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Regulation of Nitrogen Fixation 
in Photosynthetic Purple Nonsulfur Bacteria

Bernd Masepohl

Abstract Biological nitrogen fixation (BNF) is the nitrogenase-catalyzed process in 
which dinitrogen (N2) is reduced to ammonia (NH3), the preferred nitrogen source in 
bacteria. All N2-fixing or diazotrophic bacteria have molybdenum-nitrogenases. In 
addition, some diazotrophs possess one or two alternative Mo-free nitrogenases, 
namely a vanadium and/or an iron-only nitrogenase, which are less efficient than 
Mo-nitrogenase in terms of ATP-consumption per N2 reduced. BNF is widespread in 
photosynthetic purple nonsulfur bacteria, which are capable of using light energy to 
generate ATP for nitrogenase activity. This review focusses on BNF regulation in the 
purple nonsulfur bacteria Rhodobacter capsulatus, Rhodopseudomonas palustris, 
and Rhodospirillum rubrum. Rp. palustris is one of few diazotrophs having both 
alternative nitrogenases, whereas Rb. capsulatus and Rs. rubrum have Fe-nitrogenases 
but no V-nitrogenase. Purple nonsulfur bacteria regulate BNF in response to ammo-
nium, molybdenum, iron, oxygen, and light. BNF regulation involves common regu-
latory proteins including the two-component nitrogen regulatory system NtrB-NtrC, 
the transcriptional activator NifA, the nitrogen-specific sigma factor RpoN, the 
DraT-DraG system for posttranslational nitrogenase regulation, and at least two PII 
signal transduction proteins. When ammonium is limiting, NtrB phosphorylates 
NtrC, which in turn activates expression of nifA and other BNF-related genes. NifA 
and its homologs VnfA and AnfA activate expression of Mo, V, and Fe-nitrogenase 
genes, respectively, in concert with RpoN. DraT mediates nitrogenase switch-off by 
ADP-ribosylation upon ammonium addition or light deprivation, the latter condition 
causing energy depletion. DraG reactivates nitrogenase upon ammonium consump-
tion or reillumination. PII-like proteins integrate the cellular nitrogen, carbon, and 
energy levels, and control activity of NtrB, NifA, DraT, and DraG.  Beside these 
 similarities in BNF regulation, there are species- specific differences. NifA is active 
as synthesized in Rb. capsulatus, but requires activation by PII in Rp. palustris and 
Rs. rubrum. Reversible ADP-ribosylation is the only mechanism regulating nitroge-
nase in Rs. rubrum, whereas Rb. capsulatus and Rp. palustris have additional ADP-
ribosylation-independent mechanisms. Last but not least, molybdate directly 
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represses anfA transcription and hence, Fe-nitrogenase expression in Rb. capsulatus, 
whereas expression of the alternative nitrogenases in Rp. palustris and Rs. rubrum 
respond to Mo-nitrogenase activity rather than to molybdate directly.

Keywords Nitrogen fixation • Nitrogenase • Rhodobacter • Rhodopseudomonas • 
Rhodospirillum • Regulation

 Introduction to Biological Nitrogen Fixation

Growth of all eukaryotes and most prokaryotes requires a fixed nitrogen source 
like ammonium, nitrate, or amino acids. Quite a few prokaryotes, however, can 
reduce the chemically inert molecular dinitrogen (N2) to ammonia (NH3) by a pro-
cess called biological nitrogen fixation (BNF). No eukaryote is capable of directly 
fixing N2 but several eukaryotes like legumes and termites make indirectly use of 
N2 by forming symbiotic associations with nitrogen-fixing bacteria or archaea 
(Hongoh 2010; Oldroyd 2013). BNF depends on complex metalloenzymes called 
nitrogenases, which catalyze the overall reaction shown in Eq. (1), and require a 
theoretical minimum of 16 ATP per N2 reduced (Igarashi and Seefeldt 2003). In 
addition to N2 reduction, nitrogenases produce hydrogen gas (H2) in an obligate 
side reaction and, in the absence of N2, nitrogenases exclusively reduce protons to 
H2. Nitrogenase- catalyzed production of H2 as a biofuel has extensively been stud-
ied in photosynthetic bacteria (Adessi et  al. 2016; Heiniger et  al. 2012; Huang 
et  al. 2010; McKinlay and Harwood 2010; Rey et  al. 2007) and is discussed in 
more detail elsewhere in this book series.

 
N e H H2 3 28 8 16 2 16+ + + → + + +( )− + ATP NH ADP Pi

 
(1)

All N2-fixing (diazotrophic) bacteria and archaea possess a molybdenum- 
dependent nitrogenase containing the catalytic iron-molybdenum cofactor, 
FeMoco (Zhang and Gladyshev 2008). In addition to Mo-nitrogenase, some 
diazotrophs synthesize alternative Mo-free nitrogenases containing the iron-
vanadium cofactor, FeVco, or the iron-only cofactor, FeFeco (Dos Santos et al. 
2012; McGlynn et al. 2013). The three nitrogenases are encoded by distinct gene 
sets, namely nifHDK (Mo-nitrogenase), vnfHDGK (V-nitrogenase), and anfH-
DGK (Fe-nitrogenase). Beside the structural nitrogenase genes, diazotrophs have 
numerous genes involved in cofactor biosynthesis, electron supply, and regula-
tion (see below).

In addition to N2 and protons, nitrogenases reduce the artificial substrate acety-
lene (C2H2). Mo-nitrogenases reduce acetylene to ethylene (C2H4), whereas alterna-
tive nitrogenases reduce acetylene to ethylene and in part, to ethane (C2H6). In the 
laboratory, gas chromatography-based acetylene reduction assays have been estab-
lished to quantify nitrogenase activity and to detect activity of alternative nitroge-
nases (Dilworth et al. 1988).
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Mo, V, and Fe-nitrogenases consist of two components each, the catalytic dini-
trogenases and the dinitrogenase reductases, the latter serving as the ultimate elec-
tron donors to their respective dinitrogenases (Curatti and Rubio 2014; Hu and 
Ribbe 2016). The three dinitrogenase reductases are collectively called Fe-proteins 
(homodimers of NifH, VnfH, and AnfH), all of which coordinate one [4Fe-4S] 
 cluster involved in electron transfer. The Mo, V, and Fe-dinitrogenases are called 
MoFe- protein (heterotetramer of NifDK containing two FeMoco), VFe-protein 
(heterohexamer of VnfDGK containing two FeVco), and FeFe-protein (heterohex-
amer of AnfDGK containing two FeFeco), respectively. In addition to the catalytic 
cofactors, the dinitrogenases contain two P-clusters (see below) involved in electron 
transfer from the Fe-proteins to the catalytic cofactors.

Biosynthesis of the Mo-nitrogenase cofactors ([4Fe-4S] cluster, P-cluster, 
and FeMoco) is complex and requires several nif gene products including NifU, 
NifS, NifB, NifV, NifE, NifN, NifH, NifD, and NifK as shown for Klebsiella 
pneumoniae and Azotobacter vinelandii (Curatti and Rubio 2014; Hu and 
Ribbe 2016; and the references therein). Briefly, NifU and NifS function as the 
scaffold protein and sulfur donor, respectively, for biosynthesis of [4Fe-4S] 
clusters, which are either inserted into apo-NifH or serve as building blocks for 
P-cluster and FeMoco formation. The P-cluster is formed in situ on the apo-
NifDK protein, whereas the FeMoco is synthesized ex situ prior to insertion 
into the apo-NifDK protein. P-cluster biosynthesis starts with the transfer of 
two [4Fe-4S] clusters to the apo-NifDK protein followed by NifH-mediated 
reductive coupling to form the [8Fe-7S] or P-cluster. FeMoco biosynthesis 
starts with the coupling of two [4Fe-4S] clusters on NifB involving S-adenosyl-
methionine-dependent carbon (C) insertion to form an [8Fe-9S-C] cluster. This 
cluster is further processed on the NifEN scaffold by insertion of Mo and 
homocitrate (the product of homocitrate synthase, NifV) resulting in the 
[Mo-7Fe-9S-C-homocitrate] cluster or FeMoco, which is finally inserted into 
the apo-NifDK protein.

NifU, NifS, NifB, and NifV are required for activity of Mo, V, and 
Fe-nitrogenases in A. vinelandii indicating that the biosynthetic pathways of 
FeMoco, FeVco, and FeFeco overlap to a certain extent (Drummond et al. 1996; 
Kennedy and Dean 1992). Formation of FeVco involves the Vnf-specific NifEN 
homolog, VnfEN, instead of NifEN (Hu and Ribbe 2016; and the references 
therein). Possibly, the last steps of FeFeco biosynthesis occur in situ on the 
AnfDGK protein, since no NifEN homolog is required for Fe-nitrogenase activ-
ity (Schüddekopf et al. 1993).

Diazotrophs regulate BNF in response to several environmental factors including 
ammonium, molybdenum, iron, oxygen, and in case of photosynthetic bacteria, 
light. Since BNF is a highly energy-demanding process, diazotrophs typically 
induce nitrogenase expression only when ammonium, the product of BNF, is limit-
ing. Mo-nitrogenase is more efficient than the alternative nitrogenases in terms of 
consumption of ATP and reductant per N2 reduced (Hu et al. 2012; Schneider et al. 
1997) and hence, expression of alternative nitrogenases is typically repressed as 
long as Mo-nitrogenase is active. Most bacteria possess modABC genes encoding 
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high-affinity ABC transporters, which support uptake of molybdate, the only bio-
available form of molybdenum, under Mo-limiting conditions (Zhang and Gladyshev 
2008; Zhang and Gladyshev 2010). All three nitrogenases are irreversibly damaged 
by oxygen (Blanchard and Hales1996; Chisnell et al. 1988; Gollan et al. 1993) and 
diazotrophs have evolved different strategies to cope with this problem.

Diazotrophic and non-diazotrophic bacteria utilize similar proteins to sense the 
cellular nitrogen status and to control nitrogen assimilation. Among these proteins 
are the bifunctional uridylyltransferase/uridylyl-removing enzyme GlnD, the PII sig-
nal transduction proteins GlnB and GlnK, the two-component regulatory system 
NtrB-NtrC, and the ammonium transporter AmtB, which are best characterized in 
the non-diazotrophic enterobacterium Escherichia coli (van Heeswijk et al. 2013; 
and the references therein).

Briefly, GlnD senses the cellular nitrogen status through the glutamine level 
(Jiang et al. 1998a). Under low glutamine levels (N-limiting conditions), GlnD 
modifies GlnB and GlnK by uridylylation of conserved tyrosine residues within 
their T-loops. Under high glutamine levels (N-replete conditions), GlnD cata-
lyzes the reverse reaction by hydrolyzing GlnB-UMP and GlnK-UMP. Trimeric 
PII proteins can be fully uridylylated (PII-UMP3), partially uridylylated (PII-
UMP2 or PII- UMP1), or completely unmodified (PII). PII proteins directly sense 
the cellular carbon and energy status by binding 2-oxoglutarate (2OG) and ATP/
ADP, respectively (Radchenko et  al. 2013). 2OG joins nitrogen and carbon 
metabolism as it serves as the carbon skeleton for ammonium assimilation by 
the GS-GOGAT (glutamine synthetase–glutamate synthase) pathway. Taken 
together, PII proteins integrate the cellular nitrogen (glutamine), carbon (2OG), 
and energy (ATP/ADP) levels, and transduce these signals to target proteins by 
physical interaction.

Under N-limiting conditions, the response regulator NtrC is phosphorylated by 
its cognate sensor kinase NtrB (Jiang et al. 1998b). In turn, NtrC-P activates tran-
scription of glnA encoding glutamine synthetase, the glnK-amtB operon, and 
genes required for generation of ammonia from “poor” nitrogen sources like 
amino acids. Under N-replete conditions, unmodified GlnB forms a complex with 
NtrB to stimulate dephosphorylation and hence, inactivation of NtrC. In parallel, 
unmodified GlnK forms a complex with AmtB thereby inhibiting ammonium 
uptake under N-replete conditions.

This review deals with the regulation of nitrogen fixation in photosynthetic purple 
nonsulfur bacteria, which are capable of using light energy to generate the ATP 
required for nitrogenase activity. Purple nonsulfur bacteria are known for their 
extreme metabolic versatility enabling growth under photoautotrophic, photohetero-
trophic, chemoautotrophic, and chemoheterotrophic conditions (Madigan et  al. 
1984). BNF is widespread in purple nonsulfur bacteria and has been extensively 
studied in Rhodobacter capsulatus, Rhodopseudomonas palustris, and Rhodospirillum 
rubrum, whose complete genome sequences have been determined (Larimer et al. 
2004; Madigan et  al. 1984; Munk et  al. 2011; Strnad et  al. 2010). In addition to 
Mo-nitrogenase, Rb. capsulatus and Rs. rubrum synthesize Fe-nitrogenases (Davis 
et al. 1996; Lehman and Roberts 1991; Schneider et al. 1991; Schneider et al. 1997), 
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whereas Rp. palustris is one of the few diazotrophs synthesizing Mo, V, and 
Fe-nitrogenases (Oda et al., 2005).

 Organization of Nitrogen Fixation Genes in Purple Nonsulfur 
Bacteria

All diazotrophs including Rb. capsulatus, Rp. palustris, and Rs. rubrum con-
tain a common set of nitrogen fixation genes, namely the structural genes of 
Mo-nitrogenase (nifH, nifD, and nifK) and genes involved in [4Fe-4S] cluster, 
P-cluster, and FeMoco biosynthesis (nifU, nifS, nifB, nifV, nifE, and nifN) 
(Curatti and Rubio 2014; Hu and Ribbe 2016; Larimer et al. 2004;MacKellar 
et  al. 2016; Masepohl and Klipp 1996; Munk et  al. 2011; Oda et  al. 2005; 
Strnad et  al. 2010; Wang et  al. 2013). These common nif genes cluster with 
species-specific nif genes involved in regulation, electron transport to nitroge-
nase, and genes of unknown function (Fig. 1). Expression of common and spe-
cies-specific nif genes requires the central transcriptional activator NifA, which 
enhances transcription by RNA polymerase containing the nitrogen- specific 
sigma factor RpoN (also called NtrA or σ54) as is the case in other proteobacte-
rial diazotrophs (see below). NifA proteins consist of an N-terminal GAF 
domain involved in the response to the cellular nitrogen status, a central AAA 
domain involved in the interaction with RNA polymerase and ATP hydrolysis, 
and a C-terminal HTH (helix-turn-helix) domain involved in binding to pro-
moter DNA (Fischer 1994). Noteworthy, Rb. capsulatus synthesizes two struc-
turally and functionally highly similar NifA proteins: NifA1 and NifA2 
(Masepohl et al. 1988; Paschen et al. 2001).

Electron transport to nitrogenase in Rb. capsulatus involves the rnfABCDGEH 
genes (Jeong and Jouanneau 2000; Jouanneau et  al. 1998; Kumagai et  al. 1997; 
Schmehl et al. 1993), which are lacking in Rs. rubrum and Rp. palustris. Instead, the 
latter two strains contain the fixABCD genes, whose products form the major electron 
transport pathway in Rs. rubrum (Edgren and Nordlund 2004) and possibly also in 
Rp. palustris (Huang et al. 2010).

Many diazotrophs including Rb. capsulatus and Rp. palustris have iscN-nifUSVW 
operons, whereas Rs. rubrum lacks an nifS gene at the corresponding position 
between nifU and nifV. However, Rs. rubrum contains three nifS-like genes else-
where in the chromosome, one of which possibly serves as a sulfur donor for biosyn-
thesis of iron-sulfur clusters under N2-fixing conditions.

The structural genes of Fe-nitrogenase anfHDGK and the Fe-nitrogenase- 
associated genes anfOR form conserved operons in Rh. capsulatus, Rp. palustris, 
and Rs. rubrum (Fig. 2) (Larimer et al. 2004; Munk et al. 2011; Oda et al. 2005; 
Schüddekopf et al. 1993; Strnad et al. 2010). Expression of these anf operons is acti-
vated by AnfA, an NifA-like regulator (Kutsche et  al. 1996; Schüddekopf et  al. 
1993). Activation of the V-nitrogenase-related genes vnfH, vnfDGK, and vnfENX in 
Rp. palustris depends on VnfA, another NifA-like activator. Like NifA, AnfA and 
VnfA act in concert with the sigma factor RpoN.

 Regulation of Nitrogen Fixation in Photosynthetic Purple Nonsulfur Bacteria
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 Cascade Activation of Nitrogen Fixation in Rhodobacter 
capsulatus

Rb. capsulatus is capable of growing with many different nitrogen sources including 
ammonium, urea, most amino acids, and N2 (Hillmer and Gest 1977; Masepohl et al. 
2001). Expression of urease and N2 fixation genes strictly depends on NtrC (Hübner 
et al. 1991; Kranz and Haselkorn 1985; Kutsche et al. 1996; Masepohl et al. 2001). 
As described above for E. coli, Rb. capsulatus NtrC is phosphorylated, and thus acti-
vated, by NtrB under ammonium-limiting conditions (Cullen et al. 1996). In contrast 
to NtrC from E. coli and other bacteria, which require the nitrogen-specific sigma 
factor RpoN to activate transcription of their target genes, Rb. capsulatus NtrC acti-
vates gene expression in concert with the housekeeping sigma factor RpoD (Bowman 
and Kranz 1998; Foster-Hartnett et al. 1994).

Upon phosphorylation, Rb. capsulatus NtrC activates transcription of nifA1, 
nifA2, mopA-modABC, and anfA (Fig. 3). Activation involves binding of NtrC to 
sequences similar to the Rb. capsulatus NtrC binding site consensus CGCC–N9–
GGC–N4–14–CGCC–N9–GGC (Foster-Hartnett and Kranz 1994; Kutsche et  al. 
1996). NifA1 and NifA2 differ only in their very N-terminal amino acid residues, 
and consequently, can functionally substitute for each other in transcriptional acti-
vation of Mo-nitrogenase genes (Masepohl et  al. 1988; Paschen et  al. 2001). 
Expression of Fe-nitrogenase genes is activated by AnfA (Kutsche et  al., 1996). 
Transcriptional activation by NifA1, NifA2, and AnfA depends on RpoN as is the 

Rhodobacter capsulatus

Rhodopseudomonas palustris

Regulation

Nitrogenase

Cofactor synthesis

Unknown function

Rhodospirillum rubrum

Fig. 2 Organization of Fe and V-nitrogenase-related genes. Genetic maps are based on the genome 
sequences of Rh. capsulatus SB 1003 (Strnad et al. 2010), Rp. palustris CGA009 (Larimer et al. 
2004), and Rs. rubrum S1 (Munk et al. 2011). Bent arrows in red or black mark possible NtrC and 
RpoN recognition sequences, respectively

 Regulation of Nitrogen Fixation in Photosynthetic Purple Nonsulfur Bacteria



8

case in other proteobacterial diazotrophs (Hübner et al. 1991; Schüddekopf et al. 
1993). The Rb. capsulatus rpoN gene forms part of the nifU2-rpoN operon, whose 
expression is activated by NifA1, NifA2, and presumably also by AnfA (Cullen 
et al. 1994; Preker et al. 1992). A weak primary NtrC-independent promoter located 
in the nifU2-rpoN intergenic region drives initial expression of rpoN, while a sec-
ondary promoter upstream of nifU2 is required to increase rpoN expression under 
N2-fixing conditions (Cullen et al. 1994).

All Rb. capsulatus nif promoters including the nifU2 promoter as well as the 
anfH promoter contain sequences highly similar to the RpoN binding site consensus 
CTGC–N8–TTGC typically located at position −24/−12 relative to the transcription 
start site (Fig. 1) (Morett and Buck 1989; Schmehl et al. 1993). The nif promoters 
are preceded by sequences similar to the NifA binding site consensus TGT–N10–
ACA (Morett and Buck 1988). As expected for an AnfA-dependent promoter, the 
anfH promoter lacks an NifA binding site; however, the AnfA binding site has not 
yet been identified.

NtrC

NtrC P

nifA1D nifA2D mopAD modABC anfAD

inact ive

N2-f ixing condit ions

Growth with NH4
+

Mo uptake

NifA1 NifA2 MopA AnfA

nifHDKN nifHDKN

Mo-nitrogenase

N2 NH3

Fe-nitrogenase

N2 NH3

Mo-replete conditions

Fig. 3 Cascade regulation of nitrogen fixation in Rh. capsulatus. During growth with ammonium, 
NtrC is inactive, but is activated by phosphorylation upon ammonium consumption. NtrC-P activates 
RpoD-dependent promoters (boxed D), whereas NifA1, NifA2, and AnfA activate RpoN- dependent 
promoters (boxed N). MopA represses transcription of the mopA-modABC and anfA genes under 
Mo-replete conditions. For clarity, the second Mo-responsive regulator, MopB, is not shown
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 Ammonium Inhibition of Nitrogen Fixation in Rhodobacter 
capsulatus

The levels of Rb. capsulatus NtrC remain constant under N-limiting and N-replete 
conditions, but NtrC activity clearly responds to the cellular nitrogen status (Cullen 
et al. 1998). Ammonium keeps NtrC in its dephosphorylated inactive state, thus pre-
venting expression of the nifA1, nifA2, and anfA genes, and consequently, all the 
other nitrogen fixation genes (Foster-Hartnett and Kranz 1992; Preker et al. 1992).

Ammonium addition to an N2-fixing Rb. capsulatus culture causes three effects, 
namely (1) inactivation of NtrC-P by dephosphorylation, (2) inhibition of NifA1, 
NifA2, and AnfA activity, and (3) “switch-off” of Mo and Fe-nitrogenases 
(Drepper et al. 2003; Hallenbeck 1992; Hallenbeck et al. 1982; Jouanneau et al. 
1983; Masepohl et  al. 1993; Paschen et  al. 2001; Pierrard et  al. 1993a, b; 
Schüddekopf et al. 1993).

Ammonium-induced inactivation of NtrC prevents further expression of nifA1, 
nifA2, and anfA. A strain lacking GlnB expresses nifA1 (and probably also nifA2 and 
anfA) even in the presence of ammonium (Drepper et al. 2003). NtrB specifically 
interacts with GlnB but not with GlnK (Pawlowski et al. 2003) suggesting that inac-
tivation of Rb. capsulatus NtrC is catalyzed by an NtrB-GlnB complex exhibiting 
phosphatase activity as described above for E. coli.

Ammonium inhibition of NifA1, NifA2, and AnfA activity prevents further 
expression of all the other nitrogen fixation genes (Paschen et al. 2001; Schüddekopf 
et al. 1993). Either GlnB or GlnK is sufficient to inhibit NifA1 and NifA2, whereas 
a strain lacking both PII signal transduction proteins no longer inhibits activity of the 
NifA regulators (Drepper et al. 2003). Both NifA proteins interact with GlnB and 
GlnK (Pawlowski et al. 2003) suggesting that NifA inhibition is mediated by physi-
cal contact with the PII proteins. The strain lacking both PII proteins still expresses 
Mo-nitrogenase (Drepper et al. 2003) indicating that the Rb. capsulatus NifA pro-
teins are active as synthesized and do not require activation by PII as is the case in 
Rp. palustris and Rs. rubrum (Heiniger et al. 2012; Rey et al. 2007; Zhang et al. 
2000, 2004; Zhou et al. 2008; Zhu et al. 2006). In contrast to PII-mediated NifA 
inhibition in Rb. capsulatus, AnfA inhibition is not relieved in the strain lacking both 
PII proteins indicating that ammonium inhibition of NifA and AnfA involves differ-
ent mechanisms (Drepper et al. 2003).

Ammonium addition to an N2-grown culture rapidly represses activity of Mo and 
Fe-nitrogenases, an effect immediately reversed upon ammonium consumption 
(Hallenbeck 1992; Hallenbeck et al. 1982; Jouanneau et al. 1983; Masepohl et al. 
1993; Pierrard et al. 1993a). In Rb. capsulatus, nitrogenase “switch-off” is caused by 
at least two mechanisms, one blocking activity of the Fe-proteins, NifH and AnfH, 
by ADP-ribosylation, and another possibly blocking the ATP or the electron supply 
to nitrogenase (Förster et al. 1999; Pierrard et al. 1993a, b). Evidence for the second 
mechanism comes from the observation that Rb. capsulatus strains expressing mutant 
NifH proteins, which are no longer ADP-ribosylated, as well as a draTG mutant 
strain still exhibit ammonium-induced nitrogenase switch-off (Förster et al. 1999; 
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Pierrard et al. 1993a; Yakunin and Hallenbeck 1998b). Ammonium-induced nitroge-
nase switch-off independent of ADP-ribosylation has been reported in many other 
diazotrophs, but the underlying mechanisms are unknown (Huergo et al. 2012; and 
the references therein). In Rb. capsulatus, a further nitrogenase switch-off mecha-
nism called “magnitude response” reflects the amount of added ammonium (Yakunin 
and Hallenbeck 1998b; Yakunin et al. 1999).

ADP-ribosylation is catalyzed by DraT (dinitrogenase reductase ADP-ribosyl 
transferase), whereas DraG (dinitrogenase reductase-activating glycohydrolase) 
mediates the reverse reaction (Huergo et al. 2012; Nordlund and Högbom 2013; and 
the references therein). ADP-ribosylation at arginine residue 101 of one subunit of 
the Rb. capsulatus NifH homodimer is sufficient to prevent electron transfer to the 
MoFe protein and consequently, N2 reduction by Mo-nitrogenase (Jouanneau et al. 
1989). Proper regulation of nitrogenase modification and switch-off requires GlnB, 
GlnK, and AmtB, and disruption of the amtB gene abolishes ADP-ribosylation and 
switch-off (Drepper et  al. 2003; Tremblay et  al. 2007; Tremblay and Hallenbeck 
2008; Yakunin and Hallenbeck 2002).The amtB strain exhibits wild-type growth 
properties with ammonium as sole nitrogen source indicating that AmtB is dispens-
able for ammonium uptake, but primarily serves as an ammonium sensor for 
ammonium- induced switch-off of nitrogenase (Tremblay and Hallenbeck 2009).

Figure 4 shows a model of DraTG-mediated ammonium regulation of 
Mo-nitrogenase and possibly also of Fe-nitrogenase in Rb. capsulatus. The mecha-
nisms of DraT activation and DraG inactivation can be summarized as follows: (1) 
Under N2-fixing conditions, both PII proteins are uridylylated, but upon ammonium 
addition, GlnK-UMP and GlnB-UMP are deuridylylated. (2) Next, DraG is inacti-
vated by membrane sequestration as a ternary DraG-GlnK-AmtB complex and 
DraT is activated by complex formation with GlnB. In turn, the GlnB-DraT com-
plex mediates ADP-ribosylation of the Fe-protein. (3) Upon ammonium consump-
tion, DraG is released from the membrane and reactivates the Fe-protein by 
removing the ADP-ribose moiety.

 Ammonium Regulation of Nitrogen Fixation 
in Rhodopseudomonas palustris

Expression and activity of Mo-nitrogenase in Rp. palustris is regulated at three lev-
els, namely (1) control of nifA transcription, (2) control of NifA activity, and (3) 
switch-off control of Mo-nitrogenase as is the case for Rb. capsulatus (Heiniger et al. 
2012; Rey et al. 2007). Ammonium regulation at all three levels involves PII proteins 
in both diazotrophs. In contrast to Rb. capsulatus, which has two PII genes, glnB and 
glnK, Rp. palustris has three PII genes forming part of the glnB-glnA and the glnK1-
amtB1-glnK2-amtB2 clusters (Connelly et  al. 2006). GlnB, GlnK1, and GlnK2 
undergo uridylylation under ammonium-starved (N2-fixing) conditions, but are 
deuridylylated under ammonium-replete conditions. Under N2-fixing conditions, 
NtrC activates transcription of the nifA gene (level 1). Only after binding to GlnB, 
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Rp. palustris NifA is capable of activating Mo-nitrogenase gene expression (level 2). 
Upon ammonium addition to an N2-grown culture, GlnK2 and DraT2 form a com-
plex to inactivate Mo-nitrogenase by ADP-ribosylation. In addition, Rp. palustris 
DraT2 possibly regulates electron transfer to nitrogenase as discussed for Rb. capsu-
latus DraT (Förster et al. 1999; Heiniger et al. 2012; Pierrard et al. 1993a, b). Like 
Mo-nitrogenase, the V and Fe-nitrogenases in Rp. palustris are modified upon 
ammonium addition (Heiniger and Harwood 2015).

Rp. palustris strains synthesizing mutant NifA* proteins with single amino acid 
substitutions or small deletions in the Q-linker constitutively express nitrogenase and 
produce H2 even in the presence of ammonium (Heiniger et al. 2012; Rey et al. 2007). 
The Q-linker is located between the nitrogen-responsive GAF domain and the RNA 
polymerase-binding AAA domain (Fischer 1994). Three observations explain, how 
the nifA* mutants bypass the elaborated regulatory cascade otherwise limiting N2 fixa-
tion to ammonium-starved conditions in the wild-type. First, Rp. palustris synthesizes 
low amounts of NifA independent of NtrC activation. Second, mutant NifA* proteins 
do not require activation by GlnB and thus, appear to be more active than wild-type 
NifA proteins. Consequently, NifA* strains overexpress Mo-nitrogenase explaining at 
least in part resistance against DraT2-mediated nitrogenase switch-off. Third, DraT2 

AmtB

N2-f ixing condit ions NH4
+switch-of f NH4

+consumed

DraG

GlnK

GlnK

GlnB

GlnB

Fe-protein

MoFe-protein

DraG

Fe-protein

MoFe-protein

e–

Fe-protein

MoFe-protein

e–

AmtB AmtB

GlnK UMP

GlnB UMP

GlnK

GlnB

DraT DraG

NAD+
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DraT inact ive

N2 NH3 N2 NH3
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Fig. 4 Model of ammonium-responsive nitrogenase regulation in Rb. capsulatus. Upon ammo-
nium addition to a nitrogen-fixing culture, GlnK-UMP and GlnB-UMP are deuridylylated. In turn, 
DraT is activated by GlnB, while DraG is inactivated by GlnK-mediated membrane sequestration. 
DraT-mediated ADP-ribosylation of the Fe-protein prevents electron (e−) transfer to the MoFe- 
protein. Upon ammonium consumption, DraG is released from the membrane and reactivates the 
Fe-protein by removing the ADP-ribose moiety
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activity requires GlnK2, whose expression depends on NtrC, which is synthesized 
only at low levels in the presence of ammonium (Conlan et al. 2005). NtrC activates 
transcription of the ntrC gene in Rp. palustris (Conlan et al. 2005), whereas NtrC is 
constitutively synthesized Rb. capsulatus (Cullen et al. 1998).

 Ammonium Regulation of Nitrogen Fixation in Rhodospirillum 
rubrum

Transcription of nifA completely or for the most part depends on NtrC in Rb. capsu-
latus and Rp. palustris, respectively (Foster-Hartnett and Kranz 1992; Heiniger et al. 
2012; Hübner et al. 1993; Preker et al. 1992; Rey et al. 2007), whereas NtrC appears 
to be dispensable for nifA expression in Rs. rubrum (Zhang et al. 1995). However, the 
Rs. rubrum nifA gene is preceded by a possible NtrC binding site (Fig. 1) suggesting 
that NtrC contributes to nifA expression. Disruption of ntrC impairs nitrogenase 
switch-off in Rs. rubrum, likely because NtrC is required for maximal glnBA expres-
sion, and GlnB is essential for DraT activation (Cheng et al. 1999; Zhang et al. 1995).

Rs. rubrum NifA is synthesized in an inactive form, which requires activation 
by GlnB as is the case in Rp. palustris (Zhang et al. 2000, 2001, 2004). Neither 
of the other two PII proteins synthesized by Rs. rubrum, GlnK and GlnJ, can 
substitute for GlnB in NifA activation. GlnD is essential for NifA activation indi-
cating that only GlnB-UMP but not its unmodified form, GlnB, is capable of 
activating NifA (Zhang et al. 2005). GlnB* variants mediating NifA activity in a 
strain lacking GlnD contain single amino acid substitutions in the T-loop appar-
ently mimicking the uridylylated form of GlnB (Zhang et  al. 2004; Zhu et  al. 
2006). NifA* variants no longer requiring activation by GlnB-UMP contain 
amino acid substitutions in the N-terminal GAF domain, which is involved in 
interaction between wild-type NifA and GlnB-UMP (Fischer 1994; Zhou et al. 
2008). Nitrogenase activity is still switched-off by ammonium in Rs. rubrum 
nifA* strains, whereas ammonium switch-off is mostly relieved in Rp. palustris 
nifA* strains as described above (Heiniger et  al. 2012; Rey et  al. 2007; Zhou 
et al. 2008). Rs. rubrum nifA* strains lacking DraT, however, exhibit high nitro-
genase activity in the presence of ammonium.

DraT-mediated ADP-ribosylation appears to be the only mechanism controlling 
nitrogenase activity in Rs. rubrum (Zhang et al. 1996). In contrast, nitrogenase activ-
ity is controlled by two mechanisms, one DraT-dependent and another DraT- 
independent mechanism, in many other diazotrophs including Azoarcus sp. strain 
BH72, Azospirillum brasilense, Herbaspirillum seropedicae, and Rb. capsulatus 
(Förster et  al. 1999; Fu and Burris 1989; Huergo et  al. 2012; Oetjen and 
 Reinhold- Hurek 2009; Pierrard et  al. 1993a, b; Yakunin and Hallenbeck 1998b; 
Zhang et al. 1996).

Rs. rubrum has three PII genes forming part of the glnB-glnA, glnJ-amtB1, and 
glnK-amtB2 operons (Munk et al. 2011). Upon ammonium addition to an N2-grown 
culture, DraT is activated by interaction with unmodified GlnB, and DraG is inacti-
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vated by membrane sequestration involving AmtB1, unmodified GlnJ, and possibly 
an unknown membrane protein (Nordlund and Högbom 2013; Teixeira et al. 2008; 
Wang et al. 2005; Wolfe et al. 2007; Zhang et al. 2006).

 Darkness Regulation of Nitrogenase

Like ammonium addition, light deprivation causes nitrogenase switch-off in photo-
synthetic bacteria (Huergo et al. 2012; Nordlund and Högbom 2013; Pierrard et al. 
1993b; Selao et al. 2011; Yakunin and Hallenbeck 2002; Zhang et al. 1995, 2001, 
2006). In Rs. rubrum, ammonium and darkness-induced nitrogenase regulation by 
reversible ADP-ribosylation involve the same proteins, namely DraT, DraG, GlnB, 
GlnJ, and AmtB1, but the signaling mechanisms transducing the cellular nitrogen 
and energy levels differ (Teixeira et al. 2010; Zhang et al. 2001, 2006). While ammo-
nium addition to an N2-grown culture causes a big increase in the cellular glutamine 
concentration leading to GlnD-mediated deuridylylation of GlnB-UMP and GlnJ-
UMP, light deprivation does not affect the glutamine pool or induce PII demodifica-
tion on a big scale (Li et al. 1987; Teixeira et al. 2010). Full uridylylation of trimeric 
PII prevents “plug-in” interaction with AmtB, whereas partially uridylylated PII pro-
teins form a complex with AmtB in A. brasilense (Rodrigues et al. 2011). Hence, 
DraG inactivation in Rs. rubrum may either be achieved by GlnJ- independent mem-
brane sequestration or involve complex formation between partially deuridylylated 
GlnJ and AmtB1 (Huergo et al. 2012; Nordlund and Högbom 2013).

 Iron Regulation of Electron Transport to Nitrogenase

Rb. capsulatus utilizes two parallel acting electron transport pathways to nitroge-
nase, the RnfABCDGEH-FdxN and the NifJ-NifF pathway, in which the ferredoxin 
FdxN and the flavodoxin NifF act as the ultimate electron donors to NifH and pos-
sibly also to AnfH (Gennaro et al. 1996; Hallenbeck and Gennaro 1998; Jeong and 
Jouanneau 2000; Jouanneau et al. 1998; Kumagai et al. 1997; Schmehl et al. 1993; 
Yakunin et  al. 1993; Yakunin and Hallenbeck 1998a). The Rnf proteins form an 
energy-coupling NADH oxidoreductase complex that catalyzes the reduction of 
FdxN. The NifJ protein is a pyruvate-flavodoxin oxidoreductase mediating electron 
transfer from pyruvate to NifF.  In contrast to the situation in Rb. capsulatus, the 
 NifJ-NifF pathway constitutes the sole electron transport pathway to nitrogenase in 
K. pneumoniae (Hill and Kavanagh 1980; Shah et al. 1983).

Unlike the rnf and fdxN genes, the Rb. capsulatus nifF and nifJ genes are not con-
tained in the major nif clusters (Fig. 1). However, the nifF gene belongs to the NifA 
regulon and accordingly, nifF is specifically expressed under N2-fixing conditions as is 
the case for the rnf and fdxN genes (Gennaro et al. 1996; Schmehl et al. 1993). In con-
trast to nifF, the nifJ gene is expressed under ammonium-replete conditions and its 
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expression increases only slightly under N2-fixing conditions indicating that NifJ func-
tion is not restricted to N2 fixation (Yakunin and Hallenbeck 1998a). The NifJ-NifF 
pathway contributes significantly to electron transfer to nitrogenase under iron-replete 
conditions, but is essential under iron-limiting conditions (Gennaro et al. 1996; Yakunin 
et al. 1993; Yakunin and Hallenbeck 1998a). Accordingly, nifF expression and NifF 
accumulation is higher under iron-deficient than under iron-sufficient conditions, while 
rnf transcription and Rnf accumulation decreases upon iron limitation (Jouanneau et al. 
1998). Apparently, Rb. capsulatus copes with iron limitation by replacing the iron-
containing ferredoxin FdxN by the Fe-free flavodoxin NifF, but the iron-responsive 
mechanisms controlling nifF and rnf expression remain unknown to date.

Rs. rubrum lacks rnfABCDGEH genes but instead has fixABCX genes (Fig. 1), 
whose products form the major electron transport pathway to nitrogenase in this 
diazotroph (Edgren and Nordlund 2004). In addition, Rs. rubrum has an nifJ-like 
gene encoding a pyruvate-ferredoxin oxidoreductase (Edgren and Nordlund 2006). 
In both the FixABCX and the NifJ pathways ferredoxin N (encoded by the fdxN gene 
located downstream of nifB; Fig. 1) is the ultimate electron donor to nitrogenase 
(Edgren and Nordlund 2005, 2006). Like Rs. rubrum, Rp. palustris lacks 
rnfABCDGEH genes but has fixABCX genes (Fig. 1), which are essential for diazo-
trophic growth (Huang et al. 2010) suggesting that electron transport to nitrogenase 
in Rp. palustris involves a similar mechanism as in Rs. rubrum.

 Regulation of Molybdate Uptake and Alternative Nitrogenases

Most bacteria synthesize high-affinity molybdate transporters (modABC-encoded) 
suggesting that they have to cope at least temporarily with Mo limitation (Zhang and 
Gladyshev 2008). Under Mo-replete conditions, E. coli represses modABC transcrip-
tion by the molybdate-responsive one-component regulator ModE, thus limiting 
expression of the Mo uptake system to Mo-limiting conditions. ModE binds a palin-
dromic sequence called Mo-box overlapping the modA transcription start site thereby 
preventing binding of RNA polymerase (Studholme and Pau 2003).

Rb. capsulatus has two modE homologs, mopA and mopB, belonging to diver-
gently transcribed operons, mopA-modABCD and mopB (Fig. 1). Upon molybdate- 
binding MopA and MopB repress transcription of the mopA-modABCD and anfA 
genes by binding the Mo-boxes overlapping the transcription start sites of mopA and 
anfA (Fig. 5) (Kutsche et al. 1996; Müller et al. 2010; Wiethaus et al. 2006). Either 
MopA or MopB is sufficient to repress transcription from the mopA and anfA pro-
moters. Beside its role as a repressor, MopA acts as a transcriptional activator of the 
mop gene encoding a molybdate-binding hexameric protein (Wiethaus et al. 2009). 
In contrast to the mopA and anfA Mo-boxes, which overlap the transcription start 
sites, the mop Mo-box is located at some distance upstream of the transcription start 
site as expected for an enhancer binding site. In line with the proposed role of the 
Mop protein in Mo storage, Mop accumulates to high levels with increasing Mo 
concentrations (Hoffmann et al. 2016).
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While Mo represses mopA, the mopB gene is constitutively transcribed and 
accordingly, the MopA/MopB ratio varies in response to Mo availability 
(Hoffmann et al. 2016; Wiethaus et al. 2006, 2009). Under Mo-limiting condi-
tions, MopA is more abundant than MopB, whereas only MopB is left under 
Mo-replete conditions. MopA and MopB form homodimers as well as het-
eromers (Wiethaus et al. 2009). Disruption of mopB enhances mop expression 
suggesting that MopA-MopB heteromer formation counteracts mop activation 
by MopA homodimers.

Since AnfA is essential for Fe-nitrogenase expression, anfA repression by MopA 
and MopB prevents Fe-nitrogenase expression at high Mo concentrations (Fig. 3). In 
contrast, Mo-nitrogenase levels increase with increasing Mo concentrations involving 
a yet unknown post-transcriptional control mechanism (Hoffmann et al. 2014a, 2016).

In addition to ModABC, which imports molybdate at nanomolar concentrations 
in the environment, Rb. capsulatus synthesizes the oxyanion transporter PerO, which 
imports molybdate in micromolar ranges (Gisin et  al. 2010). Besides molybdate, 

<<<< <<<<<<    >>>>>> >>>>
Mo-box consensus ATCGNTATATA–N6–TATATAACGAT

Rb. capsulatus anfA GTCGTTATATG–N7–TATATAACGGA
Rb. capsulatus mopA ATCGCTATTAG–N7–TATATAACGAT

Rp. palustris modE1 ACCGTTATATA–N7–CATATGACGAC
Rp. palustris anfA no Mo-box
Rp. palustris vnfA no Mo-box

Rs. rubrum anfA no Mo-box
Rs. rubrum modA no Mo-box

mopB mopA modABC anfA mop

MopA

MopB

MopA

MopB

MopA

Mo uptake Mo storage

TSS

TSS

Fig. 5 Nitrogen fixation and molybdate transport-related Mo-boxes. Mo-boxes are highly con-
served palindromic sequences (marked by arrow heads) serving as binding sites for ModE-type 
regulators (Studholme and Pau 2003). Conserved Mo-box nucleotides in the promoters of Rb. 
capsulatus anfA and mopA, and Rp. palustris modE1 are highlighted in blue. Rb. capsulatus syn-
thesizes two ModE-like regulators, MopA and MopB, which repress transcription of the mopA- 
modABC and anfA genes by binding Mo-boxes (red squares) overlapping the transcription start 
sites (TSS) of mopA and anfA (Kutsche et al. 1996). In addition, MopA activates mop transcription 
by binding the Mo-box (green square) preceding the mop TSS (Wiethaus et al. 2006)
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PerO transports tungstate, vanadate, and sulfate. In contrast to the modABC genes, 
transcription of perO is not repressed by molybdate.

Like Rb. capsulatus, Rp. palustris has two modE genes, one of which, modE1, clus-
ters with modABC genes, while the other is located at a distant position in the chromo-
some (Larimer et al. 2004). The modE1 promoter contains a likely Mo-box (Fig. 5) 
indicating that ModE1 autoregulates its own expression in response to molybdate avail-
ability as is the case for Rb. capsulatus MopA. In contrast to the Rb. capsulatus anfA 
promoter, the Rp. palustris anfA and vnfA promoters do not encompass an obvious 
Mo-box suggesting that anfA and vnfA do not belong to the ModE1 regulon (see 
below). Unlike Anabaena variabilis ATCC 29413, which synthesizes a high-affinity 
vanadate transporter, VupABC, sustaining V-nitrogenase activity under vanadate-limit-
ing conditions, Rp. palustris lacks vupABC homologs (Pratte and Thiel 2006).

Disruption of the Mo-nitrogenase genes induces expression of V and 
Fe-nitrogenases in Rp. palustris even at high molybdate concentrations otherwise 
sufficient to repress Fe-nitrogenase in Rb. capsulatus (Oda et al. 2005; Wang et al. 
1993). Similar to the situation in Rp. palustris, Rs. rubrum strains lacking active 
Mo-nitrogenase express Fe-nitrogenase irrespective of Mo availability (Lehman and 
Roberts 1991). Hence, the mechanisms controlling expression of the alternative 
nitrogenases in Rp. palustris and Rs. rubrum differ from that in Rb. capsulatus.

 Nitrogenase Protection Against Oxygen Damage

Mo, V, and Fe-nitrogenases are irreversibly damaged by oxygen (Blanchard and 
Hales 1996; Chisnell et al. 1988; Gollan et al. 1993), and thus, many diazotrophs 
synthesize nitrogenase only under anaerobic or microaerobic conditions. Other diaz-
otrophs have evolved different strategies to protect nitrogenase at high ambient oxy-
gen concentrations. Some filamentous cyanobacteria develop specialized N2- fixing 
cells called heterocysts, which have thick cell walls limiting oxygen entry and lack 
the oxygen-evolving photosystem PSII.  Most rhizobia express nitrogenase exclu-
sively within special plant organs called nodules, in which oxygen partial pressure is 
sufficiently low. Other strategies involve cytochrome bd oxidase (cydAB- encoded) or 
the Shetna’s protein II (fesII-encoded) mediating “respiratory” and “conformational” 
protection of nitrogenase, respectively, in A. vinelandii, Gluconacetobacter diazotro-
phicus, and Rb. capsulatus (Hoffmann et al., 2014a; Kelly et al. 1990; Moshiri et al. 
1994; Schlesier et al. 2016; Ureta and Nordlund 2002). Conformational protection 
depends on a ternary complex formed by FeSII, the Fe-protein, and the MoFe-protein 
(Schlesier et al. 2016).

The Rb. capsulatus FeSII homolog, FdxD, supports diazotrophic growth via 
Mo-nitrogenase (but not via Fe-nitrogenase) under semiaerobic conditions (Hoffmann 
et al. 2014a). Expression of the fdxD gene, which is located immediately upstream of 
the nifHDK genes, is activated by NifA1 and NifA2 but not by AnfA. Hence, the 
fdxD gene belongs to the Mo-nitrogenase regulon, and its product specifically pro-
tects Mo-nitrogenase against oxygen damage.
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NifA-dependent fdxD expression decreases with increasing oxygen concentra-
tions (Hoffmann et al. 2014a). This regulation is possibly explained by oxygen sen-
sitivity of NifA1 and NifA2, which belong to the class of oxygen-sensitive NifA 
regulators (Fischer 1994; Paschen et  al. 2001). Members of this class contain an 
additional domain absent in oxygen-tolerant NifA proteins, the interdomain linker 
domain, which is located between the central AAA and the C-terminal HTH domain. 
The interdomain linker domain is implicated in metal (possibly Fe) binding and oxy-
gen or redox sensing in Bradyrhizobium japonicum and Herbaspirillum seropedicae 
(Fischer et al. 1988, 1989; Oliveira et al. 2009).

Maximal fdxD expression requires both NifA1 and NifA2 (Hoffmann et  al. 
2014a), and maximal nifA2 expression depends on the two-component regulatory 
system RegB-RegA (Elsen et al. 2000). In contradiction to the original assumption 
that oxygen directly inhibits RegB kinase activity (Mosley et al. 1994; Sganga and 
Bauer. 1992), the RegB-RegA system apparently responds to the cellular redox state 
(Elsen et al. 2000). Besides controlling nitrogen fixation (via nifA2), the RegB- RegA 
system regulates photosynthesis, carbon dioxide assimilation, and hydrogen oxida-
tion, thus acting as a master regulator of important energy-generating and energy-
consuming processes.

 Nitrogenase Protection Against Carbon Monoxide Inhibition

Carbon monoxide (CO) inhibits all nitrogenase-catalyzed substrate reductions 
except for proton reduction by blocking intramolecular electron flow and hence, CO 
hampers N2 fixation and diazotrophic growth (Hwang et al. 1973; Lee et al. 2009; 
Lockshin and Burris 1965; Rivera-Ortiz and Burris 1975; Shen et  al. 1997; Yan 
et al. 2012). A small protein, CowN, sustains N2-dependent growth of Rb. capsula-
tus and Rs. rubrum in the presence of CO (Hoffmann et  al. 2014b; Kerby and 
Roberts 2011). CowN has been suggested to form a complex with nitrogenase like 
the Shetna protein but experimental evidence supporting this assumption is lacking 
(Kerby and Roberts 2011). In both Rb. capsulatus and Rs. rubrum, cowN expression 
is induced by CO, but cowN activation depends on different transcription activators 
in these species.

CO induction of Rb. capsulatus cowN expression is mediated by the CO-responsive 
regulator CooA (Hoffmann et al. 2014b), which belongs to the family of  heme- containing 
transcription factors (Roberts et al. 2005). Expression of cooA is activated by NifA1 and 
NifA2, whereas AnfA represses cooA and consequently, cowN. Accordingly, CowN 
specifically sustains diazotrophic growth via Mo-nitrogenase but not Fe-nitrogenase-
dependent growth in the presence of CO.

The Rs. rubrum CooA homolog activates expression of CO dehydrogenase genes, 
but is dispensable for cowN expression (Fox et al. 1996; Kerby and Roberts 2011; 
Shelver et  al. 1995). Instead, cowN expression in Rs. rubrum requires another 
CO-responsive regulator, RcoM (Kerby et al. 2008; Kerby and Roberts 2011), which 
is lacking in Rb. capsulatus.
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Genes similar to cowN are widespread in bacteria (Kerby and Roberts 2011). 
Apparently, all bacteria harboring a cowN homolog also possess nifHDK genes 
implying that CowN-mediated Mo-nitrogenase protection is a common mechanism. 
In contrast to strict ammonium repression of the nifHDK genes, however, cowN is 
only partially repressed by ammonium in Rb. capsulatus and Rs. rubrum suggesting 
that CowN function is not restricted to nitrogenase protection (Hoffmann et  al. 
2014b; Kerby and Roberts 2011).

References

Adessi A, Concato M, Sanchini A, Rossi F, De Philippis R (2016) Hydrogen production under salt 
stress conditions by a freshwater Rhodopseudomonas strain. Appl Microbiol Biotechnol 
100:2917–2926

Blanchard CZ, Hales BJ (1996) Isolation of two forms of the nitrogenase VFe protein from 
Azotobacter vinelandii. Biochemistry 35:472–478

Bowman WC, Kranz RG (1998) A bacterial ATP-dependent, enhancer binding protein that activates 
the housekeeping RNA polymerase. Genes Dev 12:1884–1893

Cheng J, Johansson M, Nordlund S (1999) Expression of PII and glutamine synthetase is regulated 
by PII, the ntrBC products, and processing of the glnBA mRNA in Rhodospirillum rubrum. 
J Bacteriol 181:6530–6534

Chisnell JR, Premakumar R, Bishop PE (1988) Purification of a second alternative nitrogenase from 
a nifHDK deletion strain of Azotobacter vinelandii. J Bacteriol 170:27–33

Conlan S, Lawrence C, McCue LA (2005) Rhodopseudomonas palustris regulons detected by cross-
species analysis of alphaproteobacterial genomes. Appl Environ Microbiol 71:7442–7452

Connelly HM, Pelletier DA, Lu TY, Lankford PK, Hettich RL (2006) Characterization of PII family 
(GlnK1, GlnK2, and GlnB) protein uridylylation in response to nitrogen availability for 
Rhodopseudomonas palustris. Anal Biochem 357:93–104

Cullen PJ, Bowman WC, Foster-Hartnett D, Reilly SC, Kranz RG (1998) Translational activation 
by an NtrC enhancer-binding protein. J Mol Biol 278:903–914

Cullen PJ, Bowman WC, Kranz RG (1996) In vitro reconstitution and characterization of the 
Rhodobacter capsulatus NtrB and NtrC two-component system. J Biol Chem 271:6530–6536

Cullen PJ, Foster-Hartnett D, Gabbert KK, Kranz RG (1994) Structure and expression of the alter-
native sigma factor, RpoN, in Rhodobacter capsulatus; physiological relevance of an autoacti-
vated nifU2-rpoN superoperon. Mol Microbiol 11:51–65

Curatti L, Rubio LM (2014) Challenges to develop nitrogen-fixing cereals by direct nif-gene trans-
fer. Plant Sci 225:130–137

Davis R, Lehman L, Petrovich R, Shah VK, Roberts GP, Ludden PW (1996) Purification and char-
acterization of the alternative nitrogenase from the photosynthetic bacterium Rhodospirillum 
rubrum. J Bacteriol 178:1445–1450

Dilworth MJ, Eady RR, Eldridge ME (1988) The vanadium nitrogenase of Azotobacter chroococ-
cum. Reduction of acetylene and ethylene to ethane. Biochem J 249:745–751

Dos Santos PC, Fang Z, Mason SW, Setubal JC, Dixon R (2012) Distribution of nitrogen fixation 
and nitrogenase-like sequences amongst microbial genomes. BMC Genomics 13:162

Drepper T, Groß S, Yakunin AF, Hallenbeck PC, Masepohl B, Klipp W (2003) Role of GlnB and 
GlnK in ammonium control of both nitrogenase systems in the phototrophic bacterium 
Rhodobacter capsulatus. Microbiology 149:2203–2212

Drummond M, Walmsley J, Kennedy C (1996) Expression from the nifB promoter of Azotobacter 
vinelandii can be activated by NifA, VnfA, or AnfA transcriptional activators. J  Bacteriol 
178:788–792

B. Masepohl



19

Edgren T, Nordlund S (2004) The fixABCX genes in Rhodospirillum rubrum encode a putative mem-
brane complex participating in electron transfer to nitrogenase. J Bacteriol 186:2052–2060

Edgren T, Nordlund S (2005) Electron transport to nitrogenase in Rhodospirillum rubrum: identifi-
cation of a new fdxN gene encoding the primary electron donor to nitrogenase. FEMS Microbiol 
Lett 245:345–351

Edgren T, Nordlund S (2006) Two pathways of electron transport to nitrogenase in Rhodospirillum 
rubrum: the major pathway is dependent on the fix gene products. FEMS Microbiol Lett 
260:30–35

Elsen S, Dischert W, Colbeau A, Bauer CE (2000) Expression of uptake hydrogenase and molybde-
num nitrogenase in Rhodobacter capsulatus is coregulated by the RegB-RegA two- component 
regulatory system. J Bacteriol 182:2831–2837

Fischer H-M (1994) Genetic regulation of nitrogen fixation in Rhizobia. Microbiol Rev 58:352–386
Fischer H-M, Bruderer T, Hennecke H (1988) Essential and non-essential domains in the 

Bradyrhizobium japonicum NifA protein: identification of indispensable cysteine residues 
potentially involved in redox reactivity and/or metal binding. Nucleic Acids Res 16:2207–2224

Fischer H-M, Fritsche S, Herzog B, Hennecke H (1989) Critical spacing between two essential 
cysteine residues in the interdomain linker of the Bradyrhizobium japonicum NifA protein. 
FEBS Lett 255:167–171

Förster B, Maner K, Fassbinder F, Oelze J  (1999) Reversible inactivation of nitrogenase in 
Rhodobacter capsulatus strain W107I deleted in the draTG gene region. FEMS Microbiol Lett 
170:167–171

Foster-Hartnett D, Kranz RG (1992) Analysis of the promoters and upstream sequences of nifA1 
and nifA2 in Rhodobacter capsulatus; activation requires ntrC but not rpoN. Mol Microbiol 
6:1049–1060

Foster-Hartnett D, Kranz RG (1994) The Rhodobacter capsulatus glnB gene is regulated by NtrC at 
tandem rpoN-independent promoters. J Bacteriol 176:5171–5176

Foster-Hartnett D, Cullen PJ, Monika EM, Kranz RG (1994) A new type of NtrC transcriptional 
activator. J Bacteriol 176:6175–6187

Fox JD, He Y, Shelver D, Roberts GP, Ludden PW (1996) Characterization of the region encoding 
the CO-induced hydrogenase of Rhodospirillum rubrum. J Bacteriol 178:6200–6208

Fu H, Burris RH (1989) Ammonium inhibition of nitrogenase activity in Herbaspirillum seropedi-
cae. J Bacteriol 171:3168–3175

Gennaro G, Hübner P, Sandmeier U, Yakunin AF, Hallenbeck PC (1996) Cloning, characterization, 
and regulation of nifF from Rhodobacter capsulatus. J Bacteriol 178:3949–3952

Gisin J, Müller A, Pfänder Y, Leimkühler S, Narberhaus F, Masepohl B (2010) A Rhodobacter 
capsulatus member of a universal permease family imports molybdate and other oxyanions. 
J Bacteriol 192:5943–5952

Gollan U, Schneider K, Müller A, Schüddekopf K, Klipp W (1993) Detection of the in vivo incor-
poration of a metal cluster into a protein. The FeMo cofactor is inserted into the FeFe protein of 
the alternative nitrogenase of Rhodobacter capsulatus. Eur J Biochem 215:25–35

Hallenbeck PC (1992) Mutations affecting nitrogenase switch-off in Rhodobacter capsulatus. 
Biochim Biophys Acta 1118:161–168

Hallenbeck PC, Gennaro G (1998) Stopped-flow kinetic studies of low potential electron carriers of 
the photosynthetic bacterium, Rhodobacter capsulatus: ferredoxin I and NifF. Biochim Biophys 
Acta 1365:435–442

Hallenbeck PC, Meyer CM, Vignais PM (1982) Nitrogenase from the photosynthetic bacterium 
Rhodopseudomonas capsulata: purification and molecular properties. J Bacteriol 149:708–717

Heiniger EK, Harwood CS (2015) Posttranslational modification of a vanadium nitrogenase. 
MicrobiologyOpen 4:597–603

Heiniger EK, Oda Y, Samanta SK, Harwood CS (2012) How posttranslational modification of nitro-
genase is circumvented in Rhodopseudomonas palustris strains that produce hydrogen gas con-
stitutively. Appl Environ Microbiol 78:1023–1032

Hill S, Kavanagh EP (1980) Roles of nifF and nifJ gene products in electron transport to nitrogenase 
in Klebsiella pneumoniae. J Bacteriol 141:470–475

 Regulation of Nitrogen Fixation in Photosynthetic Purple Nonsulfur Bacteria



20

Hillmer P, Gest H (1977) H2 metabolism in the photosynthetic bacterium Rhodopseudomonas 
capsulata: H2 production by growing cultures. J Bacteriol 129:724–731

Hoffmann M-C, Müller A, Fehringer M, Pfänder Y, Narberhaus F, Masepohl B (2014a) Coordinated 
expression of fdxD and molybdenum nitrogenase genes promotes nitrogen fixation by 
Rhodobacter capsulatus in the presence of oxygen. J Bacteriol 196:633–640

Hoffmann M-C, Pfänder Y, Fehringer M, Narberhaus F, Masepohl B (2014b) NifA- and CooA- 
coordinated cowN expression sustains nitrogen fixation by Rhodobacter capsulatus in the pres-
ence of carbon monoxide. J Bacteriol 196:3494–3502

Hoffmann M-C, Wagner E, Langklotz S, Pfänder Y, Hött S, Bandow JE, Masepohl B (2016) 
Proteome profiling of the Rhodobacter capsulatus molybdenum response reveals a role of IscN 
in nitrogen fixation by Fe-nitrogenase. J Bacteriol 198:633–643

Hongoh Y (2010) Diversity and genomes of uncultured microbial symbionts in the termite gut. 
Biosci Biotechnol Biochem 74:1145–1151

Hu Y, Ribbe MW (2016) Biosynthesis of the metalloclusters of nitrogenases. Annu Rev Biochem 
85:3.1–3.29

Hu Y, Lee CC, Ribbe MW (2012) Vanadium nitrogenase: a two-hit wonder? Dalton Trans 
41:1118–1127

Huang JJ, Heiniger EK, McKinlay JB, Harwood CS (2010) Production of hydrogen gas from light 
and the inorganic electron donor thiosulfate by Rhodopseudomonas palustris. Appl Environ 
Microbiol 76:7717–7722

Hübner P, Masepohl B, Klipp W, Bickle TA (1993) nif gene expression studies in Rhodobacter 
capsulatus: ntrC-independent repression by high ammonium concentrations. Mol Microbiol 
10:123–132

Hübner P, Willison JC, Vignais PM, Bickle TA (1991) Expression of regulatory nif genes in 
Rhodobacter capsulatus. J Bacteriol 173:2993–2999

Huergo LF, Pedrosa FO, Muller-Santos M, Chubatsu LS, Monteiro RA, Merrick M, Souza EM 
(2012) PII signal transduction proteins: pivotal players in post-translational control of nitroge-
nase activity. Microbiology 158:176–190

Hwang JC, Chen CH, Burris RH (1973) Inhibition of nitrogenase-catalyzed reductions. Biochim 
Biophys Acta 292:256–270

Igarashi RY, Seefeldt LC (2003) Nitrogen fixation: the mechanism of the Mo-dependent nitroge-
nase. Crit Rev Biochem Mol Biol 38:351–384

Jeong H-S, Jouanneau Y (2000) Enhanced nitrogenase activity in strains of Rhodobacter capsulatus 
that overexpress the rnf genes. J Bacteriol 182:1208–1214

Jiang P, Peliska JA, Ninfa AJ (1998a) Enzymological characterization of the signal-transducing 
uridylyltransferase/uridylyl-removing enzyme (EC 2.7.7.59) of Escherichia coli and its interac-
tion with the PII protein. Biochemistry 37:12782–12794

Jiang P, Peliska JA, Ninfa AJ (1998b) Reconstitution of the signal-transduction bicyclic cascade 
responsible for the regulation of Ntr gene transcription in Escherichia coli. Biochemistry 
37:12795–12801

Jouanneau Y, Jeong H-S, Hugo N, Meyer C, Willison JC (1998) Overexpression in Escherichia coli 
of the rnf genes from Rhodobacter capsulatus. Characterization of two membrane-bound iron-
sulfur proteins. Eur J Biochem 251:54–64

Jouanneau Y, Meyer CM, Vignais PM (1983) Regulation of nitrogenase activity through iron protein 
interconversion into an active and an inactive form in Rhodopseudomonas capsulata. Biochim 
Biophys Acta 749:318–328

Jouanneau Y, Roby C, Meyer CM, Vignais PM (1989) ADP-ribosylation of dinitrogenase reductase 
in Rhodobacter capsulatus. Biochemistry 28:6524–6530

Kelly MJ, Poole RK, Yates MG, Kennedy C (1990) Cloning and mutagenesis of genes encoding the 
cytochrome bd terminal oxidase complex in Azotobacter vinelandii: mutants deficient in the 
cytochrome d complex are unable to fix nitrogen in air. J Bacteriol 172:6010–6019

Kennedy C, Dean D (1992) The nifU, nifS and nifV gene products are required for activity of all 
three nitrogenases of Azotobacter vinelandii. Mol Gen Genet 231:494–498

B. Masepohl



21

Kerby RL, Roberts GP (2011) Sustaining N2-dependent growth in the presence of CO. J Bacteriol 
193:774–777

Kerby RL, Youn H, Roberts GP (2008) RcoM: a new single-component transcriptional regulator of 
CO metabolism in bacteria. J Bacteriol 190:3336–3343

Kranz RG, Haselkorn R (1985) Characterization of nif regulatory genes in Rhodopseudomonas 
capsulata using lac gene fusions. Gene 40:203–215

Kumagai H, Fujiwara T, Matsubara H, Saeki K (1997) Membrane localization, topology, and 
mutual stabilization of the rnfABC gene products in Rhodobacter capsulatus and implications 
for a new family of energy-coupling NADH oxidoreductases. Biochemistry 36:5509–5521

Kutsche M, Leimkühler S, Angermüller S, Klipp W (1996) Promoters controlling expression of the 
alternative nitrogenase and the molybdenum uptake system in Rhodobacter capsulatus are acti-
vated by NtrC, independent of σ54, and repressed by molybdenum. J Bacteriol 178:2010–2017

Larimer FW, Chain P, Hauser L, Lamerdin J, Malfatti S, Do L, Land ML, Pelletier DA, Beatty JT, 
Lang AS, Tabita FR, Gibson JL, Hanson TE, Bobst C, Torres Y, Torres JL, Peres C, Harrison FH, 
Gibson J, Harwood CS (2004) Complete genome sequence of the metabolically versatile photo-
synthetic bacterium Rhodopseudomonas palustris. Nat Biotechnol 22:55–61

Lee CC, Hu Y, Ribbe MW (2009) Unique features of the nitrogenase VFe protein from Azotobacter 
vinelandii. Proc Natl Acad Sci U S A 106:9209–9214

Lehman LJ, Roberts GP (1991) Identification of an alternative nitrogenase system in Rhodospirillum 
rubrum. J Bacteriol 173:5705–5711

Li JD, Hu CZ, Yoch DC (1987) Changes in amino acid and nucleotide pools of Rhodospirillum 
rubrum during switch-off of nitrogenase activity initiated by NH4

+ or darkness. J  Bacteriol 
169:231–237

Lockshin A, Burris RH (1965) Inhibitors of nitrogen fixation in extracts from Clostridium pasteur-
ianum. Biochim Biophys Acta 111:1–10

MacKellar D, Lieber L, Norman JS, Bolger A, Tobin C, Murray JW, Oksaksin M, Chang RL, Ford 
TJ, Nguyen PQ, Woodward J, Permingeat HR, Joshi NS, Silver PA, Usadel B, Rutherford AW, 
Friesen ML, Prell J (2016) Streptomyces thermoautotrophicus does not fix nitrogen. Sci Rep 
6:20086

Madigan MT, Cox SS, Stegeman RA (1984) Nitrogen fixation and nitrogenase activities in mem-
bers of the family Rhodospirillaceae. J Bacteriol 157:73–78

Masepohl B, Klipp W (1996) Organization and regulation of genes encoding the molybdenum nitro-
genase and the alternative nitrogenase in Rhodobacter capsulatus. Arch Microbiol 165:80–90

Masepohl B, Kaiser B, Isakovic N, Richard CL, Kranz RG, Klipp W (2001) Urea utilization in the 
phototrophic bacterium Rhodobacter capsulatus is regulated by the transcriptional activator 
NtrC. J Bacteriol 183:637–643

Masepohl B, Klipp W, Pühler A (1988) Genetic characterization and sequence analysis of the dupli-
cated nifA/nifB gene region of Rhodobacter capsulatus. Mol Gen Genet 212:27–37

Masepohl B, Krey R, Klipp W (1993) The draTG gene region of Rhodobacter capsulatus is required 
for post-translational regulation of both the molybdenum and the alternative nitrogenase. J Gen 
Microbiol 139:2667–2675

McGlynn SE, Boyd ES, Peters JW, Orphan VJ (2013) Classifying the metal dependence of unchar-
acterized nitrogenases. Front Microbiol 3:419

McKinlay JB, Harwood CS (2010) Photobiological production of hydrogen gas as a biofuel. Curr 
Opin Biotechnol 21:244–251

Morett E, Buck M (1988) NifA-dependent in vivo protection demonstrates that the upstream activa-
tor sequence of nif promoters is a protein binding site. Proc Natl Acad Sci U S A 85:9401–9405

Morett E, Buck M (1989) In vivo studies on the interaction of RNA polymerase-σ54 with Klebsiella 
pneumoniae and Rhizobium meliloti nifH promoters: The role of NifA in the formation of an 
open promoter complex. J Mol Biol 210:65–77

Moshiri F, Kim JW, Fu C, Maier RJ (1994) The FeSII protein of Azotobacter vinelandii is not essen-
tial for aerobic nitrogen fixation, but confers significant protection to oxygen-mediated inactiva-
tion of nitrogenase in vitro and in vivo. Mol Microbiol 14:101–114

 Regulation of Nitrogen Fixation in Photosynthetic Purple Nonsulfur Bacteria



22

Mosley CS, Suzuki JY, Bauer CE (1994) Identification and molecular genetic characterization of a 
sensor kinase responsible for coordinately regulating light harvesting and reaction center gene 
expression in response to anaerobiosis. J Bacteriol 176:7566–7573

Müller A, Püttmann L, Barthel R, Schön M, Lackmann J-W, Narberhaus F, Masepohl B (2010) 
Relevance of individual Mo-box nucleotides to DNA binding by the related molybdenum- responsive 
regulators MopA and MopB in Rhodobacter capsulatus. FEMS Microbiol Lett 307:191–200

Munk AC, Copeland A, Lucas S, Lapidus A, Del Rio TG, Barry K, Detter JC, Hammon N, Israni S, 
Pitluck S, Brettin T, Bruce D, Han C, Tapia R, Gilna P, Schmutz J, Larimer F, Land M, Kyrpides 
NC, Mavromatis K, Richardson P, Rohde M, Göker M, Klenk H-P, Zhang Y, Roberts GP, 
Reslewic S, Schwartz DC (2011) Complete genome sequence of Rhodospirillum rubrum type 
strain (S1T). Stand Genomic Sci 4:293–302

Nordlund S, Högbom M (2013) ADP-ribosylation, a mechanism regulating nitrogenase activity. 
FEBS J 280:3484–3490

Oda Y, Samanta SK, Rey FE, Wu L, Liu X, Yan T, Zhou J, Harwood CS (2005) Functional genomic 
analysis of three nitrogenase isozymes in the photosynthetic bacterium Rhodopseudomonas 
palustris. J Bacteriol 187:7784–7794

Oetjen J, Reinholf-Hurek B (2009) Characterization of the DraT/DraG system for posttranslational 
regulation of nitrogenase in the endophytic betaproteobacterium Azoarcus sp. strain BH72. 
J Bacteriol 191:3726–3735

Oldroyd GED (2013) Speak, friend, and enter: signaling systems that promote beneficial symbiotic 
associations in plants. Nat Rev Microbiol 11:252–263

Oliveira MAS, Baura VA, Aquino B, Huergo LF, Kadowaki MAS, Chubatsu LS, Souza EM, Dixon 
R, Pedrosa FO, Wassem R, Monteiro RA (2009) Role of conserved cysteine residues in 
Herbaspirillum seropedicae NifA activity. Res Microbiol 160:389–395

Paschen A, Drepper T, Masepohl B, Klipp W (2001) Rhodobacter capsulatus nifA mutants mediat-
ing nif gene expression in the presence of ammonium. FEMS Microbiol Lett 200:207–213

Pawlowski A, Riedel K-U, Klipp W, Dreiskemper P, Groß S, Bierhoff H, Drepper T, Masepohl B 
(2003) Yeast two-hybrid studies on interaction of proteins involved in regulation of nitrogen 
fixation in the phototrophic bacterium Rhodobacter capsulatus. J Bacteriol 185:5240–5247

Pierrard J, Ludden PW, Roberts GP (1993a) Posttranslational regulation of nitrogenase in 
Rhodobacter capsulatus: existence of two independent regulatory effects of ammonium. 
J Bacteriol 175:1358–1366

Pierrard J, Willison JC, Vignais PM, Gaspar JL, Ludden PW, Roberts GP (1993b) Site-directed 
mutagenesis of the target arginine for ADP-ribosylation of nitrogenase component II in 
Rhodobacter capsulatus. Biochem Biophys Res Commun 192:1223–1229

Pratte BS, Thiel T (2006) High-affinity vanadate transport system in the cyanobacterium Anabaena 
variabilis ATCC 29413. J Bacteriol 188:464–468

Preker P, Hübner P, Schmehl M, Klipp W, Bickle TA (1992) Mapping and characterization of the 
promoter elements of the regulatory nif genes rpoN, nifA1 and nifA2 in Rhodobacter capsulatus. 
Mol Microbiol 6:1035–1047

Radchenko MV, Thornton J, Merrick M (2013) PII signal transduction proteins are ATPases whose 
activity is regulated by 2-oxoglutarate. Proc Natl Acad Sci U S A 110:12948–12953

Rey FE, Heiniger EK, Harwood CS (2007) Redirection of metabolism for biological hydrogen 
production. Appl Environ Microbiol 73:1665–1671

Rivera-Ortiz JM, Burris RH (1975) Interactions among substrates and inhibitors of nitrogenase. 
J Bacteriol 123:537–545

Roberts GP, Kerby RL, Youn H, Conrad M (2005) CooA, a paradigm for gas sensing regulatory 
proteins. J Inorg Biochem 99:280–292

Rodrigues TE, Souza VE, Monteiro RA, Gerhardt EC, Araújo LM, Chubatsu LS, Souza EM, Pedrosa 
FO, Huergo LF (2011) In vitro interaction between the ammonium transport protein AmtB and 
partially uridylylated forms of the PII protein GlnZ. Biochim Biophys Acta 1814:1203–1209

Schlesier J, Rohde M, Gerhardt S, Einsle O (2016) A conformational switch triggers nitrogenase 
protection from oxygen damage by Shetna protein II (FeSII). J Am Chem Soc 138:239–247

B. Masepohl



23

Schmehl M, Jahn A, zu Vilsendorf AM, Hennecke S, Masepohl B, Schuppler M, Marxer M, Oelze 
J, Klipp W (1993) Identification of a new class of nitrogen fixation genes in Rhodobacter 
capsulatus: a putative membrane complex involved in electron transport to nitrogenase. Mol 
Gen Genet 241:602–515

Schneider K, Gollan U, Dröttboom M, Selsemeier-Voigt S, Müller A (1997) Comparative biochem-
ical characterization of the iron-only nitrogenase and the molybdenum nitrogenase from 
Rhodobacter capsulatus. Eur J Biochem 244:789–800

Schneider K, Müller A, Schramm U, Klipp W (1991) Demonstration of a molybdenum- and 
vanadium- independent nitrogenase in a nifHDK-deletion strain of Rhodobacter capsulatus. Eur 
J Biochem 195:653–661

Schüddekopf K, Hennecke S, Liese U, Kutsche M, Klipp W (1993) Characterization of anf genes 
specific for the alternative nitrogenase and identification of nif genes required for both nitroge-
nases in Rhodobacter capsulatus. Mol Microbiol 8:673–684

Selao TT, Edgren T, Wang H, Norén A, Nordlund S (2011) Effect of pyruvate on the metabolic regula-
tion of nitrogenase activity in Rhodospirillum rubrum in darkness. Microbiology 157:1834–1840

Sganga MW, Bauer CE (1992) Regulatory factors controlling photosynthetic reaction center and 
light-harvesting gene expression in Rhodobacter capsulatus. Cell 68:945–954

Shah VK, Stacey G, Brill WJ (1983) Electron transport to nitrogenase. Purification and characterization 
of pyruvate:flavodoxin oxidoreductase, the nifJ gene product. J Biol Chem 258:12064–12068

Shelver D, Kerby RL, He Y, Roberts GP (1995) Carbon monoxide-induced activation of gene 
expression in Rhodospirillum rubrum requires the product of cooA, a member of the cyclic AMP 
receptor protein family of transcriptional regulators. J Bacteriol 177:2157–2163

Shen J, Dean DR, Newton WE (1997) Evidence for multiple substrate-reduction sites and distinct 
inhibitor-binding sites from an altered Azotobacter vinelandii nitrogenase MoFe protein. 
Biochemistry 36:4884–4894

Strnad H, Lapidus A, Paces J, Ulbrich P, Vlcek C, Paces V, Haselkorn R (2010) Complete genome 
sequence of the photosynthetic purple nonsulfur bacterium Rhodobacter capsulatus SB1003. 
J Bacteriol 192:3545–3546

Studholme DJ, Pau RN (2003) A DNA element recognized by the molybdenum-responsive tran-
scription factor ModE is conserved in proteobacteria, green sulphur bacteria and archaea. BMC 
Microbiol 3:24

Teixeira PF, Jonsson A, Frank M, Wang H, Nordlund S (2008) Interaction of the signal transduction 
protein GlnJ with the cellular targets AmtB1, GlnE and GlnD in Rhodospirillum rubrum: depen-
dence on manganese, 2-oxoglutarate and the ADP/ATP ratio. Microbiology 154:2336–2347

Teixeira PF, Wang H, Nordlund S (2010) Nitrogenase switch-off and regulation of ammonium 
assimilation in response to light deprivation in Rhodospirillum rubrum are influenced by the 
nitrogen source used during growth. J Bacteriol 192:1463–1466

Tremblay P-L, Hallenbeck PC (2008) Ammonia-induced formation of an AmtB-GlnK complex is 
not sufficient for nitrogenase regulation in the photosynthetic bacterium Rhodobacter capsula-
tus. J Bacteriol 190:1588–1594

Tremblay P-L, Hallenbeck PC (2009) Of blood, brains and bacteria, the Amt/Rh transporter family: 
emerging role of Amt as a unique microbial sensor. Mol Microbiol 71:12–22

Tremblay P-L, Drepper T, Masepohl B, Hallenbeck PC (2007) Membrane sequestration of PII pro-
teins and nitrogenase regulation in the photosynthetic bacterium Rhodobacter capsulatus. 
J Bacteriol 189:5850–5859

Ureta A, Nordlund S (2002) Evidence for conformational protection of nitrogenase against oxygen 
in Gluconacetobacter diazotrophicus by a putative FeSII protein. J Bacteriol 184:5805–5809

Van Heeswijk WC, Westerhoff HV, Boogerd FC (2013) Nitrogen assimilation in Escherichia coli: 
putting molecular data into a systems perspective. Microbiol Mol Biol Rev 77:628–695

Wang G, Angermüller S, Klipp W (1993) Characterization of Rhodobacter capsulatus genes encod-
ing a molybdenum transport system and putative molybdenum-pterin-binding proteins. 
J Bacteriol 175:3031–3042

 Regulation of Nitrogen Fixation in Photosynthetic Purple Nonsulfur Bacteria



24

Wang H, Franke CC, Nordlund S, Norén A (2005) Reversible membrane association of dinitroge-
nase reductase activating glycohydrolase in the regulation of nitrogenase activity in 
Rhodospirillum rubrum; dependence on GlnJ and AmtB1. FEMS Microbiol Lett 253:273–279

Wang L, Zhang L, Liu Z, Zhao D, Liu X, Zhang B, Xie J, Hong Y, Li P, Chen S, Dixon R, Li J (2013) 
A minimal nitrogen fixation gene cluster from Paenibacillus sp. WLY78 enables expression of 
active nitrogenase in Escherichia coli. PLoS Genet 9:e1003865

Wiethaus J, Müller A, Neumann M, Neumann S, Leimkühler S, Narberhaus F, Masepohl B (2009) 
Specific interactions between four molybdenum-binding proteins contribute to Mo-dependent 
gene regulation in Rhodobacter capsulatus. J Bacteriol 191:5205–5215

Wiethaus J, Wirsing A, Narberhaus F, Masepohl B (2006) Overlapping and specialized functions of 
the molybdenum-dependent regulators MopA and MopB in Rhodobacter capsulatus. J Bacteriol 
188:8441–8451

Wolfe DM, Zhang Y, Roberts GP (2007) Specificity and regulation of interaction between the PII 
and AmtB1 proteins in Rhodospirillum rubrum. J Bacteriol 189:6861–6869

Yakunin AF, Hallenbeck PC (1998a) Purification and characterization of pyruvate oxidoreductase 
from the photosynthetic bacterium Rhodobacter capsulatus. Biochim Biophys Acta 1409:39–49

Yakunin AF, Hallenbeck PC (1998b) Short-term regulation of nitrogenase activity by NH4
+ in 

Rhodobacter capsulatus: multiple in vivo nitrogenase responses to NH4
+ addition. J Bacteriol 

180:6392–6395
Yakunin AF, Hallenbeck PC (2002) AmtB is necessary for NH4

+-induced nitrogenase switch-off and 
ADP-ribosylation in Rhodobacter capsulatus. J Bacteriol 184:4081–4088

Yakunin AF, Gennaro G, Hallenbeck PC (1993) Purification and properties of a nif-specific flavo-
doxin from the photosynthetic bacterium Rhodobacter capsulatus. J Bacteriol 175:6775–6780

Yakunin AF, Laurinavichene TV, Tsygankov AA, Hallenbeck PC (1999) The presence of ADP- 
ribosylated Fe protein of nitrogenase in Rhodobacter capsulatus is correlated with cellular nitro-
gen status. J Bacteriol 181:1994–2000

Yan L, Pelmenschikow V, Dapper CH, Scott AD, Newton WE, Cramer SP (2012) IR-monitored 
photolysis of CO-inhibited nitrogenase: a major EPR-silent species with coupled terminal CO 
ligands. Chemistry 18:16349–16357

Zhang Y, Gladyshev VN (2008) Molybdoproteomes and evolution of molybdenum utilization. 
J Mol Biol 379:881–899

Zhang Y, Gladyshev VN (2010) General trends in trace element utilization revealed by comparative 
genomic analysis of Co, Cu, Mo, Ni, and Se. J Biol Chem 285:3393–3405

Zhang Y, Burris RH, Ludden PW, Roberts GP (1996) Presence of a second mechanism for the post-
translational regulation of nitrogenase activity in Azospirillum brasilense in response to ammo-
nium. J Bacteriol 178:2948–2293

Zhang Y, Cummings AD, Burris RH, Ludden PW, Roberts GP (1995) Effect of an ntrBC mutation 
on the posttranslational regulation of nitrogenase activity in Rhodospirillum rubrum. J Bacteriol 
177:5322–5326

Zhang Y, Pohlmann EL, Ludden PW, Roberts GP (2000) Mutagenesis and functional characteriza-
tion of the glnB, glnA, and nifA genes from the photosynthetic bacterium Rhodospirillum 
rubrum. J Bacteriol 182:983–992

Zhang Y, Pohlmann EL, Ludden PW, Roberts GP (2001) Functional characterization of three GlnB 
homologs in the photosynthetic bacterium Rhodospirillum rubrum: roles in sensing ammonium 
and energy status. J Bacteriol 183:6159–6168

Zhang Y, Pohlmann EL, Roberts GP (2004) Identification of critical residues in GlnB for its activa-
tion of NifA activity in the photosynthetic bacterium Rhodospirillum rubrum. Proc Natl Acad 
Sci U S A 101:2782–2787

Zhang Y, Pohlmann EL, Roberts GP (2005) GlnD is essential for NifA activation, NtrB/NtrC- 
regulated gene expression, and posttranslational regulation of nitrogenase activity in the photo-
synthetic, nitrogen-fixing bacterium Rhodospirillum rubrum. J Bacteriol 187:1254–1265

Zhang Y, Wolfe DM, Pohlmann EL, Conrad MC, Roberts GP (2006) Effect of AmtB homologues 
on the post-translational regulation of nitrogenase activity in response to ammonium and energy 
signals in Rhodospirillum rubrum. Microbiology 152:2075–2089

B. Masepohl



25

Zhou X, Zhu Y, Pohlmann EL, Li J, Zhang Y, Roberts GP (2008) Identification and functional 
characterization of NifA variants that are independent of GlnB activation in the photosynthetic 
bacterium Rhodospirillum rubrum. Microbiology 154:2689–2699

Zhu Y, Conrad MC, Zhang Y, Roberts GP (2006) Identification of Rhodospirillum rubrum GlnB 
variants that are altered in their ability to interact with different targets in response to nitrogen 
status signals. J Bacteriol 188:1866–1874

Regulation of Nitrogen Fixation in Photosynthetic Purple Nonsulfur Bacteria


	Regulation of Nitrogen Fixation in Photosynthetic Purple Nonsulfur Bacteria
	 Introduction to Biological Nitrogen Fixation
	 Organization of Nitrogen Fixation Genes in Purple Nonsulfur Bacteria
	 Cascade Activation of Nitrogen Fixation in Rhodobacter capsulatus
	 Ammonium Inhibition of Nitrogen Fixation in Rhodobacter capsulatus
	 Ammonium Regulation of Nitrogen Fixation in Rhodopseudomonas palustris
	 Ammonium Regulation of Nitrogen Fixation in Rhodospirillum rubrum
	 Darkness Regulation of Nitrogenase
	 Iron Regulation of Electron Transport to Nitrogenase
	 Regulation of Molybdate Uptake and Alternative Nitrogenases
	 Nitrogenase Protection Against Oxygen Damage
	 Nitrogenase Protection Against Carbon Monoxide Inhibition
	References


