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ABSTRACT. The PufX membrane protein is essential for photosynthetic growi@hoflobacter sphaeroides
wild-type cells. PufX is associated with the reaction centigiht harvesting 1 (R€&LH1) core complex

and plays a key role in lateral ubiquinone/ubiquinol transfer. We have determined the PufX/RC
stoichiometry by quantitative Western blot analysis and RC photobleaching. Independent of copy number
effects and growth conditions, one PufX molecule per RC was observed in native membranes as well as
in detergent-solubilized RELH1 complexes which had been purified over sucrose gradients. Surprisingly,
two gradient bands with significantly different sedimentation coefficients were found to have a similar
subunit composition, as judged by absorption spectroscopy and protein gel electrophoresis. Gel filtration
chromatography and electron microscopy revealed that these membrane complexes represent a monomeric
and a dimeric form of the RELH1 complex. Since PufX is strictly required for the isolation of dimeric

core complexes, we suggest that PufX has a central structural role in forming dimeficHRGomplexes,

thus allowing efficient ubiquinone/ubiquinol exchange through the LH1 ring surrounding the RC.

Photosynthetic bacteria are able to convert light energy The RC is surrounded by two light-harvesting complexes,
into chemical energy by the cooperation of membrane-boundtermed LH1 and LH2, which absorb the light energy and
pigment-protein complexes. The facultative photosynthetic efficiently transfer it to the RC where the charge separation
purple bacteriunRhodobacter (Rbt)sphaeroideproduces takes place. Both types of antenna complexes are assembled
an extensive system of intracytoplasmic membranes (ICM) from very similar building blocks. Bacteriochlorophydl
when grown either anaerobically in the light (photosyntheti- (bchl) and carotenoid molecules are noncovalently attached
cally) or aerobically in the dark under low oxygen partial to two hydrophobic low molecular mass-{3 kDa) apo-
pressure (semiaerobically))( The ICM are synthesized from  proteins calleda. and 5, both of which have a single
invaginations of the cytoplasmic membran® @nd are membrane-spanning helix. The apoproteins are present in a
functionally differentiated to optimize the photosynthetic 1:1 ratio. The intact antenna structures are oligomers of these
energy conversion. o/ pairs and their associated pigments. The LH1 and the

Light energy is transduced in a electrochemical trans- RC are present in a fixed stoichiometry in most species of
membrane potential by the interplay of two large membrane- purple bacteriag, 4); the resulting R&LH1 complex is
bound pigmentprotein complexes: the photosynthetic called the ‘core’ complex. In contrast, the levels of LH2
reaction center (RC) and the cytochrome (dd) complex. antennae vary with irradiance and oxygen tension during
The functional interaction between these two complexes is growth 6, 6). Therefore, the stoichiometry of LH2 and RC
mediated by a pool of ubiguinone/ubiquinol molecules in LH1 is strongly dependent on the growth conditions of the
the hydrophobic part of the membrane and by solublegyt  cells.
molecules located in the periplasm. Cyclic electron flow

In the past few years, research in this area has been
through these soluble and membrane-bound molecules,q, o ytionized by the structural analysis of key protein

ggpergttfas a proton %rad,'ent across the membrane which iyigment complexes involved in the initial steps of photo-

utilized for ATP synthesis. synthesis. The structure of the RC was determined at atomic
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atomic resolution. However, electron microscopy of 2D none between the RC QB site and the ubiquinone/ubiquinol
crystals from several photosynthetic bacteria revealed a ring-pool in the membrane2f). However, it has not yet been
like structure of LH1 subunits surrounding a central nucleus determined whether the function of PufX is direct (e.g., as
attributed to the RC. The structure of LH1 frdRs. rubrum a ubiquinone carrier protein) or indirect (as a structural
was determined at 8.5 A resolution, clearly showing a organizer of the photosynthetic unit, allowing the diffusion
symmetrical ring of 16/ heterodimer pairs with an external  of ubiquinone/ubiquinol through the tight ring of LH1
diameter of 116 A 11). From these structural data, a model molecules surrounding the RC).
of the entire photosynthetic unit has been proposed in which  To distinguish between these possibilities, we further
the RC-LH1 core complex is surrounded by a variable addressed the role of PufX in the RCH1 complex. In this
number of LH2 rings 12—14). In this model, the bchl  study, we investigated the PufX/RC stoichiometry in native
molecules of both antenna complexes as well as the bchl|CM and isolated photosynthetic membrane complexes. In
special pair (P) of the RC are aligned at the same depth inaddition, we detected a novel membrane complex that is
the membrane, an arrangement that is likely to optimize dependent on the presence of PufX. These results point to a
energy transfer. Very recently, however, evidence has beenstructural role of PufX in the supramolecular organization
reported for an incomplete LH1 ring surrounding the RC in  of the photosynthetic unit.
native membranes dRb. sphaeroidegl5). In that study,
the structure of the photosynthetic unit was determined at MATERIALS AND METHODS
20 A resolution using electron microscopy of two-dimen- ) .
sional crystals in their native membrane. The projection map . Materials. DNA-modifying enzymes were from Boeh-
revealed a “S-shaped” structure composed of two incompleteiNger Mannheim (Mannheim, Germany). For overexpression
antenna rings, each having a diameter of about 120 A and®f the PufX gene, the QléxpressType ATG kit (Qiagen,
containing an electron-dense nucleus attributed to the RCHilden, Germany) was used. Nitrocellulose transfer mem-
(15). branes (0.2um) for Western blots were purchased from
The genes coding for the LH1 subunifsuf@ and pufA) Schleicher & Schuell (Dassel, Germany). AII.other reagents
and two of the RC subunitp(iL and puiM) are located on ~ Were from Merck (Darmstadt, Germany) or Sigma Chemical
the so-calledpuf operon and transcribed as part of a CO- (Munich, Germany) if not indicated otherwise.
polycistronic MRNA. InRb. sphaeroideandRb. capsulatus Bacterial Growth Conditions. Rb. sphaeroidesltures
the puf operon contains an additional gene, ternpedX, were grown semiaerobically in Erlenmeyer flasks filled to
which encods a 9 kDa membrane protein’ termed PufX, 50% of the total volume with Sistrom’s minimal medium
which is essential for photosynthetic growtts(17). PufX (26). The cultures were incubated in darkness at@GGnd
is required for anaerobic, photosynthetic growth of wild- 100 rom on a gyratory shaker with a displacement radius of
type cells although PufX is not required fauf operon 2.5 cm. For photoheterotrophic growth in liquid medium,
expression or primary Charge separation in the m:—eo) SChOtt bOttleS were fu"y f|"ed W|th |nOC!JIUm and med|um.
In Rb. sphaeroidesPufX is localized in the ICM and is  !llumination was provided by far-red lighti(>680 nm)
closely associated with the R&H1 complex (L6). A time- defined by spectral-quality Plexiglas manufactured by Rehm
dependent assembly study has shown that PufX associateslaas (Darmstadt, Germany). Semiaerobic or photohetero-
with the RC before the formation of the RCH1 core  trophic growth was monitored using a Klesummerson
complexesZ1). Interestingly, the PufX protein has a strong Photometer (no. 66 filter) as described previoushg)(
tendency to interact with the polypeptide of the LH1, while ~ Kanamycin (254g/mL) was added toRb. sphaeroides
no interaction was detected with tffepolypeptide 22). cultures as was tetracycline (2g/mL) when plasmid-
Spontaneous suppressor mutations jpfiX deletion strain ~ complemented strains were grown. However, tetracycline
have been characterized in det@B(24). In these strains, ~Was not used for photosynthetic growth to avoid the
photosynthetic competence is restored by spontaneous secon@eneration of growth-inhibitory product2?).
site mutations in the plasmid-borrmufB or pufA genes. E. colistrains were grown at 3T in Luria broth medium
These mutations seemed to drastically reduce the levels of(28). Ampicillin (100 ug/mL), kanamycin (25g/mL), or
LH1 around the RC, thus allowing photosynthetic growth tetracycline (10ug/mL) was used when appropriate. Con-
in the absence of PufX. This hypothesis was directly jugative transfer of mobplasmids intdRb. sphaeroidewas
supported by the observation that PufX is not required for carried out usinge. coli S-17 (29) fecA pro~ res mod"
photosynthetic growth in the complete absence of LH1 (19). TpR Snf -pRP4-2-Tc::Mu-Km::Tn7] and the diparental filter-
Apparently PufX is only required when the LH1 antenna mating procedure described previousB), Exconjugants
system is present and when its macromolecular structurewere selected chemoheterotrophically using kanamycin (25
around the RC is intact. These observations led to thexg/mL) and tetracycline (Zg/mL).
proposal that PufX facilitates, either directly or indirectly, Recombinant DNA TechniquésHiss epitope was added
the flow of ubiquinone/ubiquinol between the RC site and to the carboxyl terminus gbufX in the following manner:
the cytbc, complex (9, 20, 25). after digestion of pPRKXmut2XTX6) with BanH| and Dral
Recently, in vivo evidence has been presented that PufX (the Dral restriction site is located 128 bp downstream of
is essential for photophosphorylation because it plays a keythe pufX stop codon), the 4.1 kpuf operon construct was

role in multiple-turnover cyclic electron flow, although it
has no apparent role following single-flash excitati@g)(

isolated and ligated to the 7.3 BanHI—Hindlll fragment
of pSUP202 (29) which had been linearized wiimdlll,

Under anaerobic conditions, where the oxidized form of blunt-ended by filling in the overhangs with Klenow poly-

ubiquinone is limiting in the ICM, PufX was found to be

involved in the lateral, intramembrane exchange of ubiqui-

merase, and digested wiarmHI. The resulting plasmid was
termed pSUPX. Theuf operon of pSUPX was subcloned
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into pBR322 usingBanHI and Clal. After digestion of the
resulting plasmid witlBanmHI and Ssp, the 4.5 kbpufoperon

Francia et al.

Two liter cultures ofE. coli strain M15 harboring both
plasmids were grown at 3T in the presence of ampicillin

construct was isolated and cloned into pRK404 (31) which (200ug/mL) and kanamycin (2ag/mL) until Asoo reached

had been linearized witHindlll, blunt-ended with Klenow
polymerase, and digested wlBanHI. The resulting plasmid,
termed pRKX, carries uniquElindlll and Clal restriction

sites on the 5and 3 sides ofpufX. To insert six histidine
residues immediately before thmufX stop codon, a two-

0.7—-0.9. The expression of protein was induced by 500 mM
IPTG. The culture was switched to 3@ and incubated for

4 h. The cells were harvested by centrifugation, and the pellet
was suspended in 20 mL of sonication buffer (50 mM Tris,
100 mM NacCl, 10% v/v glycerol, pH 8.0). The cells were

step PCR approach was used. First, two PCR reactions werdysed with lysozyme (1 mg/mL) in the presence of DNase

performed using pRKX as the template and the following
primer pairs: 5GGTCTCTCGATCGCCTTCCTCT-3
(primer 1) and 5TCAGTGATGGTGATGGTGATGGAC-
GAGATGCTTGATCAGCTCGA-3 (primer 2) as well as
5-CTCGTCCATCACCATCACCATCACTGAGACAAGTC-
TCGGGGCAGGG-3 (primer 3) and 5AGCGGATAA-
CAATTTCACACAGGA-3 (primer 4). Aliquots of both

(5 ug/mL) and RNase (1@g/mL) on ice for 30 min. The
cell suspension was sonicated using a Branson microtip at
50% capacity, setting 5 for 5 min. The cell lysate was
centrifuged at 110G9for 15 min, and the supernatant was
centrifuged at 1900@ffor 1.5 h. The membrane pellet was
resuspended in solubilization buffer (50 mM Tris, 100 mM
NaCl, 10% v/v glycerol, pH 8.0) containing 1.5% (w/v)

PCR products were mixed and used as the template for an-octyl-3-p-glucopyranoside (OG) at a protein concentration

second PCR primed with primer 1 and primer 4. The
resulting PCR fragment was digested witindlll and Clal
and ligated into theHindlll and Clal sites pRKX, thereby
replacing the untaggepufX gene with Hig-taggedpufX.
The resulting plasmid was termed pRKXHisSequence
analysis confirmed the expected sequence for thetbiged
pufX gene of pRKXHis.

To integrate th@uf operon carrying the Histaggedpufx
gene into the chromosome of the gremuf deletion strain
AQ-X/g (20), a suitable suicide plasmid (termed pSUPtetX-
Hisg) was constructed in the following manner: Using
BanHI and Clal, the untaggeduf operon of pSUPX was
replaced with the corresponding tsggedpuf operon of
pRKXHiss. A tetracycline resistance gene was cloned into
the resulting plasmid, pSUPXHigo allow the selection of

of ~4—5 mg/mL. Following solubilization fol h onice,

the suspension was centrifuged at 25@p@@r 20 min to
remove any unsolubilized portion. Then 4 mL of a 50%
slurry of Ni—NTA, previously equilibrated with solubiliza-
tion buffer, was added to the supernatant, and stirred for 60
min. The slurry was loaded onto an empty column and
washed with solubilization buffer until th&,g of the flow-
through was lower than 0.01. The column was washed with
wash buffer [50 mM NakPO,, 10 mM Tris, 100 mM NaCl,
10% (v/v) glycerol, 0.8% (w/v) OG, pH 6.3] until th&sgo

of the flow-through was lower than 0.01. The ktagged
PufX protein was eluted with elution buffer [50 mM NaH
POy, 10 mM Tris, 100 mM NaCl, 10% glycerol (v/v), 0.8%
(w/v) OG, pH 4.5]. The purity and identity of the purified
protein were confirmed by SDSPAGE and sequence

single-crossover events between the suicide plasmid and theanalysis. PufX protein sequencing was performed with a

chromosome oRb. sphaeroidesTo this end, the 1.4 kb
EcoRI—Aval fragment of pBR322 was ligated with the 3.4
kb EcoRI—Awval fragment of pSUP202 (29). The resulting
plasmid, termed pSUPtet, was linearized wiboR| and
ligated with the 6.8 klEcdRI fragment of pSUPXHig The
resulting suicide plasmid, pSUPtetXKisvas analyzed by
restriction analysis. Conjugation of pSUPtetXHisto the
puf deletion strainAQ-X/g (20) resulted in a strain termed
PUFXHis; which carries the completauf operon (including
the Hig-taggedpufX) in its correct chromosomal location.

Procise 492 amino acid sequencer with a PTH Analyzer
140C and a UV detector 785A (Applied Biosystems,
Weiterstadt, Germany).

The concentration of purified PufX-Hjsvas analyzed
using a 6300 Amino acid analyzer (Beckman, Munich,
Germany). Following complete hydrolysis of the protein, the
concentration of each amino acid was determined using the
analysis software provided by the manufacturer (System
Gold, Beckman). The concentration of PufX-kisvas
calculated on the basis of the amino acid sequence. To allow

Southern blot analysis confirmed the expected genetic calculation of the error associated with the determination of

structure of thepuf operon in PUFXHis

To overexpress and purify PufX-Higrom E. coli, the
taggedpufX gene was cloned into pQE-70 (Qiagen, Hilden,
Germany). To this end, the epitope-taggadX gene was
amplified by PCR using pRKXHisas the template and the
oligonucleotides 5STGAGGAAAGCTTACCATGGCTGA-
CA-3' and 3-CCGAGACTTAGATCTGACGAGATGCTT-
3. The resulting PCR product was digested wititalll
(compatible withSpH) and Bglll and inserted into pQE-70
digested withSpH andBglll. The resulting construct, termed
pQE-70XHis, encodes a fusion protein composed of the 82
amino acid PufX protein followed by 1 serine and 6 histidine
residues (termed PufX-Hjs

Overexpression and Purification of HiF agged PufX from
E. coli. pQE-70XHig was transformed int&. coli host strain
M15 carrying the pREP4 repressor plasmid, which is
compatible with all plasmids carrying the ColE1 origin of
replication.

the protein concentration (see below), the entire procedure
was performed 3 times.

ICM Isolation and AnalysisChromatophores (ICM) were
isolated from semiaerobically or photoheterotrophically
grown cells as described previousB2j. Protein concentra-
tions of the isolated ICM were determined using the BCA
Protein Assay Reagent following the manufacturer’s instruc-
tions (Pierce, Rockford, IL). An aliquot of ICM was extracted
with acetone-methanol (7:2 v/v). After centrifugation, the
protein pellet was dissolved in 0.1 M NaGH% SDS for
concentration determination.

Western Blot Detection of PufX-HisSDS—polyacryl-
amide gel electrophoresis (SBEAGE) was carried out
using the tricine buffer system as described by §geaand
von Jagow 82). We used a 15.5% acrylamiet@% bisacryl-
amide gel, ad 6 M urea was included in the separating gel
to improve the resolution. Before electrophoresis, the ICM
samples were solubilized with 3% OG at a protein concen-
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tration of 2 mg/mL for 30 min at room temperature. After micelles. To experimentally determine the CMC of OG in
addition of loading buffers, the samples were heated at 60the presence of 0.2% (w/v) sodium cholate, we studied the
°C for 30 min. incorporation of iodine into micelles built from mixes of
Protein transfer to nitrocellulose membranes (Schleicher these two detergents. This method is based on the fact that
& Schuell, Dassel, Germany) was carried out in 50 mM Tris, the absorption of iodine at 360 nm rises drastically upon its
95 mM glycine, and 0.005% SDS using a semi-dry Western incorporation into the hydrophobic core of the micelles.
blot apparatus (LKB, Piscataway, NJ). Immunodetection was Aqueous solutions of 0.2% (w/v) sodium cholate and
performed using an ECL Western blotting system as sug- increasing concentrations of OG (ranging from 0 to 1.5%
gested by the manufacturer (Amersham, Braunschweig, w/v) were made. Following the addition of 0.1 volume of a
Germany). The polyclonal anti-Higrimary antibody (ICN, saturated solution of iodine in 13% (v/v) ethanol, the samples
Aurora, OH) was used at a final dilution of 1:1000. Goat were vortexed and incubated at°€ for 10 min before
anti-rabbit antibody coupled with horseradish peroxidase was measuring the absorbance at 360 nm. The absorbance values
purchased from Nordic Immunological Laboratories (Tilburg, were plotted against the percentage of OG, and the CMC
The Netherlands) and used at a 1:10 000 dilution. was estimated from the intercept of the two linear curves
To quantitatively determine the concentration of PufX- below and above the CMC. In the presence of 0.2% (w/v)
Hiss in ICM or solubilized membrane complexes, Western sodium cholate, the CMC of OG is equal to 0.35% (w/v).

blots were performed in parallel with these samples and with Determination of the Reaction Center Concentratidis.

known amounts of purified PufX-Hjsas a standard (see gy qjuate the concentration of photoactive RC in the ICM or
Figure 1). Care was taken that the integrated intensities of i, isolated membrane complexes, flash-induced photobleach-
the protein standard were in the linear range. The sizes Ofjng of the primary electron donor (P) of the RC was measured
the sample aliquots were chosen in a way that their ECL gpectrophotometrically. ICM samples were diluted with 50
signals were within the range of signals of the calibration )\ MOPS, 100 mM KClI, pH 7.0, to final bchl concentra-
curve. Suitable ECL exposures were scanned with a densi-qng ranging from 16 to 4@M. The cytbc, complex was

tometer, and the protein concentration was calculated for eachy,hibited with 10uM antimycin A; 104M valinomycin and
sample by comparison with the calibration curve of purified 10 4M nigericin were also added to collapse the transmem-
PufX-Hiss. At least four Western blots were performed for .ane proton gradient and to avoid spectral interference due
each sample. The uncertainty associated with this quantitationy, ;o and carotenoid electrochromic effects. Measurements

procedure was calculated as described below. were performed in an argon atmosphere under controlled
Isolation of Photosynthetic Membrane Complexelso- redox conditions, as described previousf)( 1,2-Naph-

tosynthetic membrane complexes (PMCs) were solubilized i, ;i ;

" . : . X quinone ang-benzoquinone (1M each) were used as
and purified using a previously described methdd) (with redox mediators, and the ambient redox potentia) (vas
the following two modifications: first, the first membrane poised at 18Gt 15 mV. Flash-induced absorption changes
extraction step (after the NaBr wash) was performed with & \ere monitored at 542 and 605 nBi7( 38). Actinic flashes
final OG concentration of 0.75% wi/v. After centrifugation ¢ light, approximately 1Qcs half-width, were provided by

at 17500@ for 90 min, the pellet was _resuspended_ in 50 a xenon lamp (3.2 J discharge energy; EG&G, Electro Optics,
mM glygly, 1% OG, pH 7'8’.t0 a protein concentration of Salem, MA) screened through two layers of Wratten 88A
10 mg/mL and _extracted with 3% OG and 0.5% sodmm gelatin filters (Kodak). The spectrophotometric signals were
cholz?\te as des_crlbed befols. Second,_ the sucrose density recorded using a single-beam kinetic spectrophotometer of
gradient contains 0.6% OG, 0.2% sodium cholate instead Oflocal design (time resolution 0/s; bandwidth less than 2
1% OG, 0.25% sodium cholate. FoIIowing isqlation of the nm) interfaced with a LeCroy 9’410 digital oscilloscope.
PMCs, the sucrose was removed by gel f|I_trat|on through a Trains of 10 flashes spaced 40 ms apart were used to fully
Sephadex G-25 column (PD 10, Pharmacia, Uppsala, SWe-g idize the RC, and the signal was averaged 10 times. The

den) previously equilibrated with the buffer 0.6% OG, 0.2% dark time between the excitation trains of flashes was 60 s.
sodium cholate, 50 mM glygly, pH 7.8. When appropriate,

the sugar-free PMCs were concentrated by ultracentrifugation 1 N€ isolated photosynthetic membrane complexes (PMCs)

using a Centricon 100 microconcentrator (100 kDa cutoff) Were frozen i.n liquid nitrogen immediatgly qfter isolation,
following the instructions of the manufacturer (Amicon, and thawed just before the RC determinations. The total

Witten, Germany). The entire purification procedure was concentration of photooxidizable reaction centers was mea-
performed at £C or in an ice bath. sured following essentially the procedure described above,

Determination of the bchl Concentratiofiotal bchl was ~ €xcept that PMC samples were placed in an open unstirred
extracted from the PMCs by adding aliquots of 50, 80, and CuVette supplemented with 1 mM sodium ascorbate.
100uL to 1 mL of an acetonemethanol mixture (7:2 v/v). Gel Filtration Chromatographylsolated photosynthetic
Following centrifugation (15 min at 4C) in an Eppendorf ~ membrane complexes were injected in a Superose 6 column
microcentrifuge, the absorbance of the supernatant was(Pharmacia Superose 6 HR, 10/30) and eluted at 0.5 mL/
measured at 772 nm and the bchl concentration determinedmin flow by an Akta Explorer 100 System (Pharmacia) in a
as described befor@%). In all cases, the three aliquots (50, cold chamber. Elution peaks were detected at 280, 456, and
80, and 100uL) gave a linear curve. In addition, the 560 nm. To construct a calibration curve, purified carbonic
absorption maximum was detected at the same wavelengthranhydrase (29 kDa), alcohol dehydrogenase (150 kDa),
in all three samples. thyroglobulin (669 kDa), and Blue Dextran (2000 kDa)

Determination of the Critical Micellar Concentration (Sigma, Munich, Germany) were injected together at an
(CMC). The CMC is the lowest concentration at which individual concentration of 1 mg/mL and analyzed as
detergents or other amphiphilic molecules aggregate to formdescribed above.
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Electron Microscopy.Freshly isolated photosynthetic
complexes were prepared for electron microscopy as de-
scribed elsewhere9), except that the PMCs were fixed with
10 mM glutaraldehyde for 15 min before adsorption onto
the grid. Following washing with 50 mM glycylglycine, pH
7.8, the samples were stained with 2% uranyl acetate.
Electron microscopy was performed with a Philips EM420
electron microscope at a magnification of 48800

Estimate of ErrorsThe following sources of uncertainty
have been considered in quantitatively determining the
concentration of PufX-Hisin ICM and isolated PMCs:

(a) Quantitation of PufX-Higby Protein HydrolysisThe
concentration of purified PufX-Hisused for calibrating
Western blots was determined 3 times by complete hydroly-
sis. In each quantitation experiment, 13 determinations were
performed, based on the amino acid composition of PufX-
Hiss. The weighted mean and the corresponding standard
deviation were calculated.

(b) Calibration of Western Blotgzor each experiment, a
correlation plot (picomoles of purified PufX-His's signal
intensity) was constructed and a linear fit performed,
weighted according to the uncertainties in picomoles of
PufX-Hiss estimated in (a). The uncertainty associated with
the quantitation of PufX-Hisin ICM or PMC samples was
evaluated from the standard deviations of the fitting param-
eters in the correspondent calibratiatO),

(c) Dilution of the Samples in Running Western Blot
ExperimentsThe errors resulting from the previous points
have been combined with errors in the volumes (buffer and
sample) when preparing the diluted sample for Western
blotting, resulting in the PufX concentration in the original
preparation for each Western blot experiment. Standard erro
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PufX

e g g, Fa] oy |

1234 56 78 pmol

Ficure 1: Quantitative determination of the PufX concentration
using Western blot analysis. ICM were isolated from photosyntheti-
cally grown PUFXHig cells. Two aliquots of membranes containing
4.4 pmol of RC (labeled ICM) and the indicated amounts of purified
PufX-Hiss (labeled PufX) were separated by SBPBAGE and
analyzed by Western blotting using anti-kl@tibodies. The shape
of the PufX band in the ICM samples is due to the presence of
lipids and carotenoids.

mined in isolated ICM. The concentration of the PufX was
measured by quantitative Western blot analysis, while the
RC was quantitated using photobleaching techniques (see
below).

To allow quantitation of PufX in isolated ICM, their
Western blot signals were compared to that of isolated PufX
protein. To this end, we constructed pufX allele that
encodes a PufX protein with a carboxyl-terminal histidine
tag (see Materials and Methods). This epitope-tagged protein,
PufX-Hiss, is functional as judged by its ability to comple-
ment the growth defect of Rb. sphaeroidestrain lacking
pufX (not shown). PufX-Hiswas overexpressed frok coli
and purified using NiNTA chromatography (see Materials
and Methods). The resulting PufX-Higreparation was pure

as judged by SDSPAGE and Coomassie-staining and free

propagation procedures have been used in this as well as ifP! further His epitopes as seen by Western blot analysis

other steps of error evaluatiod@). Usually this source of
uncertainty does not contribute substantially to that of the
final result, but can be important at high dilution.

(d) Combination of Results from Western Blot Experiments
Performed with a Gien Preparation (at Least Four Inde-
pendent Experiments for Each ICM Preparation, Two
Independent Experiments for Each PMQhe weighted
mean and the resulting standard deviation have been
calculated from the results of (c) for each preparation.

The error in the concentration of RC has been estimated
by assuming an uncertainty equal to one-fifth of the peak-
to-peak noise in reading spectrophotometric signals and by
considering dilution errors. Finally, in evaluating PufX/RC
and bchl/RC ratios, the propagation of uncertainties in PufX,

RC, and bchl concentrations, estimated as described above,

has been taken into account.

RESULTS

Determination of the PufX/RC Stoichiometry in Nati
ICM. The integral membrane protein PufX is required for
light-driven cyclic electron flow ofRb. sphaeroidesvild-
type cells RO, 25). Interestingly, PufX is physically associ-
ated with the RE-LH1 complex (6), indicating that it is
involved in facilitating the functional interaction of the
components of the photosynthetic unit. To better understand
the molecular function of PufX, we studied the number of
PufX molecules contained in each RCH1 core complex.

In a first approach, the PufX/RC stoichiometry was deter-

using anti-Hig antibodies (not shown).

A green strain oRb. sphaeroidetacking the wholepuf
operon by substitution of a kanamycin resistance gAGe,

X/g (23), was complemented with the plasmid pRKXkKlis
(see Materials and Methods). Since the expression of
plasmid-borne genes can be influenced by the plasmid’s copy
number and by cis-acting elements that are known to regulate
the expression of th@uf operon 41, 20), the PufX/RC
stoichiometry was also studied in a strain carrying a single,
chromosomal copy of thpuf operon (including the His
taggedpufX gene). To this end, theufoperon of pRKXHig

was integrated into the chromosome of ph#deletion strain
AQ-X/g (see Materials and Methods). The resulting strain,
termed PUFXHig carries the completguf operon (with the
C-terminal Hig-tag) in its correct chromosomal location.
Both of these strains were grown photosynthetically as well
as semiaerobically in the dark, and the ICM were isolated
by French press disruption.

To quantitatively determine the PufX concentration in
these ICM preparations, small aliquots were analyzed by
Western blot analysis using anti-Hiantibodies. For quan-
titative comparison, known amounts of purified PufX-glis
were analyzed in parallel. Figure 1 shows a typical Western
blot with two identical aliquots of ICM (lanes 5 and 6) and
increasing amounts of purified PufX-Hi¢lanes +4 and
lanes 710). The different shapes of the PufX bands that
are observed for the purified and ICM-bound PufX-4tian
be attributed to the lipids and pigments present in the latter
samples.
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Table 1: Stoichiometry of PufX per RC in Isolated ICM 2Q-X/g AQ-X/g
Preparatiorts (pRKXHisg ) (p2T)

strain growth conditions PufX/RC

AQ-X/g (PRKXHiss) semiaerobic 0.9% 0.07
AQ-X/g (pPRKXHiss) photosynthetic 0.830.21
PUFXHiss semiaerobic 0.86:0.14
PUFXHiss photosynthetic 0.86-0.15

E—
PMClwr —>
a2The concentration of PufX-Hiswas determined by quantitative
Western blot analysis using anti-&sntibodies; the RC was quantified PMC2yr —>
using flash-induced photooxidation of the primary electron donor P
(see Materials and Methods).

<« PMCl,x

<« PMC2xx

<« PMC3,x

2 M

PMC3wr —

PMCéwr —

To determine the PufX/RC stoichiometry in the ICM
preparations, the RC concentration was measured by moni-
toring the photooxidation of the primary electron donor

induced by trains of actinic flashes. Flash-induced absorbance
changes were recorded at 542 and 605 nm, and the RC
concentrations were calculated using a differential extinction
i i — 1 —1
coeff|0||$nt Of.654}68i5 29h'8 mI\/I'b Cmf (3]‘7, 38)'| | FIGURE 2: Rate zonal centrifugation of detergent extracts. ICM
As shown in Table 1, the number of PufX molecules per ere isolated from semiaerobically grown cells and solubilized with

RC is independent of the strain and growth condition used. 3% OG, 0.5% sodium cholate as described under Materials and
Taken together, these data clearly show that native ICM Methods. The detergent extracts were separated eQ% (w/
contain one PufX molecule per R&CH1 complex. \évrzoslgtceroisne ggn;lt& grladilents I—Ciogtginiﬁgﬁoiﬁ?eOGHo?bzs%ntsk?egiigm
Isqlatlon of Photosynthetic Mem_bra_ne Com_ple_XES' membrane complexgsy%gMgs) fromQ-X/g (pR’K)FéHisﬁ) )(/:ells
confirm the observed PufX/RC stoichiometry in isolated (containingpuiX); right tube, PMCs fromAQ-X/g (p2T) cells
RC—LH1 complexes, photosynthetic membrane complexes (lacking puiX).
(PMCs) were isolated fronAQ-X (pRKXHisg) cells. In
addition, a well-characterizqulfX-deleted mutantAQ-X/g from AQ-X/g (pPRKXHiss), but never from those isolated
(p2T) (23), was included in these studies to further character- from AQ-X/g (p2T) cells. The lack of PMC4 in the absence
ize the role of PufX in the RELH1. The only difference of pufX suggests that PufX is required for the formation or
between this mutant amdiQ-X/g (pRKXHis) is the absence  stability of this membrane complex. PMC4 was also isolated
or presence of the HigaggedpufX gene. from AQ-X (pRKX) lacking a His tag, indicating that the
PMCs were isolated from ICM preparations of these strains presence of this band was not due to theglig added to
by using a differential solubilization protocol (see Materials the PufX protein (not shown).
and Methods). After removal of peripheral membrane Characterization of a Neel Membrane Complex Requir-
proteins with sodium bromide and extraction of the mem- ing pufX.To determine the subunit composition of the PMCs
branes with 0.75%-octyl-3-p-glucopyranoside (OG), RE isolated fromAQ-X/g (pPRKXHiss) and AQ-X/g (p2T), the
LH1 complexes were solubilized using 3% OG and 0.5% green fractions were collected from sucrose density gradients
sodium cholate. Following removal of membranes by ultra- such as those shown in Figure 2 and characterized by
centrifugation, the detergent extract was separated by zoneabsorption spectroscopy, SB8AGE, and Western blotting.
centrifugation using a sucrose density gradient(40% w/w Figure 3A shows the absorption spectrum of native ICM
sucrose) containing 0.6% OG and 0.2% sodium cholate. Thisisolated fromAQ-X/g (pRKXHiss). The spectrum shows the
centrifugation technique separates macromolecules accordingharacteristic absorption bands of carotenoids (&8I0 nm)
to their sedimentation coefficients. and absorption peaks that are due to the overlapping bchl
As shown in Figure 2, the gradients obtained frav®- peaks of RC, LH1, and LH2 complexes (#5800 nm).
X/g (pRKXHisg) (left tube) andAQ-X/g (p2T) (right tube) Figure 3B shows the spectrum of identical ICM after
contain several green bands known to consist of PN8ds ( detergent extraction with OG. Except for a better resolution
The relative intensity of the bands depends on the growth of the peaks at 850 nm (LH2) and 875 nm (LH1), the
conditions and growth phase of the cells from which the ICM spectrum is very similar to that of untreated ICM, demon-
were isolated (not shown). In both cases, one band is presenstrating that the integrity of the PMCs was not significantly
at the very top of the gradient. This fraction consists mainly altered by the solubilization from the membrane. Especially
of free carotenoid as detected by absorption spectra and RGhe absence of an absorption peak at 820 nm, the absorption
photobleaching (not shown). maximum of the minimum building block of the LH1
Three additional PMC bands are present in both gradientscomplex (composed ad;3; heterodimers), shows that the
shown in Figure 2. With increasing density, PMCs isolated antenna complexes are not significantly decomposed by the
from AQ-X/g (pPRKXHiss) are termed PMGgr, PMC2yr, solubilization procedure. Such a decay of LH1 antenna into
and PMC3yr. Similarly, PMCs isolated fromhQ-X/g (p2T) its minimum building block has been observedis. rubrum
are termed PMC, PMC2yx, and PMC3y, respectively. where extraction of the membrane with high OG concentra-
Interestingly, under all growth conditions (semiaerobically tion caused a blue shift of the LH1 peak from 872 to 820
or photosynthetically) and in all growth phases tested, a nm 42).
fourth green band at higher density (termed PM©4vas Absorption spectra were recorded for the PMCs isolated
always obtained from detergent-solubilized ICM isolated from AQ-X/g (pPRKXHiss) andAQ-X/g (p2T). As shown in
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Ficure 3: Absorption spectra of isolated ICM, detergent extract,
and isolated PMCs. ICM were isolated from semiaerobically grown
cells of AQ-X/g (pPRKXHiss) (panels A-C) and AQ-X/g (p2T)
(panel D), extracted with 3% OG, 0.5% sodium cholate, and
separated over a #10% (w/w) sucrose density gradient containing

Francia et al.

Table 2: PufX/RC and bchl/RC Stoichiometry in Isolated PMCs

PMC bchl/RC PufX/RC
PMClwr 224+ 19 nd
PMC2yr 180+ 9 2.03+0.12
PMC3nr 36.7+ 1.3 0.87£0.16
PMC4nr 30.8+ 1.6 0.76+ 0.15
PMC1ax 116+ 15 nd
PMC2x 165+ 16 nd
PMC3yx 39.6+ 2.6 nd

a2 PMCs were isolated from semiaerobically grown cell\G-X/g
(pPRKXHiss) andAQ-X/g (p2T). The concentrations of bchl, PufX, and
RC and the corresponding errors were evaluated as described under
Materials and Methods. For each sample, at least two independent
determinations of bchl, PufX, and RC were performed.

sistent with the interpretation that they are composed of LH2
antennae. Primarily small proteins were also observed in
lanes 2 and 6, suggesting that PM2and PMC2x are

mainly composed of LH1 complexes. Very small amounts

0.6% OG and 0.2% sodium cholate. The absorption spectra wereof the three RC subunits (280 kDa) were also detectable

normalized to the absorption maximum of the carotenoids and
displaced vertically from each other for clarity. (A) Isolated ICM;
(B) supernatant of the centrifugation after detergent extraction; (C)
PMCs isolated from\Q-X/g (pRKXHiss); (D) PMCs isolated from
AQ-X/g (p2T).

1 2 3 45 6 7

Ficure 4: Silver-stained SDSpolyacrylamide gel of isolated
PMCs. Isolated PMCs from semiaerobically grown cellsA@)-
XIg (pRKXHisg) andAQ-X/g (p2T) were separated by SBEAGE
using the tricine buffer system of Sager and von JagovR). A
total of 0.1 ug of protein was loaded onto each lane. Lane 1,
PMClyr; lane 2, PMCRr; lane 3, PMCg@r; lane 4, PMC4r;
lane 5, PMC1y; lane 6, PMC2x; lane 7, PMC3x. The positions

in PMC2yt and PMC2x. As shown in lanes 3, 4, and 7 of
Figure 4, PMC3grr, PMC3\x, and PMC4,r are also com-
posed of RC and LH1 subunits. Interestingly, the LH1/RC
stoichiometry is significantly smaller in these PMCs when
compared to PMGgr and PMC2x. Since equivalent
amounts of total protein were loaded onto each lane in Figure
4, these results suggest that PMEg2and PMC2x are mainly
constituted of LH1 with only traces of RC (“empty rings”
of LH1), whereas PMGgr, PMC3\x, and PMC4,r appear

to be RC-LH1 core complexes. Moreover, a weak band in
the 10 kDa region, attributable to PufX, was only observed
in PMC3yt and PMC4yr and is faintly visible in lanes 3
and 4 for Figure 4. However, the PufX-Kisand was clearly
visible in all Western blot performed for the stoichiometry
determination (not shown).

Stoichiometric bchl/RC Ratio in Isolated Membrane
Complexes.The bchl/RC ratio was determined for the
isolated PMCs to quantitatively confirm that PME3
PMC3.x, and PMC4, have the characteristic stoichiometry
of the RC-LH1 complex. To this end, the RC concentration
was evaluated by photooxidation of the primary donor (see

of molecular mass markers are indicated. The star indicates theMaterials and Methods). We found that PMC3, PMC4, and

very faint band of PufX-Higin lanes 3 and 4 (better visible on the
original gel).

Figure 3C,D, PMC{s and PMClx have the typical
absorption profile of LH2 complexes with two major peaks
at 800 and 850 nm. In contrast, PMg2and PMC2x have

ICM displayed very similar levels of saturation in RC
photobleaching experiments using trains of flashes (ap-
proximately 90% after the first of 10 actinic flashes; not
shown). A Aegos—s42 = 29.8 mM* cm™* was used for
determining the RC concentratioB7 38).

a prominent near-IR absorption peak at 875 nm, suggesting At the end of the photobleaching experiment, bchl was
that they are composed of LH1 complexes. In addition, minor €xtracted from the PMCs and quantitatively determined at

absorption maxima at 760 and 800 nm indicate that PpC2
and PMC2x may contain trace amounts of RC. Finally,
PMC3yr, PMC3\x, and PMC4r show absorption profiles
that are characteristic of the RCH1 complex (absorption

772 nm (see Materials and Methods). Table 2 shows the
stoichiometric bchl/RC ratio for the isolated PMCs. A
considerable amount of RC was detected in every PMC, but
PMC1yr, PMC1ix, PMC2y1, and PMC2x have a bchl/RC

peaks at 760, 800, and 875 nm). Therefore, the subunitfatio that cannot be assigned to any known membrane

composition of PMC@r and PMC4yr appears to be very

similar despite their different sedimentation coefficients.
To confirm the spectroscopic analysis of PMCs, the protein

content of the PMCs fronAQ-X/g (pRKXHis;) and AQ-

Xlg (p2T) was analyzed by SDSFAGE followed by silver

complex. Instead, these values are likely to be caused by
traces of RC that are associated with solubilized LH2 and
LH1 complexes, respectively. In contrast, PME3PMC3.x,

and PMC4yr display bchl/RC stoichiometries similar to the
value expected for purified RELH1 complexes (see

staining. The gel is presented in Figure 4. The protein pattern Discussion).

in lanes 1 and 5 confirms that PM@iland PMC4x contain
mainly low molecular mass polypeptides 10 kDa), con-

PufX/RC Stoichiometry in Isolated Membrane Complexes.
To confirm the stoichiometric PufX/RC ratio observed for
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native ICM, similar determinations were performed for
isolated PMCgrr, PMC3yr, and PMC4r (see Table 2). In
PMC2y1, the PufX/RC stoichiometry is around 2, suggesting
that more RC than PufX is removed from the RCH1
complex by the detergent extraction.

Interestingly, both PMG@r and PMC4,r have a stoichio-
metric PufX/RC ratio close to 1. These results are in good
agreement with the bchl/RC ratio in the PMCs and again
confirm that these PMCs have a nearly identical subunit
composition despite their different positions in the sucrose
density gradients. Since rate zonal centrifugation used to
isolate the PMCs separates macromolecules according to their
sedimentation coefficients (in contrast to isopycnic centrifu-
gation which separates according to density), PMand
PMC4, have drastically different sedimentation coefficients.
Therefore, PMC@r and PMC4yr most likely have signifi-
cant differences in their molecular weight and/or shape.

PMC4,1s a Dimeric Form of PMCgr. One possible way
to explain the observed differences in sedimentation of
PMC3yr and PMC4,r would be that PMCdr is an
oligomeric form of PMC3r. To test this hypothesis and to
guantitatively determine the oligomerization level, PME3
PMC3yx, and PMC4 were analyzed by gel filtration
chromatography. A Superose 6 column was used in the
presence of 0.6% OG and 0.2% sodium cholate. First, a set
of molecular mass standards was injected to obtain a
calibration curve (see Materials and Methods). Next, separate
runs were performed with isolated PMCs. PM@E4PMC3yr, ; !
and PMC3x have apparent molecular masses of 750, 472, I
and 445 kDa, respectively (not shown). The ratio of the FiGure 5: Electron micrographs of isolated PME3 (A) and
apparent masses of PM@dand PMC3 is 1.59, whereas PMC4yr (B). Isolated complexes were fixed with 10 mM glu-

. taraldehyde, washed with 50 mM glygly, pH 7.8, to decrease the
PMC3yr and PMC3x have a ratio of 1.06. Therefore, detergent and sucrose concentration, and stained with 2% uranyl

PMC3yr and PMC3x are very similar in their apparent  acetate. Some presumed top views of monomeric—RE1
mass, whereas PMG# is considerably larger than PMG3 complexes are marked with arrowheads; some presumed top views
Although the ratio between PMG4 and PMC3t is not of dimeric core complexes are encircled. Barl00 nm.

equal to 2 PMCdr is likely to be a dimeric form of PMGgr

(see Discussion). o , plays an essential structural role in organizing this macro-
To demonstrate the dimeric nature of PM@4directly, molecular membrane complex.

freshly isolated PMCgr and PMC4,+ were subjected to . )
: : . PMC4,rCan Be Comerted into PMCg. To confirm the
electron microscopy (see Materials and Methods). Figure proposed dimeric nature of PMG4 we asked whether

5A,B shows negatively stained micrographs of these PMCs. PMC4yr can be converted into PMG3 by increasing

As shown in Figure 5A, PMGgr contains a variety of amounts of detergent. The rationale of this experiment was

circular and rectangular structures. Since PMER likely X o :
to bind to the grid in different orientations, these structures fchat detergent molecules might destabilize hydrophobic

may represent top views and side views of the-REi1 :jr!teraptlgrg_l\_/vl_rlmich arel responsible for the formation of
complexes. Consistent with this interpretation, the circular Imeric COMPIEXES.

structures in Figure 5A have a diameter of 11%2.0 nm, a Isolated PMC@r and PMC4r were concentrated by
value which is in good agreement with values previously ultrafiltration (see Materials and Methods) and loaded onto
described for the diameter of the core compléd, (39). sucrose der_15|ty gradlents_ containing 0.2% sodl_um _cholate
Therefore, this circular structure is most likely composed of @nd increasing concentrations of OG. As shown in Figure 6
a ring of LH1 surrounding the RC. (tubes 1 gnd 2), the sedimentation beha\_/ior of PiCand _

As shown in Figure 5B, the electron micrographs of PMCA4wr is unchanged after concentration and recentrifu-
PMC4,r also show circular and rectangular structures similar 9ation over a sucrose gradient containing 0.6% OG. This
to those in Figure 5A. In addition, PMGA4 also contains a  fesult demonstrates that both complexes are stable enough
significant number of larger structures with a shape similar 0 Withstand ultrafiltration and a second round of rate zonal
to that of the number eight. Interestingly, this structure Centrifugation. PMCgr is stable even at 1.2% OG (Figure
appears to consist of two intertwined circles each having a 6, tube 6), suggesting that PMg3 corresponds to the
diameter of approximately 12 nm. Therefore, we propose classical RE-LH1 complex.
that PMC4yr is a membrane complex composed of two  Interestingly, a stepwise increase of the OG concentration
intertwined rings of LH1 containing two RCs and two PufX in the gradient (up to 1.2%) converts more and more
molecules. Since this dimeric core complex was isolated only PMC4yr into PMC3yr (Figure 6, tubes 35). Therefore,
from membranes containing PufX, we propose that PufX PMC4yr is indeed built of the same minimal units as
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PMC3y PMC4y PMC3y+ suggesting that the PufX-LH1 interaction is stronger than
the RC binding to the LH1 ring. This interpretation is
%0G| 0.6 0.6 0.8 1 1.2 1.2 consistent with models suggesting that PufX is part of the

LH1 ring (see below).

Under the specific detergent conditions used here, we have
identified two membrane complexes (PMg3and PMC4y)
which differ drastically in their sedimentation coefficients
but have very similar subunit compositions. PMg4vas
only observed when the sucrose gradient contained 0.2%
sodium cholate and OG concentrations below 1%. Therefore,
very specific extraction conditions are required to allow
isolation of this membrane complex. Interestingly, both
PMC3yr and PMC4yr are composed of RELH1 cores, as
judged by their absorption profiles, by their protein pattern
in SDS gels, and by their stoichiometric bchl/RC and PufX/
RC ratios. In addition, PMGgr and PMC4yr display very
similar levels of saturation in RC photobleaching experi-

1 2 3 4 5 6 ments, suggesting that LH1 was still coupled to the RC in
) . . . the isolated complexes (approximately 90% of RC photo-
E'I\GﬂlgsE ?,;,erseediggfaﬂgﬁ'Ofr:o?gagﬁftoogyzmggczq& Pgl\:lé:&va_;?ge oxidation after the first of 10 actinic flashes; not shown). In
(PRKXHisg) cells, concentrated by ultrafiltration (see Materials and fact, analogous measurements performed on RC deprived
Methods), and reloaded onto a-180% (w/w) sucrose gradient — of LH1 resulted in a dramatically lower level of saturation
containing 0.2% sodium cholate and 0.6, 0.8, 1.0, or 1.2% OG. (approximately 40% after the first flash vs 90% in RC
LH1 complexes; not shown).

PMC3ur, strongly supporting the hypothesis that PM&4 The bchl/RC ratios in Table 2 are consistent with previ-

is an oligomeric form of PMGgr. ously published values for the LH1/RC stoichiometry. Based
on different techniques including electron microscopic
DISCUSSION analysis of 2D crystals, 16/ subunits of LH1 have been

suggested to surround the RC in many purple bact&ia (

In this study, we have shown that both native ICM as well 11) Although lower numbers have also been described, the
as isolated RELH1 complexes contain one PufX-HiS  model of a 16-meric LH1 ring is strengthened by the
molecule per RC. This stoichiometry is independent of the prediction that only theoug81s ring is large enough to
growth conditions, suggesting that it is tightly regulated. In' 3ccommodate a RC in its cented).( Furthermore, the
addition, the stoichiometry is not influenced by the chro- diameter of the LH1 ring (1212 nm) was found to be very
mosomal vs plasmid-borne localization of thef operon, similar in several specied {, 39, 43, 44), suggesting that
thus excluding the possibility of polar effects influencing most LH1 antennae might be composed ofod subunits.
the number of PufX molecules per RC. The tightly fixed Thijs interpretation is supported by the bchl/RC ratio mea-
PufX/RC stoichiometry is consistent with the fact tpatX sured for PMC@ (see Table 2). Taking into account the 4
is transcribed as part of the same polycistronic MRNA as pchl molecules of the RC itself, PMG3 contains 16.4+
the RC genegpufL and pufM. 0.7 a/p subunits per RC, consistent with our conclusion that

Following gentle solubilization of the ICM with a specific  PMC3yr corresponds to a monomeric RCH1 complex.
mixture of detergents (OG and sodium cholate), a charac-In contrast, the LH1/RC stoichiometry of PMGQ is
teristic pattern of carotenoid-containing membrane complexesincreased to 17.8 1.3 (see Table 2, again considering the
was obtained. As described previousBd), the membrane  bchl molecules in the RC). This is consistent with previous
complex with the lowest molecular weight (PMC1) consists observations that deletion qfufX induces a small, but
mainly of LH2. In contrast, PMC2 is composed mainly of significant, increase in the LH1/RC stoichiometfys(18—
LH1, suggesting that this complex corresponds to mostly 20, 45). As suggested before, this increase is probably caused
empty LH1 rings which have lost their RC core. Interestingly, by the substitution of PufX by additional LH1 subunifi(
however, both PMC1 and PMC2 preparations still contain 20, 45).
traces of RC (see Table 2). The bchl/RC ratio of PMC2, for  Gel filtration experiments revealed that the two forms of
example, indicates the presence of 1 RC for everg &H1 the core complexes have significantly different molecular
rings (assuming 32 bchl molecules for each LH1 rind)) ( masses (PMC4/PMC3 1.59). The expected molecular mass
When the sucrose gradients shown in Figure 2 were harvestedbf a RC-LH1 complex is 350 kDa, based on the masses of
continuously and all fractions were analyzed by SIPAGE the RC (100 kDa), 1 PufX protein (10 kDa), and a ring
and silver staining, we found that RC traces comigrate with composed of 16,3 heterodimers each containing 2 bchl and
PMC1 and PMC2 on sucrose gradients (not shown). This 2 carotenoids (16« 15= 240 kDa). Using gel filtration, an
result is consistent with a recent study in which ‘free RC' apparent molecular mass of about 470 kDa was measured
was detected between 10% and 20% sucrose on solubilizatiorfor PMC3yr. The difference between the expected and the
and purification of photosynthetic membrane comple2dy ( observed mass (120 kDa) is most likely due to detergent

In addition to the low levels of RC, PMGgZ is also molecules interacting with outer hydrophobic surface of the
partially associated with PufX. Interestingly, the PufX/RC RC—LH1 complex. For PMCdr, an apparent molecular
stoichiometry was reproducibly found to be around 2, mass of 750 kDa was determined by gel filtration. Although
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gel filtration separates molecules not only due to their mass, native membranes, possibly even in the presence of LH2
but also due to their shape, this value is consistent with the antennae 46), but that this interaction is too weak to
interpretation of a dimeric core complex composed of 2 RCs withstand the detergent extraction used in this study.
(200 kDa), 2 PufX molecules (20 kDa), and approximately  The fact that both monomeric and dimeric core complexes
27 LH1 subunits (derived from the bchl/RC stoichiometry were isolated fromAQ-X/g (pRKXHiss) and AQ-X/g
in Table 2; 27x 15= 405 kDa). Interestingly, this number  (pRKX) membranes raises the question whether both of these
of LH1 subunits is significantly lower than double of that forms exist in native membranes. Alternatively, the RC
found for PMC3yr. This result is consistent with the shape LH1 dimer could be the only physiological form in vivo and
of PMC4yr observed by electron microscopy. Apparently, the monomer could be the product of detergent-induced
the LH1 antenna of the dimeric core complex is built of two dimer dissociation. Since monomerization of the dimeric core
tightly intertwined LH1 rings, thus forming an “eight-like”  was observed at increasing detergent concentration (Figure
structure with a reduced number of LH1 subunits at the 6), we favor the idea that the dimeric core is the preferred
contact site. Similarly, the remaining mass of PMg4about arrangement in vivo. During membrane solubilization of the
125 kDa, attributed to detergent) is significantly lower than PMCs, the detergent molecules compete with LH1 molecules
that for two PMC3r complexes, indicating that the mono- for the hydrophobic membrane sites of the monomer, thus
mer—monomer interaction significantly reduced the hydro- explaining the co-isolation of monomeric PM&3 and
phobic surface available to detergent molecules. However,dimeric PMC4yr. This interpretation is supported by the
it has to be kept in mind that these numbers are only rough observation that an increased OG concentration prevents the
estimates of the PMCs composition, due to the different isolation of PMC4,r (Barz and Francia, unpublished results),
shapes of the monomeric and dimeric core complexes. consistent with the fact that dimeric core complexes have

The question arises as to whether the-RE11 complex not been described in previous solubilization studies. Al-
exists as a dimer in vivo. Several independent lines of though these results are consistent with a predominantly
evidence indicate that dimeric RCLH1 complexes are  dimeric nature of core complexes in vivo, a simultaneous
present in native membranes, and not the consequence obccurrence of both RELH1 forms in native membranes
dimerization of the Histag or detergent-induced aggregation cannot be excluded from the present data.
in vitro: (1) The possibility of a Higtag-induced dimer- The dimeric nature of PMG#r is consistent with the
ization is clearly excluded by the fact that dimeric core proposal that the elements of the photosynthetic apparatus
complexes were also isolated from strains carrying an may be organized in supercomplexes, each containing two
untaggecpufX gene (Barz and Francia, unpublished results). RCs, one cytc; and one cytbg complex @6). This
(2) Following solubilization of the ICM, the spectroscopic suggestion originated from spectroscopic studies on intact
properties of the LH1 antennae in the detergent extracts areRb. sphaeroidesells, showing that the apparent equilibrium
very similar to those in the native membranes (Figure 3B), constant between the different reactants, measured during
indicating that the aggregation state of LH1 was not radically photooxidation of the donor chain under continuous il-
altered during the solubilization procedure. (3) Addition of lumination, was much lower than that deduced from their
a molecular excess of purified PufX-Hit preparations of ~ midpoint potentials measured at equilibriuds)
PMC3\x did not allow reconstitution of a dimeric core Most excitingly, the isolation of the dimeric core complex
complex (gradient not shown), indicating that these dimers is strictly dependent on the presence of PufX (Figure 2).
cannot be formed spontaneously under these in vitro condi-Under all conditions tested, such a high molecular weight
tions, but only under more physiological conditions. (4) complex was not observed in more than 10 sucrose density
Interestingly and most convincingly, a dimeric core complex gradients that were performed with detergent extracts of the
has recently been observed in native membranes®b.a  pufX-deleted strain. Therefore, PufX seems to be a key factor
sphaeroidestrain lacking LH2 antennad ). In that study, in the formation of the dimeric RELH1 complex. Since
the structure of the photosynthetic unit was determined at the presence of PufX is also essential for efficient ubiquinone/
20 A resolution using electron microscopy of two-dimen- ubiquinol exchange25), we propose that dimer formation
sional crystals in their native membrane. The projection map is important for photosynthetic competence. This functional
revealed a “S-shaped” structure composed of two incompleterequirement for dimerization could be explained by two
antenna rings, each having a diameter of about 120 A andalternative molecular models: first, dimer formation could
containing an electron-dense nucleus attributed to the RC.be essential to form specific openings in the LH1 ring
Interestingly, the openings in the LH1 rings surrounding the structure, thus allowing an efficient lateral ubiquinone/
RCs directly confirm previous suggestions that the native ubiquinol transfer through the antenna ring. This model is
LH1 structure must contain opening(s) to allow a fast lateral consistent with previous studies suggesting that PufX limits
ubiquinone/ubiquinol exchange between the RC and the cytthe aggregation state of LH1 antenna8)(and that PufX is
bc; complex (9, 25). required to prevent the physical blockage of the RECse

In contrast to the detergent-solubilized RCH1 dimers by LH1 unless the stoichiometric LH1/RC ratio is signifi-
found in this study, the native photosynthetic unit contains cantly reduced by LH1 mutation®g 45). Alternatively,

stoichiometric amounts of the cyic; complex (L5). This PufX could simply act as a “symmetry breaker” to prevent
difference can be explained by the well-established extractionthe clustering of RELH1 complexes into large aggregates.
of the cytbc, complex in the first solubilization ste34). Such a clustering of monomeric core complexes into a

The absence of the cyic; complex from the PMCs was  hexagonal arrangement has been observed for several species
clearly confirmed by the protein pattern in SDS gels (Figure of purple bacteria lacking PufX4@, 44). Due to this second

4). Therefore, it is conceivable that photosynthetic core model, PufX-induced core dimerization would indirectly
complexes are in close contact with dyt; complexes in facilitate the functional interplay of RELH1 cores with
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other components of the photosynthetic unit (like LH2
antenna and cybc; complexes).

Since these models are not mutually exclusive, PufX might
facilitate light-induced cyclic electron transfer by both
forming a hole in the LH1 ring and preventing symmetrical
RC—LH1 aggregates. In any case, PufX seems to play a
structural role in forming an asymmetrical arrangement of
LH1 around the RC. Therefore, the RCH1 core of Rb.
sphaeroidesnay be an exception of the circular symmetry
which is usually a prominent feature of antenna complexes.
Interestingly, another example for a noncircular antenna
structure was recently observedRs. rubrumwhere image
analysis of 2D crystals of RELH1 complexes has revealed
an almost square LH1 structurd7. Furthermore, this
unusual antenna structure was found to contain a small
protein called W. Although the primary structure of W does
not resemble that of PufX, this results supports our suggestion
that a small transmembrane protein can alter the structure
of the antenna surrounding the RC.

An asymmetric LH1 organization iRb. sphaeroidesould
possibly explain the nature of ‘B896’, a rare antenna pigment
absorbing at 896 nm4g). Since the presence of B896 is an
inherent property of the LH1 complex, it is believed to be a
subspecies of LH1 (48). Interestingly, deletion of PufX was
found to change the oligomerization state of the LH1 ring
as well as a spectral red shift of the fluorescence polarization
of B896, suggesting that the presence of B896 requires a
limited aggregation state of the LH1 antennd®&)( Since
some LH1 subunits in the dimeric RC.H1 complex (i.e.,
those next to an opening in the LH1 ring) are likely to have
different absorption characteristics than others, we propose
that this break in the LH1 symmetry could be the structural
basis for the B896 subspecies of LH1.
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