunit composition of the cyt bgf complex
analyzed by SDS-PAGE. F. diplosiphon SF33 dimer (Fd-dimer) and monomer (Fd-
monomer) show prominent bands corresponding to three large subunits, i.e., cyt f, cyt bg,
and sublV. The band corresponding to ISP was comparatively faint. Purified dimeric cyt bgf
from spinach (Sp-dimer) was used as a standard for comparison. Molecular mass standards
(MW, kilodaltons) are shown. (D) Densitometry profile of the four large cyt bgf subunits
from spinach (Sp-dimer, lane 1) and F. diplosiphon SF33 dimer (Fd-dimer, lane 2). Cyt f,
cyt bg, ISP, and sublV are labeled 1-4, respectively. The corresponding lane profiles are
shown adjacent to the gel image. (E) Two-dimensional CN-PAGE of the cyt bgf dimer from
F. diplosiphon SF33. Ten micrograms of the protein was resolved via 4 to 12% CN-PAGE
in the first dimension followed by 12% SDS-PAGE in the second dimension. The gel was
Coomassie-stained for visualization. Protein spots corresponding to cyt f, cyt bg, and sublV
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are visible. For reference, molecular mass standards (MW, kilodaltons) are shown in the
left-most lane, and spinach cyt bgf is shown in the right-most lane.

Biochemistry. Author manuscript; available in PMC 2015 December 08.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Agarwal et al.

Tyr57 Sublv
A &

Phe56¢”
Phe1gg& Phe52

Phe48 =@

Trp193

e 'Phe20t € o
h & \"Pheﬁ . Phel13
Trp?

Cyt bg

Tyrs4
>

00~
Tyr184

Tyr9—, -

Figure 3.

Page 22

A 775 ot

-~ Phe113
- P

Phe189->C< 'Phe201

Trp193>" .

“CaPhed8

“Phe52
e Re 1 Pryst

T T Phe56
Trp7 Phe8

(a1

D s /7 g
) S0 A
‘,‘ e ] £ \ I>

[2Fe-2S) :—“f@ i )

s v
15-carbon chain-—-"—-————_-—_.——_:» [

Lipid (2WM) —— N

18-carbon chaint———— &
5 ¢ ? :
%

Tt U M L L3
Lipid gyl?lg}—ﬁ 12900
s

(N

ISP ————— -

Cyt bgf complex (PDB entry 40GQ) intermonomer interface. (A) Distribution of
transmembrane aromatic residues that contribute to stabilization of the cyt bgf dimer core,
which consists of cyt bg (yellow) and sublV (orange). For the sake of simplicity, only the
residues of one monomer (green) are labeled. Residues belonging to the other monomer
(red) are not labeled. (B) View of the cyt bgf core along the axis of 2-fold rotational
symmetry, normal to the membrane plane. (C) Distribution of transmembrane aromatic
residues that contribute to stabilization of the cyt bc, dimer core (PDB entry 3CX5), which
consists of cyt b (yellow). For the sake of simplicity, only the residues of one monomer
(green) are labeled. Residues belonging to the other monomer (red) are not labeled. (D)
Lipid-mediated stabilization of the cyt bgf complex dimer core. In the 2.5 A structure of the
dimeric complex (PDB entry 40GQ), four lipidic sites were identified at the intermonomer
interface: a 15-carbon chain (dark blue), an 18-carbon chain (red), and two lipid sites
(yellow and red). A fifth site, occupied by the detergent UDM (cyan and red), was
previously reported in the M. laminosus cyt bgf complex (PDB entry 2E74). The ISP subunit
is shown as a pink ribbon. The cyt bgf monomers are shown as white and gray surfaces.
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Model of ISP extrinsic domain movement in the cyt bgf complex. (A) The ISP extrinsic
domain (pink, PDB entry 4H13) was observed crystallographically in a position proximal to
the quinol oxidation site, where the [2Fe-2S] cluster is labeled [2Fe-2S],. Model of the ISP
extrinsic domain in the heme f-proximal position ([2Fe-2S]s). The model is colored red to
distinguish it from the crystallographically observed [2Fe-2S]y, position. The curved arrow
shows the 74.5° rotation of the ISP domain to move the cluster from the [2Fe-2S]y, position
to the [2Fe-2S]; position. The quinol analogue TDS is shown for reference. The cyt f
extrinsic domain is shown as a semitransparent surface for the sake of clarity of the ISP
extrinsic domains. (B) View of ISP and cyt f extrinsic domains, rotated by 90° from the view
in panel A. The ISP subunit extrinsic domain shows minimal overlap with the cyt f extrinsic
domain, indicating limited steric clashes. (C) Distance of the ISP [2Fe-2S] cluster from the
electron donor (represented by the quinol analogue TDS, green and red sticks) and electron
acceptor heme f (blue and red sticks). The donor—acceptor distances of [2Fe-2S]y, and
[2Fe-2S]; positions are shown with red and yellow dashes, respectively. (D) Extrinsic
packing of the ISP subunit in the cyt bgf complex (view along the normal to the membrane).
The N-terminal ISP transmembrane helix (Asp9-Phe42) is colored yellow, the hinge blue
(lle43-Ala56), and the C-terminal extrinsic domain pink (Lys57-Ser179). As a reference for
location of the p-side quinol binding site, a quinol analogue inhibitor (TDS) is shown as
green and red sticks. The ISP [2Fe-2S] cluster is shown as brown and yellow spheres and
heme f as blue and red sticks. For the sake of simplicity, other subunits are shown as thin
gray wires (“ribbon” representation in PyMol).
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Models of steric hindrance in ISP interactions when ISP is inserted in a non-native position

within the cyt bgf complex (PDB entry 40GQ). (A) Location of the ISP TMH (pink) within
the intermonomer cavity partially occludes the quinone/quinol exchange function of the
cavity. (B) Insertion of the ISP TMH (pink) between the TMH F (orange ribbon) and G
(blue ribbon) leads to extensive clashes between the ISP extrinsic domain and the cd loop
(yellow ribbon) of cyt bg. (C) The ISP subunit within the same monomer of the cyt bgf
complex orients the ISP extrinsic domain within unfavorable proximity of the cd loop
(yellow), which leads to extensive clashes between the extrinsic domain and the cd loop.
Regions of steric clashes are highlighted with a dotted oval. (D) Placement of the ISP TMH
proximal to the PetG-L-M-N subunits located on the periphery of the cyt bgf complex. In
such a location, the TMH-proximal N-terminal ISP subdomain undergoes extensive clashes
with the cyt f extrinsic domain (cyan), while the distal, [2Fe-2S] binding C-terminal ISP
subdomain clashes with the ab loop (green), the cd loop (yellow), and the ef loop (red).
Regions of steric clashes are highlighted by three dotted ovals (1, clash with cd loop; 2,
clash with ab and cd loops; 3, clash with ef loop; 4, clash with cyt f). A dotted black line
separates the N-terminal, helix-proximal subdomain and the C-terminal cluster binding
subdomain. For the sake of simplicity, the cyt bgf complex is shown as a gray surface. The
Qp site is marked by the quinol analogue TDS molecule (green and red sticks, superposed
from PDB entry 2E76). Loops ab (green, Phe56-Asn77), cd (yellow, Ser137-GInl177), and
ef (red, Pro65-Asn93) are shown in the PyMol “ribbon” format, while the ISP and cyt f
subunits are depicted in the PyMol “cartoon” format.
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Subunit Stoichiometries in the Cyt bgf Complex from F. diplosiphon SF33 (dimer and monomer) and Spinach?®

cytochrome bgf complex subunit ~ Fremyella dimer

Fremyellamonomer  spinach dimer

cytf 1.00
cyt bg 1.09
ISP 0.17
sublv 0.45

a‘l’he subunit stoichiometry was calculated from the intensities of the Coomassie-stained bands after SDS-PAGE. The values for cyt f were

normalized to 1 for each analyzed lane.
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0.69
0.21
0.29
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