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Abstract

The chromatophore membrane of the photosynthetic diazotroph Rhodospirillum rubrum is of vital
importance for a number of central processes, including nitrogen fixation. Using a novel
amphiphile, we have identified protein complexes present under different nitrogen availability
conditions by the use of two-dimensional Blue Native / SDS-PAGE and NSI-LC-LTQ-Orbitrap
mass spectrometry. We have identified several membrane protein complexes, including
components of the ATP synthase, reaction center, light harvesting and NADH dehydrogenase
complexes. Additionally, we have identified differentially expressed proteins, such as subunits of
the succinate dehydrogenase complex and other TCA cycle enzymes that are usually found in the
cytosol, thus hinting at a possible association to the membrane in response to nitrogen deficiency.
We propose a redox sensing mechanism that can influence the membrane subproteome in response
to nitrogen availability.
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Introduction

The inner membrane of Gram-negative bacteria has a number of functions, e.g. permeability
barrier, selective import of solutes into the cell, maintenance of transmembrane gradients
and ATP generation, among others. In some species the inner membrane also forms
invaginations, housing specialized functions such as storage of magnetic granules 1: 2 or
photosynthesis 3. Rhodospirillum rubrum, a purple non-sulfur a-proteobacterium, is a
nitrogen fixing photosynthetic bacterium in which the inner membrane forms invaginations,
designated “chromatophores” 4 5. The chromatophores of different phototrophic bacteria
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have been extensively studied in works on bioenergetics that allowed the understanding of
many aspects of bacterial photosynthesis 6-8 and elucidation of the structure and mechanism
of ATP synthase 10, R. rubrum is a metabolically versatile organism, being able to grow in
a variety of conditions, photoheterotrophically, photoautotrophically as well as
chemoautotrophically. Phototrophic growth, however, coincides with a requirement for low
oxygen concentrations 1. The nitrogen fixing capacity of R. rubrum was first described by
Kamen and Gest in 1949 12, The reduction of atmospheric dinitrogen to ammonium is a
property shared by a number of prokaryotes, in a reaction catalyzed by the oxygen-sensitive
enzyme complex nitrogenase. This complex is composed of the dinitrogenase reductase or
iron protein (encoded by nifH) and dinitrogenase or molybdenum iron protein (encoded by
nifDK) and requires a large input of energy, in the form of ATP and reducing equivalents 13:

N>+8 H*+8 e +16 ATP — 2 NH3+H,+16 ADP+16 Pi

Due to the energy demand of nitrogen fixation and its oxygen sensitivity the nitrogenase
complex is only expressed in nitrogen deficient and low intracellular oxygen conditions 4.
The expression of nitrogenase and other nitrogen fixation-related proteins is under strict
control, requiring the activation by the NifA protein. In R. rubrum and in related diazotrophs
NifA requires the interaction with a P11 protein, GInB, to be active 1> 16, In Rhodobacter
capsulatus and other purple non-sulfur bacteria the coordinated regulation of gene
expression for nitrogen and carbon fixation, photosynthesis and electron transport were
shown to be under the control of the two-component system Reg/Prr 17- 18, The integral
membrane protein sensor RegB/PrrB perceives a signal that is transmitted by one of the
cytochrome c oxidases. This signal, still unidentified but linked to the cellular redox status,
induces the kinase activity of RegB/PrrB, which leads to phosphorylation of RegA/PrrA,
regulating gene expression. In this way transcription of the nif (nitrogen fixation) and cbb
(which includes genes for the enzymes of the Calvin cycle) operons is not only regulated in
response to available nitrogen (through NifA) or carbon source (by the action of CbbR), but
also to changes in the redox state of the cell 17. This coordinated regulation of nitrogen and
carbon fixation pathways was also shown to occur in R. rubrum, with RuBisCO deletion
mutant strains up regulating the expression of nif genes, even in photoheterotrophic
conditions of nitrogen excess 19. Conversely, when nitrogenase expression is impaired by
growth in nitrogen rich medium 20 or when activity is hindered by disrupting the electron
transfer pathway to nitrogenase 2, wild-type R. rubrum was found to up regulate the
expression of RuBisCO, presumably as an alternative electron sink. However, no Reg/Prr
homologue has so far been described in R. rubrum and hence the identity of the regulating
system coordinating nitrogen and carbon fixation pathways still remains unknown.

The chromatophore membrane, in addition to its role in photosynthesis and ATP generation,
is also of vital importance for nitrogen fixation in R. rubrum. The major pathway for
electron transport to nitrogenase under heterotrophic conditions was shown to require the
formation of a membrane-associated complex — FixABCX 21, The proposed model for this
electron transfer system suggests that the soluble FixAB proteins transfer electrons obtained
from NAD(P)H to the membrane-associated FixC, which in turn reduces FixX. Reduced
FixX is then able to reduce ferredoxin N, which is the main direct electron donor to
nitrogenase 22 23 (see Figure 5). Nitrogenase activity is also dependent on the existence of a
proton-motive force (PMF). In addition to being required for the generation of ATP, PMF is
also necessary for the efficient generation of reductant. Low oxygen concentrations
stimulate nitrogenase activity in the dark whereas under anaerobic phototrophic conditions
disruption of the electron transport chain by uncouplers will lead to inhibition of nitrogenase
activity 22 24, It was also suggested that FixC could interact with another membrane (or
membrane-associated) protein, although so far no such partner has been identified. The
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addition of fluoroacetate to diazotrophically grown R. rubrum cultures inhibited nitrogenase
activity, an effect that could be reversed by the addition of NAD(P)H 22, These results
implicate that nitrogenase activity requires a working tricarboxylic acid (TCA) cycle and/or
pyruvate dehydrogenase as fluoroacetate is a known potent inhibitor of aconitase 25, It was
also shown that chromatophore suspensions could generate NADH from succinate only
when illuminated and this interdependence between NADH generation and photosynthesis
was proposed to be due to the reversal of the electron flow in the respiratory chain, using the
PMF to overcome the thermodynamic barrier, with the net effect of generating more
reductant 27,

As the chromatophore membrane components play such an important role in the overall
metabolism and they have such great influence on the process of nitrogen fixation, this study
aimed to establish the identity of the membrane protein complexes whose expression/
localization is regulated by nitrogen availability in R. rubrum. As no studies of the
chromatophore membrane proteome of R. rubrum exist, we also identified some of the
major complexes, in both cases using a combination of two-dimensional Blue Native (2D
BN) / SDS-PAGE and mass spectrometry. We have used a novel amphiphile (figure 1),
compound 1, which belongs to the recently developed class of “MNG amphiphiles”. Here
the synthesis (see Supporting information) and compatibility with BN electrophoresis of
amphiphile 1 are described for the first time. This amphiphile was designed for
solubilization of membrane protein complexes from photosynthetic bacteria, maintaining
protein-protein interactions and stabilizing components of the photosynthetic apparatus.
Also, as the identification of membrane proteins using mass spectrometry is usually
challenging, due to the highly hydrophobic and not easily ionizable nature of the peptides,
we have used the high accuracy and high sensitivity of the nanospray ionization-liquid-
chromatography-linear trap quadrupole-Orbitrap (NSI-LC-LTQ-Orbitrap) mass
spectrometer 28 29,

Materials and methods

1. Growth conditions and cell fractionation

R. rubrum S1 was grown photoheterotrophically as previously described 20, using 28 mM
ammonium chloride (N*, nitrogen rich) or a mixture of 95% N»/5% CO, (N, nitrogen
fixing) as nitrogen source. Three independent cultures for each growth condition were
anaerobically harvested and lysed using a French Press cell as previously described 20,
Lysates were centrifuged at 100 000g for 90 minutes, membrane pellets were collected and
washed using 25 mM Tris (pH 7.5) with 1 mM phenylmethylsulfonyl fluoride (PMSF) and
recentrifuged and further resuspended in ice-cold buffer — 25 mM Tris (pH 7.5), 10 %
glycerol, 1 mM PMSF — flash-frozen in liquid nitrogen and stored at —80 °C until further
use (corresponding to the “Whole membrane” fraction).

2. Chromatophore membrane enrichment

Whole membrane fractions were quantified using the Lowry protein quantification assay 31.
The volume equivalent to 10 mg of protein was centrifuged at 220 000g for 15 minutes at 4
°C to remove glycerol and resuspended in 1 mL of 10 mM Hepes (pH 7.5) with 1 mM
PMSF (buffer A). In order to separate the outer from the inner (chromatophore) membrane,
the resuspended whole membrane fractions were loaded on top of sucrose gradients — 35%
to 55% (w/v), in buffer A —and centrifuged in an SW32 rotor at 100 000g for 16 hours, at 4
°C 32, The colored bands were collected and diluted using buffer A, centrifuged at 100 000g
for 90 minutes, 4 °C, to remove sucrose and the pellet was again resuspended in 1 mL of
buffer A. A second 35-55% sucrose gradient centrifugation was performed for optimal
separation. Two independent sucrose gradients were run for each culture. Coloured bands
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resulting from the second consecutive sucrose gradient were centrifuged as described,
resuspended in 1 mL buffer A and again centrifuged at 220 000g for 15 minutes, 4 °C, to
remove any trace of sucrose. Membrane pellets were resuspended in 750 pL of a buffer
containing 10 mM Hepes (pH 7.5), 10 % glycerol and 1 mM PMSF, quantified using the
Lowry assay, flash-frozen in liquid nitrogen and stored at —80 °C until further use —
(“Chromatophore membrane fraction). To test the purity of the preparation, 40 ug of whole
membrane and of chromatophore membrane proteins were ran in 12.5% SDS-PAGE gels,
transferred to PVDF membranes and probed with antibodies raised against Escherichia coli
OmpA (an outer membrane protein 33) and R. rubrum proton-pumping pyrophosphatase (a
chromatophore membrane protein 34). Blots were developed using SuperSignal West Pico
Chemiluminescence kit (Thermo Scientific) and a DarkBox 1l CCD camera (Fujifilm).

3. Membrane protein sample preparation

The membrane proteins were solubilized using a novel amphiphile, compound 1, (belonging
to the class of Maltose-neopentyl glycol (MNG) amphiphiles 3°) developed for enhanced
structural stability of membrane proteins (see Supporting information for synthesis details).

To test the optimal concentration of the detergent to use in the Blue Native system, a volume
equivalent to 100 ug of purified chromatophore membrane proteins was centrifuged at 220
000g for 15 minutes, at 4 °C. The pellet was resuspended in 100 uL of membrane
solubilization buffer, containing 750 mM 6-aminocaproic acid, 50 mM Bis-Tris/HCI (pH 7.0
at 4 °C) and an appropriate amount of detergent. Solubilization was allowed to proceed for
15 minutes on ice and unsolubilized material was removed by centrifugation at 220 000g for
15 minutes, at 4 °C. The supernatant was collected and Coomassie Brilliant Blue G250
(Serva) was added to a final concentration of 0.5% (w/v).

For membrane proteome analysis 400 pg of chromatophore membrane proteins were used,
the detergent concentration was kept constant at 0.75% (w/v) and the pellet resulting from
the first solubilization step was again resuspended in 100 pL of solubilization buffer,
incubated for 15 minutes, re-centrifuged and the supernatant pooled with the previously
obtained solubilized membrane protein fraction before addition of Coomassie Blue G250 to
the pooled fractions.

4. Analysis of chromatophore membrane proteins by 2D BN/SDS-PAGE

For optimization of solubilization, 20 uL of different detergent concentration test samples
prepared as described above were loaded onto 0.75 mm Blue Native PAGE gels, cast using
the Hoefer SE250 system, and ran according to previously described protocols 36.

For membrane proteome analysis, 200 uL samples, prepared as described above, were
loaded onto 1 mm Blue Native 7-15% first dimension gels (Hoefer SE600 system), and ran
at 4 °C as described 36, until the Coomassie Blue G250 front was at the bottom of the gels.
Ovalbumin (43 kDa), albumin (66 kDa), conalbumin (75 kDa), aldolase (158 kDa), ferritin
(440 kDa) and thyroglobulin (669 kDa) (Gel Filtration Calibration Kit, GE Healthcare) were
used as markers. Lanes from the first dimension were cut and frozen at —80 °C until further
use. For the second dimension, 1.5 mm 10 % Tris-tricine SDS-PAGE gels 37 (BioRad
Protean 11 system) were used. The lanes from the first dimension were incubated in
equilibration buffer (50 mM Tris, pH 8.8, 2% SDS and 0.002% bromphenol blue),
supplemented with 65 mM dithiothreitol (DTT) for 15 minutes followed by a second
incubation in equilibration buffer supplemented with 135 mM iodoacetamide. The lanes
were transferred to the top of the second dimension Tris-tricine gels and sealed in place with
a 1% (w/v) low-melting agarose and 0.002% bromphenol blue solution, prepared using
cathode buffer (0.2 M Tris, 0.2% SDS and 0.2 M tricine). Gels were run at 4 °C, using the
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above described cathode buffer and 0.2 M Tris (pH 8.9 at 4 °C) as anode buffer, at 30 V for
2 hours, followed by 130 V until the Coomassie Blue G250 front was 1 mm away from the
bottom of the gel. Each independent chromatophore membrane sample was analyzed three

times in the 2D BN/SDS-PAGE system.

5. Gel staining and analysis

Following gel run, gels were briefly rinsed with double distilled water and incubated in
fixation solution (30% ethanol, 10% acetic acid) for 30 minutes, to remove excess SDS. The
fixation step was repeated twice and the gels were rinsed with double distilled water for 2 x
15 minutes, before staining with Blue Silver stain 38, for a minimum of 20 hours. Gels were
scanned with a GS-800 Calibrated Densitometer (BioRad) and analysed using PDQuest
7.3.0. (BioRad). For analysis purposes, the two gels with the best resolution (out of six)
from each independent culture, one from each independent gradient, were selected, resulting
in a matchset containing six gels per condition (twelve gels in total). The gels were
normalized using the “Total density in gel image” method and spots were detected and
matched using a Gaussian model. After manual treatment of spot assignments, to remove
image artifacts and wrongly assigned or duplicated spots, a Student’s t-test, using 98% level
of confidence, was used to detect statistically significant differences, including qualitative
differences. Only two-fold or higher variations were considered to be significant.
Furthermore, some of the most abundant spots or those in evident complexes (even though
not changing in intensity between the two conditions) were also selected for identification.

6. In-gel digestion, peptide extraction and mass spectrometric analysis

57 spots were excised, washed and trypsin digested as previously described 20. Following
digestion, 100 pl of 30% acetonitrile (ACN), 0.1% formic acid (FA) solution were added to
each gel piece and sonication followed for 10 minutes. The liquid was collected to a fresh
tube, while the gel piece was again sonicated in freshly added 100 ul of the same solution.
The 200 pl from both washes was further acidified to 1% of FA, and then cleaned through a
solid phase extraction cartridge Strata-X-C (strong cation exchange, Phenomenex, Torrance,
California, USA). The eluate was dried in a Thermo Savant SPD111V Speedvac (Thermo
Fischer Scientific, San Jose, CA, USA) and resuspended in 20 pl of 3% ACN, 0.1% FA
prior to MS analysis.

MS was performed on a hybrid LTQ-Orbitrap Velos mass spectrometer (Thermo). An
Agilent HPLC 1200 system (Agilent Technologies, Santa Clara, CA, USA) was used to
inject 2pl of each sample and to provide the gradient for online reversed-phase nano-LC at a
flow of 0.4 ul/min. Solvent A was 97% water (Milli-Q, Millipore Corporation, Billerica,
Massachusetts, USA), 3% ACN, 0.1% FA; and solvent B was 5% water, 95% ACN, 0.1%
FA. The non-linear gradient went from 2% B up to 40% B in 15 minutes, followed by a
steep increase to 100% B in 5 minutes. A C18 guard desalting column (Agilent) was used
prior to a 15 cm C18 picofrit column (100 um internal diameter, 5 um bead size, Nikkyo
Technos Co., Tokyo, Japan) installed on to the NSI source of the LTQ-Orbitrap Velos
instrument. We enabled “preview mode” for FTMS master scans, which proceeded at 30000
resolution (profile mode). Data-dependent MS/MS (centroid mode) followed in two stages:
firstly, the top 5 ions from the master scan were selected for collision induced dissociation
(CID, at 35% energy) with detection in the ion trap (ITMS); and after, the same 5 ions
underwent higher energy collision dissociation (HCD, at 45% energy) with detection in the
orbitrap (FTMS). The entire duty cycle lasted ~3.5s. HCD was used to complement the CID
fragmentation method thereby yielding peptide identifications that would otherwise have
been missed by a CID-only method (see supporting table 1). Precursors were isolated with a
2 m/z width and dynamic exclusion was used with 60 s duration.
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All Orbitrap data was searched using Mascot 2.2 (Matrix Science Limited, London, UK)
under the software platform Proteome Discoverer 1.1 (Thermo) against the fasta protein
sequence database of the complete R. rubrum ATCC 11170 genome, as obtained from NCBI
(ftp.ncbi.nih.gov/genomes). This was a target-decoy search with a 1% False Discovery Rate
cut off limit, using a precursor mass tolerance of 10 ppm, and product mass tolerances of
0.02 Da for HCD-FTMS and 0.8 Da for CID-ITMS. The algorithm considered tryptic
peptides with max. 2 missed cleavages, oxidation of methionine as variable modification,
and carbamidomethylation of cysteine as fixed modification.

Results and Discussion

Membrane fractionation

In R. rubrum, as is common in Gram-negative bacteria, the outer membrane has a very
abundant 39 set of integral membrane pore proteins, known as porins. One of these proteins,
OmpA, is an integral outer-membrane protein involved, for example, in the process of
amino acid import into the cell 40: 41, 1t was therefore deemed necessary to enrich our
membrane sample in chromatophore (inner) membranes as much as possible. Western blots
for OmpA show that, after two consecutive sucrose gradient runs, the amount of this protein
in the enriched chromatophore fraction is negligible (Figure 2A), indicating an efficient
separation of both membranes. It should however be noted that a very weak signal from
OmpA is still visible in the chromatophore-enriched fraction blot, implying that a small
portion of the outer membrane has co-purified with the chromatophore membrane. However,
the increase in the western blot signal for the proton-pumping pyrophosphatase (H*—PPase)
in the chromatophore membrane-enriched fraction demonstrated that chromatophore
membrane proteins are greatly enriched after the two sucrose gradient runs (Figure 2B). For
the subsequent discussion, we shall consider our membrane preparation as consisting mostly
of chromatophore (inner) membrane protein complexes.

Solubilization and BN gel analysis

As compound 1 was a new and untested detergent for Blue Native (BN) electrophoresis,
several tests were performed, in order to determine the optimal concentration for membrane
protein complex solubilization. Compound 1 was fully compatible with the BN system used
and already at 0.25% (w/v) a considerable amount of membrane protein complexes could be
extracted. At concentrations of 1% (w/v) and above the solubilization seemed to be more
efficient but at the cost of distortions in the band migration pattern and possible dissociation
of some of the complexes. At 0.75% (w/v) however there are no visible distortions and the
region between the 75 and 43 kDa markers is better resolved than with lower concentrations.
The concentration for use in the membrane proteome study was fixed at 0.75% (w/v) (Figure
3). In comparison to dodecylmaltoside (DDM), at concentrations between 0.5% and 1% (w/
v), first dimension gels using compound 1 showed more and better resolved bands in the
lower molecular mass region referred above (data not shown).

At this concentration several membrane complexes could be solubilized, including the FoF1
ATP synthase and the photosynthetic reaction center (RC) and light-harvesting (LH)
complex and also the NADH dehydrogenase complex (Figure 4 and Table 1) which have
been identified in other photosynthetic bacterial proteome studies 42 43. The first, very high
molecular mass band visible at the top of the first dimension gels does not resolve as well as
the remaining complexes in the second dimension gel. This band contains, based on the high
molecular mass and constituents (RC H and M proteins and the LH complex B subunit), a
higher oligomeric state of the RC-LH complex, as recently described in a BN study of inner
membrane complexes of Rhodobacter sphaeroides 4. Migrating at a lower molecular mass
than this first band is a cluster of several closely migrating bands, composed of 2 different
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complexes, the RC-LH complex and the ATP synthase complex. The migration of the RC-
LH complex as several different bands, above the 440 kDa marker, is most likely due to loss
of different numbers of LH complex subunits during solubilization. The ATP synthase
complex co-migrates in the first dimension with the RC-LH complex, due to a similarity in
native complex mass. In recent studies of Rb. sphaeroides native inner membranes using
atomic force microscopy and cryo-electron microscopy (CEM) the [RC-LH], complex was
described as inducing the characteristic curvature of the inner membrane vesicles 4% 46, The
ATP synthase complex could not, however, be seen in the vesicles studied and it was
proposed to be located at the “neck” of the vesicles, not directly contacting with the [RC-
LH], complex. It should be stressed at this point that, unlike Rb. sphaeroides, the
photosynthetic apparatus of R. rubrum contains only one type of RC-LH complex 47 and
that, even though the RC1-LH complexes from these two organisms are similar, some
differences do exist 48,

The Reaction Center — Light Harvesting core complex

The photosynthetic reaction center of R. rubrum is composed of three subunits (hamed M, L
and H, organized with a stoichiometry of 1:1:1) and is surrounded by 16 pairs of helices, the
light-harvesting alpha and beta subunits of the LH complex 47: 4. In our preparation, and as
reported for Rb. sphaeroides 44 we were able to find the RC-LH core complex, with an
apparent molecular mass of between 440 and 669 kDa, apart from the afore-mentioned
higher oligomeric state complexes. We identified two of the three subunits pertaining to the
RC complex, subunits M (spot 2409 and 4407) and H (spots 2504, 4503 and 4504). The
higher order complexes may just be an artificial configuration as there is no indication for
the formation of such complexes in vivo in R. rubrum membranes. The theoretical molecular
mass for the RC-LH complex, as calculated from the available sequences, is of roughly 288
kDa. This complex has only been previously observed in a monomeric form in atomic force
microscopy (AFM) and CEM studies of R. rubrum RC-LH complexes 4950, Unlike the case
for other bacteria, such as Rb. sphaeroides or Rb. capsulatus #6: 5152 no PufX subunit has
never found in association with the RC in R. rubrum and BlastP searches were unable to find
proteins with sequences similar to those of PufX from either Rb. sphaeroides or Rb.
capsulatus. This protein is thought to aid in the formation of the dimeric RC-LH complexes
and pufX deletion strains of Rb. sphaeroides have monomeric closed RC-LH complexes,
instead of the characteristic “S-shaped” dimeric forms 9233, These strains are, however,
incapable of photosynthetic growth since diffusion of ubiquinol from the RC is delayed 3.
The discrepancy between the theoretical value for the RC-LH complex (288 kDa) and the
migration observed in our system (over 440 kDa) could very well be due to the binding of
pigment and/or detergent molecules to the polypeptide chains in the complex. In fact, the
light-harvesting B subunit, also known as the B870 protein (spots 2117 and 3121), which is
not very well resolved during the second dimension run, migrates at a higher apparent
molecular mass (~11 kDa) than would be predicted from the sequence (7.7 kDa), an effect
also observed in the study of inner membrane complexes in Rb. sphaeroides 44, perhaps due
to the strong nature of the interaction between these polypeptide chains and the
photosynthetic pigments. Recently both the o and the p LH complex subunit structures from
R. rubrum were determined using multidimensional NMR spectroscopy and were shown to
be more similar to their counterparts in the LH2 rather than to those of the LH1 complex
from Rb. sphaeroides 4. Taking into account the apparent migration of the LH complex
subunits, instead of their theoretical mass, the calculated complex mass amounts to ca. 444
kDa, which is in better agreement with the migration observed in our system. It should be
noted that a similar migration pattern (over 440 kDa, with multiple bands) was observed
when the membranes were solubilized using DDM at concentrations between 0.5% and 1%
(w/v) (data not shown).
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The ATP synthase complex

The ATP synthase complex is among the most widely studied membrane complexes and
many details of its constitution and activity have been fully established °°. In our study
seven out of nine of the ATP synthase complex subunits could be extracted and resolved in
the second dimension gel. The complex migrates in the first dimension between the 440 kDa
and the 669 kDa markers, as the ATP synthase from Rb. sphaeroides, which migrates at
roughly 580 kDa in a BN system 44. The predicted theoretical complex mass for the R.
rubrum ATP synthase complex, using an agPzyde stoichiometry for the Fq part and abb’cq»
for the F, subcomplex (as in the case for the E. coli complex °°) is of approximately 540
kDa. As our system does not have enough resolution in the high mass range of the native
first dimension, we are unable to calculate with accuracy the observed mass of the ATP
synthase complex based on the migration pattern. We were able to identify five of the Fy
subunits (a, B, v, 6 and €, spots 3805, 3705, 3603 and 4603, 3312 and 4309, respectively) as
well as the two subunits that constitute the “stator stalk” (b and b’, spots 4308 and 4207,
respectively) 3. As in cyanobacteria and chloroplasts °6: 57, R. rubrum genome encodes
both b and b’ subunits of the heterodimeric bb’ form of the stator stalk proteins 8, rather
than the homodimeric b, form observed in E. coli. Although the reason for this is not yet
understood the heterodimeric form, rather than a homodimer, is present in photosynthetic
bacteria but it was proposed that an asymmetric stator stalk dimer could increase efficiency
or potential for regulation of the ATP synthase complex 6. We were unable to identify
either of the F, subunits a or ¢ as also observed in other photosynthetic bacterial proteome
studies on inner membrane protein complexes 4243, This may be due to their very
hydrophobic nature and/or, in the case of the ¢ subunits, to their small size and lack of
positively charged amino acids, required for trypsin cleavage. This may exclude them both
from being resolved in the second dimension and from being detected by mass spectrometry.

The NADH dehydrogenase complex (Complex I)

One of the largest known membrane complexes, the NADH dehydrogenase complex
catalyzes the transfer of electrons from NADH to ubiquinone, with the concomitant
transport of protons across the membrane °°. This complex,the first enzyme of the
respiratory chain, has been successfully purified in a stable form from E. coli using DDM,
lipids and divalent cations 0. We have identified a small number of the subunits of this 14
subunit complex in our study (subunits B, C, D and I). The complex migrates in the first
dimension below the 440 kDa marker, which is much too low for the reported bacterial
complex mass of about 550 kDa 1. In fact, the purified NADH dehydrogenase complex
from E. coli was even shown to dimerize after purification, resulting in a complex eluting at
roughly 1 MDa in gel filtration chromatography. However, these dimers are unstable and
dissociate into monomers if stored at 4 °C for a few days 60. Several attempts have also been
made to purify this complex from Rb. capsulatus but the complex was found to disaggregate
upon detergent solubilization 62, This instability of the NADH dehydrogenase complex may
be the cause of the migration pattern in our system, as the complex may have disaggregated
during sample preparation and/or gel run. The subunits detected were found in two separate
complexes, one migrating at a lower native mass, where only the B, C, D and | subunits
were identified from it (spots 6301, 6304, 6710 and 7403) and another at a higher native
mass (spots 5304, 5305, 5408 and 5705). The spot containing the iron-sulfur subunit of
cytochrome c reductase (or complex 111, spot 5411) migrates at roughly the same native
complex mass as the second complex and this “heavier” complex may also contain other
subunits that were neither visible in the second dimension gel nor selected for mass
spectrometric analysis.

The NADH dehydrogenase complex has been proposed to play a role in reductant
generation for nitrogenase, by using reversed electron flow and reversal of the proton
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pumping activity to regenerate NADH (Edgren, T., unpublished — see Figure 4). Such a
reversed electron flow mechanism has also been proposed to occur in Rb. capsulatus grown
under photoheterotrophic conditions, with succinate or lactate as substrates 62, as a mean to
maintain the redox balance in the cell. In our statistical analysis it was not possible to detect
any of the spots containing NADH dehydrogenase subunits as having a significant change in
intensity throughout our dataset. However, these spots are on the limit of detection for our
system and, should this variation be subtle, it may not be detected.

Differentially abundant membrane proteins in response to nitrogen source

So far we have only discussed those complexes whose expression is seemingly unaltered in
response to nitrogen availability. However, some proteins appear to shift in abundance
between nitrogen rich and nitrogen limited conditions, either due to differences in the
expression level or in the relative localization (membrane association vs. soluble) in
response to the nitrogen status. The role of the membrane proteome in R.rubrum concerning
the regulation of nitrogen fixation activity has become evident in studies of the electron
transfer to nitrogenase 21 2263 and posttranslational regulation 84 where membrane protein
complexes expressed and formed are vital for the reduction of molecular nitrogen to
ammonia. This energy demanding process is dependent on NADH as a source of electrons
through the Fix ABCX system and the activity of the nitrogenase protein is
posttranslationally regulated by a reversible ADP — ribosylation that is partially signaled
through a pathway in which reversible complex formation between a P1I protein and
AmtB1, a membrane protein, is central.

Electron transferring flavoproteins (ETF)

We were able to identify a FixC like protein (spot 7816), a membrane associated component
involved in electron transfer, as being highly induced under nitrogen fixing conditions. From
the migration in the BN dimension (being found just below the 66 kDa marker) it would
seem that this protein is not in complex with any other protein, as it migrates in the first
dimension close to its theoretical mass of 59.5 kDa. This electron transferring protein
(belonging to the ETF-QO family) reveals a conserved FixC domain with FAD and NADH
binding sites and a putative FixX domain (with ferredoxin like features) at the C terminal
end of the protein. The FixC domain sequence though shows a higher degree of similarity
than the FixX sequence.

We have also found an additional electron transfer flavoprotein (ETF alpha, spot 8501) to be
up regulated in nitrogen fixing conditions, which contains a FixB like domain in accordance
with the ETF alpha subunit in e.g. Azospirillum sp.B510. Interestingly the genes coding for
these two ETF proteins are both adjacent to a gene encoding a 3-hydroxy-buturyl CoA
dehydrogenase that is involved in the butyrate metabolic pathway for both these organisms
thereby suggesting a possible function for the ETF protein in the butyrate metabolism.

As shown in earlier studies in our laboratory, the expression of the fixABCX operon involved
in electron transfer to nitrogenase in R.rubrum is induced during diazotrophic growth 21 and
additional regulated expression/localization of ETF gene products during nitrogen fixing
conditions could possibly also contribute to the transfer of reducing equivalents to the
energy demanding nitrogen fixation process, though this remains to be further proven by
future biochemical studies.

TCA cycle related proteins

One of the most highly induced complexes in nitrogen fixing conditions is the succinate
dehydrogenase (Sdh) complex. We identified three of the four subunits of this complex,
subunit D (spot 5110), flavoprotein subunit alpha (5811) and the Fe-S subunit beta (5512),
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with all the corresponding spots increasing in intensity in nitrogen fixing conditions. In
comparison to a proteome study performed in Rh. sphaeroides 44 we identified one more
SDH subunit (SdhD) in addition to Sdh o and . As previously mentioned, the RegA/RegB
system found in Rb. capsulatus is able to sense changes in the cellular redox status and it
could be that a similar and but as yet undescribed system is present in R. rubrum, thus
affecting Sdh expression in response to changes in the redox state. It was also recently
shown in R. rubrum that changes in the quinone pool affect the expression level of
photosynthetic membrane components 6%, Nitrogen fixation is a demanding process for the
cell, requiring substantial reducing power and it may be that upon induction of nitrogen
fixation the redox state of the quinone pool is also affected, changing the overall cellular
redox balance. Sensing of redox changes, possibly at the level of the quinone pool, could
explain the previously mentioned observations concerning the reciprocal regulation of
nitrogenase and RuBisCO in response to different conditions, including nitrogen
availability 20, It has previously been suggested that nitrogen and carbon fixation pathways
are both regulated in R. rubrum as a way to keep the redox balance in the cell 1920, We have
also found two spots with increased intensity in nitrogen fixing conditions that correspond to
two enzymes of the TCA cycle, malate dehydrogenase (spot 6614) and the succinyl-CoA
synthetase beta subunit (spot 7716) whose genes are located next to each other in the R.
rubrum genome. These enzymes are not predicted by the TMHMM server
(http://www.cbs.dtu.dk/servicess TMHMMY/) to contain any transmembrane helices and are
usually considered to be cytoplasmic. This higher intensity in nitrogen fixing conditions
could be correlated with a higher level of expression, a differential localization in response
to nitrogen status or simply an artifact of the preparation. It should be noted, however, that
this effect could be consistently observed throughout our entire dataset. In accordance with
this putative association to the chromatophore membrane, the two spots seem to migrate at
the same native mass in the first dimension. The existence of a complex composed of TCA
cycle enzymes has been previously proposed 6 and it is possible that in nitrogen fixing
conditions there is a higher tendency for these proteins to associate to the chromatophore
membrane. The unexpected membrane association of TCA cycle enzymes has also been
observed in another proteome study of photosynthetic bacteria where a fraction of the malate
dehydrogenase was found at the membrane 7. Early results from Anderson etal also
supports a differential expression of succinate dehydrogenase and malate dehydrogenase
showing higher in vitro activities in nitrogen fixing as compared to nitrogen rich R.rubrum
cultures 8,

Taken together, both the ETF and TCA cycle proteins that exhibit an increase in nitrogen
fixing conditions is in line with the increased demand for reductant in the reduction of
dinitrogen catalyzed by nitrogenase. The generation of NADH through higher activities of
the TCA cycle enzymes would support the electron transfer to nitrogenase through the
reactions of the involved ETF proteins.

Transport systems

Several spots containing periplasmic binding proteins, belonging to different kinds of active
transport systems, had higher intensity in nitrogen rich conditions, such as those containing
proteins related to the transport of ribose (spot 7601), thiosulphate (spot 7611) or branched-
chain amino acids (spot 6608). Interestingly, the spot for the periplasmic binding protein of
the dicarboxylic acid tripartite ATP-independent periplasmic (TRAP) transporter seems to
migrate at different native masses, depending on nitrogen availability (spot 6615 in nitrogen
fixing and 6613 in nitrogen rich conditions). In nitrogen fixing conditions, the migration in
the native dimension (close to the 75 kDa marker) could indicate that this protein is
migrating by itself, as a dimer. In nitrogen rich conditions, however, this protein migrates at
a higher native mass (between the 75 and the 158 kDa markers), which could indicate that it
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is interacting with another partner. The structure of a periplasmic binding protein from a
related transporter system from Rb. sphaeroides was recently solved and this protein was
shown to form a dimer, which may imply that dimerization of the receptor is necessary for
efficient solute binding and transport across the membrane 9.

Conclusions

The chromatophore membrane of R. rubrum houses several protein complexes, among
which the photosynthetic apparatus and the ATP synthase are dominant. We have studied
the composition of the amphiphile-soluble membrane proteome under nitrogen fixing and
nitrogen rich conditions, using a combination of 2D BN/SDS-PAGE and NSI-LC-LTQ-
Orbitrap mass spectrometry. We have successfully tested a new amphiphile and showed its
full compatibility with Blue Native electrophoresis in the conditions tested. In addition to
the identification of most of the ATP synthase and photosynthetic RC-LH complex subunits,
we have also identified several proteins whose spots vary in intensity between the two
nitrogen availability conditions. The increased intensity in the spots containing Sdh complex
subunits in nitrogen fixing conditions is one of the most striking differences as the
expression of this complex had only been shown so far in other organisms to vary in
response to carbon source and oxygen availability 7. Chromatophore membranes have been
shown to catalyze light-dependent NAD* reduction using succinate as a substrate and this
was previously shown to be one of the steps in the reversed electron flow in the electron
transport chain 1. Reversed electron flow is only observed to a relevant extent in anaerobic
conditions, as in aerobic conditions electron flow would be diverted to oxygen reduction 72.
Mathematical modeling of the electron transfer pathways in the chromatophore membrane
of R. rubrum showed that under anaerobic phototrophic conditions electron flow in NADH
dehydrogenase and Sdh is reversed, using the photosynthetically-generated proton gradient
to overcome the thermodynamic barriers, with the overall outcome of NADH generation /3.
This process allows the cell an operating TCA cycle and even if it seems wasteful to
dissipate some of the proton gradient, this will easily be maintained by the photosynthetic
process (see Figure 5).

Nitrogen fixing cells have a large requirement for reduction equivalents and it has been
previously proposed that the changes in the redox status upon induction of nitrogen fixation
lead to the down regulation of alternative electron sinks, such as carbon fixation through
RuBisCO 20, Even though the present study also seems to point in the same direction, more
detailed studies are required in order to identify the signal pathways involved in sensing and
regulating the proteome changes in response to shifts in the cellular redox balance in R.
rubrum.
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Refer to Web version on PubMed Central for supplementary material.
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Structure of compound 1

Figure 1.
Structure of compound 1
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Figure 2.

Western blots for marker proteins

A — Blot using antibodies against OmpA; B — Blot using antibodies against H*PPase WM —
Whole membrane fraction; IM — Chromatophore-enriched fraction
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Figure 3.
One dimensional 5-15% BN-PAGE gel, using 0.75% MNG-1
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Page 19

Representative 2D-BN/SDS-PAGE gels of chromatophore-enriched membrane protein

complexes from either nitrogen fixing (left) or nitrogen rich (right) conditions. Numbers
represent spots analyzed by LTQ-Orbitrap mass spectrometry; numbers in bold represent
spots with changes in intensity in the corresponding condition.
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Figure 5.
Proposed hypothetical model for electron transport to nitrogenase using reversed electron
flow for reductant generation. Dashed arrows represent electron transfer.
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