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The effect of carbonyl-cyanidem-chlorophenyl-hydrazone (CCCP) on intracytoplasmicmembrane (ICM) assem-
bly was examined in the purple bacterium Rhodobacter sphaeroides. CCCP blocks generation of the electrochem-
ical proton gradient required for integral membrane protein insertion. ICM formation was induced for 8 h,
followed by a 4-h exposure to CCCP. Measurements of fluorescence induction/relaxation kinetics showed that
CCCP caused a diminished quantum yield, a cessation in expansion of the functional absorption cross-section
and a 4- to 10-fold slowing in the electron transfer turnover rate. ICM vesicles (chromatophores) and an
upper-pigmented band (UPB) containing ICM growth initiation sites, were isolated and subjected to clear-
native electrophoresis. Proteomic analysis of the chromatophore gel bands indicated that CCCP produced a 2.7-
fold reduction in spectral counts in the preferentially assembled light-harvesting 2 (LH2) antenna, while the
RC-LH1 complex, F1FO-ATPase and pyridine nucleotide transhydrogenase decreased by 1.7–1.9-fold. For 35 solu-
ble enzymes, the ratio of 0.99 for treated/control proteins demonstrated that protein synthesis was unaffected by
CCCP, suggesting that the membrane complex decline arose from the turnover of unassembled apoproteins. In
the UPB fraction, an ~2-fold accumulation was observed for the preprotein translocase SecY, the SecA transloca-
tion ATPase, SecD and SecF insertion components, and chaperonins DnaJ and DnaK, consistent with the possibil-
ity that these factors, which act early in the assembly process, have accumulated in association with nascent
polypeptides as stabilized assembly intermediates.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Rhodobacter sphaeroides is a purple chlorophototrophic
Proteobacterium of the α-3 subclass that provides a unique com-
bination of extensive metabolic capabilities and accessible molecular
geneticswith an intracytoplasmicmembrane (ICM) amenable to an un-
paralleled variety of biochemical, spectroscopic, and ultrastructural
probes. Accordingly, this system provides an ideal experimental
model for examining the development and assembly of energy trans-
ducing membranes [1–5]. An ICM housing the photosynthetic appara-
tus is formed under both anoxic conditions in the light and at reduced
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oxygen tension in the dark. Atomic forcemicroscopy (AFM) topographs
obtained at submolecular resolution have shown that the ICM of
Rba. sphaeroides consists of rows of dimeric reaction center-light-
harvesting 1 (RC-LH1) core complexes interspersed with narrow lanes
of the peripheral LH2 antenna. At low illumination levels, the LH2
complex also forms LH2-only domains [1,5] that comprise the light-
responsive antenna complement. Radiant energy harvested by LH2
is transferred to LH1, which funnels these excitations to the RC-
bacteriochlorophyll a (BChl) special pair where they are transduced
into a transmembrane charge separation. This initiates a cycle of elec-
tron transfer reactions between the primary iron-quinone acceptor
(QA), the secondary quinone (QB), the ubiquinone pool, the ubiquinol-
cytochrome c2 oxidoreductase (cytochrome bc1 complex), cytochrome
c2 and the photooxidized special pair, resulting in the generation of an
electrochemical proton gradient that is coupled to the synthesis of
ATP [1].

Recently, Rba. sphaeroides has also been established as a unique
paradigm for structural and functional proteomic analyses of the ICM
assembly process, insofar as the key components of the relevant prote-
ome can be temporally expressed and spatially localized within the in-
ternal membrane structure of the cell [6,7]. The temporal expression of
the key protein complexes and factors essential for their assembly
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within the developing membrane template can be readily controlled in
cells undergoing both adaptation to reduced light intensity [7–10] and
gratuitous induction of ICM formation (greening) when cells are trans-
ferred from high to low oxygen tension [3,9]. Moreover, the membrane
development process can be spatially localized to both invaginating cy-
toplasmic membrane (CM) and mature ICM vesicles, which give rise to
respective upper-pigmented band (UPB) and chromatophore band dur-
ing rate-zone sedimentation on sucrose density gradients [4,11]. This fa-
cilitates assessment of the proteomes arising from distinct membrane
regions at various stages of ICM development.

In the present study, we have examined the effects of the lipid-
soluble protonophore carbonyl-cyanide m-chlorophenylhydrazone
(CCCP) on the induction of ICM formation under low aeration in con-
centrated cell suspensions. CCCP serves as a potent uncoupler of elec-
tron transfer from ATP synthesis [12] by blocking formation of the
electrochemical proton gradient generated during electron transport
by the respiratory chain carriers [13]. Integration of CCCP into the CM
in an anionic form results in proton acquisition from the periplasmic
space. After diffusion of the protonated CCCP form across the bilayer,
protons are discharged into the cytoplasm, leading to collapse of the
electrochemical proton gradient and leaving CCCP in the anionic state.
Multiple repetitions of this process ultimately serve to short-circuit
the respiratory chain.

In the closely-related purple bacterium Rodobacter capsulatus, CCCP
concentrations sufficient to block cytochrome c2 export to the
periplasmic space, were shown to abolish the integration of the LH2-α
polypeptide subunit into the ICM for entry into LH2 complex formation
[14]. This suggested that the maintenance of an electrochemical proton
gradient is essential for membrane translocation of such pigment-
binding proteins. An order for integral LH protein assembly events
was delineated, in which the chaperonin-assisted nascent proteins
first bind to the cytoplasmic face of the ICM, undergo proton-motive
force dependent ICM insertion to assume a transmembrane orientation,
that is appropriate for pigment binding and assembly into functional
complexes to subsequently occur. Using a membrane coupled cell-free
translation system developed for studying LH1 assembly in Rba.
capsulatus, depletion of the chaperonin DnaK significantly reduced the
rate of synthesis and membrane insertion of both the LH1-α and -β
polypeptides. Removal of the GroEL chaperonin from the in vitro trans-
lation systemaffected stable LH1 insertion into the coupledmembranes,
which was also dependent on the presence of unknown, membrane-
bound factors [15,16].

Disrupting photosystem assembly in the cyanobacterium
Synechocystis 6803 has been used as a strategy for the accumulation
of distinct transient assembly intermediates [17]. This formed the
basis for the elucidation of protein factors involved in photosystem
(PS) biogenesis, which lead to the identification of Psb28, important
for chlorophyll (Chl) biosynthesis as well as for formation of the
apoprotein subunits of Chl-binding proteins [18]. These included the
CP47 PSII antenna complex and PSI RC core proteins PsaA and PsaB.
Subsequently, the Psb27 assembly factor has been shown to associate
with the unassembled CP43 PSII antenna complex, with larger CP43
containing complexes, as well as the PsaB core protein of PSI [19]. Asso-
ciations between this factor and components involved in the assembly
process to form transient assembly intermediates were demonstrated
by comigration in native electrophoresis, co-purification with His-
tagged PSI and a yeast two-hybrid assay. The assembly of energy trans-
ducing complexes in the ICM of purple bacteria has recently been
reviewed [20–22] and the need for a more complete understanding of
this process has been emphasized. Moreover, identification of transient
assembly intermediates as in cyanobacteria would be of considerable
interest toward meeting this goal.

For the present work, chromatophores and the UPB fractions were
isolated from Rba. sphaeroides cells in which CCCP was added during
the induction of ICM formation, to block generation of the electrochem-
ical proton gradient necessary for insertion of energy-transducing
proteins into the membrane. These membrane fractions, in parallel
with those isolated from an untreated control culture, were subjected
to clear-native electrophoresis (CNE) to resolve their pigment-protein
complexes for proteomic analysis. This has provided a critical test of
the possibility that partially assembled complexes can be isolated
from the CCCP-treated cells in a form in which transient associations
with participating assembly factors are retained.
2. Materials and methods

2.1. Cell growth, ICM induction, and membrane isolation

ICM formation was induced in low-aeration suspensions of Rba.
sphaeroides strain NCIB8253 essentially as described previously [3].
Cells grown chemoheterotrophically at 30 °C under high aeration
(300 rpm on a gyratory shaker in the dark) into the logarithmic phase
were harvested by centrifugation at 10,000 × g and 4 °C, resuspended
in fresh medium to an OD680 nm ≈ 2.0 (light path = 10 mm), divided
into two 400-ml aliquots in 500-ml Erlenmeyer flasks and incubated
under semiaerobic conditions by lowering the shaking rate to
200 rpm. After 8 h, 400 μl of 50 mM CCCP in DMSO was added to one
culture (50 μM, final concentration), while DMSO alone was added to
the control culture. After four h of additional incubation, both cultures
were harvested for membrane isolation, performed in 1 mM Tris,
pH 7.5, at 4 °C. The cells were centrifuged at 12,000 g, washed and a
few crystals of DNAseI and protease inhibitor cocktail (both obtained
from Roche) were added to the resuspended cell pellets, which were
passed twice through a French pressure cell. Debris and unbroken
cells were removed by centrifugation at 16,000 × g. The supernatant
was layered onto a 5–35% (w/w) sucrose gradient prepared over a
60% (w/w) sucrose cushion and subjected to rate-zone ultracentrifuga-
tion for 3 h at 28,000 rpm in Beckman SW-28 rotor. Two pigmented
bands were resolved: the UPB, containing membrane growth initiation
sites and the ICM-derived chromatophore vesicles, which formed a
broad pigmented band centered just below the middle of the gradient.
Comigrating ribosomal and soluble material was separated from the
membrane components of the UPB fraction by aqueous partitioning
in a two-phase dextran–polyethylene glycol system as described
previously [7]. Protein concentrations of membrane samples were
determined using the bicinchoninic acid assay procedure (Thermo
Scientific) with bovine serum albumin as standard.
2.2. Clear-native electrophoresis

Chromatophore fractions were solubilized with n-octyl β-D-
glucopyranoside (β-OG) and deoxycholate (DOC) at concentrations of
15 mM each and subjected to CNE as described by Wittig et al. [23].
For CNEof theUPB fraction, solubilizationwas performedwith digitonin
(2 g digitonin/g total protein). Solubilized membrane samples were ap-
plied to polyacrylamide gradient gels and subjected to electrophoresis
at 4 °C in a Vertical Slab Unit Model SE-400 (Hoeffer Scientific Instru-
ments) at a constant current of 10mA, until current was no longermea-
surable (~6 h). Unstained gels were scanned with a Canon visible light
scanner, allowing visualization of up to four pigmented bands. They
were quantified by scanning in a Typhoon imager (GE Healthcare) set
in the fluorescence mode with a blue laser excitation source (488 nm)
and a 670-nm emission filter; a plastic transparency was placed on
top of the gel to provide uniform background fluorescence, such that
the pigmented proteins appeared as white bands. Pigment-protein
complex composition of excised gel bands was determined directly
from absorption spectra obtained with a Beckman DU-640 spectropho-
tometer, using an excised gel slice, lacking sample as a blank. Gels for
proteomic analysis were stained with Coomassie blue G250 (GelCode
blue safe protein stain, Thermo).
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2.3. Proteomic analysis

Gel bands resolved in CNE were excised, fixed for at least 30 min in
40% methanol, 10% acetic acid and subjected to in-gel digestion with
trypsin, followed by LC-MS/MS using a Dionex U-3000 nanoflow liquid
chromatography system in line with a Thermo LTQ linear ion trap mass
spectrometer, operated in the nanoLC mode to obtain sub-femtomol
sensitivity. For MS/MS a 135-min gradient was used for analysis of the
gel bands of the whole UPB samples, while for pigmented bands from
CNE, a 50-min gradient was employed. Database analysis of peaks gen-
erated from LTQ data was performed as described by Sleat et al. [24] in
which tandem mass spectrometry data files were searched against the
NCBI assembly of the annotated Rba. sphaeroides2.4.1 genome [25]. Pro-
teomics data were quantified by spectral counting, which measures
protein abundance on the basis of the number of tandemmass spectral
observation for all constituent peptides. Spectral count sampling statis-
tics have high technical reproducibility and therefore can be successful-
ly applied for assessment of relative protein abundance and differential
protein expression studies in mass label-free LC-MS/MS [6,26]. While
label-free approaches havewider dynamic range and broader proteome
coverage, stable isotope labeling offers higher quantification precision
and accuracy. Fragment mass tolerance was 0.4 Da with a cutoff of the
log of the expectation score = b−5, and at least two unique peptides.
The exact binomial test was used to determinewhether ratios were sig-
nificantly different, while p values were transformed to q values to con-
trol the false discovery rate among multiple comparisons. The list of
pairwise comparisons was filtered to exclude the proteins with com-
bined spectral counts b5, and their assignments as noted in the text,
were considered as tentative.
2.4. Fluorescence Induction/Relaxation measurements

Fluorescence Induction/Relaxation (FIRe) transients of inducing Rba.
sphaeroides cell preparations were measured in a Fluorescence
Induction and Relaxation system (Satlantic Inc., Halifax, Nova Scotia).
Measurements were made on whole cells diluted typically to ~30 nM
BChl in growth medium to produce transients in the linear range. A
blue LED (450 nm, 30-nm bandwidth) serves as the excitation source,
which is controlled by an LED circuit driver capable of generating pulses
of 1 ms to 50 ms duration. Fluorescence emission is passed through an
880-nm interference filter (50-nm bandwidth) and detected by a sensi-
tive avalanche photodiode module. The digitized fluorescence kinetic
transients obtained at 880 nm are processed by computer-assisted
analysis, which translates measured signals to programmed physiolog-
ical parameters, following a charge separation elicited between the
RC-BChl special pair and QA. These parameters form the basis for
the functional analysis described here. FV/FM and σ are extracted from
the initial rapid phase of the fluorescence induction curve [3,8], where
σ is calculated from the slope of the single turnover saturation curve
and is related to the rate of increase in fluorescence yield. Since it was
not known towhat extent the relaxation kinetics reflected RC-BChl spe-
cial pair re-reduction or QA re-oxidation, the multiphasic relaxation
profile is expressed as the RC electron transfer turnover rate, designated
as τET. A recent study [27] has suggested a role for the soluble cyto-
chrome c2 periplasmic diffusion pathway between the cytochrome bc1
complex and the RC in accounting for the fluorescence relaxation
kinetics.

In previous studies [3,8,9], values obtained for the functional absorp-
tion cross-section, reflecting the functional antennae size, ranged from
28 to 130 Å2, roughly corresponding to ~32–155 BChl per RC. The func-
tional absorption cross-section is expressed here as σ450 nm, the maxi-
mum wavelength of the blue LED excitation source, which excites
LH1- and LH2-bound spheroidenone to the S2(1Bu+) state, from
which excitation energy is transferred to both the QX- and QY-bands
of the LH1 and LH2 BChls [28].
3. Results

3.1. Proteomic analysis of pigment-protein complexes separated by clear
native electrophoresis

For CNE, chromatophores were solubilized with an n-octyl β-D-
glucopyranoside/deoxycholate (β-OG/DOC, 1:1) mixture which results
in the resolution of pigment-protein complexes into four distinct
pigmented bands [7]. The respective top and bottom bands consisted
of the RC-LH1 (B875) core and LH2 (B800-850) peripheral antenna
complexes in a spectrally homogenous form. Two bands of intermediate
migration, apparently reflecting native associations of the LH2 and core
complexeswere resolved; the upper intermediate bandwas enriched in
LH2 (designated as the LH2-LH1 band)while the lower onewas RC-LH1
enriched (LH1–LH2 band). These intermediate complexes are thought
to represent detergent-protein micelles arising from ICM regions
where the LH2 and LH1 complexes remain in contact as seen initially
in AFM topographs obtained at submolecular resolution [29]. An analy-
sis of electrophoretic migration behavior suggested that the upper in-
termediate LH2–LH1 band represents a [RC-LH1][LH2]2 aggregate,
while the lower LH1–LH2 intermediate band migrated as an aggregate
of [RC-LH1][LH2] monomers [10]. The top band migrated as an
[RC-LH1]2 dimer, with the bottom band having the migration behavior
of an [LH2]3 trimer. The lower intermediate (LH1–LH2) band is thought
to be derived from regions of the ICM in which LH2 associates at the
outer edges of the rows of dimeric RC-LH1 core complexes observed
in AFM. In contrast, the upper intermediate (LH2–LH1) band may
arise from areas of LH2–LH1 associations found at narrow rows of LH2
rings situated between the linear arrays of dimeric LH1-RC core com-
plexes [10].

It was necessary to resort to a gentler procedure employing themild
detergent digitonin in place of β-OG/DOC to resolve putative CM invag-
ination sites within the UPB into discreet pigmented bands (Fig. 1).
While digitonin-treated chromatophores were still resolved into four
bands, the low LH2 content of the UPB resulted in the appearance of
only the top band, lower intermediate band and a diminished LH2 bot-
tom band. Like their chromatophore counterparts [7,10], the respective
UPB top and bottom bands represented spectrally pure RC-LH1 and LH2
complexes while the lower intermediate band was again enriched in
LH1 relative to LH2 (Fig. 1C). The UV absorbance profile of all three
UPB bands suggested that nucleic acid and soluble protein contami-
nants had been largely removed from the UPB preparation.

In order to establish a baseline for protein components migrating in
the CNE bands from the UPB, the UPB top (RC-LH1) and lower interme-
diate (LH1–LH2) bands were subjected to proteomic analysis and
compared with their chromatophore counterparts (Fig. 2). These
proteomic data are expressed in spectral counts and mainly reflect the
ability of trypsin to act at potential cleavage sites and are therefore
only semiquantitative in nature. Accordingly, proteins that are not high-
ly abundant with a large number of accessible sites can give rise to
higher counts than more abundant proteins with far fewer sites; in
cases where no sites are available, no counts are found, viz., PufB
(LH1-β-polypeptide) and PucA (LH2-α); however, the latter polypep-
tide could be detected after chymotrypsin cleavage [10]. Nevertheless,
since the gel lanes were loaded with equal amounts of total protein,
valid comparisons can be made between the same protein components
in the chromatophore andUPB preparations and the designated clusters
of orthologous groups (COGs) intowhich theproteins are classified [31].

The RC-LH1 complex accounted for the majority (52%) of spectral
counts in the top (RC-LH1) band of chromatophores compared to less
than a third (29%) for the UPB, demonstrating that the UPB band con-
tains vastly more non-pigmented protein. In comparison to their equiv-
alent chromatophore gel bands, both UPB bands were enriched in CM
markers: viz., succinate dehydrogenase (~2–4-fold), other electron
transfer enzymes (up to ~2-fold), transport proteins (3-fold), as well
as general membrane assembly factors (up to 2-fold). These included



Fig. 1. Separation of intact pigment-protein complexes by CNE of digitonin-solubilized
membrane fractions. Cells were subjected to a 24-h adaptation from high (1100 W/m2)
to low intensity illumination (100W/m2) [7]. UPB and chromatophore fractions were iso-
lated by rate-zone sedimentation and UPB was further purified by a two-phase
partitioning procedure [7]. The purified membrane preparations were solubilized with
digitonin (2 g/g protein), applied to a gel slab formedwith a 5–10% polyacrylamide gradi-
ent and subjected to CNE. A. Left, scan of unstained gel; B. image obtained with Typhoon
scanner as described in Materials and Methods, pigmented proteins give rise to the
white bands. C. Absorption spectra obtained directly on indicated UPB gel slices. The
high level of spectral purity of the top (RC-LH1-PufX) band is indicated by the presence
of the LH1 Qy absorption band at 875 nm and the RC monomeric BChl band at 802 nm,
and for the bottom (LH2) band by the maxima at 800 and 850, arising from the Qy

bands of the respective LH2 monomeric and dimeric BChl components. An LH1 enrich-
ment is also seen in the lower intermediate (LH1–LH2) band. The differences in carotenoid
content between the RC-LH1 core complex and LH2 reflects the respective BChl-caroten-
oid molar ratios near 1.0 for LH1 and ~2.0 for LH2 [30]. Note also the expected blueshift in
the position of the red-most carotenoid absorption (0–0 vibrational) band in LH1 relative
to LH2 (respective absorptionmaxima at 505 and 508 nm). The relatively low levels of UV
absorbance indicate extensive purification of these complexes on a protein basis.
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significant levels of the preprotein translocases YidC, YajC, and SecY,
bacterial type 1 signal peptidase and twin arg translocation subunit
TatA. Importantly, such general membrane assembly factors were sig-
nificantly enriched in the UPB RC-LH1 gel bands, confirming the active
role of membrane invagination sites in pigment-protein complex as-
sembly. This overall profile of protein enrichment confirms that the
UPB arises from both the peripheral respiratory CM and CM invagina-
tion sites [4], the latter serving as the hotspots for LH and RC complex
assembly [33].

3.2. CCCP arrests synthesis of membrane protein complexes and slows
light-driven cyclic electron flow during ICM induction

In an effort to determine whether CCCP-induced dissipation of
the electrochemical proton gradient required for insertion of nascent
LH apoproteins into the membrane results in the accumulation of
early assembly factors in association with participating polypeptides
undergoing membrane insertion, ICM formation was induced as fol-
lows. Concentrated suspensions of chemoheterotrophically grown
cells, essentially devoid of BChl, were shifted to semiaerobic conditions
by lowering the shaking rate as described in Experimental Procedures.
Under these conditions, BChl synthesis is induced as reflected here by
the gradual rise in the OD850 nm/OD680 nm in the concentrated cell sus-
pensions over the first 8 h of the induction process (Fig. 3A). This was
characterized by an increase in the number of both the RC-LH1 core
and peripheral LH2 antenna complexes, in which the preferential
appearance of the core particles is followed by an accelerated accumu-
lation of LH2 [3], as reflected in the N4-fold increase in the molar
LH2/LH1 ratio over this time period (Fig. 3B). The small increase in
OD680 nm over the first eight h (~1.5 OD units) confirmed that only lim-
ited cell division had occurred in these concentrated cell suspensions
and that functional changes largely reflected accelerated synthesis of
pigments and their binding proteins in existing cells. Therefore, these
resting cell preparations in which a sequential assembly of RC-LH1
and LH2 complexes is occurring, provide an ideal system for examining
the effects of inhibition of the electrochemical proton gradient on the
active assembly of pigment-protein complexes.

It can be seen that following CCCP addition at 8 h, a cessation in the
appearance of pigment-protein complexes has occurred (Fig. 3B). This is
shown most dramatically by the near-IR absorption spectra of the in-
ducing cells (Fig. 3C) in which no further absorption attributable to
the LH1 or LH2 is found at either 9 or 12 h. Determination of the effect
of CCCP on the photosynthetic activities of the inducing cells by FIRe
measurements showed a marked reduction in the quantum yield of
the primary charge separation, as assessed from the FV/FM values
(Fig. 4A). The functional absorption cross-section (σ450 nm), which
more than doubled in the control culture from ~43 Å2 at the outset to
~89 Å2 at 12 h (Fig. 4B), leveled off after the first h of CCCP addition,
reflecting the cessation in LH complex assembly in the presence of the
inhibitor as shown in Fig. 3. A more dramatic effect of CCCP was ob-
served on the rate of RC electron transfer turnover (τET) (Fig. 4C). In
contrast to the previously observed gradual diminution of τET [3,7] as
seen in the control culture, a N4-fold slowing, from 2.4 to 11.5 ms, oc-
curred within the first hour after addition of the protonophore. It is im-
portant to stress that the multiple cycles of CCCP inhibition lead to a
collapse of the proton gradient and to the short-circuiting of the respira-
tory chain. It might be possible that the short-circuiting of the electron
transfer chain would affect donor side electron transfer, insofar as the
short-circuit would be expected to occur at the proton release phases
in the Q-cycle of the bc1 complex. Significantly, the protonophore-
based inhibition of these physiological parameters as shown by FIRe
analysis, suggests that 50 μM CCCP should be more than sufficient to
block the membrane-potential requiring insertion of nascent polypep-
tide chains into the membrane bilayer, a possibility that is further ex-
plored in the proteomic investigation described below.

3.3. Proteomic analysis ofmembrane fractions isolated fromCCCP-inhibited
cells undergoing ICM induction

Chromatophore and UPB fractions were isolated from CCCP-treated
and untreated control cells and subjected to CNE for proteomic analysis
of the resulting gel bands. Four pigmented bands were present after
CNE, as observed for chromatophores from the cells undergoing adapta-
tion to low light intensity (Fig. 1). Because these gel bands were expect-
ed to contain membrane protein assembly factors (Fig. 2), this native
electrophoresis procedure provided the basis for a critical proteomic
analysis of light-harvesting, reaction center and other integral mem-
brane protein assembly processes.

Supplementary Figs. S1 and S2 indicate that the gel bands arising
from the chromatophore preparations from the inducing cells also
gave rise to a large number of proteins when subjected to LC-MS/MS.
Fig. 5 shows the effects of CCCP treatment on the LH, RC, and related en-
ergy transduction complexes from the major bands. CCCP markedly



Fig. 2. Proteomic analysis of UPB (A) and chromatophore (B) CNE gel bands. Membrane fractions were isolated from cells after a 24-h adaptation to a light intensity of 100 W/m2 [7];
the UPB and chromatophores were solubilized with digitonin and β-OG/DOC, respectively, and the resolved CNE bands shown in Fig. 1 were subjected to in-gel trypsin digestion and
LC-MS/MS as described in Materials and Methods. The distributions shown are for clusters of orthologous groups (COGS) [31], in which the usual energy production and conversion cat-
egory has been divided into subgroups to account for the distinct metabolic capabilities unique to photoheterotrophically growing Rba. sphaeroides [7].
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blocked membrane insertion of polypeptides of the LH2, RC-LH1, and
F1FO-ATPase complexes, especially in the respective gel bands in
which they were found in the highest levels (Fig. S2). Accordingly, for
the LH2 complex in the bottom (LH2) band, a 2.7-fold reduction in spec-
tral counts was observed, consistent with the accelerated rate of LH2
synthesis and assembly at this stage of the induction process (Fig. 3B).
A 1.7-fold reduction was found for the RC-LH1 complex in the top
(RC-LH1) band and 1.9- and 1.8-fold reductions in the upper intermedi-
ate band for the F1-ATPase and FO-ATPase, respectively. The pyridine
nucleotide transhydrogenase, an additional energy transducing ICM-
associated protein complex, showed a CCCP-induced spectral count re-
duction of 1.7-fold, averaged over all four gel bands. Thus, this complex,
along with the RC-LH1 core and F1FO-ATPase complexes, with spectral
count decreases in the of 1.7–1.9-fold range, reflect the interruption
by CCCP of themembrane insertion of complexeswith rates of assembly
at a basal level during this stage of ICM induction, rather than at the
accelerated rate seen for the LH2 complex. In addition these results pro-
vide new in vivo evidence confirming that the maintenance of an elec-
trochemical proton gradient is essential for membrane translocation of
the integral LH2 apoproteins [14] and extends these findings to the
RC-LH1, transhydrogenase and F1FO-ATPase complexes.

Fig. 5 also shows the levels of spectral counts for 35 soluble proteins
representing enzymes of amino acid and carbohydrate metabolism. The
ratio of 0.99 for the CCCP-treated vs. control proteins demonstrated that
the synthesis of soluble proteinswas unaffected by protonophore treat-
ment. This suggests that the CCCP-inducedmajor decline in levels of the
energy-transducing membrane protein complexes shown in Fig. 5 can
be attributed to a blockage in the electrochemical protein gradient nec-
essary for theirmembrane insertion rather than a CCCP-induced general
arrest in protein biosynthesis. Instead, it is expected that the synthe-
sized membrane proteins, in the absence of the electrochemical proton
gradient needed for their membrane insertion, undergo accelerated
turnover rather than insertion into the ICM as blocked by CCCP. A signif-
icant reduction in spectral counts was also induced by CCCP in enzymes
of BChl and carotenoid synthesis (1.6- and 1.7-fold, respectively)
(Figs. S1 and S2).While themajority of these enzymes represent soluble
proteins, it is possible that they are degraded in the absence of appropri-
ate associationswithmembrane components required for the coordina-
tion of their respective pathways of pigment biosynthesis with
concomitant formation of pigment binding apoproteins of the LH and
RC complexes.

The effect of CCCP treatment on the proteomic profile of several clus-
ters of orthologous groups in the overall UPB fractions is shown in Figs. 6
and S3. Of most significance is the CCCP-induced increase in levels of
general membrane assembly factors (Fig. 6A) for which the effects on
the individual factors are shown in Fig. 6B and C. This can be largely
accounted for by the ~2-fold greater accumulation of the preprotein
translocase SecY, the SecA translocation ATPase, SecD and SecF insertion
components, and chaperonins DnaJ and DnaK. We suggest that these
general membrane assembly factors have accumulated largely in associ-
ation with nascent polypeptides in the form of assembly intermediates
of the photosynthetic and energy-transducing complexes that have
failed to dissociate under the inhibitory conditions. In comparison to
control levels, SPFH, Ftsh, and HflC were also elevated in the presence
of CCCP, which is discussed further below. It is tempting to speculate
that the accumulated assembly factors represent intermediates in the as-
sembly process inwhichnascent proteins remain associated, in a form in
which these intermediates are protected from proteolytic degradation.

Image of Fig. 2


Fig. 3. Induction of ICM formation in low-aeration cell suspensions. A. Top panel: OD850/680 nm ratio where OD680 nm represents cell density determined at a wavelength devoid of pigment
absorption bands, while OD850 arises from the redmost QY-absorption bands of the LH complexes superimposed on the intrinsic cell light scattering. At 8 h, CCCPwas added to one culture
to a final concentration of 50 μM, and after 4 h of additional incubation, both the CCCP-treated and control cultureswere harvested for preparation of French-press extracts andmembrane
isolation as described inMaterials andMethods. Bottom panel: kinetics of cell optical density (OD680 nm) increase and accumulation of LH complexes (OD850) B. Top panel:Molar ratios of
LH2/LH1 determined with established molar extinction coefficients after correcting for light scattering and deconvolution of near-IR absorption spectra [32]. Bottom panel: Differential
synthesis of LH2 and LH1 complexes. C. Near-IR absorption spectra of whole inducing cells after correction for light scattering; the QY-absorption band of the LH1 core antenna complex
has amaximumat 875 nm(B875 band) as seen in the 2.5 and 4 h spectra,while theQY-absorption bands of the LH2 peripheral antenna complex hasmaxima at 800 and 850nm(B800 and
B850 bands), most evident in the 12 h control spectrum.
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4. Discussion

This study has been facilitated by development of a non-denaturing
polyacrylamide gel electrophoresis procedure for the isolation of native
LH2 and RC-LH1 complexes for proteomic analysis [7]. The initial proce-
dure employing membrane solubilization with a β-OG/DOC mixture
was successful in facilitating CNE with chromatophores, but it was nec-
essary to resort to the milder detergent solubilization conditions pro-
vided by digitonin to satisfactorily resolve these complexes from the
UPB. While their absorbance spectra demonstrated a high level of spec-
tral purity for the RC-LH1 upper and the LH2 lower bands, proteomic
analysis showed significant spectral counts arising from a variety of
other proteins, the majority of which were integral to the chromato-
phore and UPB membranes. Since labile protein–protein interactions
are expected to be preserved after digitonin solubilization [23], it is
tempting to speculate that the high spectral counts for at least some of
these integral membrane proteins may represent supramolecular asso-
ciations with the LH2 and RC-LH1 complex in the form of multi-protein
complexes. As a consequence of the tightly packed LH2 and RC-LH1 do-
mains observed in AFM topographs [29,34], intercomplex associations
would be expected to occur at the edges of these extensive arrays.

Further support for such intercomplex organization comes from a
recent study of energy and electron transfer integration in the Rba.
sphaeroides ICM [35]. In AFM topographs, His-tagged, dimeric cyto-
chrome bc1 complexes labeled with gold nanobeads appeared mainly
in the region of RC-LH1 core complexes. Moreover, after partial deter-
gent solubilization of chromatophores, the cytochrome bc1 and
RC-LH1 complexes co-purified, while LH2 complexes were detached.
This appeared to reflect the observed clusters of cytochrome bc1 com-
plexes in associationwith RC-LH1 arrays, but not in fixed stoichiometric
bc1-RC-LH1-supercomplexes [36]. Instead, bc1 complexes are seen adja-
cent to RC-LH1 complexes in disordered areas leaving the majority of
the RC-LH1 complexes out of contact with cytochrome bc1.

A detailed proteomic analysis of Rba. sphaeroidesmembranes has re-
cently been reported [37] in which 43 unique proteins were identified
in the highly specialized chromatophore membrane as compared to
236 making up the more complex membrane components isolated in
theUPB fraction. Ameatabolically stable isotope labelingprocedure per-
mitted determination of the relative distribution of proteins between
the chromatophores and the UPB, revealing that the UPB is enriched
in enzymes of lipid and tetrapyrrole biosynthesis. In contrast, the chro-
matophore fraction had higher levels of LH and RC proteins as well as
the cytochrome bc1 complex, the F1FO-ATPase and transhydrogenase.
This suggested that a spatial proximity of the photon collecting and en-
ergy transductionmachinery exists within the ICM, in which light ener-
gy is ultimately conserved by production of ATP. The results of this
stable isotope labeling of the UPB and chromatophore fractions [37]
also supported mechanisms established in Escherichia coli for the as-
sembly of the F1FO-ATPase [38] and transhydrogenase [39] complexes.
These proteomic data demonstrated the existence in the UPB of F1FO-

Image of Fig. 3


Fig. 4. Effect of CCCP on functional parameters of cells undergoing ICM induction. Determined from analysis of kinetic transient obtained by the FIRe analysis as described inMaterials and
Methods. Analyzed transients represented signal-averaged sets of 20 traces per sample, whichminimized noise levels in individual traces. A, Quantum yield of primary charge separation
(FV/FM) vs. induction time. B, Functional absorption cross-sections (σ450 nm) vs. induction time. C. Reaction center electron transfer turnover rates (τQA) vs. induction time. D. UQ pool re-
oxidation (τQ pool) vs. induction time. Lines through data points represent polynomial fits.
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ATPase populations at various stages of the assembly process and
provided evidence for post-insertional formation of the FO subunit b2
dimer prior to F1 sector binding to the peripheral FO-b2 subunit stalk
[38].

It is particularly noteworthy that our proteomic analyses revealed
enrichment in a variety of general membrane assembly factors in the
RC-LH1 gel band of the UPB relative to their levels in the same band
from chromatophores. This suggests that these components could play
roles in membrane insertion of the predominating LH1 and RC
apoproteins during their preferential assembly in the UPB membranes
Fig. 5. Proteomic analysis of CNE gel bands from chromatophores isolated from CCCP-
treated cells undergoing ICM induction.Details of CCCP treatment and chromatophore iso-
lation by rate-zone sedimentation are described in Experimental Procedures. Chromato-
phores were solubilized with β-OG/DOC, gel bands were resolved by CNE and subjected
to in-gel trypsin digestion and LC-MS/MS as described in Materials and Methods. The
full COG distributions, including both membrane-associated and soluble proteins, for all
four chromatophore gel bands are presented in Supplementary Fig. S1, while the effect
of CCCP on individual components of interest within all four gel bands is shown in Supple-
mentary Fig. S2.
arising from CM invagination sites that serve as hotspots for RC-LH1
core complex assembly [33,34]. These assembly factors included the
twin arg translocation subunit TatA involved in translocation of the
folded C-terminal domain of the Rieske Fe–S protein [40], the SecY com-
ponent of the Sec YEG translocase, bacterial type 1 signal peptidase, as
well as the YidC and YajC preprotein translocases. The Sec translocase
is comprised of the integral membrane SecYEG polypeptides, which
form a heterooligomeric channel [41] and the peripheral SecA translo-
cation ATPase, thought to be essential in translocation of the large
loops of integral membrane proteins. The YidC preprotein translocase
functions as a membrane chaperonin, facilitating Sec translocase-
dependent and -independent lateral bilayer movement [42]. For the
former, YidC has been shown to bind to the SecY lateral gate and is de-
tached in the presence of nascentmembrane proteins, thereby facilitat-
ing their lipid bilayer transfer [43]. Yid C has also been demonstrated to
possess a role in nascent protein folding and helix–helix interactions as
part of the SecYEG machinery [44]. In addition, the Sec translocase-
independent YidC driven pathway is strictly required in E. coli for mem-
brane integration of the subunits a and c of the FO sector of the F1FO
ATPase [45] and Subunit II (CyoA) of the cytochrome o complex [46],
which is driven by the electrochemical proton gradient. YidC is also
bound directly to the SecDFYajC accessory complex [47], which links
the Sec translocase complex to YidC, while SecD and SecF can partici-
pate in SecY independent insertion of proteins into the bilayer. In addi-
tion, a SecYEG–SecDF-YajC–YidC holo-translocon has been shown to be
effectively involved in both the co-translational membrane protein in-
sertion and posttranslational secretion processes [48].

Significantly, proteomic analysis of the overall UPB fraction showed
that CCCP treatment resulted in accumulation of ~2-fold greater levels
of a number of general membrane assembly factors (Fig. 6). These in-
cluded the SecY preprotein translocase, the SecA translocation ATPase,
SecD and SecF insertion components, as well as chaperonins DnaJ and
tentatively DnaK, all of which are involved in early stages of the inser-
tion of integral membrane proteins into the membrane bilayer. This
suggested the possibility that these factors had accumulated in stable
association with nascent polypeptide components as assembly

Image of Fig. 4
Image of Fig. 5


Fig. 6. Proteomic analysis of UPB fraction isolated from CCCP-treated cell suspensions un-
dergoing ICM induction showing effects of CCCP on relevant protein clusters (A) and gen-
eral membrane assembly factors (B, C). Details of CCCP treatment and UPB isolation by
rate-zone sedimentation are described in Materials and Methods. Following removal
from sucrose gradients, the UPB fraction was subjected to sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis. After entering gel, bandswere excised for in-gel trypsindi-
gestion followed by LC-MS/MS in which a 135-min LC gradient was used for optimal
peptide resolution. The full COG distributions, including both membrane-associated and
soluble proteins from the UPB fractions of the CCCP-treated and -untreated control cell
suspensions are presented in Supplementary Fig. S3.
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intermediates that were not readily dissociated or degraded. Moreover,
their accumulation can be attributed to a requirement for an electro-
chemical proton gradient for stable membrane protein insertion,
which is inhibited when CCCP, by virtue of its lipid solubility, has inte-
grated into the lipid bilayer. Further support for the possible accumula-
tion of early stage assembly intermediates is the CCCP-induced decline
in the levels of YidC and YagC, which have roles in later stages of the
Sec translocase dependent prokaryotic membrane protein assembly
process [47] and appear to have undergone degradation during CCCP
treatment. The accumulation of the putative assembly intermediates
would be expected to arise during the first and second stage of the pro-
posed pathway for LH protein assembly [14]. These putative steps con-
sist of the chaperonin-assisted binding of the nascent protein to the
cytoplasmic face of the membrane, followed by their electrochemical
proton gradient dependent ICM insertion before undergoing pigment
binding and final assembly into functional complexes. Our results can
also be reconciled with the lack of CCCP-induced accumulation of com-
plex specific assembly factors (Fig. S3), having roles in late stage
cofactor binding and assembly steps. Among these components with
the highest spectral counts were the cytochrome c-type biogenesis pro-
tein, cycH [49], iron–sulfur cluster-binding protein [40] and LH1 assem-
bly factors [50], all of which showed essentially no changes in levels in
the UPB after CCCP treatment.

The FtsH metaloproteinase also remained slightly elevated during
CCCP treatment (Fig. 6). This component functions as a membrane pro-
tease and chaperonin [51] and has been shown to cross-link with YidC
and HflK/C, suggesting that these proteins play a linked role in the qual-
ity control of bacterial cytoplasmic membrane protein integration [52].
HflC, which functions along with HflK as a modulator of FtsH activity,
and was also slightly elevated by CCCP treatment. HflK/C are members
of the highly conserved SPFH domain proteins [53], and together they
were considerably elevated in the UPB for the CCCP treated cells.
Other components involved in early aspects of the membrane protein
assembly that were also slightly elevated by CCCP included the signal
recognition particle homologue Ffh/SRP54 [54] and signal peptidase l
[55].

The recent AFM observation of “captive” proteins seen in association
with LH1 rings formed in a RC-Rba. sphaeroides strain [56], provides
in vivo structural support for the existence of membrane protein-
assembly factor intermediates as suggested here from the proteomic
analysis of CCCP-treated cells. The apparent presence of complete LH1
rings still associated with their assembly factors is thought to reflect
the absence of an RC template, leading to LH1 formation around other
proteins of appropriate dimensions. Integral membrane proteins of suf-
ficient size to serve in this capacity include: (i) BChl synthase (BchG), in-
volved in bacteriochlorophyllide esterification; (ii) LhaA, a RC-LH1 core
assembly factor belonging to the major facilitator superfamily, forming
part of the putative “BChl delivery branch” [50].

Proteomic analysis of the resolved CNE gel bands from the chromato-
phore fraction of the CCCP-treated cells also revealed that the spectral
counts for the chaperonin GroEL were elevated relative to those in the
untreated control preparation. This was most pronounced in the RC-
LH1 band, accounting for 19 and 8% of the total, respectively, as well as
in the upper intermediate (LH2–LH1) band (11% in CCCP treated-cells
and negligible counts in control) (Fig. S1D, C). While in the CCCP-
treated cells, thismay also be a reflection of assembly intermediate accu-
mulation, insofar as GroEL apparently serves as a chaperonin that
catalyzes the appropriate folding of LH1-α and -βpolypeptides for stable
assembly into LH1 complexes [15,16], significant levels of the 29.9 kDa
universal stress protein UspA were also found. UspA is a serine/
threonine phosphoprotein that undergoes autophosphorylation in re-
sponse to arrested growth [57]. UspA is expressed under conditions of
challenged viability including starvation for nutrients, heat shock, DNA
damage and osmotic and oxidative stress [58]. While the low aeration
cells used here serve as a useful system to study the induction of ICM for-
mation and assembly of the photosynthetic apparatus [3], only limited
cell division occurs in these concentrated cell preparations (generation
time of N12 h vs. ~3 h for phototrophically grown cells). Accordingly, ex-
pression of UspA indicates that the cells are also undergoing a stress re-
sponse in which high levels of GroEL are formed to serve as a heat shock
protein. Such elevated levels of GroEL assist in the folding of nascent
proteins while also counteracting stress-induced protein denaturation
by maintaining pre-existing proteins in stable conformations to prevent
their aggregation on exposure to stress [59].

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbabio.2015.06.002.
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