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other trafficking proteins with their cognate client proteins is not known, but the occurrence of 

proteins displaying tethered domains separately involved in cluster binding and target client 

specificity could be a general feature of Fe-S cluster trafficking.     

There are no clear phenotypes associated with the inactivation of NifX, NifY, or NafY, 

suggesting functional redundancy or functional crosstalk among the different cluster trafficking 

species in A. vinelandii (Rubio et al., 2002). For example, there is already evidence that NifY 

might functionally replace NafY because both proteins have the capacity to bind apo-MoFe 

protein (Jimenez-Vicente et al., 2018). The C-terminal domain of NifB provides another example 

of potential functional redundancy within the NifX family. Like NifU, A. vinelandii NifB has a 

modular structure. The N-terminal domain of NifB contains the NifB-co assembly site; whereas 

its C-terminal contains a NifX-like domain (Figure 22) (Moreno-Vivian et al., 1989) that is not 

required for NifB-co assembly but could be involved in the transfer of NifB-co to other catalytic 

cofactor assembly sites (Arragain et al., 2017). Based on genomic context (Figure 5), it is likely 

that NifX, NifY, NafY, and NafX are specifically associated with the Mo-dependent nitrogenase, 

and VnfX and VnfY are associated with V-dependent nitrogenase. Although there is no obvious 

phenotype associated with the inactivation of VnfX, a strain inactivated for VnfY exhibits slow 

diazotrophic growth and a lower level of VFe protein replete with FeV-cofactor (Ruttimann-

Johnson et al., 2003; Yang et al., 2021). Thus, in the case of VFe protein maturation, there is 

both physiological and biochemical evidence that VnfY serves as an FeV-cofactor trafficking 

protein.  

Based on deduced primary structures, there are no obvious members of the NifX family 

of proteins located within the anf gene cluster. The apparent absence of intermediate carrier 

proteins specifically associated with FeFe-cofactor trafficking is consistent with evidence that a 
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terminal assembly node is not required for FeFe-cofactor formation. However, AnfO can be 

considered a member of the NifX family based on the predicted fold of a domain located within 

its N-terminal region (Figure 22). The gene encoding AnfO is located immediately downstream 

of the Fe-only nitrogenase structural gene cluster anfHDGK. Genetic and biochemical studies 

revealed that AnfO inactivation results in the accumulation of a form of FeFe-protein-containing 

FeV-cofactor instead of FeFe-cofactor (Pérez-González et al., 2022). Thus, certain members of 

the NifX family could be involved not only in trafficking catalytic cofactors and their associated 

intermediates to appropriate client sites but might also assist the fidelity of cluster insertion by 

preventing the misincorporation of the incorrect cluster. This aspect could be an important fine-

tuning mechanism given the topological similarity of all three catalytic clusters and their 

common assembly intermediate NifB-co. 

 

8: Regulation of Mo-dependent Nitrogenase Gene Expression. 

A. vinelandii tightly regulates the expression of genes associated with Mo-dependent nitrogen 

fixation in response to a variety of environmental signals, including the levels of O2 and the 

availability of fixed nitrogen and carbon sources. Such expression is primarily controlled by 

NifA, a bacterial enhancer-binding protein that activates transcription at σ54 dependent promoters 

(Bush and Dixon, 2012). Similar to other members of this family, NifA binds to upstream 

activator sequences (indicated by blue dots on the gene organization shown in Figure 5) and 

contacts σ54-RΝΑ polymerase bound at the promoter via DNA looping. NifA is co-transcribed 

with its anti-activator protein NifL. The nifLA transcription unit is in the genomic neighborhood 

of the rnfABCDEFG genes (Figure 5), and this genomic organization could ensure coordination 

of the expression of the rnf genes to allow efficient electron flow in support of nitrogen fixation 
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(Bueno Batista and Dixon, 2019). The function of the Rnf complex is discussed in more detail in 

section 10.  

Expression of the A. vinelandii nifLA transcription unit is constitutive and apparently not 

subjected to nitrogen regulation. This feature is distinct from the expression of these genes in 

other diazotrophs encoding a NifL-NifA system (e.g., Klebsiella oxytoca (Dixon et al., 1980; 

Dixon, 1984), Pseudomonas stutzeri (Desnoues et al., 2003; Yan et al., 2008), and Azoarcus 

olearius (Egener et al., 2002), where the role of the nitrogen regulatory protein NtrC in 

controlling the expression of the nifLA operon from a σ54 dependent promoter is well established. 

Thus, the nature of regulation of this operon in A. vinelandii remains the subject of debate. 

Studies reported in the 1990's (Bali et al., 1992; Blanco et al., 1993; Raina, Bageshwar, and Das, 

1993) suggested the nifLA promoter in A. vinelandii is not controlled by the σ54 RNA 

polymerase, despite the presence of a relatively well-conserved sequence upstream of nifLA that 

resembles a σ54 promoter consensus. Conversely, other studies performed in the 2000’s (Mitra, 

Das, and Dixit, 2005; Poza-Carrión et al., 2014) suggested that nifLA expression might be 

autoactivated by NifA. However, more recent studies using engineered strains in which NifA 

escapes regulation by NifL have provided no evidence to support autoregulated nifA expression 

(Barney et al., 2017; Bueno Batista et al., 2021). Therefore, it appears that the consensus σ54 

element upstream of nifLA is not functional (Blanco et al., 1993), and a different promoter, yet to 

be identified, might drive constitutive low-level expression nifLA transcripts in A. vinelandii.  

NifL acts as a dedicated anti-activator of NifA. It is a flavoprotein having a domain 

architecture resembling the cytosolic histidine protein kinase family (Figure 23A). However, 

unlike other representatives of this family, it does not employ phosphorylation to regulate NifA 

activity because NifA does not have a receiver domain. Instead, NifL regulates NifA activity via 
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stoichiometric protein-protein interactions (Dixon, 1998; Martinez-Argudo et al., 2004; 

Martinez-Argudo et al., 2005) controlled by the redox status, ligand binding, and interaction with 

the PII-like signal transduction protein GlnK. Owing to this unusual mode of action, the NifL-

NifA system is considered a non-canonical two-component system.  

NifL is a multidomain protein (Figure 23A) carrying an N-terminal PAS domain (PAS1) 

that senses cellular redox status via a flavin adenine dinucleotide (FAD) cofactor (Hill et al., 

1996; Macheroux et al., 1998). A second PAS domain (PAS2) appears to play a structural role in 

relaying the redox changes perceived by the PAS1 domain to the central (H) and C-terminal 

(GHKL) domains of NifL (Little, Martinez-Argudo, and Dixon, 2006; Little et al., 2007; Slavny 

et al., 2010). The latter is responsible for ADP binding (Eydmann et al., 1995; Söderbäck et al., 

1998), which is probably the site of interaction for the GlnK signal transduction protein (Little et 

al., 2002; Rudnick et al., 2002) that conveys the nitrogen regulatory signal to NifL-NifA system.  

The bacterial enhancer-binding protein NifA is the protein partner of NifL and is the 

master transcription activator of gene clusters associated with Mo-dependent nitrogenase (Figure 

23B). The regulatory GAF domain of A. vinelandii NifA binds the TCA cycle intermediate 2-

oxoglutarate (Little and Dixon, 2003), serving as an important signaling metabolite at the 

intersection of carbon and nitrogen metabolism (Huergo and Dixon, 2015). A higher-order 

oligomer is formed when NifA is in its active state. An AAA+ domain within NifA contacts the 

σ54 subunit of RNA polymerase and stimulates the formation of the open complex during 

transcription initiation in a reaction driven by ATP hydrolysis (Morett and Segovia, 1993; 

Studholme and Dixon, 2003; Zhang et al., 2016). The helix-turn-helix domain responsible for 

DNA binding recognizes an upstream activation sequence TGT-N10-ACA (Morett et al., 1988), 

typically located approximately -80 to -150 base-pairs from the transcriptional start site in σ54 
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dependent promoters (Bush and Dixon, 2012). σ54 -RNA polymerase holoenzyme binds at 

conserved elements located at positions -24 (GG) and -12 (TGC) from the transcriptional start 

site. A wider consensus for σ54 promoters has been described elsewhere (Morett and Buck, 1989; 

Barrios et al., 1999). Notably, A. vinelandii also encodes a paralog of NifA located elsewhere in 

the genome, designated  as NifA2 (Setubal et al., 2009), although its function is unknown.   

NifL has evolved a mechanism to sense redox changes in response to excess O2, which 

triggers inhibition of NifA activity via complex formation (Figure 23C). This regulatory feature 

is relevant to the extreme O2 sensitivity of nitrogenase. NifA-NifL complex formation is 

controlled by O2 levels sensed by the reversible oxidation of the FAD cofactor located within the 

PAS1 domain of NifL. Activation of target promoters by NifA under low O2 level conditions is 

also dependent on conditions of low levels of fixed nitrogen, signaled by uridylylated GlnK and 

sufficient levels of carbon, signaled by 2-oxoglutarate binding to the NifA GAF domain (Figure 

23D).  

Integration of the nitrogen status with NifL-NifA signaling is coordinated by the signal 

transduction protein GlnK. In A. vinelandii, GlnK is required to stimulate the interaction between 

NifL and NifA (Little et al., 2002; Little et al., 2000; Reyes-Ramirez, Little, and Dixon, 2001). 

This feature is distinct from interactions observed in Klebsiella oxytoca for which both non-

uridylylated and uridylylated forms of GlnK are competent to prevent NifL interaction with NifA 

(Dixon and Kahn, 2004). In A. vinelandii, under excess fixed nitrogen conditions, the signal 

transduction protein GlnK is non-uridylylated and reduced NifL can form a ternary GlnK-NifL-

NifA complex to inhibit NifA activity (Figure 23D, upper left). Upon a switch to nitrogen 

limiting conditions, when GlnK is fully uridylylated and provided 2-oxoglutarate is available to 

bind the NifA GAF domain, the ternary inhibitory complex is released, permitting activation of 
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NifA (Figure 23D, upper right). In some circumstances, as observed in biochemical assays with 

isolated protein components, non-modified GlnK can still form an inhibitory complex with NifL-

NifA even if 2-oxoglutarate is bound to the GAF domain of NifA (Figure 23D, bottom left). 

This suggests that under excess fixed nitrogen, the signaling transmitted by non-uridylylated 

GlnK comes first in the regulatory hierarchy in relation to the carbon status signaled by 2-

oxoglutarate. The carbon status also comes into play under conditions of low fixed nitrogen. 

Under combined low nitrogen and poor carbon availability, the GAF domain of NifA does not 

bind 2-oxoglutarate favoring NifL inhibition, even if GlnK is fully uridylylated and unable to 

interact with NifL to reinforce NifA inhibition (Figure 23D, bottom right). For a more detailed 

review, refer to (Martinez-Argudo et al., 2004; Martinez-Argudo et al., 2005).  

GlnK is a small trimeric signal transduction protein that integrates the regulation of both 

nitrogen fixation and its assimilation (Forchhammer and Lüddecke, 2016; Huergo, Chandra, and 

Merrick, 2013; Ninfa and Jiang, 2005) (Figure 24). GlnK responds to nitrogen status by its 

reversible uridylylation. This post-translational modification is aided by the bifunctional 

reversible uridyltransferase, GlnD. The GlnK signaling cascade is integrated into broader 

nitrogen metabolism since the addition or removal of uridylyl groups to or from each GlnK 

monomer by the GlnD enzyme, is dependent on the availability of fixed nitrogen signaled by 

intracellular Glutamine levels. Glutamine and 2-oxoglutarate are important intermediate 

metabolites in the coupled nitrogen assimilation reaction driven by glutamine synthetase (GS) 

and glutamate synthase (GOGAT). In this enzymatic scheme, the TCA cycle intermediate 2-

oxoglutarate provides the carbon backbone for the reductive transamination of glutamine 

catalyzed by glutamate synthase, yielding one molecule of glutamate as the net product (van 

Heeswijk, Westerhoff, and Boogerd, 2013). In A. vinelandii, the coupled glutamine synthetase-
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glutamate synthase pathway is the main route for ammonia assimilation because glutamate 

dehydrogenase is not encoded within the genome of this organism (Kleiner and Kleinschmidt, 

1976; Kleinschmidt and Kleiner, 1978). In certain other organisms, ammonia can be assimilated 

by an NADH-dependent condensation of ammonia and 2-oxoglutarate to form glutamate.  

In addition to its direct role in controlling NifA activity (see Figures 24D & 25), GlnK 

also indirectly regulates the activity of glutamine synthetase. In this role, GlnK modulates the 

activity of the bifunctional adenyltransferase GlnE that can either attach or remove adenylyl 

groups to or from glutamine synthetase (Figure 24). Under low ammonia availability, GlnK-

UMP activates the adenylyl removal activity of GlnE to activate glutamine synthetase allowing 

ammonia assimilation (van Heeswijk, Westerhoff, and Boogerd, 2013). In this form, GlnK-UMP 

is unable to stimulate inhibition of NifL towards NifA via complex formation. In A. vinelandii, 

GlnK-UMP is a key regulatory component linking nitrogen fixation to NH3 assimilation, thereby 

ensuring that fixed nitrogen is readily incorporated into biomass and not released into the 

environment (Figure 24). Conversely, under conditions of high ammonia availability, 

unmodified GlnK can both stimulate inhibition of NifA via the formation of a ternary complex 

with NifL and inactivate glutamine synthetase by activating the adenylylation function of GlnE. 

Thus, the dual regulatory role of GlnK avoids potentially wasteful energy consumption in the 

reactions catalyzed by the glutamine synthetase and nitrogenase enzymes.  

The current regulatory model derived from in vivo and in vitro studies reveals a 

complicated hierarchy of integrated regulatory signals to control activation of genes associated 

with Mo-dependent nitrogenase by the NifL-NifA system (Figures 24 and 25). Under conditions 

of excess O2, the redox status of NifL can override the signals of nitrogen and carbon status. 

Likewise, excess nitrogen can override the metabolic signal of the carbon status when NifL is 
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fully reduced under limiting O2 conditions. Similarly, even if the concentration of O2 and 

ammonia are permissive to nitrogen fixation, but carbon is insufficient, NifA can still be 

inhibited by NifL in the absence of bound 2-oxoglutarate. A variant form of NifA, namely NifA-

E356K, can resist inhibition by GlnK bound NifL under conditions of nitrogen excess. 

Characterization of this variant demonstrated how carbon status signaling can restore some level 

of control over NifA activity. The altered activity of the variant protein leads to disruption of the 

original regulatory hierarchy, with carbon signaling overriding the other regulatory components. 

These findings emphasize the role of 2-oxoglutarate as a master signaling molecule of 

physiologically available carbon in modulating the NifL-NifA system in A. vinelandii. (Bueno 

Batista et al., 2021). The variant NifA also bypasses inhibition by NifL, leading to elevated 

expression of genes associated with Mo-dependent nitrogenase, thereby uncoupling nitrogen 

fixation and ammonia assimilation resulting in the extracellular release of excess ammonia. 

Interestingly, the regulation of the NifA variant remains dependent upon carbon levels signaled 

by 2-oxoglutarate, as it is still inhibited by NifL under conditions of poor carbon supply (Bueno 

Batista et al., 2021).   

 

9: Regulation of alternative nitrogenase gene expression 

The ability of A. vinelandii to express three nitrogenase isoenzymes having different metal 

specificities requires sensing mechanisms to detect the availability of Mo, V, and Fe. Relevant 

regulatory elements include transcriptional factors involved in the expression of Mo-dependent 

nitrogenase-associated genes, as already discussed, and metal-dependent regulation of the V- and 

Fe-only nitrogenases, encoded by vnf- and anf-genes, respectively (Figure 5). Transcriptional 

control of alternative nitrogenase gene expression in response to metal availability involves the 
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regulation of both the expression and activity of dedicated σ54-dependent activator homologs 

belonging to the bacterial enhancer-binding protein family having similar domain structures as 

NifA (Figure 25) (Joerger, Jacobson, and Bishop, 1989). VnfA1 is the master transcriptional 

activator for genes required for the biosynthesis and activity of V-nitrogenase, whereas AnfA is 

exclusively required to activate genes involved in the assembly and activity of Fe-only 

nitrogenase. The hierarchical regulatory network associated with these activators ensures that 

each nitrogenase isoenzyme is selectively expressed according to metal availability and catalytic 

efficiency (Figure 26). As the Mo-dependent enzyme is the most efficient nitrogenase in terms 

of electron allocation to N2 reduction, it is the preferred catalyst, but under Mo-deficient 

conditions, the V-dependent enzyme is preferred if V is available, and in the absence of both Mo 

and V, the Fe-only system is utilized. 

A. vinelandii is renowned for its ability to transport and accumulate Mo. The 

siderophores, protochelin and azotochelin scavenge molybdate from the environment (Bellenger 

et al., 2008; McRose et al., 2017), which is transported across the cytoplasmic membrane by 

high-affinity ABC transporters. Notably, A. vinelandii encodes three homologous modABC 

transport systems (Figure 5), emphasizing the importance of intracellular Mo accumulation to 

support nitrogen fixation. Two of these systems, modA1- modB1-modC1 and modA3-modB3a-

modB3b-modC3 are adjacent on the genome, whereas the modA2-modB2-modC3 operon is 

located near the nif structural gene cluster (Figure 5). The modG gene, which is co-transcribed 

with modC3, encodes a trimeric protein that binds 8 atoms of Mo (Pau and Lawson, 2002). 

Although ModG has been proposed to have an important role in Mo homeostasis, its exact 

function is unknown (Mouncey, Mitchenall, and Pau, 1995). In addition, the accumulation of Mo 

in A. vinelandii is facilitated by a Mo storage protein encoded by mosA, mosB (Figure 5) that 
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utilizes ATP hydrolysis to garner up to 120 Mo atoms per hexamer, resulting in an intracellular 

Mo concentration of up to 2.5 mM (Fenske et al., 2005; Navarro-Rodríguez, Buesa, and Rubio, 

2019). Expression of the modA1-modB1-modC1 operon is regulated by the adjacent modE1 gene, 

encoding a transcriptional regulator that binds to its DNA targets under Mo-replete conditions. 

The binding of Mo to the Mop domain of ModE1 induces a conformational change that promotes 

dimerization and increases the affinity of ModE1 for its specific DNA binding sequences 

(reviewed in Hernandez, George, and Rubio, 2009). As anticipated, non-polar modE1 mutations 

result in constitutive expression of the modA1-modB1-modC1 operon. Surprisingly, however, 

instead of enhancing high-affinity Mo transport, disruption of modE1 significantly decreases A. 

vinelandii Mo uptake, suggesting that ModE1 has unknown roles in regulating Mo transport 

(Mouncey, Mitchenall, and Pau, 1996). This possibility is consistent with the tungsten (W) 

tolerant phenotype of modE1 disruptions, implying that W transport is also disfavored in the 

absence of ModE1 (Pérez-González et al., 2021). W is a powerful inhibitor of Mo-dependent 

nitrogenase activation and is accumulated using the various Mo acquisition components.  

The expression of the master transcriptional regulators for the alternative nitrogenases, 

vnfA1 and anfA, is highly repressed in the presence of molybdenum (Hamilton et al., 2011). 

Furthermore, ModE1 inactivation has only relatively minor effects in relieving repression of 

either the vnfU-vnfA1 transcription unit or anfA transcription in response to Mo availability 

(Premakumar et al., 1998). Current results suggest that both ModE1 and ModE2 are competent 

to repress vnfU-vnfA1 and anfA transcription and hence are functionally redundant in terms of 

preventing expression of the alternative nitrogenase transcriptional activators when Mo is 

available (Figure 26). A similar situation occurs in other diazotrophic proteobacteria, in which 

two ModE homologs can functionally substitute for each other and independently repress the 
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expression of the transcriptional activators for alternative nitrogenases in response to Mo 

availability (Demtröder, Narberhaus, and Masepohl, 2019; Wiethaus et al., 2006). 

The two ModE homologs are the only known regulators of the vnfUA transcription unit, 

and under Mo-deficient and nitrogen-limiting conditions, transcription of this operon is enhanced 

regardless of vanadium availability. Hence, VnfU and VnfA1 are expressed in the presence or 

absence of V. However, little is known about the regulation of VnfA1 activity itself. Like NifA, 

both VnfA1 and AnfA contain N-terminal GAF domains postulated to regulate the catalytic 

activity of their AAA+ domains in driving open promoter complex formation by σ54 RNA 

polymerase (Figure 25). In contrast to NifA, the GAF domains of these alternative activators 

contain conserved cysteine residues indicative of a role in redox or metal sensing. These cysteine 

residues are critical for the functionality of VnfA1 and AnfA (Nakajima et al., 2010; 

Premakumar, Loveless, and Bishop, 1994). Cluster reconstitution experiments indicate the 

presence of a [3Fe-4S] cluster in the GAF domain of VnfA1 when the protein is heterologously 

expressed and isolated from E. coli. However, in vivo activity measurements in the heterologous 

host do not suggest a major role for the GAF domain in regulating activity, except under 

conditions of oxidative stress (Nakajima et al., 2010; Yoshimitsu et al., 2011). Perhaps, factors 

required for the appropriate assembly of a metal center or Fe-S cluster in the GAF domain are 

not present in E. coli. For example, VnfU, which is a homolog of the C-terminal domain of NifU 

could be involved in VnfA1 Fe-S cluster insertion, a possibility supported by the adjacent 

position and co-transcription of their corresponding genes.  

VnfA1 activates transcription of the σ54 -dependent promoters for the vnfHDGK genes 

encoding V-nitrogenase catalytic components and the vnfENX genes encoding the FeV-co 

maturation scaffold. It binds to upstream enhancer sites with the consensus GTAC-N6-GTAC 
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(purple dots in gene organization scheme shown in Figure 5). It is not yet clear if the genes 

located downstream of vnfDGK, which include the vod genes involved in V uptake, are part of 

the same operon or can be expressed independently utilizing a separate promoter. Notably, these 

downstream genes are more highly expressed under Fe-only conditions than the vnfDGK operon, 

which is significantly downregulated in the absence of V (Hamilton et al., 2011). An additional 

complication to understanding V-dependent regulation of the alternative nitrogenases arises from 

the presence of two paralogs of VnfA1 encoded in the A. vinelandii genome. The vnfA2 gene is 

located close to modE2, whereas vnfA3 is co-expressed in an operon with vnfZ, encoding a 

potential V-binding protein. Both paralogous activator genes are more highly expressed under V- 

and Fe-only nitrogenase-dependent growth conditions than when grown in the presence of Mo 

and are expressed from σ54 promoters activated by VnfA1 (Appia-Ayme et al 2022). Both 

VnfA2 and VnfA3 contain conserved cysteines associated with their N-terminal GAF domains at 

equivalent positions to those in VnfA1 and have highly similar recognition sequences in their 

DNA binding domains, suggesting that they may recognize the same enhancer sequences 

(Figure 25). Indeed ChIP-Seq analysis has revealed that VnfA1 and VnfA3 bind to exactly the 

same target sites in the A.vinelandii genome and that a subset of promoters require both VnfA1 

and VnfA3 to co-activate transcription, potentially through the formation of hetero-hexamers. 

Co-activation of this promoter subset by VnfA1 in combination with VnfA3 is dependent on the 

accessory protein VnfZ and occurs in the  absence of vanadium, demonstrating the involvement 

of VnfA paralogs in the regulation of gene expression under Fe-only conditions (Appia-Ayme et 

al 2022).      
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In addition to its role in activating genes required for the biosynthesis and function of V-

dependent nitrogenase, VnfA1 also plays a role in negative regulation of the structural operons 

for the Mo-dependent and Fe-only nitrogenases in response to V (Joerger, Jacobson, and Bishop, 

1989; Walmsley, Toukdarian, and Kennedy, 1994; Appia-Ayme et al., 2022) (Figure 26). 

Disruption of vnfA1 results in increased expression of the nifHDK operon and increased 

expression of anfA, resulting in the expression of the Fe-only nitrogenase in the presence of V. 

VnfA1, therefore, represses synthesis of the Fe-only nitrogenase under vanadium replete 

conditions. The mechanism of VnfA1 repression is not understood as there are no apparent VnfA 

binding sites in either the nifH or the anfA promoter regions. Potentially this negative regulation 

could be indirect or could result from negative control of the activity of the cognate regulators by 

VnfA1. It is also not understood how V influences the activity of VnfA1 to affect this negative 

regulation.  

Repression of anfA gene transcription by ModE1 and ModE2 occurs in the presence of 

Mo and the negative regulation exerted by VnfA1 on anf gene expression explains why the 

synthesis of Fe-only nitrogenase is prevented in the presence of V. However, another level of 

control is exerted upon the activity of AnfA itself because transcriptional activation by AnfA 

requires NifH, the Mo-dependent nitrogenase Fe protein (Joerger, Wolfinger, and Bishop, 1991) 

(Figure 26). The role of NifH in the activation of AnfA is unclear, and it is not yet known if 

activation by NifH is regulated in response to metal availability. However, a truncated version of 

AnfA, lacking the N-terminal regulatory GAF domain, relieves NifH dependency in E. coli, 

invoking a model whereby in the absence of NifH, the GAF domain represses the activity of the 

catalytic AAA+ domain of AnfA (Frise, Green, and Drummond, 1994). According to this model, 

NifH might provide a reductase function enabling maturation or reduction of a metal cluster in 
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the GAF domain, resulting in a conformational change that removes intramolecular repression of 

the catalytic domain to activate AnfA.  

Further complexity in the regulation of  Fe-only nitrogenase gene expression has been 

uncovered by the finding that the anfH promoter also contains binding sites for VnfA1/VnfA3 

and these paralogs, in combination with VnfZ contribute to activation of anfH transcription in 

Fe-only conditions (Figure 26). Co-IP analysis in A.vinelandii indicates that VnfZ only interacts 

with VnfA3/VnfA1 in the absence of vanadium and since anfH transcription is ablated in a vnfZ 

deletion mutant, it seems likely that VnfZ  facilitates co-activation by VnfA3/VnfA1 in Fe only 

conditions (Appia-Ayme et al 2022). Since VnfZ is a homolog of VodA, the periplasmic binding 

protein of a putative ABC transporter for vanadate, but lacks the corresponding N-terminal signal 

sequence, it is possible that VnfZ is a cytoplasmic regulator that binds vanadium.  

10: Electron Transfer and Respiratory Protection 

Large amounts of energy in the form of MgATP and low-potential electrons are required to 

sustain biological nitrogen fixation. Moreover, nitrogenase catalytic components, as well as 

certain proteins involved in metallocluster formation and trafficking, are readily inactivated by 

oxidative damage of their associated metalloclusters. Thus, as an obligately aerobic diazotrophic 

bacterium, A. vinelandii uses the respiratory electron transport chain to sustain both intermediary 

metabolism and protection of nitrogenase from O2 inactivation, while also supplying the low-

potential reducing equivalents necessary to support nitrogenase catalysis (Alleman, Mus, and 

Peters, 2021; Setubal et al., 2009). A complex electron transport chain consisting of several 

branches, including multiple dehydrogenases and terminal oxidases, is involved in these 

processes. In this way, demands imposed by nitrogen fixation are integrated with intermediary 

metabolism. Such integration involves the portioning of electrons supplied by NADH through 
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three pathway types. These include a fully coupled electron transport chain to maximize ATP 

production, a partially coupled electron transport chain to maximize O2 consumption and 

pathways for the reduction of low-potential electron carriers that supply reducing equivalents for 

nitrogenase catalysis. The genes encoding various respiratory components involved in supporting 

intermediary metabolism and the supply of electrons to support nitrogenase catalysis, as well as a 

description of the function of their products, are summarized in Tables S1 and S2.  

Extensive branching at the level of the primary dehydrogenases allows oxidation of 

various substrates having widely differing redox potentials. Electrons enter the respiratory chain 

from NADH, NADPH, succinate, or malate and then subsequently enter the quinone pool 

(Oelze, 2000). NADH constitutes the major electron carrier that feeds the electron transport 

chain, via complex I and complex II, respectively (Figure 27). The A. vinelandii genome 

encodes four NADH-ubiquinone oxidoreductases. One of these is an ATP-coupled NADH 

oxidoreductase encoded by the nuo gene cluster (NDHI), and the others are ATP-uncoupled 

NADH-ubiquinone oxidoreductases. The latter includes a ndhII encoded NADH dehydrogenase 

II (NDHII) and membrane-associated cation-translocating NADH dehydrogenases, respectively 

encoded by the nqr and sha genes. The NDHI complex is comprised of at least thirteen subunits 

and promotes the oxidation of NADH through the reduction of Q to QH2 in a reaction coupled 

with proton transfer across the membrane. Unlike NDHI that does not oxidize NADPH, NDHII 

can oxidize both NADH and NADPH, although the affinity for NADPH is very low (Bertsova, 

Bogachev, and Skulachev, 2001). Expression of NDHII only occurs when A. vinelandii is 

cultured diazotrophically under high O2 concentrations (Bertsova, Bogachev, and Skulachev, 

2001). The sodium translocating NADH dehydrogenases have six subunits each and oxidize 

NADH, transferring 2 electrons to ubiquinone and pumping out 2 sodium ions (Fadeeva et al., 
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2007). Although there is no association between NDHI or the nqr and sha encoded membrane-

associated cation-translocating NADH dehydrogenases with nitrogen fixation, NDHII is known 

to be important to sustain aerobic nitrogen fixation (Bertsova, Bogachev, and Skulachev, 2001; 

Hamilton et al., 2011). Subsequent ubiquinol-oxygen oxido-reduction occurs through either a 

two-step pathway, via cytochrome c reductase (Cyt bc1 or complex III) followed by a 

cytochrome terminal oxidase (Cyt o or complex IV), or in a one-step process, via a ubiquinol-

dependent cytochrome terminal oxidase. Five terminal oxidases are encoded within the A. 

vinelandii genome. These include two copies of cytochrome bd (designated CydAB I and 

CydAB II, respectively encoded by the cydAB1 and cydAB2 gene clusters), cytochrome c4/c5 

oxidase (Cyt c, encoded by cycA and cycB annotated as Cyt c4 and Cyt c5), Cyt o (encoded by the 

cox gene cluster) and cytochrome cbb3 oxidase (Cyt cbb3, encoded by the cco gene cluster), 

(Setubal et al., 2009). The CydAB I respiratory complex displays high O2 affinity (Kd(O2) = 0.5 

µM) and high O2 consumption rates and low energetic yield (Belevich et al., 2007). The 

expression of this cytochrome increases and is apparently essential when A. vinelandii is cultured 

under conditions of diazotrophic growth and high O2 (Kelly et al., 1990). In contrast to CydAB I, 

the Cyt o is dispensable for sustaining aerobic diazotrophic growth in A. vinelandii (Leung et al., 

1994). 

A. vinelandii tightly regulates O2 consumption rates as a function of the culture 

conditions in response to the availability of fixed nitrogen and O2 (Drozd, 1978; Post, Kleiner, 

and Oelze, 1983) by using different paths within the electron transport system. These include 

both a proton-coupled branch and a partially coupled branch. The proton-coupled branch is 

comprised of NDHI and the Cyt bc1 complex, cytochrome c4/c5, and Cyt o or Cyt cbb3 oxidases, 

whereas the partially coupled branch is comprised of NDHII and CydAB I (Bertsova, Bogachev, 
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and Skulachev, 1998). The activity of the partially coupled branch has been associated with a 

process known as “respiratory protection,” an important molecular mechanism for protecting 

nitrogenase from O2 damage in A. vinelandii (Haaker and Veeger, 1976; Jones et al., 1973; Poole 

and Hill, 1997). Respiratory protection involves maintaining high respiration rates when 

diazotrophically growing cells are exposed to high O2 concentrations, thereby maintaining low 

intracellular O2 concentrations (Bertsova, Bogachev, and Skulachev, 1998; Kuhla and Oelze, 

1988). The expression of the cydAB1 and ndhII genes, encoding the corresponding respiratory 

chain components, is regulated at the transcriptional level by CydR (Bertsova, Bogachev, and 

Skulachev, 2001; Wu et al., 1997). An Fe-S cluster bound form of CydR is the active form of the 

repressor. Oxidative damage of the CydR associated Fe-S cluster, therefore, activates expression 

of cydAB1 under conditions of high O2. 

Oxygen consumption by the terminal oxidases is not the only factor responsible for O2 

protection of nitrogenase in A. vinelandii. A recent study has indicated that the nafU gene 

product could be involved in cell membrane remodeling such that the capacity for diffusion of 

O2 into nitrogen-fixing cells is lowered (Takimoto et al., 2022). Also, a [2Fe-2S] cluster-

containing protein encoded by nafO, designated FeSII or the Shethna protein, forms a protective 

complex with nitrogenase when the enzyme is challenged by an O2 shock (Moshiri et al., 1994; 

Schlesier et al., 2016). Cellular ATP levels also contribute to the protection of nitrogenase 

against O2 damage (Linkerhagner and Oelze, 1997) by influencing the dissociation rate constant 

of the nitrogenase components. The most O2 sensitive cluster in a nitrogenase catalytic unit is the 

surface located Fe protein [4Fe-4S] cluster which is sequestered from O2 damage when the Fe 

protein and MoFe protein are complexed together. Two sets of ATP synthase machineries are 

located within the A. vinelandii genome (Table S2).  
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In addition to MgATP, nitrogenase catalysis requires a source of low-potential reducing 

equivalents. For in vitro nitrogenase assays, dithionite is commonly used as a source of reducing 

equivalents. In vivo, small redox-active proteins, a [4Fe-4S] cluster containing ferredoxin (Fd) or 

flavodoxin (Fld), serve as the direct physiological electron donors to nitrogenase. Reduction of 

Fd and Fld in A. vinelandii is catalyzed by two enzyme complexes designated Rnf1 and Fix 

(Figures 27 & 28). Both complexes couple the oxidation of NADH to the reduction of Fd or Fld 

by using distinct mechanisms. Rnf1 couples the endergonic electron transfer from NADH to 

reduce Fd or Fld using exergonic transport of ions/protons by proton motive force (Jeong and 

Jouanneau, 2000; Schmehl et al., 1993). A. vinelandii contains two differentially regulated rnf 

gene clusters. The rnf1 genes are located within the minor nitrogen fixation gene cluster (see (B) 

in Figure 5), and their expression is increased under nitrogen-fixing conditions via NifA 

regulation, whereas the rnf2 genes are constitutively expressed and unaffected by nitrogen status 

(Curatti et al., 2005; Hamilton et al., 2011). Inactivation of Rnf1 results in an extended growth 

lag when transitioning to diazotrophic growth but displays steady state diazotrophic growth rates 

comparable to wild type A. vinelandii (Curatti et al., 2005). Fd or Fld can also be reduced by an 

enzyme complex designated Fix. The Fix complex overcomes the energy barrier of Fd and Fld 

reduction by using flavin-based electron bifurcation, which couples the exergonic reduction of 

quinone with the endergonic reduction of Fd and Fld (Herrmann et al., 2008; Ledbetter et al., 

2017). In A. vinelandii, inactivation of either Rnf1 or Fix has only a limited effect on 

diazotrophic growth. However, inactivation of Rnf1 and Fix in combination eliminates the 

capacity for diazotrophic growth (Ledbetter et al., 2017). Although the two systems have some 

functional redundancy, as already noted, Rnf1 harnesses free energy by using proton motive 

force for Fd or Fld reduction, whereas Fix effectively couples the endergonic reduction of Fd or 
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Fld with the highly exergonic reduction of quinone. Despite some functional redundancy, gene 

expression and physiological analyses have indicated distinct roles for Rnf1 and Fix under 

different growth conditions (Alleman, Mus, and Peters, 2021; Hamilton et al., 2011). Namely, 

Fix is the favored route for electron transport to support nitrogenase catalysis under O2-limited 

conditions or when extra energy is required to sustain nitrogen fixation. In this system, 

bifurcation of electrons to quinol supplements ATP production while still enabling the reduction 

of Fd and Fld, thereby maximizing energy production necessary to sustain nitrogen fixation. In 

contrast, Rnf1 is favored to support nitrogenase catalysis under substrate and O2 excess because 

its mechanism consumes proton motive force that helps balance ATP production and O2 

consumption. Thus, intrinsic physiological selection of either Fix or Rnf1 to support nitrogen 

fixation represents an elegant mechanism to enable rapid response to fluctuating environmental 

conditions. 

 

11: Summary & Outlook. 

Immense progress has been made towards understanding genetic, mechanistic, and regulatory 

factors that enable diazotrophy. Many fundamental principles associated with biological nitrogen 

fixation have been uncovered from studies performed using A. vinelandii as a model organism. 

In recent years common features associated with nitrogen fixation by A. vinelandii and several 

other diazotrophs have been used in genomic analyses to expand the inventory and taxonomic 

distribution of diazotrophic species. Likewise, computational analyses of sequenced genomes 

have led to a better understanding of components required for nitrogen fixation across a variety 

of physiological conditions and environmental niches. A. vinelandii continues to be a preferred 

model diazotrophic organism for exploration of outstanding questions concerning the 
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mechanistic details and structural features that promote common and distinct reactivities of the 

nitrogenase isozymes. Aspects of the biochemical assembly of both simple and complex Fe-S 

clusters, originally discovered in the analysis of nitrogen fixation by A. vinelandii, remains an 

important topic in contemporary metallobiochemistry. Furthermore, environmental, nutritional, 

and physiological factors controlling the expression and activity of critical components 

associated with nitrogen fixation constitute areas of interest that remain to be fully explored.  

Insights gained from such studies are likely to have direct application in efforts to 

develop new strategies for ammonia production to improve crop productivity. For example, a 

complete understanding of the biochemical mechanism for N2 reduction could guide synthetic 

chemical strategies for the development of novel catalysts for anthropogenic ammonia synthesis, 

having improved reactivities and lower energetic costs. The study of biological nitrogen fixation, 

specifically the research on A. vinelandii, has inspired efforts toward the development of 

artificial nitrogen fixation processes. Notably, structural, and mechanistic investigations of 

nitrogenase have guided the synthesis of metal complexes displaying reactivity towards 

dinitrogen and have recently been reviewed in the literature (Chalkley, Drover, and Peters, 

2020). While meaningful progress has been made in this area, artificial systems display a low 

turnover number and require conditions far distinct from the biological process.  Thus, the 

bottleneck in these processes remains their catalytic inefficiency which has, so far, denied their 

application as more environmentally friendly options to synthetic fertilizers.  

Characterization of components involved in the synthesis and activation of the 

nitrogenase isozymes is also providing a road map for genetic engineering efforts aimed at 

extending the capacity for nitrogen fixation to cereal crops. The approach is incrementally 

proving successful as NifH and NifB proteins have been expressed in active form in the 
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mitochondria of transgenic rice plants (Baysal et al., 2022; He et al. 2022). The ability to 

circumvent complex regulatory networks also offers an opportunity to optimize ammonia 

secretion from diazotrophs for their potential application as biofertilizers.  

Current soil management practices involving application of industrially produced 

fertilizers impose high agronomic, economic, and environmental costs that cannot be sustained. 

The application of fertilizers produced by the Haber-Bosch process for increased crop production 

accounts for 1-2% of the total global energy use worldwide (Smith, Hill, and Torrente-Murciano, 

2020; Townsend and Howarth, 2010). Furthermore, indiscriminate application of ammonia 

fertilizer continues to grow and is expected to double by 2050. Only a fraction of nitrogen 

fertilizers applied to soils is assimilated to increase crop productivity, with the excess causing 

eutrophication of nearby watersheds. Furthermore, oxidation of ammonia through nitrification 

and denitrification pathways results in the formation of nitrous oxide (N2O), a long-lived potent 

greenhouse gas that is able to react with the ozone layer, thereby contributing to global warming 

(Zhang, Ward, and Sigman, 2020). Such penalties associated with current agronomic practices 

underscore the importance of understanding and ultimately exploiting the principles of this 

biological process to achieve a more deliberate and efficient way to maximize crop productivity.   

 

Supporting Information. 

Table S1 – Description of A. vinelandii genes and products involved in nitrogen fixation 

Table S2 – Description of A. vinelandii genes involved in respiration 
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Figure Legends 

Figure 1 Schematic representation of three major pathways for the input of fixed nitrogen 

into the biosphere. It has been estimated that the Haber-Bosch process contributes 

approximately 65% of fixed nitrogen input to the biosphere, biological nitrogen fixation 32%, 

and lightning about 3% (Galloway, Bleeker, and Erisman, 2021; Smil, 2000). Note that these 

figures only account for the terrestrial contribution provided by biological nitrogen fixation. The 

Haber-Bosch industrial process requires extraordinarily high temperature and pressure, whereas 

biological nitrogen fixation occurs at ambient temperature and pressure. The Haber-Bosch 

process has made an enormous impact on humanity and has been the major driver for sustained 

population growth for the past 100 years (Smith, Hill, and Torrente-Murciano, 2020; Townsend 

and Howarth, 2010). Without the application of nitrogenous fertilizers produced by the Haber-

Bosch process to increase crop productivity, it is estimated that 3.5 billion people representing 

nearly 40% of the world’s existing human population, could not be sustained. Nevertheless, there 

are numerous unfavorable ecological, agronomic, and economic consequences associated with 

the Haber-Bosch process. The process consumes approximately 2% of the world's non-

renewable energy supply and contributes about 1.6% of worldwide emissions of the greenhouse 

gas CO2. An additional contribution to global warming associated with the industrial process is 

the production of the powerful greenhouse gas N2O resulting from microbial denitrification of 

applied nitrogenous fertilizers (Zhang, Ward, and Sigman, 2020). It is notable that N2O has 300 

times the global warming power relative to CO2 emissions, and it is estimated that ¾ of N2O 

emission levels are attributed to the use of fertilizers in agriculture. Eutrophication of watersheds 

because of run-off of applied fertilizers, as well as costs associated with fertilizer transport and 

application, are also penalties associated with industrial nitrogen fixation (Erisman et al., 2013). 
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There have also been unfavorable social and geopolitical consequences linked to the rapid 

growth in the human population because of industrial nitrogen fixation.   

 

Figure 2. Standard Gibbs free energy change (ΔGo) for intermediates in the N2 reduction 

pathway. The overall reduction of nitrogen to ammonia is an exothermic process 

(thermodynamically favored). The energetically limiting step in the overall reaction is the 

endergonic activation of N2 to form diazene (HN=NH). The catalytic function of nitrogenase in 

the reduction of N2 is to lower the activation energy of the reactants by stabilizing the transition 

state (Seefeldt et al., 2013).  

 

Figure 3. Micrographs of A. vinelandii cells. (A) Scanning- and (B)-transmission-electron 

micrographs are from the laboratory strain designated DJ. A. vinelandii DJ (Setubal et al., 2009), 

which is a high frequency genetically transformable strain derived from A. vinelandii OP (Bush 

and Wilson, 1959), a non-gummy strain deficient in the formation of exopolysaccharides and 

unable to form cysts. The original A. vinelandii type strain, from which strain OP was derived, 

was isolated from Vineland, New Jersey soil samples in 1903 (Lipman, 1903). It is an obligately 

aerobic gammaproteobacteria closely related to the Pseudomonas (Setubal et al., 2009). Other 

commonly used A. vinelandii strains, for example, strains UW and CA, were also derived from 

the OP strain. Membrane invaginations that include respiratory complexes can be recognized at 

the cell periphery and polyhydroxybutyrate granules appear as bright spots within the 

transmission electron micrograph. Electron micrographs courtesy of Sandy Hancock, Virginia 

Tech. Color version of this figure is available online. 
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Figure 4 Two-dimensional gel electrophoretic profile of total proteins from 

diazotrophically grown A. vinelandii. The horizontal dimension represents separation by 

isoelectric focusing and the vertical dimension represents separation based on size. Notice the 

relative abundance of proteins representing the two Mo-dependent nitrogenase catalytic 

components. Fe protein is designated by an H (product of nifH), and the α- and β-subunits of the 

MoFe protein are respectively indicated as D (product of nifD) and K (product of nifK). When 

cultured under nitrogen fixing conditions, accumulation of nitrogenase components is abundant, 

comprising as much as 10% of the total protein cellular pool (Jacobs, Mitchell, and Watt, 1995; 

Zheng and Dos Santos, 2018).  

 

Figure 5. Identity and genomic arrangement of A. vinelandii genes associated with nitrogen 

fixation. Individual gene cluster regions are alphabetized with their corresponding genomic 

locations indicated within parentheses and by the circular chromosome map. The exact 

chromosomal locations of all genes included in the figure, as well as the known, proposed, or 

predicted characteristics of their corresponding products are provided in Table S1. The PDB IDs 

of known or related structures of certain gene products are also included in Table S1. The basis 

for gene designations used in the figure is described in the text. Arrows indicate identified 

transcriptional units and, where indicated, color-coded dots denote transcription start sites 

controlled by associated trans-acting regulatory proteins shown on the right side of the bottom 

panel. Color version of this figure is available online. 

 

Figure 6. Surface structure of the docked catalytic units of the Mo-dependent nitrogenase 

and commonly used nomenclatures. The designations Fe protein and MoFe protein reflect the 
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metal composition of the cofactors associated with the two catalytic partners (see Figure 7). The 

nomenclature NifH (or NifH2) and NifDK (or NifD2K2) is based on the corresponding genes that 

respectively encode the Fe protein (nifH) and the MoFe protein (nifDK). Subscripts are 

sometimes used to indicate subunit organizations. Component I and Component II refer to their 

order of elution during ion-exchange chromatography (Bulen and LeComte, 1966). 

Dinitrogenase reductase and dinitrogenase is a nomenclature used to indicate that during 

catalysis Fe protein is a reductase that delivers electrons to the MoFe protein, which harbors the 

site for N2 reduction (Emerich, Hageman, and Burris, 1981). Av1 and Av2 respectively 

correspond to MoFe protein (Component I) and Fe protein (Component II) and is a convenient 

nomenclature used to distinguish nitrogenase components from different organisms. For 

example, Av2 and Cp2 respectively correspond to Fe protein from A. vinelandii and Clostridium 

pasteurianum (Emerich, Ljones, and Burris, 1978). PDB file used to generate the figure include 

1G21 (Chiu et al., 2001). Color version of this figure is available online. 

 

Figure 7. Ribbon representations of an Fe protein and MoFe protein catalytic unit 

highlighting the nucleotide binding sites and associated metalloclusters. The Fe protein 

homodimer is shown on the left in light pink. It contains one nucleotide binding site in each 

subunit and a single [4Fe-4S] cluster bridged between the subunits.  The α- and β-subunits of a 

MoFe protein heterodimeric unit is shown on the right in light brown and light green. The P-

cluster designation refers to the fact that it cannot be extracted intact from the MoFe protein and 

is therefore obligately Protein- or "P"-bound (Zimmermann et al., 1978). FeMo-cofactor (or 

FeMo-co) can be extracted intact from the MoFe protein using chaotropic solvents and is named 

on the basis that it contains both Fe and Mo (Shah and Brill, 1981). "M-cluster" or "M-center" 
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are also common designations for FeMo-cofactor found in the literature (Zimmermann et al., 

1978). These nomenclatures are derived from the fact that FeMo-cofactor contained in the as-

isolated resting state of MoFe protein exhibits a characteristic electron paramagnetic 

spectroscopic signature. Metal-containing cofactor atoms are indicated as; rust (Fe), yellow (S), 

purple (Mo), red (O), and grey (C). PDB file used to generate the figure include 1G21 (Chiu et 

al., 2001). Color version of this figure is available online. 

 

Figure 8.  Examples of Mo-dependent nitrogenase catalyzed reactions. The ideal 

stoichiometry for N2 reduction catalyzed by Mo-dependent nitrogenase involves the consumption 

of eight electrons and eight protons. Each electron transfer event requires the hydrolysis of two 

MgATP. Six electrons/protons are necessary for protonation of N2 to yield two NH3. An 

additional two electrons/protons are required for the N2 activation step resulting in the obligate 

evolution of one H2 for each N2 reduced. N2 is the only known nitrogenase substrate that requires 

H2 evolution as an obligate aspect of substrate activation. In the absence of N2 or any other 

substrate, electrons are used for proton reduction resulting in hydrolysis of four MgATP for each 

H2 evolved. Acetylene (C2H2) is a non-physiological substrate that nitrogenase can reduce by 

two electrons to yield ethylene (C2H4), also requiring the hydrolysis of four MgATP.  

 

Figure 9. Fe protein cycle. (Step 1) Reduced and MgATP-bound Fe protein docks with the 

MoFe protein. (Step 2) Intra- and intermolecular electron transfer events result in oxidation of 

the Fe protein's [4Fe-4S]1+ cluster by one electron and reduction of the FeMo-cofactor resting 

state by an increment of one electron. These events are described by a proposed "deficit 

spending" model shown in Figure 10. (Step 3) MgATP is hydrolyzed. (Step 4) Pi release is 
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proposed to be the rate-limiting step in the cycle. (Step 5) Oxidized Fe protein dissociates from 

the MoFe protein. (Step 6) Fe protein is re-reduced by a flavodoxin in its fully reduced 

hydroquinone state or a ferredoxin by a reduced Fe-S cluster (not shown). Other redox-active 

species can also be utilized for reduction of the Fe protein. For example, dithionite is often used 

as an Fe protein reducing agent for in vitro assays. (Step 7) MgATP is exchanged for MgADP. 

MgATP-bound forms of Fe protein are indicated in pink and the MgADP bound forms are 

indicated in blue. Reduced species are indicated by a yellow halo. PDB files used to generate the 

figure include: 1G20 (Chiu et al., 2001), 2AFI (Tezcan et al., 2005), 5K9B (Segal et al., 2017), 

and 1FP6 (Jang, Seefeldt, and Peters, 2000). Color version of this figure is available online. 

 

Figure 10. Deficit spending model for intra- and inter-molecular electron transfer. In this 

model (Step 2 in Figure 9), docking of the Fe protein (shown in light pink) and MoFe protein 

(shown in light green and light orange) triggers a single intramolecular electron transfer from P-

cluster to FeMo-cofactor. The electron deficit within the P-cluster is then rapidly filled by 

intermolecular electron transfer from the reduced Fe protein [4Fe-4S]1+ cluster to the one-

electron oxidized P-cluster. For clarity, the size of metalloclusters is scaled up relative to their 

cognate proteins. In this model, MgATP hydrolysis is proposed to occur after the electron 

transfer events and release of Pi is the rate-limiting step. PDB file used to generate the figure 

include 1G20 (Chiu et al., 2001). 

 

Figure 11. MoFe protein cycle. (A) The resting state of the enzyme is indicated as E0. Each turn 

of the Fe protein cycle results in the progressive accumulation of one electron/proton within 

FeMo-cofactor, or a FeMo-cofactor-bound semi-reduced N2 intermediate, indicated as E1(H), 
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E2(2H), E3(3H) etc. The four electrons accumulated at the E4(4H) state are stored as two 

hydrides bridged between Fe sites located within FeMo-cofactor. (B) Once the enzyme reaches 

the E4(4H) state, N2 can be activated by reductive elimination resulting in an Fe-bound diazene 

or hydrazido species and evolution of one H2. The reductive elimination reaction can be reversed 

by oxidative addition of H2 and displacement of N2. None of the steps beyond the E4(N2H2) stage 

are known to be reversible. The nature of the proposed cofactor-bound semi-reduced 

intermediate species (end on, side on, bridging etc.) is not known. Although it is not clearly 

established whether steps following initial N2 binding at E4(H4) proceed through distal or 

alternating protonation of N atoms the sequence of NH3 release shown in (A) represents an 

alternating mechanism. In the absence of N2, or other substrates, H2 is evolved by protonolysis 

after two or more electrons have accumulated, thereby reversing the cycle by two steps. 

Similarly, once the enzyme has accumulated two or more electrons the artificial substrate 

acetylene (C2H2) can be reduced via hydride insertion to yield ethylene (C2H4), also reversing the 

cycle by two steps. Substrate activation by reductive elimination could be unique to N2 among all 

the known nitrogenase substrates. Color version of this figure is available online. 

 

Figure 12. Mo-dependent nitrogenase active site cofactor. (A) FeMo-cofactor contains the 

7Fe-Mo-9S-C framework with homocitrate attached to the apical Mo-atom. (B) FeMo-cofactor is 

coordinated by two apical protein ligands α-Cys275 and α-His442. (C) View of FeMo-cofactor is 

shown down the long axis. Homocitrate and the amino acid ligands are removed for clarity and 

several amino acids (α-Gln191, α-His195, and α-Arg359) located within immediate proximity to the 

the FeMo-cofactor are shown. This view also highlights the three symmetrical Fe/S faces of 

FeMo-cofactor, one of which includes irons 2-3-6-7, which is approached by α-Val70. 
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Substitution of α-Val70 by an Ala or Ile, respectively increases or decreases the size of short-

chain alkynes (for example, acetylene, propyne, butyne) that can be reduced by the altered 

proteins (Dos Santos et al., 2007). (D & E) Crystallographically determined models of FeMo-

cofactor contained within MoFe protein inhibited by either low or high concentrations of the 

inhibitor CO. For (D) a single CO is bridged between Fe2 and Fe6 and for (E) one CO is bridged 

between Fe2 and Fe6 and an addition CO is bound end-on to Fe6. For both structures, the S 

bridging Fe2 and E6 has been displaced. In aggregate structural features of FeMo-cofactor 

contained in CO-inhibited enzyme, catalytic features associated with amino acid substitution 

studies, as well as biophysical analyses suggest a key role for Fe2 and Fe6 in substrate activation. 

PDB file used to generate the figure include 1M1N (Einsle et al., 2002). Color-coding of atoms 

is the same as in Figure 7. Color version of this figure is available online. 

 

Figure 13. Schematic representation of pathways for the assembly of simple [Fe-S] clusters. 

(A) Pathway for assembly of [Fe-S] clusters for the activation of general A. vinelandii cellular 

proteins that contain [Fe-S] clusters. CysE is a serine acetyltransferase that constitutes the rate-

limiting step in L-cysteine. IscS is a cysteine desulfurase, that delivers S for simple [Fe-S] cluster 

formation to IscU which provides a scaffold for [Fe-S] cluster formation. The physiological 

source of Fe for [Fe-S] cluster formation on the IscU scaffold is not known. Electrons required 

for the release of a NifS-bound persulfide for S delivery to the IscU scaffold are provided by a 

[2Fe-2S] cluster containing ferredoxin. After their formation on the IscU scaffold, [Fe-S] species 

are transferred to a variety of intermediate carrier proteins such, as NfuA, and IscA, involved in 

the delivery of [Fe-S] clusters to target proteins. Molecular chaperones, not shown in the figure, 

are involved in the delivery of [Fe-S] clusters from the IscU scaffold to intermediate carriers. (B) 
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The parallel A. vinelandii nitrogen fixation specific pathway for the formation of [Fe-S] cluster 

building blocks used for the maturation of nitrogenase components. Parallel functions are color-

coded. Note that based on primary structure comparisons and an AlphaFold (Jumper et al., 2021; 

Varadi et al., 2022) structural model NifU is a modular protein for which the scaffold, electron 

transfer, and intermediate carrier functions are fused within a single polypeptide. There are no 

chaperones known to participate in nitrogen fixation specific assembly of [Fe-S] cluster building 

blocks. (C) Summary of parallel features shown in (A) and (B). PDB files used to generate the 

figure: 1T3D (Pye et al., 2004), 3LVM (Shi et al., 2010), 2L4X (Kim et al., 2012), 1H7H 

(Kakuta et al., 2001), 2JNV (Saio et al., 2007), and 1S98 (Cupp-Vickery et al., 2004). Color 

version of this figure is available online. 

 

Figure 14. Activation of sulfur by NifS for [Fe-S] cluster assembly. Sulfur is mobilized by 

NifS for [Fe-S] cluster assembly using pyridoxal phosphate (PLP) chemistry. (1) Substrate L-

cysteine forms an adduct with PLP involving the displacement of the resting state NifS Lys202 

residue; (2) PLP-bound L-cysteine undergoes nucleophilic attack by the active site NifS Cys325 

residue to form a NifS bound persulfide species; (3) the NifS bound persulfide is transferred to 

the NifU scaffold in a process involving interaction between NifU and NifS, and NifS is returned 

to the resting state. Color version of this figure is available online. 

 

Figure 15. Schematic representation of a model for MoFe protein P-cluster formation. The 

P-cluster precursor is proposed to be comprised of two proximal [4Fe-4S] clusters, one contained 

in the α-subunit, and one contained within the β-subunit, with each respectively coordinated by 

three cysteines provided by each subunit. [4Fe-4S] clusters within proteins typically have four 
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coordinating ligands. Whether or not there is a fourth coordinating ligand for either of the P-cluster 

precursor [4Fe-4S] subclusters is not known. The subclusters are fused by a proposed reductive 

coupling process that requires a source of reducing equivalents, MgATP, and the Fe protein 

(NifH), resulting in the elimination of a single S atom. P-cluster maturation is assisted by three 

accessory proteins, NafH, NifW, and NifZ that sequentially and differentially interact with the 

immature MoFe protein in the sequence shown in the figure. NafH, NifW, and NifZ optimize P-

cluster formation but are not required. There is no evidence that these accessory proteins are 

involved in P-cluster formation for either the V-dependent or Fe-only nitrogenase. Color-coding 

of atoms is the same as indicated in Figure 7. Color version of this figure is available online. 

 

Figure 16. Assembly nodes involved in formation of FeMo-cofactor. The first node is 

provided by NifU, which provides a scaffold necessary for the formation of [4Fe-4S] cluster 

building blocks. The second node is provided by NifB, which provides a scaffold for the fusion 

of two [4Fe-4S] subclusters and incorporation of an interstitial carbide provide by S-adenosyl 

methionine to form an 8Fe-9S-C precursor to FeMo-cofactor designated NifB-co (also called L-

cluster by some investigators). A working model for NifB-co formation is described in Figure 

17. The third node is provided by the NifEN complex, which provides a scaffold that enables the 

replacement of an apical Fe atom by Mo and attachment of the organic constituent R-homocitrate 

to the Mo atom. Fe protein (NifH), MgATP, and electrons are required for the terminal assembly 

of FeMo-cofactor within the NifEN scaffold. NifV catalyzes R-homocitrate formation and a 

[3Fe-Mo-4S] cluster bound to NifQ is proposed to be the physiological source of Mo. Details of 

Mo insertion, and R-homocitrate attachment, at the atomic level are not known. Color-coding of 

atoms is the same as indicated in Figure 7. Color version of this figure is available online. 
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Figure 17. Plausible NifB-cofactor biosynthetic scheme that occurs on the NifB scaffold. A) 

Substrate K1 and K2 sub-clusters are reductively coupled to generate an [8Fe-8S] K-cluster. K-

cluster is a nomenclature used to indicate that it is a precursor to the L-cluster, which is an 

alternative nomenclature used to designate NifB-co. The next step involves a separate catalytic 

[4Fe-4S] cluster, designated as the RS-cluster, which promotes the transfer of a methyl group 

from the RS-cluster-bound S-Adenosyl Methionine (SAM) to the K-cluster μ2-sulfide ion. S-

Adenosyl Homocysteine (SAH) formed in this reaction is then exchanged by a second SAM 

molecule, which is reductively cleaved to produce the 5′-deoxyadenosyl radical. Formation of 

this radical leads to abstraction of one H atom from the methyl group, facilitating subsequent 

deprotonation events to generate carbide. These steps are followed by exchange of carbide with 

the μ6-sulfide ion, and incorporation of an additional μ2-sulfide ion to complete NifB-co 

synthesis. B) SAM and SAH structures highlighting the methyl group position in SAM (green 

shade). C) Relative positions of the catalytic RS-cluster and the K-cluster reaction intermediate 

on the reconstituted, dithionite-reduced structure of Methanotermobacter thermautotrophicus 

NifB (PDB 7B17, (Jenner et al., 2021). Analysis of crystallographic data shows the arrangement 

of the unique Fe site of the RS-cluster, indicated by a red arrow, and the μ2-sulfide ion of the K-

cluster, indicated by a yellow arrow, before methyl transfer. This structure lacks the SAM 

molecule that would bind to the unique Fe site. Color-coding of atoms is the same as indicated in 

Figure 7. Color version of this figure is available online. 

 

Figure 18. Common structural features between the MoFe protein and the NifEN scaffold. 

(A) Ribbons structure of an αβ- half of the MoFe protein tetramer poised for interaction with the 



103 
 

Fe protein. The location of the P-cluster and FeMo-cofactor have been determined 

crystallographically. The scheme shown is the same as presented in Figure 7. (B) Ribbons 

structure of an αβ-half of the NifEN tetramer also poised for interaction with the Fe protein. The 

location of the [4Fe-4S] cluster bridged between the NifE- and NifN-subunits subunits was 

determined crystallographically but the location of NifB-co, highlighted in yellow, was modeled 

into a plausible processing site. The presence of NifB-co at a possible NifB-co binding site 

located at the NifE surface near the docking surface is not shown. (C) Expanded view of the 

relative positions of the P-cluster and FeMo-cofactor within an αβ-unit of the MoFe protein 

shown in (A). (D) Expanded view of the relative positions of the [4Fe-4S] cluster and NifB-co 

located at a possible processing site within a NifEN unit. PDB files used to generate the figure 

include 1G21 (Chiu et al., 2001) and 3PDI (Kaiser et al., 2011). Color-coding of atoms is the 

same as indicated in Figure 7. Color version of this figure is available online. 

 

Figure 19. Common and differentiating features among the Mo-dependent, V-dependent, 

and Fe-only nitrogenases. (A) Catalytic components of the Mo-dependent nitrogenase poised 

for interaction and its associated FeMo-cofactor with iron positions Fe2 and Fe6 indicated. (B) 

Catalytic components of the V-dependent nitrogenase poised for interaction and its associated 

FeV-cofactor. (C) Catalytic components of the Fe-only nitrogenase poised for interaction and its 

associated FeFe-cofactor (Trncik et al., 2022). Differentiating features to note are the presence of 

δ-subunits (VnfG and AnfG, shown in blue) within the VnfDGK (VFe protein) and AnfDGK 

(FeFe protein) structures but not the NifDK (MoFe protein) structure. Also, the corresponding 

cofactors have Mo, V, or Fe as the apical metal that is attached to homocitrate. The FeV-cofactor 

has one of the bridging sulfides present in FeMo-cofactor and FeFe-cofactor replaced by a 
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carbonate. PDB files used to generate the figure include 1G21 (Chiu et al., 2001), 5N6Y (Sippel 

and Einsle, 2017) and 6Q93 (Rohde et al., 2018). Color-coding of atoms is the same as indicated 

in Figure 7. Vanadium is indicated as light purple. Color version of this figure is available 

online. 

  

Figure 20. Comparison of P-clusters and active site cofactors associated with the MoFe 

protein, VFe protein and FeFe protein highlighting similarities in the polypeptide 

environments. References to PDB ID files used to generate the figure can be found in Table S1. 

Color-coding of atoms is the same as indicated in Figure 7. Vanadium is indicated in light 

purple. The P-clusters of all three isoenzymes share the same architecture and are shown in the 

all-ferrous PN state. Upon one-electron reduction, a nearby, conserved serine becomes a new 

ligand. The three active-site cofactors are topologically equivalent, but in the FeV cofactor of 

vanadium nitrogenase one bridging sulfide is replaced by carbonate. Color version of this figure 

is available online. 

 

Figure 21. Comparison of pathways for the assembly of FeMo-cofactor, FeFe-cofactor, and 

FeV-cofactor. NifB-co is a common precursor and homocitrate, electrons, and MgATP are 

necessary for the formation of all three cofactors. Completion of FeMo-cofactor assembly occurs 

on the NifEN scaffold, which involves the replacement of an apical Fe by Mo and attachment of 

homocitrate in a process requiring nifH encoded Fe protein (NifH). FeV-cofactor formation 

follows a parallel path utilizing a VnfEN scaffold, analogous to the NifEN scaffold, with the 

proposed involvement of the vnfH encoded Fe protein (VnfH) for the insertion of V and 

attachment of homocitrate. Insertion of the proposed bridging carbonate constituent within FeV-
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cofactor is not known. Completion of FeFe-cofactor formation does not involve an intermediate 

assembly scaffold analogous to NifEN and VnfEN but is likely to require the anfH encoded Fe 

protein (AnfH) for homocitrate attachment. Color-coding of atoms is the same as indicated in 

Figure 7. Vanadium is indicated by light purple. Color version of this figure is available online. 

 

Figure 22. A common structural motif is predicted for members of the NifX family of 

proposed metallocluster carrier proteins. (A) Comparison of possible NifX-like metallocluster 

binding domains present within the NifX family of proteins. Arrows indicate the location of the 

N-terminal and C-terminal residue of the corresponding NifX-like domains. A structure for the 

NifX-like domain within NafY was determined by crystallography (Dyer et al., 2003), and 

structural predictions for the other NifX-like domains were obtained using AlphaFold software 

(Jumper et al., 2021; Varadi et al., 2022). B) Structure of the tethered N-terminal and C-terminal 

domains of NafY determined by NMR (Hernandez et al., 2011; Phillips et al., 2021). The relative 

orientation of the structural domains was obtained by superimposing the AlphaFold model of the 

entire NafY sequence with the reported structural domains. Color version of this figure is 

available online. 

 

Figure 23. Overview of A. vinelandii NifL and NifA domain organization and regulatory 

models dependent on different environmental signals. In (A) and (B) schematic 

representations of NifL and NifA domain organizations, respectively. Domains were drawn to 

scale based on boundaries delimited by InterPro (Blum et al., 2021), except for the H domain in 

NifL (A), which was manually annotated based on (Little et al., 2007). C) Regulatory model for 

the NifL-NifA system dependent on redox changes triggered by fluctuation in the oxygen levels. 
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Under excess oxygen conditions (C, left), the FAD cofactor in the NifL PAS1 domain is 

oxidized, allowing NifL to adopt an inhibitory conformation capable of forming a binary 

complex to inactivate NifA. Under limiting oxygen conditions (C, right), the FAD is fully 

protonated to its reduced form (FADH2). Reduction of the FAD cofactor triggers conformational 

changes in NifL prompting changes in its quaternary structure that prevents interaction with 

NifA, releasing its activity. In the reduced state, NifL can still inhibit NifA in response to the 

levels of nitrogen and carbon. (D) Regulatory model for the NifL-NifA system dependent on 

nitrogen and carbon signaling. Under nitrogen excess conditions (D, upper left NHigh), non-

uridylylated GlnK forms a ternary GlnK-NifL-NifA complex that inhibits NifA activity. Upon a 

shift to low nitrogen (D, upper right NLow) signaled by a decrease in the level of glutamine (Gln), 

GlnK is uridylylated (GlnK-UMP). Under optimal carbon supply, a reduction in Gln is 

accompanied by an increase in 2-oxoglutarate levels (2-OG). 2-OG binds the GAF domain of 

NifA, allowing complete dissociation of the ternary complex to release NifA activity. Under 

nitrogen excess conditions, the GlnK-NifL-NifA ternary complex is stable even if the GAF 

domain in NifA is saturated with 2-OG (D, bottom left). Under nitrogen limitation, if 2-OG is 

limiting (D, bottom right), an inhibitory binary complex between NifL and NifA can still be 

formed. Color version of this figure is available online. 

 

Figure 24. Model for integration of nitrogen metabolism in A. vinelandii. The main 

enzymatic reactions coupling nitrogen fixation (catalyzed by the nitrogenase complex) to its 

assimilation (catalyzed by the GS-GOGAT pathway) are represented at the top of the figure. 

Glutamine (Gln), an intermediate metabolite of the GS-GOGAT coupled reaction and a 

metabolic signal of nitrogen sufficiency, stimulates the uridylyl-removing (UR) activity of GlnD, 
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yielding non-modified (or non-uridylylated) GlnK. Non-uridylylated GlnK can form a ternary 

complex, GlnK-NifL-NifA, to inhibit NifA activity (top right). Non-uridylylated GlnK also 

stimulates the adenylyltransferase activity (ATase) of GlnE to inactivate the glutamine 

synthetase (GS) via adenylylation, to form GS-AMP (left). Upon reduction in the fixed nitrogen 

levels, the uridylyltransferase activity (UTase) of GlnD is stimulated, yielding 

modified/uridylylated GlnK (GlnK-UMP), which is no longer competent to stimulate NifL 

inhibition of NifA, provided that sufficient 2-oxoglutarate (2-OG) is available. GlnK-UMP also 

stimulates the adenylyl removal (AR) activity of GlnE, activating the GS enzyme (top left). In its 

active form, NifA triggers transcriptional activation at σ54 -dependent nif promoters, resulting in 

expression of genes required for Mo nitrogenase synthesis and activity (bottom). For simplicity 

only the structural genes are shown here. For further details, see main text and references therein. 

Color version of this figure is available online. 

 

Figure 25. Domain structures of σ54-dependent bacterial enhancer binding proteins that 

regulate expression of alternative nitrogenases, showing homologies between VnfA 

paralogs. Boundaries of the N-terminal region, regulatory GAF domain, the catalytic AAA+ σ54 

-RNA polymerase interaction domain and the C-terminal helix-turn-helix motif (H-T-H) in the 

DNA binding domain are indicated at the top of the figure. Domain boundaries were assigned by 

InterPro (Blum et al., 2021). The percentage identity between individual domains is shown and 

conserved cysteine residues located at the N-terminal region of each protein are highlighted in 

yellow. N-terminal and C-terminal regions of each protein are expanded below the domain 

diagrams to show the cysteine residue conservation and homology between the DNA recognition 

helices (C-terminal helix of the H-T-H motif), respectively. Residue numbers are indicated at the 
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right of each sequence. Protein sequences were derived from the original genome annotation 

reported in Setubal et al 2009. More recent annotations in the NCBI database result in truncation 

of the N-terminus of VnfA2 and consequent removal of one of the conserved cysteine residues. 

Color version of this figure is available online. 

 

Figure 26. Model for regulation of the alternative nitrogenases in response to metal 

availability. Under Mo replete conditions, ModE1 and ModE2 repress transcription of the 

vnfUA1 and anfA operons, preventing expression of VnfA1 and AnfA, and, consequently, 

expression of the V-dependent and Fe-only nitrogenases. In the absence of Mo and presence of 

V, VnfA1 activates expression of the vnf structural and biosynthesis genes, enabling expression 

of the V-dependent nitrogenase. In the presence of V, (but not in Fe-only conditions), VnfA1 

represses transcription of nifHDK, the structural genes for the Mo-dependent nitrogenase and 

also anfA, thus preventing expression of Fe-only nitrogenase. In the absence of Mo and V, AnfA 

is expressed and activated by NifH, enabling the expression of Fe-only nitrogenase. VnfA1 also 

activates expression of the vnfZ-vnfA3 operon. In Fe-only conditions, VnfZ forms a complex 

with VnfA3 permitting co-activation of the anfH promoter by VnfA1 and VnfA3. Other genes 

co-activated by VnfA1 and VnfA3 are not shown in this diagram. Positive gene activation (green 

arrows) is indicated by +V +Fe, when this occurs either in V excess or V-limiting conditions, 

and is indicated as +Fe, when activation only occurs in the absence of V. Negative gene 

regulation by VnfA1 (red arrows) only occurs in the presence of V and is indicated by +V.  

Colored dots in promoter regions indicate binding sites for regulatory proteins as indicated in 

Figure 5. Color version of this figure is available online. 
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Figure 27. Schematic representation of the electron transport chains in A. vinelandii. The 

electron transport system in A. vinelandii can use two pathways to achieve O2 reduction. The 

pathway coupled to ATP formation (fully coupled branch) begins with NDHI (complex I) or 

SDH (succinate dehydrogenase, complex II) leading to formation of ubiquinol (QH2) from 

oxidation of NADH and succinate, respectively. QH2 is subsequently oxidized by Cyt bc1 

(complex III). Reduced cytochrome c (Cyt c) then drives the reduction of oxygen to water by the 

terminal oxidase, Cyt o (complex IV). The partially coupled branch, also known as the 

respiratory protection pathway, consists of an uncoupled type II NADH dehydrogenase (NDHII) 

and terminal oxidase cytochrome bd (Cyd bd1 also known as CydAB I). Each branch 

translocates a different number of protons per electron. The uncoupled NDHII/CydAB I branch 

(highlighted in orange) promotes translocation of 4H+/O2 reduced, whereas the coupled 

NDHI/Cyt bc1/Cyt o branch (components illustrated in blue) generates 20H+/O2 reduced. Low-

potential reducing equivalents required for nitrogen reductions are provided through Fix and 

Rnf1 via the reduction of ferredoxin (Fd) and flavodoxin (Fld) from NADH (highlighted in 

green). A proton gradient generated through these complexes drives the synthesis of ATP by 

ATP-synthase (indicated in purple). PDB files used to generate the figure include 5NA1 (Sousa 

et al., 2017), 4HEA (Baradaran et al., 2013), 1NEK (Yankovskaya et al., 2003), 1ZRT (Berry et 

al., 2004), 1EHK (Soulimane et al., 2000), 1C52 (Than et al., 1997), 6OQW (Sobti et al., 2020), 

4P6V (Steuber et al., 2014), and 7KOE (Feng et al., 2021). For a more detailed description of 

Rnf1 and Fix, see the legend to Figure 28. Color version of this figure is available online. 

 

Figure 28. Schematic representations of Rnf1 and Fix complexes. Reduction of ferredoxin or 

flavodoxin (Fd/Fld) in A. vinelandii is catalyzed by two different electron complexes called Rnf1 
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and Fix. Both complexes oxidize NADH and reduce Fd/Fld through distinct mechanisms. Rnf 

couples the endergonic electron transfer from NADH to Fd/Fld to the exergonic transport of 

ions/protons with the proton motive force. Rnf1 complex reduces 2 Fd/Fld per NADH. Fix 

complex overcomes the energy barrier of Fd/Fld reduction by using flavin-based electron 

bifurcation, which couples the exergonic reduction of quinone with the endergonic reduction of 

Fd/Fld. Fix protein complex oxidizes two NADH to NAD+ while reducing one quinone to quinol 

and two Fd/Fld.  RnfB was modeled using Alphafold, and the assembled Rnf1 was sketched 

following the reported organization of the Rnf system (Hreha et al., 2015). PDB files used to 

generate the figure include 4P6V (Steuber et al., 2014), and 7KOE (Feng et al., 2021). Color 

version of this figure is available online. 
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