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1 | INTRODUCTION

Abstract

Rhodobacter capsulatus fixes atmospheric nitrogen (N,) by a molybdenum (Mo)-ni-
trogenase and a Mo-free iron (Fe)-nitrogenase, whose production is induced or re-
pressed by Mo, respectively. At low nanomolar Mo concentrations, both isoenzymes
are synthesized and contribute to nitrogen fixation. Here we examined the regula-
tory interplay of the central transcriptional activators NifA and AnfA by proteome
profiling. As expected from earlier studies, synthesis of the structural proteins of
Mo-nitrogenase (NifHDK) and Fe-nitrogenase (AnfHDGK) required NifA and AnfA,
respectively, both of which depend on the alternative sigma factor RpoN to activate
expression of their target genes. Unexpectedly, NifA was found to be essential for
the synthesis of Fe-nitrogenase, electron supply to both nitrogenases, biosynthesis
of their cofactors, and production of RpoN. Apparently, RpoN is the only NifA-de-
pendent factor required for target gene activation by AnfA, since plasmid-borne rpoN
restored anfH transcription in a NifA-deficient strain. However, plasmid-borne rpoN
did not restore Fe-nitrogenase activity in this strain. Taken together, NifA require-
ment for synthesis and activity of both nitrogenases suggests that Fe-nitrogenase
functions as a complementary nitrogenase rather than an alternative isoenzyme in

R. capsulatus.
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& Bishop, 1999; McGlynn, Boyd, Peters, & Orphan, 2012; McRose,
Zhang, Kraepiel, & Morel, 2017; Thiel & Pratte, 2014). While all di-
azotrophs have Mo-nitrogenase, only few are capable of synthesiz-

Biological nitrogen fixation, the enzymatic reduction of highly abun-
dant but chemically inert molecular nitrogen, N,, from air to bio-
available ammonia, NH,, is exclusively performed by diazotrophic
bacteria and archaea, but not by eukaryotes. N, reduction is cata-
lyzed by three isoenzymes, namely molybdenum (Mo)-nitrogenase,

vanadium (V)-nitrogenase, and iron-only (Fe)-nitrogenase (Loveless

ing one or both Mo-free nitrogenases. V- and Fe-nitrogenases are
less efficient than Mo-nitrogenases in terms of ATP consumption per
N, reduced (Eady, 1996, 2003; Lee, Hu, & Ribbe, 2009; Schneider,
Gollan, Dréttboom, Selsemeier-Voigt, & Miiller, 1997; Seefeldt, Yang,
Duval, & Dean, 2013) that is why molybdate represses synthesis of
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Mo-free nitrogenases in many diazotrophs making Mo-nitrogenase
the preferred isoenzyme (Demtrdder, Narberhaus, & Masepohl,
2019; Hamilton et al., 2011; Kutsche, Leimkihler, Angermiiller, &
Klipp, 1996; Thiel & Pratte, 2014; Wiethaus, Wirsing, Narberhaus,
& Masepohl, 2006). Mo limitation and low temperature, however,
favor nitrogen fixation by Mo-free nitrogenases (Miller & Eady,
1988). In addition, Mo-free nitrogenases have recently been shown
to be active in unexpected environments that are not obviously de-
pleted in Mo (Darnajoux et al., 2017; McRose et al., 2017).

All diazotrophs have a core set of nitrogen fixation (nif) genes
essential for the biosynthesis of Mo-nitrogenase (Curatti & Rubio,
2014; Dos Santos, Fang, Mason, Setubal, & Dixon, 2012; Hu & Ribbe,
2011; Wang et al., 2013). These are the structural genes of Mo-ni-
trogenase (nifHDK), genes involved in iron-sulfur cluster formation
(nifUS), and genes required for the biosynthesis of the iron-molyb-
denum cofactor, FeMoco (nifB, nifEN, nifV). In addition, some di-
azotrophs have the structural genes of V-nitrogenase (vnfH, vnfDGK)
or Fe-nitrogenase (anfHDGK) or both. In Azotobacter vinelandii, ac-
tivity of the V- and Fe-nitrogenases depends on the nifUS, nifB, and
nifV genes, reflecting common biosynthetic pathways and structural
similarity of the cofactors of Mo-nitrogenase (FeMoco), V-nitroge-
nase (FeVco), and Fe-nitrogenase (FeFeco) (Drummond, Walmsley, &
Kennedy, 1996; Hamilton et al., 2011; Hu & Ribbe, 2016; Kennedy &
Dean, 1992; Sippel & Einsle, 2017; Yang, Xie, Wang, Dixon, & Wang,
2014). Besides the core set of nif genes, diazotrophs have species-
specific nif genes involved in electron transfer to nitrogenase (nifF,
fdxN, rnfABCDGEH, fixABCX), adaptation to environmental niches,
and in case of symbiotic diazotrophs, interaction with their eukary-
otic host (Boyd, Costas, Hamilton, Mus, & Peters, 2015; Dos Santos
et al., 2012; Oldroyd, 2013; Poudel et al., 2018).

Effective growth with N, as sole nitrogen source requires huge
amounts of nitrogenase, which can make up 10% of the total sol-
uble proteome, and reduction of one N, molecule by Mo-nitroge-
nase consumes at least 16 ATP molecules (Dingler, Kuhla, Wassink,
& Oelze, 1988; Eady, 1996, 2003; Hamilton et al., 2011; Hoffmann
et al,, 2016; Lee et al., 2009; Schneider et al., 1997; Seefeldt et al.,
2013; Sippel & Einsle, 2017). As compared to Mo-nitrogenase, Mo-
free nitrogenases consume even more ATP during nitrogen fixation;
for example, 40 ATP per N, reduced have been determined for
Azotobacter chroococcum V-nitrogenase (Eady, 2003; Sippel & Einsle,
2017). In any case, nitrogen fixation is a costly process, and conse-
quently, diazotrophs synthesize nitrogenases only when ammonium
is limiting (Bueno Batista & Dixon, 2019; Erkal et al., 2019; Fischer,
1994; Herrero & Flores, 2019; Kessler & Leigh, 1999; Martinez-
Argudo, Little, Shearer, Johnson, & Dixon, 2004; Wang et al., 2013).

NifA, VnfA, and AnfA are the central nitrogen fixation reg-
ulators that activate transcription of all the other nif, vnf, and anf
genes, respectively, in proteobacterial diazotrophs (Dixon & Kahn,
2004; Drummond et al., 1996; Fischer, 1994; Hamilton et al., 2011;
Heiniger, Oda, Samanta, & Harwood, 2012; Hibner, Masepohl,
Klipp, & Bickle, 1993; Joerger, Jacobson, & Bishop, 1989; Kutsche et
al., 1996; Mus, Alleman, Pence, Seefeldt, & Peters, 2018; Oda et al.,
2005; Oliveira et al., 2012; Sarkar & Reinhold-Hurek, 2014; Souza,

Pedrosa, Rigo, Machado, & Yates, 2000; Zhang, Pohlmann, Ludden,
& Roberts, 2000; Zou et al., 2008). A common factor required for
the activation of target promoters by NifA, VnfA, and AnfA is the
alternative sigma factor RpoN (Bush & Dixon, 2012; Fischer, 1994;
Merrick, 1993).

Rhodobacter capsulatus is a photosynthetic alphaproteobacte-
rium capable of synthesizing Mo- and Fe-nitrogenases (Schneider,
Midiller, Schramm, & Klipp, 1991; Schiddekopf, Hennecke, Liese,
Kutsche, & Klipp, 1993). In this model bacterium, most nitrogen fixa-
tion genes are clustered in four chromosomal regions, A-D (Figure 1)
(Masepohl & Klipp, 1996; Schiiddekopf et al., 1993). R. capsulatus
contains two almost identical and functionally redundant nifA cop-
ies, nifA1 and nifA2, while other proteobacterial diazotrophs typically
have only one nifA copy (Fischer, 1994; Masepohl, Klipp, & Pihler,
1988; Sullivan, Brown, & Ronson, 2013). Upon ammonium depletion,
expression of both nifA genes is equally activated by NtrC, but nifA2
expression is further enhanced by RegA (Elsen, Dischert, Colbeau,
& Bauer, 2000). RegA forms part of the redox-responding RegBA
two-component system regulating photosynthesis, carbon dioxide
assimilation, hydrogen oxidation, and nitrogen fixation. RegA acts as
a coactivator of nifA2 expression, but is incapable of activating nifA2
transcription in the absence of NtrC. In addition to nifA1 and nifA2,
NtrC activates expression of anfA (Cullen, Bowman, Hartnett, Reilly,
& Kranz, 1998; Foster-Hartnett, Cullen, Monika, & Kranz, 1994;
Hubner et al., 1993). In contrast to NtrC proteins from other bacte-
ria, which cooperate with RpoN, R. capsulatus NtrC acts in concert
with the housekeeping sigma factor RpoD (Bowman & Kranz, 1998).
Under molybdate-replete conditions, either of the two ModE-like
regulators, MopA or MopB, represses anfA transcription (Kutsche et
al., 1996; Wang, Angermiiller, & Klipp, 1993; Wiethaus et al., 2006).

To improve our understanding of the regulatory interplay of NifA
and AnfA in R. capsulatus, we took advantage of its ability to simul-
taneously synthesize Mo- and Fe-nitrogenase when grown under
molybdate-limiting conditions (Hoffmann et al., 2016). Proteome
profiling identified the putative periplasmic molybdate-binding pro-
tein MorA as a previously unrecognized NifA-controlled protein. A
closer inspection of the NifA and AnfA regulons revealed that NifA
is crucial for rpoN expression and, in this way, indirectly influences

AnfA-dependent activation of Fe-nitrogenase genes.

2 | MATERIALS AND METHODS

2.1 | Strains, plasmids, and growth conditions

The bacterial strains and plasmids used in this study are shown in
Table A1 (Appendix 1). R. capsulatus minimal medium V (RCV) con-
tained 30 mM DL-malic acid, 10 mM potassium phosphate buffer,
0.8 mM MgSO,, 0.7 mM CaCl,, 50 uM EDTA, 45 uM H,BO;,
40 pM FeSO,, 9.5 uM MnSO,, 3 uM thiamine hydrochloride,
0.85 uM ZnSO,, 0.15 uM Cu(NO,), with pH adjusted to 6.8 be-
fore autoclaving. In this medium, a fixed nitrogen source and mo-
lybdate have been omitted. Traces of Mo arising from impurities
of the chemicals used support residual Mo-nitrogenase activity in
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) NifA binding sites RpoN binding sites TSS
nifu2 GTCTGTCGCAAATCCCCCAATG - N32 - GGTTGGCACGCTTCTTGCTGG - N8 - TGA - N29 - ATG
nifH CCTTGTTCCATTTCGAACAAAA - N42 - GGTTGGCACGATGGCTGCTGT - N8 - TGA - N57 - ATG
fdxD CCCCGCCCGCCCCCCGGCAAGC - N11 - CGCTGGCATGGCCCTTGCTGC - N8 - CGG - N34 - ATG
iscN CTCTGTCGCAAATCCCTCAATG - N64 - GGTTGGCACGCTTCTTGCTGC - N8 - TGA - N22 - ATG
nifE_a TGTTGCAGGCCGTCCGACAATT - N52 - ACCTGGCACGTTGCTTGCTTC - N8 - TGA - N14 - ATG
nifE_b ATTTGTCGGATATGCTCCAAAC - N33 - ACCTGGCACGTTGCTTGCTTC - N8 - TGA - N14 - ATG
fprA CATTGTCGGGTTTCCGACAATT - N66 - GCTTGGCACGGTTCTTGCTGC - N8 - TGC - N29 - TTG
rnfA AATTGTCGGAAACCCGACAATG - N191 - GCTTGGCACAGCCCTTGCTTG - N8 - TGA - N49 - ATG
nifBl GCCTGTCGCATTCCCGACAAAA - N32 - GCCTGGCACGGTTCTTGCTGC - N8 - TGA - N28 - ATG
nifB2 GCCTGTCGCATTCCCGACAAAA - N32 - GCCTGGCACGGTTCTTGCTGC - N8 - TGA - N28 - ATG
morA CCGGGTTTCAAGCGTGACATCA - N11 - GGTTGGCACGGTGTTTGTCCT - N8 - CGG - N85 - ATG
consensus TGT----—-———-—--— ACA TGGCACG----TTGC

FIGURE 1 Nitrogen fixation genes and promoters in Rhodobacter capsulatus. (a) Organization of nitrogen fixation genes. Most nitrogen
fixation genes belong to one of four chromosomal clusters, A-D (Masepohl & Klipp, 1996; Schiiddekopf et al., 1993). Known or presumed
promoters activated by NifA (upstream of rnfA, fprA, nifE, nifU1, nifB1, fdxD, nifH, nifU2, nifB2, and morA), AnfA (upstream of anfH), and NtrC
(upstream of nifA1, nifA2, mopA, and anfA) are marked by bent arrows (Cullen et al., 1994; Foster-Hartnett & Kranz, 1992; Preker, Hiibner,
Schmehl, Klipp, & Bickle, 1992; Wiethaus et al., 2006; Willison, Pierrard, & Hiibner, 1993). (b) Comparison of nitrogen fixation promoters.
Conserved nucleotides in the presumed binding sites of NifA and RpoN are highlighted in blue. For consensus sequences, see Buck, Miller,
Drummond, & Dixon, 1986; Morett & Buck, 1988; Morett & Buck, 1989. The nifE promoter encompasses two possible NifA binding sites
(nifE_a, nifE_b). Transcription start sites (TSS) have been experimentally determined for the nifU2, nifH, and fdxD promoters (Preker et al.,
1992; Willison et al., 1993). The number of nucleotides (N) between different cis-regulatory elements (NifA and RpoN binding sites, TSS, and
ATG start codon) is indicated

the wild type, but not in a strain lacking the high-affinity molyb- 10 mM (NH,),SO, were added. To determine diazotrophic growth,
date transporter ModABC (Gisin et al., 2010). Hence, this medium 3-ml cultures were placed in screw-capped 17-ml Hungate tubes
is Mo-limited (-Mo), but not completely Mo-free (Hoffmann et prior to exchanging the headspace for N, gas (as sole nitrogen

al., 2016). When required, 10 uM Na,MoO,, 10 mM L-serine, or source) and incubation in the light.
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2.2 | Proteome profiling of Rhodobacter capsulatus
strains lacking nitrogen fixation regulators

To determine proteome profiles of the wild-type (B10S), AnifA1-A2
(YP202-YP203), AanfA (KS94A), and AmopAB (R423Cl) strains, cul-
tures were phototrophically grown under nitrogenase-derepressing
conditions in RCV minimal medium with or without the addition of
10 uM Na,Mo00,. Media contained serine, which does not repress
nitrogen fixation, as sole nitrogen source. Protein preparation,
tryptic digestion, spiking with PhosB peptides, mass spectrometry,
and data processing were carried out essentially as described ear-
lier (Hoffmann et al., 2016). Up- and downregulated proteins were
selected using a confidence interval of 95% and p-values below
0.05. For AnifA1-A2, AanfA, and AmopAB strains, proteins with log,
ratios below -0.82, -1.19, or -1.58, and above 0.92, 0.75, or 1.20
were considered significantly down- or upregulated compared to
the wild type upon -Mo conditions, respectively. log, ratios for
AnifA1-A2, AanfA, and AmopAB strains below -0.88, -0.80, or
-1.10, and above 1.22, 0.97, or 1.31 were considered significantly
down- or upregulated compared to the wild type upon +Mo condi-
tions, respectively. Proteins present in all three biological replicates
of one condition and missing in all biological replicates of the other

condition were considered as unique for the first condition.

2.3 | Construction of Rhodobacter capsulatus lacZ
reporter strains and p-galactosidase assays

Transcriptional fusions between selected nitrogen fixation (nif) genes
and the promoterless Escherichia coli lacZ gene were generated es-
sentially as described earlier (Hoffmann et al., 2016). Briefly, ap-
propriate primer pairs were used to PCR-amplify genes of interest,
thereby adding a Hindlll or a BamHI site immediately downstream of
the stop codon. After blunt-end cloning of these DNA fragments into
the Smal site of the narrow-host-range plasmid pYP168 (Hoffmann
etal., 2016), the lacTeT cassette (carrying the promoterless lacZ gene,
a tetracycline resistance gene, and a conjugational transfer origin)
from plasmid pYP5 (Gisin et al., 2010) was inserted into the Hindlll
or BamHl site. The resulting reporter plasmids were conjugationally
transferred into R. capsulatus. Selection for tetracycline resistance
indicated plasmid integration into the chromosome by single recom-
bination events, placing the lacZ reporters under the control of the
respective nif promoters. The design of the lacZ reporter strains is
not supposed to interrupt the expression of the respective nif gene.
The resulting R. capsulatus reporter strains were grown phototro-
phically in RCV medium with 10 mM serine until the late logarithmic

phase prior to determination of LacZ (p-galactosidase) activity.

2.4 | Nitrogenase activity assays and AnfH
detection by Western analysis

To determine in vivo nitrogenase activity, R. capsulatus wild-type and
mutant strains were phototrophically grown in RCV minimal medium

with 10 mM serine (no Mo added) in screw-capped Hungate tubes

(headspace flushed with argon) until the late logarithmic phase.
Nitrogenase activity was determined by the acetylene reduction
assay as described earlier (Wang et al., 1993).

AnfH accumulation was determined by Western analysis. For
this purpose, cell-free protein was isolated from the cultures used
in the acetylene reduction assay. Western analysis was carried out
as described earlier using an antiserum raised against R. capsulatus
AnfH protein (Masepohl, Krey, & Klipp, 1993).

3 | RESULTS

3.1 | Proteome profiling of Rhodobacter capsulatus
strains lacking NifA or AnfA or MopAB

Mo-nitrogenase levels increase with increasing molybdate concen-
trations in R. capsulatus; however, significant quantities are produced
even under severe Mo limitation as is the case in a strain lacking
the high-affinity molybdate transporter ModABC (Gisin et al., 2010;
Hoffmann et al., 2016). In contrast, the Mo-free Fe-nitrogenase is
exclusively synthesized under Mo-limiting conditions. Both nitroge-
nases are synthesized simultaneously as long as Mo concentrations
are in the low nanomolar range. To better understand how the pro-
duction of two complementary nitrogenases with different catalytic
efficiencies is coordinated, we examined the proteomes of R. cap-
sulatus strains lacking NifA (AnifA1-A2) or AnfA (AanfA) or MopA
and MopB (AmopAB). Due to the redundant functions of NifA1l and
NifA2 in nif gene activation, and MopA and MopB in anfA repression,
the AnifA1-A2 and AmopAB double mutants were used (Figure Al in
Appendix 2; Masepohl et al., 1988; Paschen, Drepper, Masepohl, &
Klipp, 2001; Wiethaus et al., 2006).

In these mutants, the regulatory genes are disrupted by antibi-
otic resistance cassettes (Table A1 in Appendix 1). Since nifA1, nifA2,
and anfA form monocistronic operons, we do not expect polar ef-
fects on downstream genes by cassette insertion. In the AmopAB
strain, however, the nearby mopA and mopB genes are replaced by a
gentamicin cassette, which drives expression of the modABC genes
belonging to the mopA-modABC operon (Figure 1a; Wiethaus et al.,
2006). Table 1 shows low but Mo-independent ModA production
in the AmopAB strain. In contrast to a strain lacking the ModABC
transporter, the AmopAB strain still exhibits Mo-nitrogenase activity
under Mo-limiting conditions (Wang et al., 1993).

To achieve comparable growth of R. capsulatus wild-type and
mutant strains, a fixed nitrogen source, serine, was added to the
RCV minimal medium. In contrast to ammonium, serine does not
repress nitrogen fixation (Hoffmann et al., 2016; Klipp, Masepohl,
& Pthler, 1988). To achieve Mo-limiting and Mo-replete condi-
tions, R. capsulatus strains were grown without (-Mo) or with 10
micromolar molybdate (+Mo), respectively, prior to protein iso-
lation, processing, and mass-spectrometric quantification as de-
scribed earlier (Hoffmann et al., 2016). For wild-type, AnifA1-A2,
AanfA, or AmopAB cultures, 686 and 725, 746 and 758, 691 and
723, or 637 and 633 proteins, respectively, were identified in at
least two of three replicates under both -Mo and +Mo conditions
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(Table A2 in Appendix 1). The vast majority of known R. capsulatus
nitrogen fixation proteins encoded by the four nitrogen fixation
gene clusters, A-D (Figure 1a), was differentially produced vali-
dating the reliability of our datasets (Table 1; Masepohl & Klipp,
1996; Schiiddekopf et al., 1993; Strnad et al., 2010). In the AnifA1-
A2 strain, 30 and 16 proteins were either missing or significantly
downregulated as compared to the wild type upon -Mo and +Mo
conditions, respectively. In the AanfA strain, 26 and 18 proteins
were either missing or significantly downregulated as compared
to the wild type upon -Mo and +Mo conditions, respectively.
These findings are consistent with the function of NifA and AnfA
as transcriptional activators. In the AmopAB strain, 15 and 9 pro-
teins were upregulated as compared to the wild type upon -Mo
and +Mo conditions, respectively, compatible with the repressor
function of MopA and MopB. The abundance of proteins identi-
fied is listed in the Table S1. The complete data set is available via
ProteomeXchange with identifier PXD013515.

3.2 | NifAis required for the production of both
nitrogenases

Table 1 shows the levels of nitrogen fixation proteins identified by
proteome profiling of R. capsulatus wild-type and mutant strains
devoid of NifA or AnfA or MopAB in response to Mo availability.
Mo stimulated the accumulation of the Mo-nitrogenase proteins,
NifHDK, while the levels of Fe-nitrogenase proteins, AnfHDGK,
were largely reduced by Mo, findings well in line with earlier stud-
ies on the R. capsulatus molybdoproteome (Hoffmann et al., 2016).
The levels of NifHDK, FdxD, and most products of nitrogen fixa-
tion cluster A (Figure 1a) were largely diminished or absent in the
AnifA1-A2 strain. NifA-dependent production of these proteins
corresponds with their functions in protection of Mo-nitrogenase
from oxygen damage (FdxD), NifDK maturation (NifW), forma-
tion of FeS clusters (NifU1-NifS), FeMoco biosynthesis (NifENX,
NifT), and electron supply to nitrogenase (RnfB, RnfG) (Curatti &
Rubio, 2014; Hoffmann et al., 2014; Jimenez-Vicente et al., 2018;
Schiddekopf et al., 1993).

Likewise, the levels of the Fe-nitrogenase proteins AnfHDGK
and the accessory proteins AnfO and Anf3 were strongly reduced
or absent in the AanfA strain consistent with the function of AnfA as
the activator of anfHDGKOR transcription (Table 1). Surprisingly, Fe-
nitrogenase production was also abolished in the AnifA1-A2 strain,
suggesting that AnfA is essential, but not sufficient for anfHDGKOR
expression. Consistent with the proteomic results, the AnifA1-A2
strain did not grow under N,-fixing conditions, indicating that NifA
is required for the synthesis of both Mo-nitrogenase and Fe-nitroge-
nase (Figure Al in Appendix 2).

3.3 | NifAis required for the production of the
MorABC transporter

In this study, we identified a so far unrecognized member of the
NifA regulon, MorA, previously found to belong to the Mo regulon
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(Table 1; Hoffmann et al., 2016; Wiethaus et al., 2006). The morA
gene forms part of the morAB operon preceded by the divergently
transcribed morC gene, whose products exhibit clear similarity to
the high-affinity molybdate transporter ModABC (Wiethaus et al.,
2006). The levels of MorA and ModA were much higher under -Mo
than under +Mo conditions (Table 1) consistent with earlier stud-
ies showing that Mo prevents the accumulation of these proteins
(Hoffmann et al., 2016) and represses transcription of the morAB
and mopA-modABC operons (Wiethaus et al., 2006). Mo repression
is mediated by MopA and MopB, which independently bind the morA
and mopA promoters (Wiethaus et al., 2006). In contrast to the wild
type, the AmopAB strain produced MorA even under +Mo condi-
tions consistent with the absence of both Mo-responsive repressors
(Table 1). Consistent with the proteome data and as described below,
NifA was strictly required for morA-lacZ transcription (Figure 2) veri-
fying that the morAB genes belong to the NifA regulon. In contrast,
the mopA-modABC operon belongs to the NtrC regulon (Bowman &
Kranz, 1998; Kutsche et al., 1996). It is tempting to speculate that
MorABC functions in molybdate uptake in addition to ModABC
(Wang et al., 1993). However, deletion of the morABC genes in differ-
ent genetic backgrounds did not affect in vivo Mo-nitrogenase activ-
ity (Wiethaus et al., 2006), suggesting that MorABC contribution to
Mo uptake was negligible at least under the tested conditions.

3.4 | Validation of proteome profiling by
reporter fusions

To validate the proteome profiling data, we generated transcrip-
tional fusions between selected nitrogen fixation genes and the
promoterless lacZ gene as described earlier (Hoffmann et al.,
2016). The lacZ reporter gene was fused to cluster A genes nifB1
(rcc03266), nifA1 (rcc03267), iscN (rcc03272), nifE (rcc03280), fprA
(rcc03286), and rnfA (rcc03287); cluster B genes nifB2 (rcc00566),
nifA2 (rcc00567), rpoN (rcc00568), and nifK (rccO0570); cluster
D genes anfA (rcc00584), and anfH (rcc00585); and to the morA
(rcc02219) gene (for genetic organization of nitrogen fixation clus-
ters A-D and the mor region, see Figure 1a). These reporter fusions
were chromosomally integrated into the R. capsulatus wild-type,
AnifA1-A2, and AanfA strains. Following growth of the reporter
strains in —-Mo medium supplemented with serine as a fixed nitrogen
source, LacZ (B-galactosidase) activities were determined (Figure 2).

In the wild-type background, all tested reporter fusions were
clearly expressed albeit to different levels (Figure 2a). The most
strongly expressed genes were nifK, anfH, and iscN. Strong expres-
sion of nifK and anfH was consistent with high NifHDK and AnfHDGK
levels (Table 1). Despite strong iscN expression, however, the IscN
protein level was relatively low. This discrepancy is possibly ex-
plained by posttranscriptional control of iscN expression (Hoffmann
et al., 2016). Expression of the nifK, iscN, nifE, fprA, rnfA, nifB1,
nifB2, and morA genes was strongly reduced in the AnifA1-A2 strain
(Figure 2b), consistent with the proteome studies (Table 1). These
genes form part of the nifHDK, iscN-nifU1-nifSVW, nifENX-rcc03277-
rcc03276-fdxB-nifQ-rcc03273, fprA-fdxCN-rcc03282-rnfF-rcc03281,
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FIGURE 2 Expression of nitrogen fixation genes in nifA and anfA mutants. Rhodobacter capsulatus strains were phototrophically grown
in RCV minimal medium with 10 mM serine but without Mo addition to allow simultaneous synthesis of NifA and AnfA and, consequently,
production of Mo- and Fe-nitrogenase. The strains used were as follows: the wild-type strain B10S (a), the AnifA1-A2 strain YP202-YP203
(b), and the AanfA strain KS94A (c) carrying chromosomally integrated plasmids with transcriptional lacZ fusions to nifA1 and nifA2 (pYP352),
anfA (pLD37), rpoN (pLD28), nifK (pYP348), iscN (pEW58), nifE (pLD16), fprA (pLD52), rnfA (pLD15), nifB1 and nifB2 (pLD14), anfH (pMH187),
and morA (pLD107). Plasmids pLD14 and pYP352 can each integrate at two chromosomal sites, because the duplicated nifA1-nifB1 and
nifA2-nifB2 regions are identical except for the nifA promoters (Masepohl et al., 1988). LacZ (p-galactosidase) activity is given in Miller units
(a) (Miller, 1972) or shown as relative expression (b,c) with the wild-type levels set as 100%. The results represent the means and standard
deviations of at least five independent measurements. Colors of nifA1, nifA2, anfA, and rpoN are the same as in Figure 1

rnfABCDGEH, nifB1-rcc03265-nifZT-rcc03262, nifB2, and morAB
operons, all of which are preceded by putative NifA and RpoN
binding sites (Figure 1b) (Masepohl, Angermdiller, et al., 1993;
Moreno-Vivian, Hennecke, Pihler, & Klipp, 1989; Moreno-Vivian,
Schmehl, Masepohl, Arnold, & Klipp, 1989; Pollock, Bauer, & Scolnik,
1988; Schmehl et al.., 1993). Hence, it seems that NifA directly acti-
vates transcription of these operons.

Consistent with the absence of the AnfHDGKOR proteins in the
AanfA and AnifA1-A2 strains (Table 1), anfH expression was 30-fold and
12-fold reduced, respectively, in these backgrounds (Figure 2). In the
AanfA strain, expression of the nifK, nifB1, nifB2, nifA1, and nifA2 genes
was about 1.5-fold higher than in the wild type, while expression of the
iscN, nifE, fprA, and rpoN genes was threefold to fourfold lower than
in the wild type. Apparently, AnfA functions not only as an activator,

but may also act as a repressor. Alternatively, AnfA may activate a yet

unknown repressor gene. In summary, these findings indicate that AnfA
is essential for activation of anfH expression, while it exhibits compar-

atively low impact on the expression of other nitrogen fixation genes.

3.5 | NifA controls AnfA-mediated gene activation
by controlling rpoN expression

The nifA2 gene was about fourfold stronger expressed than the nifA1
gene, when cultures were grown in the presence of serine (Figure 2a),
and diazotrophic growth of the AnifA2 strain was delayed as com-
pared to the wild-type and AnifA1 strains (Figure Al in Appendix 2).
These observations are in line with a previous report demonstrat-
ing that NtrC-dependent nifA2 expression is further enhanced by
RegA (Elsen et al., 2000). As is the case for nifA1 and nifA2, activa-

tion of anfA expression depends on NtrC (for a regulatory model, see
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Figure 5) (Kutsche et al., 1996). While NtrC activates its target genes
in concert with the housekeeping sigma factor RpoD, target gene
activation by NifA and AnfA depends on the alternative sigma factor
RpoN (Bowman & Kranz, 1998).

Transcription of rpoN was almost completely abolished in the
AnifA1-A2 strain (Figure 2b), showing that NifA is the master regu-
lator of rpoN expression. The fact that rpoN transcription was more
than twofold reduced in the AanfA strain (Figure 2c) suggests that
AnfA is required for maximal rpoN expression possibly by acting as a
coactivator as described above for RegA.

Despite almost full expression of the anfA gene in the AnifAl-
A2 strain, AnfA-mediated anfH expression was very low (Figure 2b).
Since rpoN expression was also even lower in the AnifA1-A2 strain
(Figure 2b), we suspected that low anfH expression resulted from
shortage of RpoN.

The rpoN gene belongs to the nifU2-rpoN superoperon, which has
a weak constitutive primary promoter upstream of the rpoN coding
region and a NifA-RpoN-activated secondary promoter upstream
of the nifU2 coding region (Figure 3a) (Cullen, Foster-Hartnett,
Gabbert, & Kranz, 1994). The primary promoter is essential for basal
rpoN expression, while the secondary promoter is required to en-
hance nifU2-rpoN expression under nitrogen-fixing conditions.

We speculated that multiple copies of the nifU2-rpoN operon
might enhance rpoN expression and, consequently, enhance AnfA-
RpoN-mediated anfH expression in the AnifA1-A2 strain. To test this
assumption, the nifU2-rpoN operon was cloned into the broad-host-
range vector pML5 (Labes, Piihler, & Simon, 1990). The resulting hy-
brid plasmid pML_rpoN restored anfH expression in a ArpoN strain,
thus proving in-trans complementation by plasmid-borne rpoN
(Figure 3b). Noteworthy, this strain is capable of synthesizing NifA,
the main mediator of rpoN expression. Plasmid pML_rpoN also re-
stored anfH expression in the AnifA1-A2 background, indicating that
this plasmid mediates sufficient production of RpoN to re-establish
AnfA-mediated anfH transcription even in the absence of NifA and
suggesting that RpoN is the only NifA-dependent factor needed for
gene activation by AnfA (Figure 3b).

Since plasmid pML_rpoN restored anfH transcription in the
AnifA1-A2 strain, we next asked for the AnfH protein level in this
background. To answer this question, we examined accumulation
of the AnfH protein by Western analysis (Figure 3c). As expected
from an earlier study (Masepohl, Krey, et al., 1993), two bands cor-
responding to the modified (ADP-ribosylated) and unmodified AnfH
protein were observed in the wild-type irrespective of the presence
or absence of pML_rpoN. In the ArpoN background, significant levels
of AnfH were only detected in the presence but not in the absence
of pML_rpoN, findings well in line with the anfH transcription pat-
tern (Figure 3b). Despite clear anfH transcription in the AnifA1-A2
strain carrying pML_rpoN, however, only very low AnfH levels were
found in this strain. Unexpectedly, somewhat higher AnfH levels
were detected in the AnifA1-A2 strain lacking pML_rpoN. Together,
these findings suggest that NifA indirectly controls Fe-nitrogenase
production at the transcriptional level (via RpoN) and at the post-
transcriptional level (by a yet unknown mechanism).

Mi biol O o 9 of 17
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FIGURE 3 Analysis of anfH expression in rpoN and nifA mutants.
(a) Organization of the Rhodobacter capsulatus rpoN region. The
nifU2-rpoN superoperon encompasses a NifA-activated promoter
(Pnif) and a constitutive promoter (P, ). The indicated 3 kbp Sall-
BamHI fragment was cloned into the broad-host-range vector
pML5 (Labes et al., 1990) resulting in plasmid pML_rpoN. (b)
Transcription of anfH-lacZ in ArpoN and AnifA1-A2 backgrounds.
R. capsulatus strains were phototrophically grown in RCV minimal
medium with 10 mM serine (no Mo added). The strains used were
as follows: the wild-type strain B10S, the ArpoN strain YP201,
and the AnifA1-A2 strain YP202-YP203 carrying a chromosomal
anfH-lacZ fusion (pMH187) and plasmid pML_rpoN as indicated.
LacZ (B-galactosidase) activity is given in Miller units (Miller, 1972).
The results represent the means and standard deviations of at
least five independent measurements. (c) Accumulation of AnfH

in ArpoN and AnifA1-A2 backgrounds. R. capsulatus strains were
grown as in (b). Equal amounts of protein were loaded in each lane
as determined by total protein staining (data not shown). Western
analyses were done in triplicate with one representative result
shown in (c). The strains used were as follows: B10S, YP201, and
YP202-YP203 carrying plasmid pML_rpoN as indicated. The ADP-
ribosylated form of AnfH is marked by an asterisk

3.6 | NifAis required for activity of Fe-nitrogenase

Since the AnifA1-A2 strain carrying pML_rpoN produced low lev-
els of AnfH (Figure 3c), we wondered whether this strain exhib-
ited some Fe-nitrogenase activity. To answer this question, we
examined diazotrophic growth of selected R. capsulatus strains
under -Mo conditions as described earlier (Hoffmann et al.,
2016).
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Wild-type cultures with and without pML_rpoN grew compa-
rably well, indicating that multiple rpoN copies did not negatively

affect nitrogen fixation or general fitness (Figure 4a). Consistent

FIGURE 4 Analysis of diazotrophic growth and nitrogenase
activity in rpoN and nifA mutants. (a-c) Diazotrophic growth.
Rhodobacter capsulatus strains were phototrophically grown in RCV
minimal medium without Mo addition under a pure N, atmosphere
(no fixed nitrogen source added). The strains used were as follows:
the wild-type strain B10S (a), the ArpoN strain YP201 (b), and the
AnifA1-A2 strain YP202-YP203 (c) carrying plasmid pML_rpoN as
indicated. The results represent the means and standard deviations
of two independent measurements. (d) Nitrogenase activity.

R. capsulatus strains were phototrophically grown in RCV medium
with serine (no Mo added) prior to the determination of nitrogenase
activity by the acetylene reduction assay. The 100% value
corresponds to 521 nmol ethylene produced hr'* mg protein™.

The results represent the means and standard deviations of three
independent measurements

with the requirement of RpoN for target gene activation by
NifA and AnfA, the ArpoN strain did not grow diazotrophically
(Figure 4b; Fischer, 1994; Merrick, 1993; Schiddekopf et al., 1993).
As expected, diazotrophic growth of the ArpoN strain was re-es-
tablished by the pML_rpoN plasmid albeit growth was delayed as
compared to the wild type (Figure 4b). In contrast, diazotrophic
growth of the AnifA1-A2 strain was not recovered by this plasmid
(Figure 4c).

In addition, in vivo nitrogenase activity was determined by the
acetylene reduction assay (Figure 4d). Nitrogenase activities of
wild-type and mutant strains were consistent with their ability to
grow diazotrophically. Under Mo conditions, both Mo-nitrogenase
and Fe-nitrogenase contributed to the total nitrogenase activity
(Figure 4d). Together, these findings suggest that the level of AnfH
(and possibly AnfDGK) observed in the AnifA1-A2 strain carrying
pML_rpoN was not sufficient for diazotrophic growth. Alternatively,
at least one NifA-dependent factor (other than RpoN) required for
activity of Fe-nitrogenase might also be limiting in this background.
Likely, candidates are the Fe-nitrogenase cofactor biosynthesis pro-
teins NifB and NifV, and the Rnf proteins required for electron sup-
ply (Table 1; Schiiddekopf et al., 1993).

4 | DISCUSSION

In R. capsulatus, production of Mo-nitrogenase and Fe-nitrogenase is
induced or repressed by Mo, respectively (Figure Al in Appendix 2;
Demtroder et al., 2019; Masepohl, 2017; Masepohl & Klipp, 1996).
Intriguingly, both nitrogenases are synthesized at the same time at
low nanomolar Mo concentrations corresponding to the Mo lev-
els in freshwater habitats of R. capsulatus (Glass, Axler, Chandra, &
Goldman, 2012; Hoffmann et al., 2016; Weaver, Wall, & Gest, 1975).
Hence, simultaneous synthesis of Mo- and Fe-nitrogenases probably
reflects the natural situation rather than being the exception. In this
study, we unraveled the regulation of the two complementary nitro-
genases in R. capsulatus.

Synthesis of the Mo- and Fe-nitrogenases requires the transcrip-
tional activators NifA and AnfA, respectively, as shown by this and
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(red squares) in the presence of molybdate (+MoO42') (Wiethaus et al., 2006). NifA and AnfA activate transcription of their target genes in

concert with the alternative sigma factor RpoN (this study; Cullen et al., 1994; Schiiddekopf et al., 1993). For further details, see text. Colors

of ntrC, nifA1, nifA2, anfA, and rpoN are the same as in Figure 1

earlier studies (Kutsche et al., 1996; Schiiddekopf et al., 1993). This
study now revealed that synthesis of Fe-nitrogenase also depends
on NifA (Table 1), suggesting that AnfA is essential, but not sufficient
for synthesis of the Mo-free isoenzyme.

The main reason for the NifA dependency of the Fe-nitrogenase
is that NifA is crucial for expression of rpoN (Figure 2b) coding for the
sigma factor indispensable for target gene activation by both NifA
and AnfA. Of note, NifA and AnfA are the only transcriptional activa-
tors requiring RpoN, while NtrC cooperates with the housekeeping
sigma factor RpoD (Bowman & Kranz, 1998). In a hierarchical fashion,
NifA controls expression of rpoN and as a consequence, AnfA-de-
pendent expression of the Fe-nitrogenase genes. Apparently, RpoN
is the only NifA-dependent factor required for target gene activation
by AnfA since plasmid-borne rpoN restored anfH transcription in the
AnifA1-A2 strain (Figure 3b). However, plasmid-borne rpoN failed
to restore Fe-nitrogenase activity in this background (Figure 4c,d).
Possibly, a NifA-dependent factor other than RpoN acting at the
posttranscriptional level is required for Fe-nitrogenase production.
In addition, NifA is required for expression of genes involved in

FeFeco biosynthesis and electron supply to Fe-nitrogenase including

the nifB and rnf genes, respectively (Figure 5; Table 1; Schmehl et al.,
1993; Schiiddekopf et al., 1993).

Besides R. capsulatus, control of Mo-free nitrogenases by NifA-
like regulators has been examined in A. vinelandii, which is one of few
species capable of synthesizing all three nitrogenases (Loveless &
Bishop, 1999; Mus et al., 2018; Setubal et al., 2009). In A. vinelandii,
synthesis of Mo-, V-, and Fe-nitrogenases depends on NifA, VnfA, and
AnfA, respectively (Drummond et al., 1996; Walmsley, Toukdarian, &
Kennedy, 1994). While NifA is dispensable for VnfA-mediated acti-
vation of the V-nitrogenase genes, it is required for AnfA-mediated
activation of the Fe-nitrogenase genes as is the case in R. capsulatus.
In contrast to R. capsulatus, however, the rpoN gene does not belong
to the NifA regulon in A. vinelandii (Merrick, Gibbins, & Toukdarian,
1987), suggesting that the underlying control mechanisms involve
different NifA-activated factors, namely RpoN in R. capsulatus and
an unknown factor (other than RpoN) in A. vinelandii.

Sigma factors of the RpoN family are widespread in both di-
azotrophic and nondiazotrophic bacteria, most of which have
a single copy of the rpoN gene, but some have two or more cop-

ies (Domenzain, Camarena, Osorio, Dreyfus, & Poggio, 2012;
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Mittenhuber, 2002; Studholme & Buck, 2000). While R. capsulatus
has only one rpoN gene, its close relative, Rhodobacter sphaeroides,
has four rpoN copies (Poggio, Osorio, Dreyfus, & Camarena, 2002).
In the Rhodobacteraceae family, rpoN is often linked to nitrogen
fixation genes, namely nifU2 (R. capsulatus), fixABCX (R. blasticus,
Rhodovulum sulfidophilum), or nifUSVW (R. sphaeroides, R. azotofor-
mans) (Domenzain et al., 2012; Meijer & Tabita, 1992; Poggio et al.,
2002). Likewise, in many members of the Rhizobiaceae family (includ-
ing Rhizobium etli, Rhizobium mesoamericanum, and Rhizobium tropici),
rpoN is linked to the nitrogen fixation gene prxS, which codes for
a peroxiredoxin involved in bacteroid protection against oxidative
stress (Dombrecht et al., 2005). As expected from the genetic orga-
nization, activation of rpoN genes by NifA has been demonstrated
in R. capsulatus, R. sphaeroides, and R. etli and is likely to be the case
in the other strains (This study; Dombrecht et al., 2005; Meijer &
Tabita, 1992). These findings indicate that integration of the rpoN
gene into the NifA regulon is a common theme in diazotrophic al-
phaproteobacteria. Apparently, NifA control of rpoN in different
lineages evolved by several independent gene rearrangements
as indicated by integration of rpoN into different nitrogen fixation

operons.

5 | CONCLUSIONS

In R. capsulatus, NifA controls the Fe-nitrogenase system in at least
two ways. (a) NifA controls AnfA-mediated anfHDGK transcription
via RpoN. (b) NifA controls Fe-nitrogenase activity via its require-
ment for FeFeco biosynthesis and electron supply (Figure 5). Hence,
the Fe-nitrogenase system is largely integrated into the Mo-nitro-
genase system rather than acting as an independent, alternative
system. The main function of AnfA is the activation of the Fe-nitro-
genase operon in response to Mo availability, while its effects on
other nitrogen fixation genes are less pronounced.

To our knowledge, NifA control of Fe-nitrogenase has been
examined in only two species, the alphaproteobacterium R. cap-
sulatus (this study) and the gammaproteobacterium A. vinelandii
(Walmsley et al., 1994). However, NifA control of Fe-nitrogenase
in these species involves different factors, namely RpoN in R. cap-
sulatus and a yet unknown factor (other than RpoN) in A. vinelandii.
Since these diazotrophs are only distantly related, it is tempting to
speculate that NifA control of Fe-nitrogenase is a general feature

in proteobacteria.

ACKNOWLEDGMENTS

We thank F. Narberhaus (Bochum) for helpful discussions and con-
tinuous support, M.-C. Hoffmann (Bochum) for help in initial steps
of proteome profiling, and D. Remme (Bochum) for plasmid con-
struction. This work was supported by a grant from the Deutsche
Forschungsgemeinschaft (DFG) (Ma 1814/4-2) to BM. JEB gratefully
acknowledges funding of the mass spectrometer by the German
State of Northrhine-Westphalia (ForschungsgroBgerat der Lander).

CONFLICT OF INTERESTS

None declared.

AUTHOR CONTRIBUTIONS

LD and BM involved in the conceptualization; BM involved in the
funding acquisition; LD, YP, and SS investigated the study; and LD,
JEB, BM wrote the manuscript.

ETHICS STATEMENT

None required.

DATA AVAILABILITY STATEMENT

The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al.,
2019) partner repository with the data set identifier PXD013515.

ORCID

Bernd Masepohl https://orcid.org/0000-0002-1747-7177

REFERENCES

Bowman, W. C., & Kranz, R. G. (1998). A bacterial ATP-dependent, en-
hancer binding protein that activates the housekeeping RNA poly-
merase. Genes & Development, 12, 1884-1893.

Boyd, E. S., Costas, A. M., Hamilton, T. L., Mus, F., & Peters, J. W. (2015).
Evolution of molybdenum nitrogenase during the transition from
anaerobic to aerobic metabolism. Journal of Bacteriology, 197, 1690~
1699. https://doi.org/10.1128/JB.02611-14

Buck, M., Miller, S., Drummond, M., & Dixon, R. (1986). Upstream acti-
vator sequences are present in the promoters of nitrogen fixation
genes. Nature, 320, 374-378. https://doi.org/10.1038/320374a0

Bueno Batista, M., & Dixon, R. (2019). Manipulating nitrogen regulation
in diazotrophic bacteria for agronomic benefit. Biochemical Society
Transactions, 47, 603-614. https://doi.org/10.1042/BST20180342

Bush, M., & Dixon, R. (2012). The role of bacterial enhancer binding pro-
teins as specialized activators of sigma54-dependent transcription.
Microbiology and Molecular Biology Reviews, 76, 497-529.

Cullen, P. J., Bowman, W. C., Hartnett, D. F., Reilly, S. C., & Kranz, R. G.
(1998). Translational activation by an NtrC enhancer-binding protein.
Journal of Molecular Biology, 278, 903-914.

Cullen, P. J., Foster-Hartnett, D., Gabbert, K. K., & Kranz, R. G. (1994).
Structure and expression of the alternative sigma factor, RpoN, in
Rhodobacter capsulatus; physiological relevance of an autoactivated
nifU2-rpoN superoperon. Molecular Microbiology, 11, 51-65. https://
doi.org/10.1111/j.1365-2958.1994.tb00289.x

Curatti, L., & Rubio, L. M. (2014). Challenges to develop nitrogen-fixing
cereals by direct nif-gene transfer. Plant Science, 225, 130-137. https
://doi.org/10.1016/j.plantsci.2014.06.003

Darnajoux, R., Zhang, X., McRose, D. L., Miadlikowska, J., Lutzoni, F.,
Kraepiel, A. M., & Bellenger, J. P. (2017). Biological nitrogen fixation
by alternative nitrogenases in boreal cyanolichens: Importance of
molybdenum availability and implications for current biological ni-
trogen fixation estimates. New Phytologist, 213, 680-689. https://
doi.org/10.1111/nph.14166


https://orcid.org/0000-0002-1747-7177
https://orcid.org/0000-0002-1747-7177
https://doi.org/10.1128/JB.02611-14
https://doi.org/10.1038/320374a0
https://doi.org/10.1042/BST20180342
https://doi.org/10.1111/j.1365-2958.1994.tb00289.x
https://doi.org/10.1111/j.1365-2958.1994.tb00289.x
https://doi.org/10.1016/j.plantsci.2014.06.003
https://doi.org/10.1016/j.plantsci.2014.06.003
https://doi.org/10.1111/nph.14166
https://doi.org/10.1111/nph.14166

DEMTRODER ET AL.

Demtroder, L., Narberhaus, F., & Masepohl, B. (2019). Coordinated reg-
ulation of nitrogen fixation and molybdate transport by molybde-
num. Molecular Microbiology, 111, 17-30. https://doi.org/10.1111/
mmi.14152

Dingler, C., Kuhla, J., Wassink, H., & Oelze, J. (1988). Levels and activities
of nitrogenase proteins in Azotobacter vinelandii grown at different
dissolved oxygen concentrations. Journal of Bacteriology, 170, 2148-
2152. https://doi.org/10.1128/jb.170.5.2148-2152.1988

Dixon, R., & Kahn, D. (2004). Genetic regulation of biological nitro-
gen fixation. Nature Reviews Microbiology, 2, 621-631. https://doi.
org/10.1038/nrmicro954

Dombrecht, B., Heusdens, C., Beullens, S., Verreth, C., Mulkers, E.,
Proost, P, ... Michiels, J. (2005). Defence of Rhizobium etli bacteroids
against oxidative stress involves a complexly regulated atypical 2-
Cys peroxiredoxin. Molecular Microbiology, 55, 1207-1221. https://
doi.org/10.1111/j.1365-2958.2005.04457.x

Domenzain, C., Camarena, L., Osorio, A., Dreyfus, G., & Poggio, S. (2012).
Evolutionary origin of the Rhodobacter sphaeroides specialized RpoN
sigma factors. FEMS Microbiology Letters, 327, 93-102. https://doi.
org/10.1111/j.1574-6968.2011.02459.x

Dos Santos, P.C., Fang, Z., Mason, S. W., Setubal, J. C., & Dixon, R. (2012).
Distribution of nitrogen fixation and nitrogenase-like sequences
amongst microbial genomes. BMC Genomics, 13, 162. https://doi.
org/10.1186/1471-2164-13-162

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. Journal of Bacteriology, 178,
788-792. https://doi.org/10.1128/jb.178.3.788-792.1996

Eady, R. R. (1996). Structure-function relationships of alternative nitro-
genases. Chemical Reviews, 96, 3013-3030. https://doi.org/10.1021/
cr950057h

Eady, R. R. (2003). Current status of structure function relationships of
vanadium nitrogenase. Coordination Chemistry Reviews, 237, 23-30.
https://doi.org/10.1016/5S0010-8545(02)00248-5

Elsen, S., Dischert, W., Colbeau, A., & Bauer, C. E. (2000). Expression
of uptake hydrogenase and molybdenum nitrogenase in Rhodobacter
capsulatus is coregulated by the RegB-RegA two-component regu-
latory system. Journal of Bacteriology, 182, 2831-2837. https://doi.
org/10.1128/JB.182.10.2831-2837.2000

Erkal, N. A., Eser, M. G., Ozgiir, E., Guindiiz, U., Eroglu, 1., & Yiicel, M.
(2019). Transcriptome analysis of Rhodobacter capsulatus grown
on different nitrogen sources. Archives of Microbiology. https://doi.
0rg/10.1007/s00203-019-01635-x

Fischer, H. M. (1994). Genetic regulation of nitrogen fixation in rhizobia.
Microbiological Reviews, 58, 352-386.

Foster-Hartnett, D., Cullen, P. J., Monika, E. M., & Kranz, R. G. (1994).
A new type of NtrC transcriptional activator. Journal of Bacteriology,
176, 6175-6187. https://doi.org/10.1128/jb.176.20.6175-6187.1994

Foster-Hartnett, D., & Kranz, R. G. (1992). Analysis of the promoters
and upstream sequences of nifA1 and nifA2 in Rhodobacter capsula-
tus; activation requires ntrC but not rpoN. Molecular Microbiology, 6,
1049-1060.

Gisin, J., Mller, A., Pfander, Y., Leimkihler, S., Narberhaus, F., &
Masepohl, B. (2010). A Rhodobacter capsulatus member of a universal
permease family imports molybdate and other oxyanions. Journal of
Bacteriology, 192, 5943-5952. https://doi.org/10.1128/JB.00742-10

Glass, J. B., Axler,R. P.,,Chandra, S., & Goldman, C.R.(2012). Molybdenum
limitation of microbial nitrogen assimilation in aquatic ecosystems
and pure cultures. Frontiers in Microbiology, 3, 331. https://doi.
org/10.3389/fmich.2012.00331

Hamilton, T. L., Ludwig, M., Dixon, R., Boyd, E. S., Dos Santos, P. C,,
Setubal, J. C., ... Peters, J. W. (2011). Transcriptional profiling of ni-
trogen fixation in Azotobacter vinelandii. Journal of Bacteriology, 193,
4477-4486. https://doi.org/10.1128/JB.05099-11

MicrobiologyO _ | 13017
icrobiologyOpen WILEY

Open Access,

Heiniger, E. K., Oda, Y., Samanta, S. K., & Harwood, C. S. (2012). How
posttranslational modification of nitrogenase is circumvented in
Rhodopseudomonas palustris strains that produce hydrogen gas con-
stitutively. Applied and Environment Microbiology, 78, 1023-1032.
https://doi.org/10.1128/AEM.07254-11

Herrero, A., & Flores, E. (2019). Genetic responses to carbon and nitro-
gen availability in Anabaena. Environmental Microbiology, 21, 1-17.

Hoffmann, M. C., Milller, A., Fehringer, M., Pfander, Y., Narberhaus, F., &
Masepohl, B. (2014). Coordinated expression of fdxD and molybde-
num nitrogenase genes promotes nitrogen fixation by Rhodobacter
capsulatus in the presence of oxygen. Journal of Bacteriology, 196,
633-640. https://doi.org/10.1128/JB.01235-13

Hoffmann, M. C., Wagner, E., Langklotz, S., Pfander, Y., H6tt, S., Bandow,
J. E., & Masepohl, B. (2016). Proteome profiling of the Rhodobacter
capsulatus molybdenum response reveals a role of IscN in nitrogen
fixation by Fe-nitrogenase. Journal of Bacteriology, 198, 633-643.
https://doi.org/10.1128/JB.00750-15

Hu, Y., & Ribbe, M. W. (2011). Biosynthesis of nitrogenase FeMoco.
Coordination Chemistry Reviews, 255, 1218-1224. https://doi.
org/10.1016/j.ccr.2010.11.018

Hu, Y., & Ribbe, M. W. (2016). Biosynthesis of the metalloclusters of ni-
trogenases. Annual Review of Biochemistry, 85, 455-483. https://doi.
org/10.1146/annurev-biochem-060614-034108

Hubner, P., Masepohl, B., Klipp, W., & Bickle, T. A. (1993). nif gene ex-
pression studies in Rhodobacter capsulatus: ntrC-independent repres-
sion by high ammonium concentrations. Molecular Microbiology, 10,
123-132.

Jimenez-Vicente, E., Yang, Z.-Y., Ray, W. K., Echavarri-Erasun, C., Cash,
V. L., Rubio, L. M,, ... Dean, D. R. (2018). Sequential and differen-
tial interaction of assembly factors during nitrogenase MoFe protein
maturation. Journal of Biological Chemistry, 293, 9812-9823. https://
doi.org/10.1074/jbc.RA118.002994

Joerger, R. D., Jacobson, M. R., & Bishop, P. E. (1989). Two nifA-like genes
required for expression of alternative nitrogenases by Azotobacter
vinelandii. Journal of Bacteriology, 171, 3258-3267. https://doi.
org/10.1128/jb.171.6.3258-3267.1989

Kennedy, C., & Dean, D. (1992). The nifU, nifS and nifV gene products
are required for activity of all three nitrogenases of Azotobacter
vinelandii. Molecular and General Genetics, 231, 494-498. https://doi.
org/10.1007/BF00292722

Kessler, P. S., & Leigh, J. A. (1999). Genetics of nitrogen regulation in
Methanococcus maripaludis. Genetics, 152, 1343-1351.

Klipp, W., Masepohl, B., & Puhler, A. (1988). Identification and mapping
of nitrogen fixation genes of Rhodobacter capsulatus: Duplication of
a nifA-nifB region. Journal of Bacteriology, 170, 693-699. https://doi.
org/10.1128/jb.170.2.693-699.1988

Kutsche, M., Leimkdhler, S., Angermidiller, S., & Klipp, W. (1996). Promoters
controlling expression of the alternative nitrogenase and the mo-
lybdenum uptake system in Rhodobacter capsulatus are activated
by NtrC, independent of sigma54, and repressed by molybdenum.
Journal of Bacteriology, 178, 2010-2017. https://doi.org/10.1128/
jb.178.7.2010-2017.1996

Labes, M., Puhler, A., & Simon, R. (1990). A new family of RSF1010-
derived expression and lac-fusion broad-host-range vec-
tors for Gram-negative bacteria. Gene, 89, 37-46. https://doi.
org/10.1016/0378-1119(90)90203-4

Lee, C. C., Hu, Y., & Ribbe, M. W. (2009). Unique features of the nitro-
genase VFe protein from Azotobacter vinelandii. Proceedings of the
National Academy of Sciences of the United States of America, 106,
9209-9214. https://doi.org/10.1073/pnas.0904408106

Loveless, T. M., & Bishop, P. E. (1999). Identification of genes unique
to Mo-independent nitrogenase systems in diverse diazotrophs.
Canadian Journal of Microbiology, 45, 312-317. https://doi.
org/10.1139/w99-007


https://doi.org/10.1111/mmi.14152
https://doi.org/10.1111/mmi.14152
https://doi.org/10.1128/jb.170.5.2148-2152.1988
https://doi.org/10.1038/nrmicro954
https://doi.org/10.1038/nrmicro954
https://doi.org/10.1111/j.1365-2958.2005.04457.x
https://doi.org/10.1111/j.1365-2958.2005.04457.x
https://doi.org/10.1111/j.1574-6968.2011.02459.x
https://doi.org/10.1111/j.1574-6968.2011.02459.x
https://doi.org/10.1186/1471-2164-13-162
https://doi.org/10.1186/1471-2164-13-162
https://doi.org/10.1128/jb.178.3.788-792.1996
https://doi.org/10.1021/cr950057h
https://doi.org/10.1021/cr950057h
https://doi.org/10.1016/S0010-8545(02)00248-5
https://doi.org/10.1128/JB.182.10.2831-2837.2000
https://doi.org/10.1128/JB.182.10.2831-2837.2000
https://doi.org/10.1007/s00203-019-01635-x
https://doi.org/10.1007/s00203-019-01635-x
https://doi.org/10.1128/jb.176.20.6175-6187.1994
https://doi.org/10.1128/JB.00742-10
https://doi.org/10.3389/fmicb.2012.00331
https://doi.org/10.3389/fmicb.2012.00331
https://doi.org/10.1128/JB.05099-11
https://doi.org/10.1128/AEM.07254-11
https://doi.org/10.1128/JB.01235-13
https://doi.org/10.1128/JB.00750-15
https://doi.org/10.1016/j.ccr.2010.11.018
https://doi.org/10.1016/j.ccr.2010.11.018
https://doi.org/10.1146/annurev-biochem-060614-034108
https://doi.org/10.1146/annurev-biochem-060614-034108
https://doi.org/10.1074/jbc.RA118.002994
https://doi.org/10.1074/jbc.RA118.002994
https://doi.org/10.1128/jb.171.6.3258-3267.1989
https://doi.org/10.1128/jb.171.6.3258-3267.1989
https://doi.org/10.1007/BF00292722
https://doi.org/10.1007/BF00292722
https://doi.org/10.1128/jb.170.2.693-699.1988
https://doi.org/10.1128/jb.170.2.693-699.1988
https://doi.org/10.1128/jb.178.7.2010-2017.1996
https://doi.org/10.1128/jb.178.7.2010-2017.1996
https://doi.org/10.1016/0378-1119(90)90203-4
https://doi.org/10.1016/0378-1119(90)90203-4
https://doi.org/10.1073/pnas.0904408106
https://doi.org/10.1139/w99-007
https://doi.org/10.1139/w99-007

DEMTRODER ET AL.

MWI L EY_MicrobiologyOpen

Open Access,

Martinez-Argudo, I., Little, R., Shearer, N., Johnson, P., & Dixon,
R. (2004). The NifL-NifA system: A multidomain transcrip-
tional regulatory complex that integrates environmental signals.
Journal of Bacteriology, 186, 601-610. https://doi.org/10.1128/
JB.186.3.601-610.2004

Masepohl, B. (2017). Regulation of nitrogen fixation in photosynthetic
purple nonsulfur bacteria. In P. C. Hallenbeck (Ed.), Modern topics in
the phototrophic prokaryotes: metabolism, bioenergetics, and omics (pp.
1-25). Cham, Switzerland: Springer International Publishing.

Masepohl, B., Angermdiller, S., Hennecke, S., Hiibner, P., Moreno-Vivian,
C., & Klipp, W. (1993). Nucleotide sequence and genetic analysis of
the Rhodobacter capsulatus ORFé-nifU; SVW gene region: Possible
role of NifW in homocitrate processing. Molecular and General
Genetics, 238, 369-382. https://doi.org/10.1007/BF00291996

Masepohl, B., & Klipp, W. (1996). Organization and regulation of genes
encoding the molybdenum nitrogenase and the alternative nitroge-
nase in Rhodobacter capsulatus. Archives of Microbiology, 165, 80-90.
https://doi.org/10.1007/s002030050301

Masepohl, B., Klipp, W., & Pihler, A. (1988). Genetic characterization
and sequence analysis of the duplicated nifA/nifB gene region of
Rhodobacter capsulatus. Molecular and General Genetics, 212, 27-37.
https://doi.org/10.1007/BF00322441

Masepohl, B., Krey, R., & Klipp, W. (1993). The draTG gene region of
Rhodobacter capsulatus is required for post-translational regula-
tion of both the molybdenum and the alternative nitrogenase.
Journal of General Microbiology, 139, 2667-2675. https://doi.
org/10.1099/00221287-139-11-2667

McGlynn,S.E.,Boyd, E.S., Peters, J. W., & Orphan, V. J.(2012). Classifying
the metal dependence of uncharacterized nitrogenases. Frontiers in
Microbiology, 3, 419.

McRose, D. L., Zhang, X., Kraepiel, A. M., & Morel, F. M. (2017). Diversity
and Activity of Alternative Nitrogenases in Sequenced Genomes and
Coastal Environments. Frontiers in Microbiology, 8, 267. https://doi.
org/10.3389/fmicbh.2017.00267

Meijer, W. G., & Tabita, F. R. (1992). Isolation and characterization of
the nifUSVW-rpoN gene cluster from Rhodobacter sphaeroides.
Journal of Bacteriology, 174, 3855-3866. https://doi.org/10.1128/
jb.174.12.3855-3866.1992

Merrick, M. J. (1993). In a class of its own-the RNA polymerase sigma
factor sigma 54 (sigma N). Molecular Microbiology, 10, 903-909.

Merrick, M., Gibbins, J., & Toukdarian, A. (1987). The nucleotide se-
quence of the sigma factor gene ntrA (rpoN) of Azotobacter vinelan-
dii: Analysis of conserved sequences in NtrA proteins. Molecular and
General Genetics, 210, 323-330. https://doi.org/10.1007/BF0O03
25701

Miller, J. H. (1972). Experiments in molecular genetics. Cold Spring Harbor,
NY: Cold Spring Harbor Laboratory.

Miller, R. W., & Eady, R. R. (1988). Molybdenum and vanadium nitro-
genases of Azotobacter chroococcum. Low temperature favours N,
reduction by vanadium nitrogenase. The Biochemical Journal, 256,
429-432.

Mittenhuber, G. (2002). An inventory of genes encoding RNA poly-
merase sigma factors in 31 completely sequenced eubacterial ge-
nomes. Journal of Molecular Microbiology and Biotechnology, 4, 77-91.

Moreno-Vivian, C., Hennecke, S., Puhler, A., & Klipp, W. (1989). Open
reading frame 5 (ORF5), encoding a ferredoxinlike protein, and nifQ
are cotranscribed with nifE, nifN, nifX, and ORF4 in Rhodobacter
capsulatus. Journal of Bacteriology, 171, 2591-2598. https://doi.
org/10.1128/jb.171.5.2591-2598.1989

Moreno-Vivian, C., Schmehl, M., Masepohl, B., Arnold, W., & Klipp, W.
(1989). DNA sequence and genetic analysis of the Rhodobacter cap-
sulatus nifENX gene region: Homology between NifX and NifB sug-
gests involvement of NifX in processing of the iron-molybdenum
cofactor. Molecular and General Genetics, 216, 353-363. https://doi.
org/10.1007/BF00334376

Morett, E., & Buck, M. (1988). NifA-dependent in vivo protection
demonstrates that the upstream activator sequence of nif promot-
ers is a protein binding site. Proceedings of the National Academy of
Sciences of the United States of America, 85, 9401-9405. https://doi.
org/10.1073/pnas.85.24.9401

Morett, E., & Buck, M. (1989). In vivo studies on the interaction of RNA
polymerase-sigma 54 with the Klebsiella pneumoniae and Rhizobium
meliloti nifH promoters. The role of NifA in the formation of an open
promoter complex. Journal of Molecular Biology, 210, 65-77.

Mus, F., Alleman, A. B., Pence, N, Seefeldt, L. C., & Peters, J. W. (2018).
Exploring the alternatives of biological nitrogen fixation. Metallomics,
10, 523-538. https://doi.org/10.1039/C8MT00038G

Oda, Y., Samanta, S. K., Rey, F. E., Wu, L., Liu, X., Yan, T., ... Harwood,
C. S. (2005). Functional genomic analysis of three nitrogenase iso-
zymes in the photosynthetic bacterium Rhodopseudomonas palustris.
Journal of Bacteriology, 187, 7784-7794. https://doi.org/10.1128/
JB.187.22.7784-7794.2005

Oldroyd, G. E. (2013). Speak, friend, and enter: Signalling systems that
promote beneficial symbiotic associations in plants. Nature Reviews
Microbiology, 11, 252-263. https://doi.org/10.1038/nrmicro2990

Oliveira, M. A. S., Aquino, B., Bonatto, A. C., Huergo, L. F., Chubatsu, L. S.,
Pedrosa, F. O, ... Monteiro, R. A.(2012). Interaction of GInK with the GAF
domain of Herbaspirillum seropedicae NifA mediates NH4+-regulation.
Biochimie, 94, 1041-1047. https://doi.org/10.1016/j.biochi.2012.01.007

Paschen, A., Drepper, T., Masepohl, B., & Klipp, W. (2001). Rhodobacter
capsulatus nifA mutants mediating nif gene expression in the pres-
ence of ammonium. FEMS Microbiology Letters, 200, 207-213.

Perez-Riverol, Y., Csordas, A., Bai, J., Bernal-Llinares, M., Hewapathirana,
S., Kundu, D. J,, ... Vizcaino, J. A. (2019). The PRIDE database and
related tools and resources in 2019: Improving support for quanti-
fication data. Nucleic Acids Research, 47, D442-D450. https://doi.
org/10.1093/nar/gky1106

Poggio, S., Osorio, A., Dreyfus, G., & Camarena, L. (2002). The four dif-
ferent sigma(54) factors of Rhodobacter sphaeroides are not function-
ally interchangeable. Molecular Microbiology, 46, 75-85.

Pollock, D., Bauer, C. E., & Scolnik, P. A. (1988). Transcription of the
Rhodobacter capsulatus nifHDK operon is modulated by the ni-
trogen source. Construction of plasmid expression vectors
based on the nifHDK promoter. Gene, 65, 269-275. https://doi.
org/10.1016/0378-1119(88)90463-5

Poudel, S., Colman, D. R,, Fixen, K. R., Ledbetter, R. N., Zheng, Y., Pence,
N., ...Boyd, E. S. (2018). Electron transfer to nitrogenase in different
genomic and metabolic backgrounds. Journal of Bacteriology, 200(10),
https://doi.org/10.1128/JB.00757-17. e00757-17

Preker, P., Hibner, P., Schmehl, M., Klipp, W., & Bickle, T. A. (1992).
Mapping and characterization of the promoter elements of
the regulatory nif genes rpoN, nifAl1 and nifA2 in Rhodobacter
capsulatus. Molecular Microbiology, 6, 1035-1047. https://doi.
org/10.1111/j.1365-2958.1992.tb02169.x

Sarkar, A., & Reinhold-Hurek, B. (2014). Transcriptional profiling of
nitrogen fixation and the role of NifA in the diazotrophic endo-
phyte Azoarcus sp. strain BH72. PLoS ONE, 9, e86527. https://doi.
org/10.1371/journal.pone.0086527

Schmehl, M., Jahn, A., MeyerzuVilsendorf, A., Hennecke, S., Masepohl,
B., Schuppler, M., ... 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.
Molecular and General Genetics, 241, 602-615.

Schneider, K., Gollan, U., Dréttboom, M., Selsemeier-Voigt, S., & Miiller,
A. (1997). Comparative biochemical characterization of the iron-only
nitrogenase and the molybdenum nitrogenase from Rhodobacter cap-
sulatus. European Journal of Biochemistry, 244, 789-800. https://doi.
org/10.1111/j.1432-1033.1997.t01-1-00789.x

Schneider, K., Miller, A., Schramm, U. & Klipp, W. (1991).
Demonstration of a molybdenum- and vanadium-independent


https://doi.org/10.1128/JB.186.3.601-610.2004
https://doi.org/10.1128/JB.186.3.601-610.2004
https://doi.org/10.1007/BF00291996
https://doi.org/10.1007/s002030050301
https://doi.org/10.1007/BF00322441
https://doi.org/10.1099/00221287-139-11-2667
https://doi.org/10.1099/00221287-139-11-2667
https://doi.org/10.3389/fmicb.2017.00267
https://doi.org/10.3389/fmicb.2017.00267
https://doi.org/10.1128/jb.174.12.3855-3866.1992
https://doi.org/10.1128/jb.174.12.3855-3866.1992
https://doi.org/10.1007/BF00325701
https://doi.org/10.1007/BF00325701
https://doi.org/10.1128/jb.171.5.2591-2598.1989
https://doi.org/10.1128/jb.171.5.2591-2598.1989
https://doi.org/10.1007/BF00334376
https://doi.org/10.1007/BF00334376
https://doi.org/10.1073/pnas.85.24.9401
https://doi.org/10.1073/pnas.85.24.9401
https://doi.org/10.1039/C8MT00038G
https://doi.org/10.1128/JB.187.22.7784-7794.2005
https://doi.org/10.1128/JB.187.22.7784-7794.2005
https://doi.org/10.1038/nrmicro2990
https://doi.org/10.1016/j.biochi.2012.01.007
https://doi.org/10.1093/nar/gky1106
https://doi.org/10.1093/nar/gky1106
https://doi.org/10.1016/0378-1119(88)90463-5
https://doi.org/10.1016/0378-1119(88)90463-5
https://doi.org/10.1128/JB.00757-17
https://doi.org/10.1111/j.1365-2958.1992.tb02169.x
https://doi.org/10.1111/j.1365-2958.1992.tb02169.x
https://doi.org/10.1371/journal.pone.0086527
https://doi.org/10.1371/journal.pone.0086527
https://doi.org/10.1111/j.1432-1033.1997.t01-1-00789.x
https://doi.org/10.1111/j.1432-1033.1997.t01-1-00789.x

DEMTRODER ET AL.

nitrogenase in a nifHDK-deletion mutant of Rhodobacter capsula-
tus. European Journal of Biochemistry, 195, 653-661. https://doi.
org/10.1111/j.1432-1033.1991.tb15750.x

Schiiddekopf, K., Hennecke, S., Liese, U., Kutsche, M., & Klipp, W. (1993).
Characterization of anf genes specific for the alternative nitroge-
nase and identification of nif genes required for both nitrogenases in
Rhodobacter capsulatus. Molecular Microbiology, 8, 673-684. https://
doi.org/10.1111/j.1365-2958.1993.tb01611.x

Seefeldt, L. C., Yang, Z. Y., Duval, S., & Dean, D. R. (2013). Nitrogenase
reduction of carbon-containing compounds. Biochimica Et Biophysica
Acta, 1827, 1102-1111. https://doi.org/10.1016/j.bbabio.2013.04.003

Setubal, J. C., dos Santos, P., Goldman, B. S., Ertesvag, H., Espin, G.,
Rubio, L. M., ... Wood, D. (2009). Genome sequence of Azotobacter
vinelandii, an obligate aerobe specialized to support diverse anaer-
obic metabolic processes. Journal of Bacteriology, 191, 4534-4545.
https://doi.org/10.1128/JB.00504-09

Sippel, D., & Einsle, O. (2017). The structure of vanadium nitrogenase
reveals an unusual bridging ligand. Nature Chemical Biology, 13, 956~
960. https://doi.org/10.1038/nchembio.2428

Souza, E. M., Pedrosa, F. O,, Rigo, L. U., Machado, H. B., & Yates, M. G.
(2000). Expression of the nifA gene of Herbaspirillum seropedicae: Role
of the NtrC and NifA binding sites and of the -24/-12 promoter ele-
ment. Microbiology, 146, 1407-1418. https://doi.org/10.1099/00221
287-146-6-1407

Strnad, H., Lapidus, A., Paces, J., Ulbrich, P., Vicek, C., Paces, V., &
Haselkorn, R. (2010). Complete genome sequence of the photosyn-
thetic purple nonsulfur bacterium Rhodobacter capsulatus SB 1003.
Journal of Bacteriology, 192, 3545-3546. https://doi.org/10.1128/
JB.00366-10

Studholme, D. J., & Buck, M. (2000). The biology of enhancer-de-
pendent transcriptional regulation in bacteria: Insights from ge-
nome sequences. FEMS Microbiology Letters, 186, 1-9. https://doi.
org/10.1111/j.1574-6968.2000.tb09074.x

Sullivan, J. T., Brown, S. D., & Ronson, C. W. (2013). The NifA-RpoN reg-
ulon of Mesorhizobium loti strain R7A and its symbiotic activation by
a novel Lacl/GalR-family regulator. PLoS ONE, 8, €53762. https://doi.
org/10.1371/journal.pone.0053762

Thiel, T., & Pratte, B. S. (2014). Regulation of Three Nitrogenase Gene
Clusters in the Cyanobacterium Anabaena variabilis ATCC 29413. Life
(Basel), 4, 944-967. https://doi.org/10.3390/1ife4040944

Walmsley, J., Toukdarian, A., & Kennedy, C. (1994). The role of regulatory
genes nifA, vnfA, anfA, nfrX, ntrC, and rpoN in expression of genes
encoding the three nitrogenases of Azotobacter vinelandii. Archives
of Microbiology, 162, 422-429. https://doi.org/10.1007/BF00282107

Wang, G., Angermdiller, S., & Klipp, W. (1993). Characterization of
Rhodobacter capsulatus genes encoding a molybdenum trans-
port system and putative molybdenum-pterin-binding proteins.
Journal of Bacteriology, 175, 3031-3042. https://doi.org/10.1128/
jb.175.10.3031-3042.1993

MicrobiologyO _ | 15017
icrobiologyOpen WILEY

Open Access,

Wang, L., Zhang, L., Liu, Z., Zhao, D., Liu, X., Zhang, B., et al. (2013). A
minimal nitrogen fixation gene cluster from Paenibacillus sp. WLY78
enables expression of active nitrogenase in Escherichia coli. PLoS
Genetics, 9,e1003865.

Weaver, P. F., Wall, J. D., & Gest, H. (1975). Characterization of
Rhodopseudomonas capsulata. Archives of Microbiology, 105, 207-216.
https://doi.org/10.1007/BF00447139

Wiethaus, J., Wirsing, A., Narberhaus, F., & Masepohl, B. (2006).
Overlapping and specialized functions of the molybdenum-depen-
dent regulators MopA and MopB in Rhodobacter capsulatus. Journal of
Bacteriology, 188, 8441-8451. https://doi.org/10.1128/JB.01188-06

Willison, J. C., Pierrard, J., & Hubner, P. (1993). Sequence and tran-
script analysis of the nitrogenase structural gene operon (nif-
HDK) of Rhodobacter capsulatus: Evidence for intramolecu-
lar processing of nifHDK mRNA. Gene, 133, 39-46. https://doi.
org/10.1016/0378-1119(93)90222-0

Yang, J., Xie, X., Wang, X., Dixon, R., & Wang, Y. P. (2014). Reconstruction
and minimal gene requirements for the alternative iron-only nitro-
genase in Escherichia coli. Proceedings of the National Academy of
Sciences of the United States of America, 111, E3718-3725. https://
doi.org/10.1073/pnas.1411185111

Zhang, Y., Pohlmann, E. L., Ludden, P. W., & Roberts, G. P. (2000).
Mutagenesis and functional characterization of the gInB, glnA, and
nifA genes from the photosynthetic bacterium Rhodospirillum ru-
brum. Journal of Bacteriology, 182, 983-992. https://doi.org/10.1128/
JB.182.4.983-992.2000

Zou, X., Zhu, Y., Pohlmann, E. L., Li, J., Zhang, Y., & Roberts, G. P. (2008).
Identification and functional characterization of NifA variants that
are independent of GInB activation in the photosynthetic bacterium
Rhodospirillum rubrum. Microbiology, 154, 2689-2699. https://doi.
org/10.1099/mic.0.2008/019406-0

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Demtréder L, Pfander Y, Schakermann
S, Bandow JE, Masepohl B. NifA is the master regulator of both
nitrogenase systems in Rhodobacter capsulatus.
MicrobiologyOpen. 2019;8:e921. https://doi.org/10.1002/
mbo3.921



https://doi.org/10.1111/j.1432-1033.1991.tb15750.x
https://doi.org/10.1111/j.1432-1033.1991.tb15750.x
https://doi.org/10.1111/j.1365-2958.1993.tb01611.x
https://doi.org/10.1111/j.1365-2958.1993.tb01611.x
https://doi.org/10.1016/j.bbabio.2013.04.003
https://doi.org/10.1128/JB.00504-09
https://doi.org/10.1038/nchembio.2428
https://doi.org/10.1099/00221287-146-6-1407
https://doi.org/10.1099/00221287-146-6-1407
https://doi.org/10.1128/JB.00366-10
https://doi.org/10.1128/JB.00366-10
https://doi.org/10.1111/j.1574-6968.2000.tb09074.x
https://doi.org/10.1111/j.1574-6968.2000.tb09074.x
https://doi.org/10.1371/journal.pone.0053762
https://doi.org/10.1371/journal.pone.0053762
https://doi.org/10.3390/life4040944
https://doi.org/10.1007/BF00282107
https://doi.org/10.1128/jb.175.10.3031-3042.1993
https://doi.org/10.1128/jb.175.10.3031-3042.1993
https://doi.org/10.1007/BF00447139
https://doi.org/10.1128/JB.01188-06
https://doi.org/10.1016/0378-1119(93)90222-O
https://doi.org/10.1016/0378-1119(93)90222-O
https://doi.org/10.1073/pnas.1411185111
https://doi.org/10.1073/pnas.1411185111
https://doi.org/10.1128/JB.182.4.983-992.2000
https://doi.org/10.1128/JB.182.4.983-992.2000
https://doi.org/10.1099/mic.0.2008/019406-0
https://doi.org/10.1099/mic.0.2008/019406-0
https://doi.org/10.1002/mbo3.921
https://doi.org/10.1002/mbo3.921

MWI L EY_MicrobiologyOpen

DEMTRODER ET AL.

Open Access,

APPENDIX 1

TABLE A1 Rhodobacter capsulatus strains and plasmids

Strain or plasmid

Relevant characteristic?

Strains
B10S R. capsulatus wild type; Sm"
BS85 Polar nifD::Sp mutant (AnifDK) of B10S; Sm', Sp"
KS94A anfA::Sp mutant (AanfA) of B10S; Sm", Sp"
PBK2 ntrC::Km mutant (AntrC) of B10S; Sm", Km"
R423ClI (mopA-mopB)::Gm mutant (AmopAB) of B10S; Sm', Gm"
YP201 rpoN:Gm mutant (ArpoN) of B10S; Sm", Gm"
YP202 nifA2::Km mutant (AnifA2) of B10S; Sm', Km"
YP203 nifA1::Gm mutant (AnifA1) of B10S; Sm', Gm"
YP202-YP203 nifA1:Gm, nifA2::Km mutant (AnifA1-A2) of B10S; Sm', Km', Gm'
YP243 Polar anfD::Sp mutant (AanfDGK) of B10S; Sm', Sp"
Plasmids
pEWS58 pYP168 derivative carrying iscN-lacZ; Tc" oriT
pLD14 pYP168 derivative carrying nifB-lacZ; Tc" oriT
pLD15 pYP168 derivative carrying rnfA-lacZ; Tc" oriT
pLD16 pYP168 derivative carrying nifE-lacZ; Tc" oriT
pLD28 pYP168 derivative carrying rpoN-lacZ; Tc" oriT
pLD37 pYP168 derivative carrying anfA-lacZ; Tc" oriT
pLD52 pYP168 derivative carrying fprA-lacZ; Tc' oriT
pLD107 pYP168 derivative carrying morA-lacZ; Tc" oriT
pMH187 pYP168 derivative carrying anfH-lacZ; Tc" oriT
pML5 Mobilizable broad-host-range vector; Tc"
pML_rpoN pML5 derivative carrying R. capsulatus nifU2-rpoN
pYP5 pBSL15 derivative carrying lacTeT
pYP168 pUC18 derivative with reduced multiple cloning site
pYP348 pYP168 derivative carrying nifK-lacZ; Tc" oriT
pYP352 pYP168 derivative carrying nifA-lacZ; Tc" oriT

2Gm, gentamicin; Km, kanamycin; Sp, spectinomycin; Sm, streptomycin; Tc, tetracycline.

TABLE A2 Global responses of the Rhodobacter capsulatus wild-
type and mutant proteomes

-Mo
+Mo

Number of identified proteins?

Wild type AnifA1-A2 AanfA AmopAB
686 746 (30 ) 691 (26 ]) 637 (15 1)
725 758 (16 1) 723 (18 1) 633 (9 1)

2Numbers in brackets represent proteins up- (1) or downregulated () in
comparison with the wild type.

Source or reference

Klipp et al. (1988)
Hoffmann et al. (2014)
Wang et al. (1993)
Kutsche et al. (1996)
Wang et al. (1993)
Hoffmann et al. (2014
Hoffmann et al. (2014
Hoffmann et al. (2014
Hoffmann et al. (2014
This study

)
)
)
)

Hoffmann et al. (2016)
This study

This study

This study

This study

This study

This study

This study

This study

Labes et al. (1990)
This study

Gisin et al. (2010)
Hoffmann et al. (2016)
Hoffmann et al. (2016)
This study
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FIGURE A1 Diazotrophic growth of Rhodobacter capsulatus wild-type and mutant strains. R. capsulatus strains were grown in RCV
minimal medium without (open circles) or with 10 uM molybdate (filled circles) under a pure N, atmosphere (no fixed nitrogen source added).
Growth in RCV medium containing 10 mM ammonium (open squares) served as control. The strains used were as follows: wild type (B10S),
AnifDK (BS85), AanfDGK (YP243), AnifA1-A2 (YP202-YP203), AnifA1 (YP203), AnifA2 (YP202), AanfA (KS94A), ArpoN (YP201), and AntrC
(PBK?2). Diazotrophic growth of the AanfDGK and AanfA strains in —MoO42' medium is attributable to traces of Mo arising from impurities in
the chemicals used. The data represent the means and standard deviations of the results of at least three independent measurements



