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Summary 
 

Nitrogen gas can only be biologically reduced to ammonia by diazotrophic microorganisms. 

Among these microbes, methanogens and anaerobic methanotrophic archaea represent the 

sole known archaeal diazotrophs, and they have been found to actively participate in nitrogen 

fixation within anaerobic environments such as marine and marsh sediments. The nitrogenase 

enzyme, catalysing the reduction, also serves as a model for developing effective and 

sustainable catalysts for industrial ammonia production in the Haber-Bosch process. 

However, numerous questions regarding the molecular mechanisms underlying this catalysis 

remain unanswered, and the structure of archaeal nitrogenases, proposed to be more ancient 

than bacterial, remains elusive.  

In Chapter 2, we investigated the adaptation and cellular response of the thermophile 

Methanothermococcus thermolithotrophicus to N2-fixation using differential transcriptomics. 

Our findings reveal that M. thermolithotrophicus would employ multiple pathways for 

nitrogen acquisition and a targeted response for energy saving through the downregulation of 

genes involved in transcription and translation. Chapter 3 details the structures of nitrogenase 

reductase from three marine Methanococcales. Notably, the structures obtained from M. 

thermolithotrophicus and Methanocaldococcus infernus represent the first natively purified 

and solved nitrogenase reductases from methanogens. In Chapter 4, we present the first high-

resolution structure of archaeal nitrogenase from M. infernus in both resting and mixed 

turnover states, supporting the existence of a common reduction mechanism shared by all 

nitrogenases. Additionally, we unveiled the molecular basis of the posttranslational regulation 

of archaeal N2-fixation by characterising an inhibitory closed circular complex mediated by 

PII family proteins.  

To address two long-standing questions related to molybdenum nitrogenase, Chapters 5 and 

6 combine structural biology with the robust genetic system of Azotobacter vinelandii. By 

creating nitrogenase variants, we clarified the functional and structural role of an additional 

metal binding site at a dimeric protein interface and demonstrated negative cooperativity in 

the Mo-dependent nitrogenase.  

In summary, this thesis delves into characterisation of diazotrophic microbes on multiple 

molecular levels, with an emphasis on nitrogen assimilation systems in (hyper)thermophilic 

methanogens. While shedding light on the intricate mechanisms underlying these processes, it 

offers valuable insights into nitrogen fixation in these ancient organisms. 
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Zusammenfassung 

 

Stickstoffgas kann nur von diazotrophen Mikroorganismen biologisch zu Ammoniak 

reduziert werden. Unter diesen Mikroben sind Methanogene und anaerobe methanotrophe 

Archaeen die einzigen bekannten archaealen Diazotrophen, die nachweislich aktiv an der 

Stickstofffixierung in anaeroben Umgebungen wie Meeres- und Sumpfsedimenten beteiligt 

sind. Das Enzym Nitrogenase, das diese Reduktion katalysiert, dient auch als Modell für die 

Entwicklung effizienter und nachhaltiger Katalysatoren für die industrielle 

Ammoniakproduktion nach dem Haber-Bosch-Verfahren. Jedoch bleiben zahlreiche Fragen 

zu den molekularen Mechanismen, die dieser Katalyse zugrunde liegen, unbeantwortet, und 

die Struktur der archaealen Nitrogenasen, die vermutlich älter als die bakteriellen 

Nitrogenasen sind, ist immer noch unbekannt. 

In Kapitel 2 untersuchten wir die Anpassung und zelluläre Reaktion des thermophilen 

Methanothermococcus thermolithotrophicus an die N2-Fixierung mittels differentieller 

Transkriptomik. Unsere Ergebnisse zeigen, dass M. thermolithotrophicus mehrere Wege zur 

Stickstoffakquisition und eine spezifische Reaktion zur Energieeinsparung durch 

Herunterregulierung von Transkriptions- und Translationsgenen nutzt. Kapitel 3 beschreibt 

die Strukturen von Nitrogenase-Reduktasen aus drei marinen Methanococcales. Es ist 

hervorzuheben, dass die Strukturen von M. thermolithotrophicus und Methanocaldococcus 

infernus die ersten nativ gereinigten und gelösten Nitrogenase-Reduktasen aus Methanogenen 

sind. In Kapitel 4 präsentieren wir die erste hochauflösende Struktur der archaealen 

Nitrogenase von M. infernus sowohl im Ruhe- als auch im gemischten Umsatzzustand, die die 

Existenz eines gemeinsamen Reduktionsmechanismus aller Nitrogenasen bestätigt. Darüber 

hinaus haben wir die molekulare Basis der posttranslationalen Regulation der archaealen N2-

Fixierung aufgedeckt, indem wir einen inhibierenden geschlossenen zirkulären Komplex 

charakterisiert haben, der durch Proteine der PII-Familie vermittelt wird. 

Um zwei seit langem bestehende Fragen zur Molybdän-Nitrogenase zu beantworten, werden 

in den Kapiteln 5 und 6 strukturbiologische Erkenntnisse mit dem robusten genetischen 

System von Azotobacter vinelandii kombiniert. Durch die Erzeugung von Nitrogenase-

Varianten konnten wir die funktionelle und strukturelle Rolle einer zusätzlichen 

Metallbindungsstelle an einer dimeren Proteinschnittstelle aufklären und negative 

Kooperativität in der Mo-abhängigen Nitrogenase nachweisen. 
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Zusammenfassend befasst sich diese Arbeit mit der Charakterisierung diazotropher Mikroben 

auf mehreren molekularen Ebenen, wobei der Schwerpunkt auf 

Stickstoffassimilationssystemen in (hyper)thermophilen Methanogenen liegt. Sie beleuchtet 

die komplexen Mechanismen, die diesen Prozessen zugrunde liegen, und liefert wertvolle 

Einblicke in die Stickstofffixierung in diesen urzeitlichen Organismen. 
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CHAPTER 1: Introduction 
 

1.1. The century of industrial nitrogen fixation: How are humans changing the nitrogen 

cycle on planet Earth? While the carbon cycle is the most often associated with climate 

change and environmental issues, the nitrogen cycle has been the most significantly altered by 

human activities (1-4). Nitrogen is an essential element for Life, as it composes biomolecules, 

including nucleic acids and proteins (4). Ironically, nitrogen on Earth is both overabundant 

and very limited: although the atmosphere itself is the largest nitrogen reservoir on the planet 

(∼4 × 109 Tg N), being made of 78.1% dinitrogen gas (N2) (5), nitrogen is the limiting 

nutrient in most of the terrestrial environments (6-8). This is because inert N2 is not readily 

bioavailable and must be converted into more reactive forms (Nr) for use by living organisms 

(4, 5). These include, among others, most importantly, reduced nitrogen (NHx), nitrogen 

oxides (NOx), nitrous oxide (N2O), and nitric acid (HNO3) (4). The reduction of N2 to 

ammonia (NH3) is performed exclusively by Bacteria and Archaea, commonly referred to as 

diazotrophs. Microorganisms are the primary drivers of the other reactions in the nitrogen 

transformation network as well: they can transform nitrogen from the most reduced to the 

most oxidised states (-3 to +5) (Figure 1A) (5, 9). Once fixed, NH3 can be sequentially 

oxidised to nitrite (NO2
−) and nitrate (NO3

−), which in return can be reduced back through 

dissimilatory nitrate reduction (DNRA) (Figure 1). Release of the fixed nitrogen can be done 

by denitrification (the reduction of NO3
− to N2) and anaerobic ammonium oxidation (the 

oxidation of NH4
+ to N2 using NO2

−, anammox) (Figure 1B) (9). The simplified overview 

displayed in Figure 1 is enough to highlight the key differences between the nitrogen cycle 

and other major nutrient cycles. Notably, the nitrogen cycle stands apart from other cycles as 

its primary inputs and outputs are dominated by biological processes (5). 

Until the 20th century, nitrogen fixation by microorganisms, along with a minor contribution 

from geochemical discharge through lightning, was the only way through which the nitrogen 

from the atmospheric pool could enter the bioavailable pool (10, 11). This changed with the 

invention of the Haber-Bosch (HB) process for industrial ammonia production (12-14). In just 

over a century since its invention, the HB process has dramatically transformed human 

population growth (through agricultural fertilisers) and the nitrogen cycle (3, 15). As 

accounted for, 40% of the world's population relies on nitrogen-based fertilisers for crop 

growth and survival (10).  

Anthropogenic production of reactive nitrogen species through the HB process, when 

combined with other human activities like the expansion of legume cultivation, poor waste 
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Figure 1. Microbial transformations and cycling of the main nitrogen species. A. Interconversion of key 

nitrogen species by microorganisms. Red, blue, and green circles correspond to reduction, oxidation, and 

disproportionation/comproportionation reactions, respectively. Abbreviated enzymes: assimilatory nitrate 

reductase (NAS, nasA and nirA); membrane-bound (NAR, narGH) and periplasmic (NAP, napA) dissimilatory 

nitrate reductases; nitrite oxidoreductase (NXR, nxrAB); nitric oxide oxidase (NOD, hmp); haem-containing 

(cd1-NIR, nirS) and copper-containing (Cu-NIR, nirK) nitrite reductases; cytochrome c-dependent (cNOR, 

cnorB), quinol-dependent (qNOR, norZ) and copper-containing quinol-dependent nitric oxide reductases 

(CuANOR); NADH-dependent cytochrome P450 nitric oxide reductase (P450NOR, p450nor); flavo-diiron nitric 

oxide reductase (NORvw, norVW); hybrid cluster protein (HCP, hcp); hydroxylamine oxidoreductase (HAO, 

hao); hydroxylamine oxidase (HOX; hox); nitrous oxide reductase (NOS, nosZ); nitric oxide dismutase (NO-D, 

norZ); assimilatory nitrite reductase (cNIR; nasB and nirB); dissimilatory periplasmic cytochrome c nitrite 

reductase (ccNIR, nrfAH); ε-hydroxylamine oxidoreductase (εHAO; haoA); octahaem nitrite reductase (ONR); 
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octahaem tetrathionate reductase (OTR); molybdenum-iron (MoFe, nifHDK), iron-iron (FeFe, anfHGDK) and 

vanadium-iron (VFe, vnfHGDK) nitrogenases; hydrazine dehydrogenase (HDH, hdh); hydrazine synthase (HZS, 

hzsCBA); ammonia monooxygenase (AMO, amoCAB); particulate methane monooxygenase (pMMO, pmoCAB); 

cyanase (CYN, cynS); and urease (URE, ureABC). B. NH3 enters the nitrogen cycle by either biological or 

industrial N2 reduction (red arrows), and it is supplied to the plants mostly in the form of fertiliser (green 

arrows). Microorganisms metabolise excess NH3 in the soil which can be further nitrified (grey arrows). Finally, 

denitrification and leaching of NO3
- (blue arrows) are the main source of the reactive nitrogen species, which are 

environmental pollutants. / Panel A of this figure is reprinted with permission granted under the licence ID 

5543110417503 from Kuypers et al. (2018) (9). Panel B of this figure is reprinted with permission granted under 

the licence ID 5543030242070 from Lehnert et al. (2018) (16).  

management during food production, and consumption and burning of fossil fuels, now 

surpasses the natural process of biological nitrogen fixation (4), resulting in a significant 

increase of bioavailable nitrogen input into terrestrial and coastal ecosystems. The amount of 

nitrogen cycling globally has more than doubled in the past century, and as a consequence of 

this massive perturbation, a variety of environmental problems emerged: from aquatic 

eutrophication and the development of the “dead zones” (17-19), soil acidification (20, 21), 

loss of biodiversity (22-24) and air pollution, to the greenhouse effect and stratospheric ozone 

layer damage from rising nitrous oxide (N2O) levels (25). Current estimations are that the 

fields in industrialised agricultural systems are routinely over-fertilized: plants assimilate 

between 30 and 50% of all nitrogen fertiliser added to the soil (26), with the rest being 

oxidised by microbes to nitrite and nitrate. Not being retained in the soil, they are washed off 

to aquatic pools where they cause eutrophication (Figure 1B), such as, for example, the 

infamous dead zone in the Gulf of Mexico (27). Soil acidification results from increased rates 

of nitrogen cycling and higher NO3
- leaching, which causes the loss of base cations, greater 

solubility of metals in soil solution, and decreased pH (28). The soil is also the primary source 

of N2O release due to the excess Nr species reduction (25). N2O is a very potent greenhouse 

gas with a long atmospheric lifetime, which allows it to accumulate in the stratosphere, where 

it can contribute to the destruction of the ozone layer. With chlorofluorocarbons (CFCs) being 

largely banned due to their role in ozone depletion, N2O is now considered the main 

anthropogenic contributor to ozone depletion (25). Multiple studies have confirmed that 

ecosystem recovery, even if nitrogen input is reduced over a prolonged time, happens very 

slowly or not at all (28).  

While these threats to biodiversity, health, and climate are the reason for concern, the global 

demand for food remains a pressing issue. To meet these demands, we are currently 

producing ~ 200 M tonnes of ammonia per year, with a predicted increase to ~ 270 M tonnes 
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by 2050 (29). Ensuring a sustainable food supply for the future while minimising 

environmental degradation and managing the impact of human activities on the global 

nitrogen cycle presents a significant challenge for sustainable development (30). Many 

environmental agencies and organisations have recognised this as the next major 

environmental issue, and this decade has been called the decade of sustainable nitrogen 

management (25).  

In addition to implementing policies to reduce gas emissions from soils and water systems 

and developing better pollution and nitrogen waste management strategies, it is also crucial to 

advance fundamental research to tackle this issue. These efforts can be broadly grouped into 

three main directions of investigation: the development of a new generation of synthetic 

catalysts based on the chemical mechanism of biological nitrogen fixation (31), transferring 

the capacity for biological nitrogen fixation from microbes to plants (32, 33) and engineering 

the more efficient delivery of fixed nitrogen from microbes to plants (34, 35).  

This thesis follows the first avenue of research, introducing (hyper)thermophilic methanogens 

as the new model organisms better suited for potential industrial applications. With the main 

focus of unveiling the particular properties of their nitrogen fixation machinery through 

structural analysis, we also aim to understand how the nitrogen fixation process intertwines 

with other metabolic pathways and the management of energy expenditure.  

1.2. Nitrogenase: “The ultimate Swiss Army knife for reductive biocatalysis.” Although 

the overall reaction of ammonia synthesis is thermodynamically favourable, extreme reaction 

conditions are necessary for the HB process because the uncatalysed reaction under ambient 

conditions is highly unfavourable (Figure 2) (36). It is why the energy requirements of the HB 

process are very high: it consumes up to 5% of the world’s annual natural gas and about 2% 

of energy production to generate enough hydrogen and enough heat for the reaction (37). 

Since 95% of the hydrogen used for HB is derived from fossil fuels, 1.3% of global annual 

CO2 emissions are attributed to it. Given the sensitivity of the iron or ruthenium-based 

catalysts used in the HB process, where hydrogen and nitrogen are reacted at high 

temperatures (400-500°C) and pressures (up to 200 bar) (37, 38) to gas impurities, sintering, 

and agglomeration, it is crucial to investigate how microbes can achieve efficient catalysis 

under ambient conditions.  

In nature, diazotrophic microorganisms reduce N2 to NH3 via nitrogenase. The enzyme is able 

to activate one of the most thermodynamically stable chemical bonds: the triple bond in the 

inert molecule of N2 (941 kJ.mol-1) (39, 40). Nitrogenase is an impressive N2-fixation catalyst 
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Figure 2. Standard Gibbs free energy changes during the reaction of N2 reduction to NH3. While the 

overall reaction of N2 reduction to NH3 is thermodynamically favourable, the formation of the first intermediate, 

diazene (HN=NH), from N2 is endergonic and highly unfavourable. The main role of nitrogenase as a catalyst is 

the reduction of this activation energy and stabilisation of the transition state. / This figure is reprinted with 

permission from del Campo et al. (2023) (40). Copyright 2023 Taylor & Francis. 

whose properties could be transposed for biomimicry (41-51).  

Nitrogenase is a metalloprotein with three known isoforms, each consisting of two subunits:  

- The dinitrogenase, also referred to as MoFe- (NifDK, molybdenum nitrogenase), VFe- 

(VnfDKG, vanadium nitrogenase), or FeFe- (AnfDKG, iron only nitrogenase) protein, 

depending on the isoform, or component I in early works. 

 - The dinitrogenase reductase, also called Fe-protein, because iron is the only metal in its 

clusters. The protein names are NifH, VnfH, and AnfH for the MoFe, VFe, or Fe-only 

isoforms, respectively. This subunit of the nitrogenase complex was also named component II 

in early works (Figure 3A, 3B) (40, 52).  

The Molybdenum nitrogenase is the most common isoenzyme of nitrogenase, found in all 
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Figure 3. Nitrogenase enzyme organisation. A. Surface representation of the fully assembled nitrogenase 

complex and the overview of subunit nomenclature commonly used in literature. B. The scheme of the electron 

flow through nitrogenase enzyme. Homodimeric nitrogenase reductase (Fe protein) is an obligate electron donor 

to the heterotetrameric (2α2β) nitrogenase (M-Fe protein). Fe protein contains one [4Fe-4S] cluster. M-Fe 

protein contains one [8Fe-7S] cluster and one FeM cluster, where M=Mo, V, Fe. Nitrogenase isoforms 

containing FeV of FeFe cofactor are heterohexamers (2α2β2γ), containing an additional G subunit. / Panel A of 

this figure is reprinted with permission from del Campo et al. (2023) (40). Copyright 2023 Taylor & Francis. 

Panel B of this figure is reprinted with permission from Seefeldt LC, Yang ZY, Lukoyanov DA, Harris DF, 

Dean DR, Raugei S, Hoffman BM. 2020. Reduction of Substrates by Nitrogenases. Chemical Reviews 

120:5082-5106 (52). Copyright 2020 American Chemical Society.  

known diazotrophs. Some organisms additionally possess one or both “alternative” vanadium 

and iron-only isoforms. For example, all three nitrogenases are found in Azotobacter 

vinelandii (40), Methanosarcina acetivorans (53), and Rhodopseudomonas palustris (54). 

Rhodobacter species harbor the genes coding for Mo- and Fe-only nitrogenase in their 

genomes (55), while Anabaena species have Mo- and V-nitrogenases (56).  



 

25 

The architecture of Fe protein (FeP) in the three nitrogenase isoforms is highly conserved 

(Figure 4), with all the structural features described for NifH being present in VnfH and AnfH 

as well, including the structure and the position of the [4Fe-4S] cluster (57-59). FeP is a 

homodimer (2γ ~ 62 kDa) with a two-fold symmetry whose axis passes through one redox-

active [4Fe-4S]1+/2+ cluster at the interface of the two monomers. Each monomer contains an 

ATPMg binding site (39, 57, 60). It belongs to the P-loop NTPases, nucleotide-dependent 

switch proteins, and retains all three structural motifs characteristic for this protein family: P-

loop (Walker A motif), switch I, and switch II (Figure 5) (61-64). The P-loop and switch I 

have a role in the coordination of the bound nucleotides and Mg2+, while the switch II 

coordinates [4Fe-4S] cluster, and all three go through conformational changes upon ligand 

binding (Figure 5). The [4Fe-4S] cluster is coordinated by two cysteine residues (Cys97 and 

Cys132 in the case of A. vinelandii NifH) positioned on the surface of the protein (57, 65). 

The exposition of the cluster to the solvent is finely tuned by the conformational changes 

induced by nucleotide binding, which plays a critical role in electron transfer. In contrast to 

the canonical Cys-ligated [4Fe-4S] clusters of low-potential ferredoxins, which can access 

only one redox couple state under physiological conditions, the [4Fe-4S] cluster from NifH 

can access two different redox couple states: [4Fe-4S]2+/[4Fe-4S]1+ and [4Fe-4S]1+/[4Fe-4S]0 

(60, 65). While [4Fe-4S]2+/[4Fe-4S]1+ couple is considered relevant for catalysis under 

physiological conditions, the possibility of reaching the [4Fe-4S]1+/[4Fe-4S]0 couple opens up 

the question of whether NifH can also act as a two-electron donor (discussed in more detail in 

section 1.4.) (60, 65). The redox potential of A. vinelandii NifH [4Fe-4S]2+/[4Fe-4S]1+ couple 

is ~ -300 mV in the apo state, and shifts to -430 mV upon MgATP binding (65). During 

catalysis, NifH sequentially transfers electrons to NifDK in an ATP-dependent manner, and it 

is the only known biological donor of electrons for dinitrogenase. In addition to supplying 

NifDK with electrons, NifH also has a role in the maturation of its metallocofactors (66). 

While the involvement of VnfH and AnfH in cofactor maturation remains empirically proven, 

it is assumed that they share analogous functions with NifH (67).  

The overall structure of the dinitrogenase isoforms (i.e., MoFe, VFe, and Fe-only) is also 

highly conserved (Figure 6) but nevertheless includes three notable differences. First, 

vanadium and Fe-only nitrogenases have an additional metallocofactor-free subunit named 

VnfG and AnfG, respectively. Both are bound to the subunit D (i.e., VnfD/AnfD), making 

these dinitrogenases heterohexamer (2α2β2γ) (68, 69). The second significant structural 

difference is the presence of an extended N-terminus in NifK and an extended C-terminus in 

AnfD occupying a similar position on the protein surface. Both extensions are absent in VnfK 
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 Figure 4. 3D structure and comparison of the three dinitrogenase reductase isoforms from A. vinelandii. 

A. NifH (Mo‑nitrogenase, PDB 1NIP), VnfH (V‑nitrogenase, PDB 6Q93) and AnfH (Fe‑nitrogenase, PDB 

7QQA) structures represented as cartoons. B. Superposition of the three nitrogenase reductase isoforms depicted 

in panel A represented as ribbons in stereo view. / This figure is reprinted with permission from Trncik et al. 

(2022) (59). Copyright 2022 Elsevier. 

 

Figure 5. Nucleotide binding site and the flexible P-loop, switch I and switch II regions in the VnfH of A. 

vinelandii. The stereo figure displays the protein as cartoon (grey) and the [4Fe-4S] cluster and bound ligands as 

balls and sticks. The binding of ATP/ADP causes the conformational changes in the switch I (blue), switch II 

(red) and P-loop (green) regions, leading to the repositioning of the [4Fe-4S] cluster. / This figure is reprinted 

with permission granted under the licence ID 5565830949668 from Rohde et al. (2018) (58). 
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and replaced by a single β-sheet (68, 69). Finally, while the two NifK subunits bind a metal 

ion at their dimeric interface, traditionally modelled as Ca2+ (70), in all so far described 

structures of vanadium dinitrogenase, this site is occupied by Mg2+ (68, 71-73). However, it 

was also observed that this site, commonly referred to as the mononuclear metal binding site 

(MMB site, detailed in Chapter 5), could also be occupied by Fe, opening the debate about the 

structural, functional, and mechanistic involvement of this 16th Fe atom in dinitrogenase (74).  

NifDK protein is a heterotetramer (2α2β, ~230 kDa) containing two copies of both NifD (α-

subunit) and NifK (β-subunit) (40, 52). NifD and NifK have three globular domains organised 

as a Rossmann fold (βαβ)(60). C terminal loops of these β sheets interact with the two 

harboured metalloclusters: [Mo:7Fe:9S:C]-homocitrate FeMoco (M cluster) and [8Fe-7S] P 

cluster (75, 76). To the best of our knowledge so far, both of these metalloclusters are 

completely unique to the nitrogenase enzyme (39, 60) and are thought to be among the largest 

and most complex enzymatic metallocofactors.  

The [8Fe-7S] P cluster consists of two symmetric [4Fe-4S] cubanes that share a central μ6-

sulfur (S) atom in its reduced state, a structural feature unique to the P cluster (Figures 7 and 

8) (40, 60, 65). The coordination of the P cluster is unique compared to the canonical [4Fe-

4S] clusters. Typically, [4Fe-4S] clusters are coordinated only by terminal cysteine residues, 

but the P cluster is coordinated by two bridging cysteines in addition to the four terminal 

ones, with each NifDK subunit contributing two terminal cysteines and one bridging cysteine 

(Figures 7 and 8) (77). Located at the NifD-NifK interface, the P cluster bridges the 

interprotein electron transfer from the [4Fe-4S] cluster of NifH to the FeMo cofactor of 

NifDK, where nitrogen reduction occurs.  

In the reduced, resting state (PN), all irons in the P cluster are in the 2+ state (78). Upon 

oxidation, the P cluster switches consecutively to P1+ and P2+ states (79-81), and undergoes 

significant structural changes, breaking its symmetrical geometry. Under physiological 

conditions, the PN/P1+ transition causes the displacement of the Fe6 out of the bonding 

distance from the central sulfide, and Fe6 is coordinated by the nearby serine residue in 

Azotobacter (Ser188K in the case of A. vinelandii) instead (Figure 8) (79). The non- 

physiological P1+/P2+ transition provokes a break of the Fe5 coordination to the central sulfide 

and engages its interaction with the main chain of the bridging cysteine residue (Cys88D in the 

case of A. vinelandii) (Figure 8) (77). Such changes in the coordination have been shown to 

protect the metals during an oxidation event (82). The midpoint potentials of PN/P1+ and 

P1+/P2+ couples are the same (-310 mV) at pH 7.5-8.0 (65). While the P cluster can be further 
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Figure 6. 3D structure and comparison of the core subunits of three nitrogenase isoforms from 

Azotobacter vinelandii. A. Subunit organisation of molybdenum (PDB 3U7Q), vanadium (PDB 5N6Y), and iron 

only (PDB 8BOQ) nitrogenases from A. vinelandii. Colour code: yellow (D subunit), olive (K subunit), blue (G 

subunit). B. The structures displayed in the cartoon are shown as stereo images and coloured in a rainbow from 

blue (N-terminus) to red (C-terminus). / Both panels of this figure are reprinted with permission granted under 

the licence ID 5553591206909 from Trncik et al. (2023) (69). 

oxidised to the P3+ state, there is no evidence that this happens during the catalytic cycle (79, 

83).  

The FeMoco is located in the NifD core, where the substrate reduction occurs (70, 75). 

FeMoco is asymmetric, with a characteristic trigonal prismatic geometry (D3h) with an apical 

molybdenum atom breaking the point group symmetry (Figures 7 and 8) (60, 70, 75). The 

centre of the prism harbours a µ6-carbide (Figure 8) (84, 85), another unprecedented feature 

in biology. Two halves of the prism are finally joined through three bridging sulfides (S2B, 

S3A, S5A) (Figure 8). The seven Fe atoms are all tetrahedrally four-coordinated. In contrast 

to the P cluster, FeMoco is coordinated to the protein only by two residues: a conserved 

cysteine residue (Cys275D in case of A. vinelandii) coordinating Fe1 and a histidine (His442D 

in case of A. vinelandii), coordinating Mo atom along with the homocitrate (Figure 8) (40). 

The homocitrate is produced by NifV, the homocitrate synthase, from acetyl-coenzyme A and 
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Figure 7. Metallocofactor structures and environment in the three nitrogenase isoforms from A. 

vinelandii. Shown P clusters are in the reduced state PN. Colour code: rust (Fe), yellow (S), purple (Mo), red (O), 

grey (C), lavender (V). / This figure is reprinted with permission from del Campo et al. (2023) (40). Copyright 

2023 Taylor & Francis.  
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Figure 8. MoFe protein Metallocofactor structures and P cluster oxidation states (P2+, P+, and PN states). 

A. The structure of FeMoco from A. vinelandii. B. Redox-coupled coordination changes of P cluster during the 

P2+↔P+ and P+↔PN transition. / Panel A of this figure is reprinted with permission from Henthorn et al. (2019) 

(86). Copyright 2019 American Chemical Society. Panel B of this figure is reprinted with permission from Chica 

et al. (2022) (78). Copyright 2022 American Chemical Society. 

2-oxoglutarate (87). The FeMoco is found in two states: dithionite-stabilized MN and one-

electron oxidised Mox, with a mid-potential of -42 mV (65). All nitrogenase isoenzymes 

contain identical P clusters, but their catalytic cofactors differ from one another (40). They all 

have a conserved metallocofactor architecture containing the µ6-carbide (88) with almost 

identical bond distances and the key difference between them is the presence of either 

vanadium or iron as a substitute for the molybdenum atom in vanadium nitrogenases (VFe-

co) and iron-only nitrogenases (FeFe-co), respectively (Figure 7) (68, 69, 89). Another major 

difference present in the VFeco is the substitution of one of the bridging sulfides (S3A) by a 

carbonate (CO3
2-) ligand (Figure 7). However, its function remains unclear so far (68).  

While their architecture is largely conserved, nitrogenase isoforms greatly differ in their 

abilities to reduce alternative substrates (Figure 9) (90-94). Namely, in addition to its natural 

substrates: dinitrogen and protons, nitrogenases have a plethora of alternative substrates, often 

small molecules with terminal double or triple bonds, which can be grouped into (52): (i) 

NxHx substrates: hydrazine (N2H4), diazene (N2H2) and diazene homologues (methyldiazene 

(CH3-N=NH), dimethyldiazene (CH3-N=N-CH3) and diazirine (CH2N2)); (ii) NOx substrates: 

nitrite (NO2
−), nitrous oxide (N2O) and hydroxylamine (NH2OH); (iii) C-based substrates: 

alkynes, most notably acetylene (C2H2), ethylene (C2H2), carbon monoxide (CO), carbon 

dioxide (CO2) and its analogues isocyanic acid/cyanate (HNCO/OCN−), thiocyanate (SCN−), 

and carbon disulfide (CS2). 
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Figure 9. Reactivity of the nitrogenase isoforms. An overview of nitrogenase isoforms reactivity toward 

different substrates. Colour code: black (all nitrogenases), blue (V-nitrogenase), red (Fe-only nitrogenase), dots 

(not empirically proven). / This figure is reprinted with permission from Jasniewski AJ, Lee CC, Ribbe MW, 

Ribbe MW, Hu Y. 2020. Reactivity, Mechanism, and Assembly of the Alternative Nitrogenases. Chemical 

Reviews 120:5107-5157 (67). Copyright 2020 American Chemical Society.  

Finally, NifH and VnfH can function independently as reductases, converting CO2 to CO and 

even further to hydrocarbons (95, 96). While many of these reactions may not be 

physiologically relevant, they are valuable in studying the mechanism and for future 

biotechnological applications. Although the three nitrogenase variants may be expected to 

behave similarly in catalysing the same nitrogen reduction reaction, their efficiency varies. 

However, all three variants utilise the same overall eight-electron reaction mechanism (58, 89, 

97-99). 

1.3. The dynamic dance of nitrogenases: Thorneley-Lowe kinetic model. The overall 

stoichiometry of this eight-electron reaction mechanism can be represented as follows (100): 
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Mo-nitrogenase: N2 + 8 H+ + 16 MgATP + 8 e- → 2 NH3 + H2 + 16 MgADP + 16 Pi  

V-nitrogenase: N2 + 12 H+ + 24 MgATP + 12 e- → 2 NH3 + 3 H2 + 24 MgADP + 24 Pi  

Fe-only nitrogenase: N2 + 20 H+ + 40 MgATP + 20 e- → 2 NH3 + 7 H2 + 40 MgADP + 40 Pi  

The “alternative” nitrogenases are less efficient in producing NH3 in comparison to the Mo-

nitrogenase as they require more ATP and evolve more H2. Indeed, it has been observed that 

alternative nitrogenases exhibit lower activity compared to the molybdenum nitrogenase from 

the same organism when acting on the same set of substrates. For example, vanadium and 

iron nitrogenases from A. vinelandii show ~75% and 35% of Mo-nitrogenase N2-reduction 

activity (67). These catalytic variations between isoforms are likely a result of the cofactor 

composition and protein environment (91, 94, 101-103). Similar reactivity was observed 

among the same isoforms of nitrogenase from different organisms in general, but due to the 

diverse experimental conditions, making direct comparisons is not straightforward (67). 

It became evident that hydrogen evolution accompanying N2-fixation is obligatory, and with 

that, a minimum requirement of 16 molecules of ATP per N2 transformed to NH3. 

The overall reaction, following the Thorneley-Lowe (TL) model, can be represented by two 

cycles (Figures 10 and 11): (i) The Fe protein cycle, during which nucleotide exchange, 

reduction by flavodoxin/ferredoxin and electron transfer to the dinitrogenase occur; (ii) 

Dinitrogenase cycle, in which the metallocofactor cycles through 8 different increasingly 

reduced kinetic states (E0-E7) each representing a different step of the eight-electron transfer 

(Figure 10) (41, 45). Despite the incorporation of more detailed insights by many research 

groups, no significant conceptual revisions have been made to the TL model. However, it is 

important to note that the TL model was postulated using Klebsiella pneumoniae (now called 

Klebsiella oxytoca, NCBI:txid571) (104) as a model at 23° C and it is rarely used in 

quantitative applications (60). Furthermore, in practice, the stoichiometry of H2:N2 = 1 and 

MgATP:2e- = 4 is rarely observed (60). These discrepancies in assumed theoretical models 

and practical observations result from multiple factors, which are summarised and discussed 

in section 1.4. Nevertheless, the TL model remains the most developed kinetic and 

mechanistic outline for N2 reduction by molybdenum-nitrogenase and can be expanded to the 

two other types.  

The most detailed version of TL, obtained by pulsed EPR, revealed that N2 binds to MoFe 

protein in the E4 state. The E4 state has been referred to as the Janus state, named after the 

Roman god with two faces. The name reflects the two possibilities of the reaction progression 
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at this critical stage, as it can proceed "forward" toward NH3 formation or "backward" to the 

resting state by releasing H2 (Figure 10A) (42). The E4 state contains two bridging hydrides 

existing in the reductive elimination/oxidative addition (re/oa) equilibrium (Figure 10B) (105-

108):  

E4(4H) + N2 ↔ E4(2N2H) + H2 

This state drives the reduction of N2 to diazene (2N2H) intermediate, the most difficult step of 

N2 reduction. Two forms of E4 intermediate with bound N2 have been observed: with two 

bridging hydrides and with bound N2 after hydride protonation and H2 displacement (109). 

Such reversible reductive elimination, documented in various transition metal complexes, has 

been demonstrated in all three nitrogenase isoforms. However, it was not conclusive whether 

or not the N-N bond was reduced and the intermediate with a reduced N≡N bond as well as 

the exact steps to reduce it remains uncharacterised.  

While other substrates with the exception of H2 are binding to more oxidised forms of the 

MoFe-protein (60). H2 evolution is happening in the states E2–E4, while NH3 is proposed to 

be released from some combination of E5, E6, and/or E7 states. The dinitrogenase can release 

products or bind the substrates only when it is not complexed with the Fe protein and has to 

be reduced to the E2-E4 state before doing so (60). 

 The ATP hydrolysis cycle occurring within the Fe protein orchestrates the dynamic 

association/dissociation to the dinitrogenase. Conformational changes dictated by 

ATP/ADP+Pi/ADP bound states ensure the correct interprotein lock, which is critical for 

electron transfer (Figure 11) (65). The electrons flow from the donors 

(flavodoxins/ferredoxins) through the [4Fe-4S] Fe protein’s cluster to the dinitrogenase's P 

cluster and FeMoco, finally reaching the substrate. However, since the P cluster exists in an 

all-ferrous PN form (which cannot be further reduced, can be obtained by dithionite addition 

in vitro), it has been inferred that the intraprotein electron transfer in the dinitrogenase is 

likely conformationally gated (110). In this scenario, the docking of a reduced ATP-loaded Fe 

protein (111, 112) lowers P cluster’s reduction potential, which allows the single electron 

transfer from the P cluster to the FeMoco, creating the “electron deficit” and giving it the 

name “deficit spending” mechanism (110, 111, 113). Since the distance between the P cluster 

and FeMoco remains unchanged, rearrangement of residues between the two metallocofactors 

is probably responsible for “the gating mechanism”. Such repositioning would help the 

electronic coupling or influence cluster coordination (65, 114). The initial electron transfer 

from the P cluster to the FeMoco is followed by an electron transfer from the [4Fe-4S] cluster 
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Figure 10. The nitrogenase kinetic cycle according to the Thorneley-Lowe model. A. Simplified scheme of 

the eight different states occurring during the catalytic cycle. n = number of e-/H+ added to nitrogenase, the 

stoichiometry of H/N bound to nitrogenase at each step is shown in brackets. The re/oa equilibrium is 

represented in the red box, while the En states, characterised by spectroscopy, have been shown with a red 

outline. B. Mechanistic coupling of N2 binding to the FeMoco concomitant with the reductive elimination of H2. 

/ This figure is reprinted with permission from Seefeldt LC, Yang ZY, Lukoyanov DA, Harris DF, Dean DR, 

Raugei S, Hoffman BM. 2020. Reduction of Substrates by Nitrogenases. Chemical Reviews 120:5082-5106 

(52). Copyright 2020 American Chemical Society.  

to the P cluster (making up for the “deficit”).  

While it is still debated whether ATP hydrolysis occurs before or after the electron transfer to 

the P cluster (111, 115, 116), there is an agreement that the rate-limiting step of the cycle is 

the Pi release from the Fe protein (16-22 s-1) and not the complex dissociation as thought 

previously (rate constant 759 s-1) (117). Once the MgADP-bound oxidised state of the Fe 

protein disengaged from the dinitrogenase, the cycle can start again. 
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Figure 11. Thorneley-Lowe model of Fe-protein kinetic cycle. Reduced Fe-protein loaded with MgATP binds 

to the MoFe protein (Step 1). The [4Fe-4S] cluster of the Fe-protein is oxidised to [4Fe-P cluster4S]1+ state after 

transferring one electron to the P cluster in a deficit-spending mechanism (Step 2). This is followed by MgATP 

hydrolysis (Step 3), the release of Pi (Step 4), and nitrogenase complex dissociation (Step 5). Oxidised Fe-

protein is reduced by a flavodoxin/ferredoxin (Step 6) and can bind MgATP again (Step 7), entering a new 

cycle./ This figure is reprinted with permission from del Campo et al. (2023) (40). Copyright 2023 Taylor & 

Francis. 

The cellular energy consumption during the reaction is very high. However, since the [4Fe-

4S] cluster and the P cluster can exist as two different redox couples, it opens the possibility 

that the electron transfer is happening in pairs. Furthermore, NifH in the dithionite -reduced 

[4Fe-4S]1+ state could form a productive complex with NifDK, as it undergoes the same 

nucleotide-dependent conformational changes, as in the [4Fe-4S]0 state. Multiple studies 

support this possibility (118, 119), but there is no definitive evidence for a two-electron 

transfer. Recent research suggests that electron transfer does not occur in pairs, however, 

while in vitro experiments typically use dithionite (DT) as the reductant (which can only 

reduce the [4Fe-4S] cluster to the 1+ state), there is no DT involved in in vivo N2 reduction. 

The experiments with A. vinelandii lysate also suggest that the electron transfer mechanism 

can be different in the presence of other physiological components in vivo (119). This would 

be highly advantageous in terms of energy efficiency, reducing it by 50% and facilitating the 

rapid achievement of the E4 state of dinitrogenase, necessary for binding of N2 (60, 65).  

Nitrogenase does not have an exclusive electron donor in vivo, and different ferredoxins (120) 
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or flavodoxins (121) can fulfil this role, while for in vitro studies, sodium dithionite (Na2S2O4) 

is traditionally used (122). Out of five different flavodoxins identified in the genomes of 

diazotrophs, only one can deliver electrons to nitrogenase in vitro (NifF) (123, 124). The 

ferredoxins found in diazotrophs proved to be more robust, with many of the forty-seven 

identified so far proven to have a role in electron transfer to nitrogenase (65). Although these 

ferredoxins and flavodoxins usually have a reduction potential comparable to NifH’s, they 

cannot replace it as the electron donor to NifDK (65). 

The key features of nitrogenase catalytic cycle can be summarised as follows: (i) NifH-NifDK 

form dissociable complex, (ii) this complex dissociates after every cycle of the electron 

transfer, (iii) the electron flow and ATP consumption rates are both constant irrespective of 

the substrate being reduced or the number of already transferred electrons (125-128), (iv) 

however, increasing the molar ratio of NifH to NifDK can provide a higher electron flux and 

increase the activity (the optimal ratio is isoform and substrate dependent, and can range from 

20:1 or 30:1 (considered high) to 1:1 (low))(60), (v) the hydrolysis of two ATP molecules by 

NifH (per cycle) is coupled to the electron transfer and only happens in the presence of 

NifDK, (vi) NifDK active sites are independent, but might be cooperative, (vii) different 

substrates and inhibitors bind to different NifDK En states, (vii) H2 production is obligatory 

during N2 reduction, with the R-homocitrate, cluster sulfurs and the carbonate ligand in the V-

nitrogenase being identified as the potential ionizable sites. The V- and Fe-only nitrogenase 

have been less characterised than the Mo-nitrogenase. Still, the available kinetic analyses 

suggest that they share a common mechanism with respect to N2-reduction (67, 69, 100). 

Most of the biochemical, biophysical, and spectroscopic insights previously described have 

been obtained from the work on the model organism A. vinelandii. 

1.4. Azotobacter vinelandii: a historical model for understanding biological nitrogen 

fixation. During the early days of genetic studies of nitrogen fixation, K. oxytoca was a 

preferred model organism due to its genetic similarity to Escherichia coli, which had many 

available genetic tools already. However, in the 1980s, K. oxytoca was gradually replaced by 

other genetically tractable Gram-negative bacteria that were easier to grow and provided 

higher nitrogenase yields (up to 10% of the total cellular protein pool), such as A. vinelandii 

(40). A. vinelandii cemented its position as the principal model organism for studying 

nitrogen fixation after the first X-ray structures of both NifH (57) and NifDK (75) were 

solved, consolidating all the available information up to that point. 

 A. vinelandii was isolated from soil in 1903 in Vineland, New Jersey (129), but has since  
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Figure 12. A. Scanning- and B. -transmission-electron micrographs of A. vinelandii cells. / This figure is 

reprinted with permission from del Campo et al. (2023) (40). Copyright 2023 Taylor & Francis. 

been identified in alkaline soils, freshwater, and plant rhizospheres worldwide. This free-

living, mesophilic (optimum growth temperature ~15-37 °C, depending on the strain and 

growth conditions), obligate aerobe has motile cells and varying cell morphology (from rods 

to cocci, Figure 12), depending on growth conditions (130). It is known for its ability to use a 

wide range of carbon substrates, including alcohols, organic acids, and sugars, as well as 

various fixed nitrogen sources such as ammonium, nitrate, nitrite, amino acids, adenine, and 

urea. A. vinelandii can also produce multiple polymers, such as polyhydroxyalkanoates 

(PHAs) and alginate, as well as multiple siderophores (130). Another notable feature of A. 

vinelandii is the formation of heterocysts resistant to drought and other detrimental 

environmental factors in response to carbon availability.  

Although multiple important principles were postulated over the years using A. vinelandii as a 

model organism, such as the Lineweaver-Burk kinetic models (131) and the genetic code 

(132), its greatest contribution remains to the studies related to nitrogen fixation. Many 

fundamental principles, such as the general nitrogenase composition, structure, catalytic 

activity, biosynthesis, and genetics, have been discovered using A. vinelandii thanks to its 

valuable natural competency, which, when combined with established methods for genetic 

manipulation and engineering, makes it an excellent organism for research purposes (40, 

130). 

1.5. The blueprint of biological nitrogen fixation: genetic organisation of the nif operon. 

Biological nitrogen fixation is a challenging biochemical task requiring many gene products 

to operate optimally in vivo. This is why the genes encoding the nitrogenase enzymes are 

accompanied by a plethora of accessory proteins that play important roles in regulation, 

energy and reducing equivalent supply, and the biosynthesis and maturation of metal 
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cofactors (40). Every nitrogenase isoenzyme is encoded by a separate operon (40): Mo-

nitrogenase is encoded by nif genes (nitrogen fixation) (124), V-nitrogenase is encoded by vnf 

(vanadium nitrogen fixation) (133), while the Fe-only nitrogenase is encoded by anf 

(alternative nitrogen fixation) genes (134, 135).b 

Depending on the organism, the nif genes encoding the nitrogenase can be arranged as one or 

several operons or regulons. Sometimes, nif gene operons can also be found on plasmids 

(136). The composition of these operons varies from the minimal set of genes required for 

functional Mo-nitrogenase (nifHDKENB) in vitro to over more than 20 genes in some species 

(40, 66, 67). So far, this minimal set of genes used as a criterium for diazotroph identification 

is found in 19 bacterial (Bacteroidetes, Cyanobacteria, Firmicutes, Proteobacteria, 

Acidobacteria, Actinobacteria, Aquificae, Chlorobi, Chloroflexi, Chrysiogenetes, 

Deferribacteres, Elusimicrobia, Fusobacteria, Lentisphaerae, Candidatus Margulisbacteria, 

Nitrospirae, Planctomycetes, Spirochetes, and Verrucomicrobia) and only one archaeal 

phylum (Euryarchaeota) (137). This diversity is reflected in the variety of environments they 

inhabit, such as agricultural, marine, and freshwater sediments, wastewaters, and intestinal 

tracts of termites, some of which are human pathogens (39, 67). To the best of our knowledge, 

so far, there are no eukaryotic cells that can fix nitrogen.  

The core nitrogenase genes in Bacteria are homologous to those in Archaea, but, as 

mentioned before, they are often part of more complex operons.  

As an example, A. vinelandii has been found to have 103 genes involved in some aspect of 

nitrogen fixation (40). The nif genes that encode Mo-nitrogenase in this bacterium are split 

into two clusters located adjacent to the chromosome origin site (Figure 13): a major and 

minor cluster, which are accompanied by clusters of naf (nitrogenase associated factors), nfa 

(nitrogen fixation associated), rnf (Rhodobacter nitrogen fixation, orthologous to the genes 

originally described in Rhodobacter capsulatus) and fix (N2 fixation) genes (40). Major nif 

cluster contains 35 genes organised in 10 transcriptional units, which encode the nitrogenase 

(nifDKH) and proteins involved in: nitrogenase maturation (nifMWZ, nafH), the cofactor 

biosynthesis (nifEN), biosynthesis of [4Fe-4S] cluster (nifUS, nafFG), electron transfer (nifF), 

oxidation protection (nafO) and homocitrate synthase (nifV) (Figure 13) (40, 66). Minor nif 

cluster contains 17 genes split into 3 transcriptional units. It includes genes whose products 

are responsible for FeMoco biosynthesis (nifB), Fe-Mo insertion (nafY), Mo-trafficking 

(nifOQ), transcriptional regulation (nifAL), and nitrogenase expression (rnf) (40, 66).  

While vnf genes are also separated into two distinct clusters, anf genes are all grouped 
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Figure 13. The genomic environment of nif, vnf, and anf operons and associated genes in A. vinelandii. The 

genomic location of each cluster is shown on the circular genome map and noted in the brackets. Arrows 

represent transcriptional units, while the transcription start sites are represented by dots. The summary of the 

exact genomic locations, functions, and available structures of the shown genes and their products is summarised 

in del Campo et al. (2023). / This figure is reprinted with permission from del Campo et al. (2023) (40). 

Copyright 2023 Taylor & Francis. 
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together. The availability of heterometals predominantly regulates the expression of 

alternative nitrogenases, and as a result, gene clusters involved in heterometal import and 

storage such as mod (molybdenum transport), mos (molybdenum storage), and vod (vanadium 

transport) play important roles (Figure 13) (40). Table 1 summarises the genes of nif, vnf, and 

anf operons in A. vinelandii and their functions. The full overview of all 103 genes is 

summarised elsewhere (40). Many of these 103 genes have yet unclear roles, and it is 

unknown if they directly impact the phenotype. However, bioinformatics and transcriptomic 

studies have confirmed their involvement in the nitrogen fixation. The transcriptomic 

profiling of A. vinelandii showed significant overlap in the expression of biosynthetic nif 

genes with vnf and anf operons. (138), indicating their interdependency and supporting the 

currently proposed evolutionary scenario. 

The complexity of nitrogen fixation-related operons in A. vinelandii, which is notably higher 

compared to most other diazotrophs, is thought to be due to its strictly aerobic lifestyle (40, 

66) and is primarily attributed to the optimisation of nitrogenase synthesis and regulation to 

accommodate the heightened aerobic productivity (139). 

 

 

 

 

 

 

 

 

 

 

 

 



 

41 

Table 1. Relevant nif, vnf, and anf genes from A. vinelandii. / This table is reprinted with permission from 

Jasniewski AJ, Lee CC, Ribbe MW, Hu Y. 2020. Reactivity, Mechanism, and Assembly of the Alternative 

Nitrogenases. Chemical Reviews 120:5107-5157 (67). Copyright 2020 American Chemical Society. 

Gene Gene product label Known Function 

nifH NifH, dinitrogenase 

reductase, component 2, 

reductase component, γ 

subunit, Fe protein 

Mediation of ATP-dependent electron transfer during catalytic 

turnover, facilitates the formation of a P cluster on NifDK and 

facilitates the conversion of L- to M-cluster on NifEN via insertion 

of Mo and R-homocitrate.  

nifD,K NifDK, dinitrogenase, 

component 1, catalytic 

component, MoFe 

protein 

Facilitates chemical transformation of N2 to NH3 at the active 

cofactor site  

nifL 
 

Serves as a negative transcription regulator of nif genes  

nifA 
 

Serves as a positive transcription regulator of nif genes  

nifF NifF, flavodoxin Involved in the transfer of electrons to nitrogenase during catalysis 

or assembly  

nifS NifS, cysteine 

desulfurase 

Transfers sulfur to NifU for the assembly of small FeS clusters  

nifU NifU Serves as a scaffold for the assembly of small FeS clusters, which 

can then be used for M- and P cluster assembly  

nifB NifB Mediates the radical SAM-dependent insertion of carbon 

concomitant with the formation of a Mo/homocitrate-free precursor 

of the M-cluster  

nifE,N NifEN Serves as a scaffold for the maturation of the M-cluster, a 

structural/functional homologue of NifDK.  

nifV NifV, homocitrate 

synthase 

Synthesizes R-homocitrate for M-cluster assembly  

nifZ NifZ Serves as a key factor in the stepwise maturation of P clusters in 

NifDK, possibly through a chaperone-like function  

nifM NifM, peptidyl-prolyl 

cis-trans isomerase 

Involved in the maturation of Fe protein  

nifX proposed carrier  In M-cluster assembly  

nifY proposed carrier  In M-cluster assembly  

nafY proposed carrier In M-cluster assembly  

nifW NifW Putative role in protecting nitrogenase from oxygen damage  

nifO NifO Function unknown, although it resembles thioredoxin  

nifT NifT Unknown function  

vnfH VnfH, dinitrogenase 

reductase, component 2, 

reductase component, γ 

Mediation of ATP-dependent electron transfer during catalytic 

turnover, likely participates in the biosynthesis of VnfDGK cofactors 

by analogy to the nif system, but this has not been shown.  
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subunit, Fe protein  

vnfD,G, K VnfDGK, dinitrogenase, 

component 1, catalytic 

component, VFe protein 

Facilitates chemical transformation of N2 to NH3 and CO/CO2 into 

hydrocarbons at the active cofactor catalytic component, VFe protein 

site  

vnfE,N VnfEN                      Putative involvement in V-cluster biosynthesis by analogy to NifEN  

vnfA 
 

Serves as a positive transcription regulator of vnf genes, also 

correlated to the expression of anf genes  

vnfX VnfX  Unknown function  

vnfY VnfY  Unknown function  

vnfO VnfO  Unknown function  

vnfU VnfU  Unknown function  

anfH AnfH, dinitrogenase 

reductase, component 2, 

reductase component, γ 

subunit, Fe protein  

Mediation of ATP-dependent electron transfer during catalytic 

turnover, may participate in the biosynthesis of AnfDGK cofactors 

but has not been shown.  

AnfD,G, K AnfDGK, dinitrogenase, 

component 1, catalytic 

component, FeFe protein 

Facilitates chemical transformation of N2 to NH3 at the active 

cofactor site  

anfA 
 

Serves as a positive transcription regulator of anf genes  

anfO AnfO  Unknown function  

anfR AnfR  Unknown function  

anfU AnfU Unknown function  

 

1.6. Challenges of studying the nitrogenase: an ultimate testing ground for biochemistry. 

With remarkable advancements made in understanding the structure of nitrogenase and its 

metallocofactors, as well as its assembly and activity, driven by technological breakthroughs 

in crystallography, spectroscopy, molecular biology, and biochemistry, it might be tempting 

to assume that we have already discovered everything there is to know about nitrogenases. 

However, it is essential to recognise that the quest for knowledge about this enzyme is far 

from complete. Many questions, particularly regarding the exact sequence of events occurring 

during the transition ATP hydrolysis/electron transfer and the exact pathway of N2 reduction, 

remain open. 

The study of nitrogenase kinetics is a significant challenge due to a multitude of factors that 

complicate the analysis, including high oxygen sensitivity, the dynamic nature of the 

complex, the existence of multiple intermediate states, and the heterogeneity in the 

nitrogenase population due to the presence of partially assembled and damaged clusters (60). 

On the same line, the purification of nitrogenase proteins is non-trivial. The nitrogenase is not 
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naturally highly overexpressed, and it’s purification is a time-intensive process that has to be 

carried out under anaerobic conditions. Thus far, molybdenum nitrogenase has been natively 

isolated from A. vinelandii (140), Azotobacter chroococcum (141), K. oxytoca (142), 

Clostridium pasteurianum (143), Gluconacetobacter diazotrophicus (144) and R. capsulatus 

(55). Vanadium nitrogenase has been isolated only from two organisms: A. vinelandii (145) 

and A. chroococcum (146). In contrast, the iron-only nitrogenase has been isolated from A. 

vinelandii (147), R. capsulatus (148), R. rubrum (149) and R. palustris (150). 

Structural insights are limited to an even smaller subset of organisms: the structures of 

dinitrogenase reductase are available from the bacteria A. vinelandii (all three isoforms, 

AvNifH (57), AvVnfH (58), AvAnfH (69)) and C. pasteurianum (CpNifH, (151)) and the 

archaeon M. acetivorans (MaNifH, (152)), while the structure of nitrogenase is available from 

A. vinelandii (all three isoforms, AvNifDK (75), AvVnfDKG (68), AvAnfDKG (69)), K. 

oxytoca (KoNifDK, (153)), C. pasteurianum (CpNifDK, (154)) and G. diazotrophicus 

(GaNifDK, (155)). 

Throughout history, structural information has proven vital in offering valuable context for 

the interpretation of data obtained from spectroscopy and different biochemical methods. As a 

result, future efforts should, among others, focus on broadening the scope of accessible 

structural information from phylogenetically distant microbes to explore the natural repertoire 

of nitrogenases with possible different catalytic properties. 

Moreover, the demand for effective biocatalysts for industrial ammonia production (31) has 

led to a quest for microbial enzymes that can function under the harsh conditions of industrial 

processes, including high pressure/temperature/pH stability. The discovery of diazotrophic 

thermophilic diazotrophs has presented new options (156). Among them, (hyper)thermophilic 

methanogens represent a group with unique metabolism and energy conservation strategies 

(157), which stands out by their biotechnological potential (158). 

1.7. Methanogens: the diversity and metabolism. Methanogens are a very diverse group of 

obligate anaerobes often called “biocatalysts” due to their ability to produce the storable 

energy carrier, methane (158). Their historical impact on methane release and shaping our 

planet´s atmosphere is indisputable (159). Nowadays, they still actively contribute to the 

carbon cycle by releasing half of the methane released in our atmosphere (160, 161) as they 

have colonised most anaerobic ecological niches worldwide (158, 162, 163). They can be 

found in various anoxic habitats, ranging from extreme niches of hydrothermal deep sea vents 

and hypersaline lakes, anaerobic sediments of rivers, lakes, marshes, and rice fields, 
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wastewaters to the plant tissues and digestive tracts of insects and animals, including humans 

(164). In these habitats, anaerobic bacteria, protozoa, and fungi hydrolyse biopolymers to 

monomers, lipids to glycerol and long-chain fatty acids, and ferment them to acetic acid, CO2, 

and H2, which are then used as substrates for methanogenesis. In other words, by living in 

syntrophic association with these decomposers, methanogens are operating the final step in 

organic matter degradation.  

Currently, seven orders of methanogens are recognised: Methanococcales, 

Methanobacteriales, Methanosarcinales, Methanomicrobiales, Methanopyrales, 

Methanocellales, and Methanomassilicoccales, all belonging to Euryarchaeota (158), and 

some of them have already found application in the different industrial process: production of 

methane from crude oils, production of gas from organic matter, wastewater treatment, 

treatment of solid waste and development of micro-biogas plants and methanogenic 

bioelectrochemical systems (158, 165, 166). One of these technologies relies on the biogas 

conversion of methanogens using hydrogenotrophic methanogenesis, in which H2 or formate 

are used as electron donors for CO2 reduction and methane production (4H2 + CO2 → CH4 + 

2H2O). Hydrogenotrophic methanogenesis is the most widespread out of the three described 

so far (hydrogenotrophic, methylotrophic, and acetoclastic) (167). However, due to the very 

low H2 partial pressures (pH2 1-10 Pa) in most of the natural habitats of methanogens, the 

energy yields from this metabolism are very low, at the limit of supporting active metabolism. 

Under these conditions, the free energy change of CO2 reduction to methane is not enough for 

the synthesis of even 1 mole of ATP per mole of methane produced (157). Despite being 

energy extremophiles, methanogens perform a plethora of energetically demanding metabolic 

reactions, including N2-fixation.  

Nearly forty years ago, it was discovered that methanogens also have the ability to fix N2. 

Simultaneously, it was shown that Methanosarcina barkeri (168) and the marine archaeon 

Methanothermococcus thermolithotrophicus could grow on N2 as the sole nitrogen source 

(169). Such striking discovery opened up questions about the evolution of nitrogenase 

(discussed in detail in section 1.8.) and a reconsideration of the ecological role of these 

microbes in the nitrogen cycle. Alongside anaerobic methanotrophic archaea (ANME), they 

are the only archaeal group with a genomic predisposition for diazotrophy known so far 

(170). In both groups, N2-fixation occurs only in the absence of other nitrogen sources. Thus, 

the ability to fix N2 may be of special importance for the survival of methanogens in niches 

low on readily available nitrogen sources, such as sea floor, terrestrial hot springs, and lakes. 

The nifH gene, used as a marker to identify nitrogen-fixing microbes, has so far been 
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identified in multiple diverse anoxic habitats, such as deep seawater and hydrothermal vent 

fluids (171), oligotrophic open seas (172), deep-sea methane seep sediments (173), and N2-

limited soils of salt marshes (174). Because of their simple anaerobic metabolism and ancient 

origin (175), methanogens are attractive models for describing ancient (if not primordial) Life 

forms. Interestingly, the genomes of hyperthermophilic methanogens harbor the most reduced 

nif operons, which is especially interesting for consideration of evolutionary scenarios. 

1.8. Nitrogenase evolution: tracing the origins of methanogenic nitrogen fixation. 

Nitrogenases are an ancient protein family that evolved around 1.5-2.2 billion years ago, 

although there are isotopic traces of potential nitrogenase activity dating as early as 3.2 billion 

years ago (176). Certainly, the nitrogenase evolved only once, but its subsequent evolutionary 

history is filled with gene duplication, fusion, loss events, and horizontal gene transfers (177).  

There are two different proposed scenarios for the origin of the nitrogenase. According to the 

first scenario, nitrogen-fixing Last Common Universal Ancestor (LUCA) hypothesis, 

nitrogenase had already evolved in the LUCA, and gene loss, along with horizontal gene 

transfer, has been a dominant factor dictating the distribution of nitrogenase. This aligns with 

the fact that nitrogenase is found neither in eukaryotes nor in many entire phyla of 

prokaryotes (177). The second scenario, currently accepted as more plausible and with more 

evidence supporting it (137, 139, 178, 179), is the methanogen origin hypothesis. In this 

scenario, the nitrogenase evolved in methanogenic archaea and was transferred by horizontal 

gene transfer to the bacterial domain, most likely a member of Firmicutes (177). Narrow 

ecological niches in which different organisms could co-exist, so-called “evolutionary 

hotspots,” were probably conducive to intensified horizontal gene transfer (177). For the 

nitrogenase, anaerobic, sulfidic basins in the redox-stratified ocean, with the occasional influx 

of oxygenated surface waters containing molybdenum (abundantly present during the early 

Proterozoic in marine environments (180, 181)), could have been these hot spots (178). The 

absence of nitrogenase in the early-branching bacterial lineages and eukaryotes altogether also 

supports this scenario.  

Since the estimated concentrations of Fe in the oceans until ~2.2-2.5 years ago were higher 

than molybdenum (182, 183), it was assumed that Fe-only and V-nitrogenases evolved first 

(182, 184) and predated the Mo-nitrogenase (177). However, more recent phylogenetic 

analyses relying on ancestral sequence reconstruction point that Mo-nitrogenase is the 

ancestral one instead. This phylogeny suggested by Garcia et al. (Figure 14) (137) is 

consistent with previous analyses that suggested it (137, 139, 178). According to it, there are  
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Figure 14. Maximum-likelihood protein tree of concatenated Nif/Anf/VnfHDK nitrogenases. Bch/ChlLNB 

was used as an outgroup. AncA–AncE = Ancestral nodes. An approximate likelihood-ratio test (aLRT) was used 

to derive branch support and branch length scale in units of amino acid substitutions per site. True branch length 

of the outgroup = 5,578 substitutions per site. Colour code: yellow = Chloroflexi, green = Firmicutes and 

Methanococci, purple = Methanobacteria and Methanococci, red = Vnf/And, blue = Nif. / This figure is reprinted 

with permission from Garcia et al. (2020) (137). Copyright 2020 John Wiley & Sons Ltd. 
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two major lineages of nitrogenases: (i) Mo-nitrogenases and (ii) V-, Fe-only nitrogenases 

including the three clades of uncharacterised nitrogenases. The model corroborates the 

observation that V- and Fe-only nitrogenases are only present in the genomes of organisms 

containing the Mo-nitrogenase isoform. Moreover, the V-/Fe- nitrogenase assembly relies on 

nif biosynthetic genes (138).  

The FeMoco synthetic machinery encoded by nifEN arose from the gene duplication of nifDK 

(137). Parallel evolution of nitrogenase sequences, changes in metal specificity, and 

speciation in methanogens (137) resulting in the presence of all three nitrogenase types in this 

clade is another piece of evidence supporting the scenario that nitrogenase originated in this 

ancient group of archaea. 

Interestingly, it has been proposed that the growing biomass of methanogens during the 

Archean itself created selective pressure for the evolution of nitrogenase (185). Namely, at 

this time, methanogens were dominating the biosphere (186), and high atmospheric methane 

concentrations were preventing abiotic nitrogen fixation through lightning discharge. 

The diversification of diazotrophs into oxic niches and the evolution of strategies to protect 

the highly oxidative-damage-sensitive nitrogenase were driven by the competitive advantage 

conferred by N2-fixation capabilities (139). These strategies include temporal 

(Synechococcus-like cyanobacteria), spatial (Anabaena-like cyanobacteria), and metabolic 

(Azotobacter-like Proteobacteria) decoupling of nitrogen fixation and respiration (139). The 

anoxic to oxic transition was accompanied by a progressive evolution of accessory proteins 

involved in nitrogenase maturation and regulation. The dominant regulation strategy changed 

from the post-translational in anaerobes, to transcriptional regulation in obligate aerobes and 

facultative anaerobes (40, 139).  

1.9. Balancing energy and nitrogen: the regulation of nitrogen fixation. Given the high 

metabolic expense of synthesizing, using, and maintaining such a complicated enzyme, it is 

not surprising that nitrogenase activity is carefully regulated. While the regulatory 

mechanisms differ among different taxa, different nodes of the nitrogen metabolism are 

universally controlled by a conserved and ancient superfamily of sensory proteins called PII 

(187). Being found in all domains of Life, the PII represents one of the most widely distributed 

superfamilies of signal transduction proteins known in nature (187, 188). The signal 

transduction occurs via direct interactions with the targets via the so-called T-loops, a typical 

structural feature conserved in the PII proteins (187, 188). They have homotrimeric 

architecture, with each monomer harbouring a binding site for 2-oxoglutarate (2-OG) and 
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MgATP. The high cellular concentration of 2-OG signals nitrogen deficiency, whereas high 

cellular glutamine levels signal nitrogen sufficiency. This unique feature of detecting and 

interpreting the availability of cellular energy charge (ATP/ADP ratio), nitrogen (2-

OG/glutamine), and carbon (2-OG) makes them a remarkable sensory tool to control central 

metabolism (187). In addition to the central role in nitrogen and carbon metabolism, they 

regulate the production of signaling metabolites (c-di-GMP), cofactors (NAD), and a range of 

transporters (187). PII superfamily encompasses two deep-branching families that evolved 

most likely through a duplication: (i) GlnB-K family consisting of GlnB, GlnK, and similar 

proteins, and (ii) NifI family, consisting of NifI1 and NifI2 (189).GlnB-K and NifI have a role 

in the regulation of nitrogenase activity on different levels.  

N2-fixation is regulated on transcriptional and posttranslational levels, with notable 

differences between Bacteria and Archaea in the regulation mechanisms. In 

Gammaproteobacteria, including A. vinelandii, transcriptional regulation of nif genes is the 

dominant regulation strategy and is controlled by the transcriptional activator NifA and its 

antagonist NifL. In A. vinelandii, NifA and NifL are constitutively co-transcribed, and their 

expression is not dependent on nitrogen availability (40). NifA promotes the expression of nif 

genes in a typical enhancer-transcription factor fashion by binding to activator sequences 

upstream of nif genes and promoting the formation of the open σ54-RNA polymerase complex 

(40). It can also sense the cellular nitrogen levels through 2-OG binding. NifA and NifL are a 

noncanonical two-component system since NifL inhibits NifA activity via a direct protein-

protein interaction instead of phosphorylation. The PII family protein, GlnK, further regulates 

the formation of the NifAL complex. GlnK ensures that that the formation of NifAL complex 

is coordinated with the availability of the nitrogen in the cell and it is accordingly reversibly 

uridylylated (Figure 15). If the cellular nitrogen levels are high, GlnK is not uridylylated and 

promotes a ternary complex formation with NifAL, inhibiting NifA activity (Figure 15). If the 

cellular nitrogen levels are low, GlnK is uridylylated, and 2-OG is bound to NifA, which 

causes the breakdown of the inhibitory GlnK-NifA-NifL complex (Figure 15). 

In addition to nitrogen availability, the NifAL system responds to carbon availability (also 

signalled by 2-OG) and O2 levels, each prioritised under different conditions. Namely, if the 

O2 levels are high (the oxidised FAD bound to NifL promotes NifAL complex formation), the 

signals about the unfavourable redox state override the signals of favourable nitrogen and 

carbon levels, which would promote nitrogen fixation. Similarly, under low O2 levels (the 

reduced FADH2 bound to NifL would cause NifAL dissociation) and favourable carbon 

status, the signals of nitrogen excess will be decisive in preventing nitrogen fixation. Finally, 
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Figure 15. The mechanism of transcriptional regulation of nif genes by NifA-NifL-GlnK complex in A. 

vinelandii cells. The unconventional two-component system NifA-NifL controls the expression of nif genes in A. 

vinelandii in response to cellular oxygen, nitrogen, and carbon availability. 2-OG is the main signaling molecule 

of nitrogen availability in the cell. When the levels of 2-OG are high and signal low nitrogen levels, NifA is 

freely promotes the expression of nif genes. In contrast, when the 2-OG levels are low, signaling a high nitrogen 

level, deuridylylated GlnK promotes the formation of the NifA-NifL complex, inhibiting NifA. / This figure is 

reprinted with permission granted under the licence ID 1364204-1 from Huergo et al. (2015) (190). Copyright 

2015 American Society for Microbiology. 

nitrogen fixation will be inhibited under unfavourable carbon conditions, even with low O2 

and ammonia levels. It is important to note that this mechanism of NifAL action varies even 

among different Gammaproteobacteria. For example, in K. oxytoca, the expression of NifAL 

is under the control of the transcriptional factor NtrC and both uridylylated and non-

uridylylated GlnK are preventing the NifAL complex formation (40). 

The inhibition of nitrogenase activity on the post-translational level in bacteria is best studied 

and described in α-Proteobacteria such as Rhodospirillum rubrum, Rhodobacter capsulatus, 

and Azospirillum brasilense. This “switch-off” mechanism is mediated by the post-

translational modification of nitrogenase reductase through reversible covalent ADP-

ribosylation (189). The addition and removal of ADP-ribosyl moiety are catalysed by DRAT 

(dinitrogenase reductase ADP-ribosyltransferase) and DRAG (dinitrogenase reductase-

activating glycohydrolase), respectively, whose activity is regulated by PII family proteins 

GlnB, GlnK, and possibly GlnJ (189).  

In Archaea, these regulatory networks are different and are best studied in the different 

species of Methanosarcina and Methanococcus maripaludis (158, 191), due to the availability 

of genetic tools. These studies uncovered different aspects of archaeal nitrogen fixation, 

notably their dependence on particular trace elements (192), presence of different nitrogenase 
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isoforms (193), organisation of nif operons (194-196), regulation of nitrogenase activity (197-

204) and transcriptome of diazotrophic cells. The core organisation of nif operons present in 

methanogens, initially characterised in M. maripaludis (belonging to the Methanococcales 

(195)), has been shown to be conserved across different methanogenic species. In M. 

maripaludis, the nif operon contains seven genes: nifHI1I2DKEN, with nifHDK coding for the 

nitrogenase, nifEN for the MoFe-cofactor biosynthesis machinery, nifI1,2 for the regulatory 

proteins, while nifX still has an unknown role (199).  

The transcriptional regulation of nif genes differs from that in Bacteria in two important 

manners: (i) it is governed by a distinct family of transcription factors, notably the NrpR 

repressor and NrpA activator, and (ii) it does not involve PII proteins. NrpR was discovered in 

M. maripaludis and it is considered to be a global transcriptional regulator (master regulator) 

of genes involved in nitrogen metabolism in methanogens (205, 206). NrpR suppresses the 

transcription of nif, nrpA, and glnA genes (encoding the glutamine synthetase for NH3-

assimilation) by binding to the operators in their promoter regions (Figure 16A). 2-OG 

binding to NrpR releases its inhibition. Interestingly, similar to the NifAL bacterial system, 

the expression of NrpR is not regulated by nitrogen levels, and instead of forming an 

inhibitory complex with NrpA, NrpR binds to its operator sequence and prevents its 

transcription (Figure 16A). 

In addition to the NrpA/R system, Methanosarcinales use small regulatory RNAs to regulate 

the transcriptional control of nif genes (204, 207). The best characterised sRNA154 from M. 

mazei Gö1 enhances the translational initiation and stabilises the transcripts of nifH, nifD, 

nifK, glnA, and nrpA (203). The involvement of the sRNAs in the transcriptional control of nif 

genes or the homologues of sRNA154 has not been reported in Methanococcales. 

Like the α-Proteobacteria, archaea employ the nitrogenase switch-off mechanism via a post-

translational regulation, with three notable differences: (i) the target of the switch off is the 

dinitrogenase instead of the nitrogenase reductase, (ii) the inhibition is mediated by a different 

PII family protein, the NifI1/NifI2 complex (NifI1,2), (iii) there are no covalent modifications of 

the target involved, and the inhibition is achieved through direct protein-protein contact 

instead (189). A study which aimed to correlate the different metabolic strategies with 

overall nif gene content and the phylogenetic distribution of individual nif genes in different 

taxa revealed that the distributions of nifA and nifL genes are positively correlated with the 

ability to use O2 in metabolism, while the distributions of nifI1 and nifI2 genes were inversely 

correlated with the ability to use O2 in metabolism, suggesting a shift in the primary strategies 
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Figure 16. The mechanism of transcriptional and posttranscriptional regulation of nitrogenase in 

Methanococcales. A. Model of transcriptional regulation of nif genes expression by NrpR/NrpA in 

Methanococcales. Under low nitrogen conditions, NrpR prevents the expression of nif, nrpA, and glnA genes. 

This inhibition is released under high 2-OG levels signaling nitrogen deficiency. NrpA promotes the expression 

of the nif genes. B. Mechanism of the post-translational regulation of nitrogenase activity in Methanococcales. 

NifI1,2 inhibitory complex regulates the access of the NifH to NifDK depending on the energetic cellular charge 

and nitrogen status. / This figure was created with Biorender (Biorender.com) 

by which Nif is regulated during the transition from anaerobic (NifI1,2) to aerobic (NifAL) 

metabolism (139). 

This theory is further supported by the observation that nearly all organisms that 

lack nifI1I2 have nifA. However, there are examples of taxa in which both 
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(anaerobic Chlorobi) or neither (aerobic cyanobacteria and anaerobic Geobacter spp.) 

nifI1I2 and nifA are found (139). 

Like all PII family proteins, NifI1,2 responds to 2-OG and ATP levels to associate/dissociate 

with the target. While the T-loops are necessary for the binding of NifI1,2 to the nitrogenase 

(198), they are not necessary for the NifI1,2 complex formation. If enough nitrogen is available 

and a cellular energy deficiency, NifI1,2 binds to the nitrogenase and prevents NifH 

association (Figure 16B). On the contrary, if the nitrogen becomes limiting and the energy is 

sufficient to sustain N2-fixation, 2-OG and ATP bind to NifI1,2 and release the nitrogenase 

inhibition (Figure 16B) (208).  

NifI1,2 complex also behaves differently compared to other PII proteins (all homotrimers) in 

terms of oligomerization: although it is assumed to form a heterohexamer, NifI1,2 can self-

oligomerize in the presence of 2-OG to a higher-molecular-weight state (198). In the absence 

of the 2-OG, when it is complexed with nitrogenase, it also seems to form a higher-order 

molecular weight complex consistent with multiple dinitrogenases and NifI1,2 molecules 

(198). The reason behind such oligomerization (199, 209) is unknown, and so is the 

mechanism of NifI1,2 inhibition, which could physically block NifH binding or provoke 

conformational changes on the nitrogenase that would interfere with electron flow or 

catalysis. 

1.10. (Hyper)thermophilic methanogens as the next generation of model organisms for 

studying biological nitrogen fixation. We have selected hyperthermophilic methanogens of 

order Methanococcales as our model organisms for this thesis due to a range of intriguing 

differences compared to the traditional diazotrophic model organisms. First, their nitrogenases 

belong to a phylogenetically distinct clade, suggesting the possibility of novel properties and 

regulatory mechanisms. Additionally, (hyper)thermophiles are known to possess robust 

enzymes and thrive in extreme conditions. These presumed unique adaptations enable 

nitrogen fixation at extreme temperatures (210), very high H2-partial pressures (168, 169, 

210) and WO4
2+ concentrations that would normally inhibit nitrogenases. These extraordinary 

environmental conditions under which they operate make them exceptionally well-suited for 

investigating the intricacies of nitrogenase regulation as well. As a result, we have chosen to 

focus our attention on two specific model organisms within this group. 

The two model organisms used in this thesis, thermophilic Methanothermococcus 

thermolithotrophicus SN-1 (211) and hyperthermophilic Methanocaldoccoccus infernus ME 

(212), belong to the order of Methanococcales, which have only marine species. The 
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Figure 17. A. A phase contrast light micrograph of Methanococcus thermolithotrophicus. B. Phase contrast 

light micrograph of Methanocaldococcus infernus. / The Panel A of this figure is reprinted with permission 

granted under the licence ID 5553600732933 from Huber et al. (1982) (211). The Panel B of this figure is 

reprinted with permission granted under the licence ID 1356994-1 from Jeanthon et al. (1999) (212). 

thermophile M. thermolithotrophicus has an optimal growth temperature of 65 °C and was 

isolated from shallow (0.5 m) geothermally heated sea sediments of Stufe di Nerone (Naples, 

Italy) (211). Coccoid cells have ~20 flagella and can occur as single cells or in pairs (Figure 

17A). M. thermolithotrophicus can grow between 30 and 70 °C with an optimal pH between 

6.5 and 7.5 (211). M. infernus, isolated from a deep-sea (3 000 m) white smoker hydrothermal 

vent at the Mid-Atlantic Ridge, grows at the optimal temperature of 85 °C (with a range 

between 50 and 93 °C and pH between 5.25 and 7.0) (212). Cells are also characteristically 

coccoid and heavily flagellated with several flagella tufts (Figure 17B) (212).  

They both contain only one nitrogenase copy in their respective genomes, which is thought to 

be molybdenum-dependent and consequently annotated as nif. At the moment, genetic 

manipulations of these two organisms remain out of reach, but the tools developed for the 

closely related M. jannaschii have the potential to be accordingly adapted. 

A native approach, in which the protein of interest is characterised directly from the native 

organism, leads to an unbiased view of the enzyme properly folded by dedicated chaperones, 

in complex with their natural partners, and loaded with the correct metallo-cofactor and post-

translational modification, that will warranty an optimal enzymatic activity. 

1.11. Research hypotheses and questions addressed in the thesis. This thesis was 

undertaken with the aim to characterize the diazotrophic metabolism and explore the nitrogen 
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assimilation system and its regulation in (hyper)thermophilic methanogens on the molecular 

level. 

It was driven by four main objectives: (i) unravelling the molecular basis and identifying the 

protein partners involved in nitrogen fixation within (hyper)thermophilic methanogenic 

archaea through transcriptomic and physiological experiments (Chapter 2); (ii) obtaining the 

native structure of archaeal dinitrogenase reductase via X-ray crystallography (Chapter 3); 

(iii) pioneering the acquisition of the very first structure of archaeal nitrogenase via X-ray 

crystallography (Chapter 4); (iv) unveiling the molecular mechanism behind nitrogenase 

post-translational regulation by PII family proteins in Archaea (Chapter 4). Furthermore, an 

established pipeline for anaerobic protein crystallisation was utilised to contribute to the 

accomplishment of two additional objectives: (v) determination of the functional and 

structural role of the Mo-nitrogenase MMB site (Chapter 5) and (vi) investigation of the 

cooperativity in the nitrogenase system (Chapter 6). The two last chapters rely on A. 

vinelandii as a model organism. Based on these objectives, the following hypotheses were 

postulated: 

H1: Diazotrophic growth causes metabolic remodelling in marine thermophilic methanogens. 

Chapter 2 of the thesis presents a comprehensive transcriptomic analysis that answers the 

following questions: how nitrogen fixation is integrated into the methanogenic metabolism 

of M. thermolithotrophicus and what potential electron donors are involved in supporting 

nitrogenase activity. 

H2: The distinct evolutionary positions and thermostability of nitrogenase from 

Methanococcales can be explained by their unique structural features. 

Chapter 3 provides the answers regarding the structures of dinitrogenase reductase from 

meso-, thermo-, and hyperthermophile marine methanogens and their compatibility with 

the phylogenetically distinct bacterial system from A. vinelandii. Chapter 4 describes the 

first structural insights of the archaeal nitrogenase. 

H3: Nitrogenases from hyperthermophiles are an ideal model to study the mechanism of N2-

fixation catalysis. 

Chapter 4 details resting and turn-over states trapped in the as-isolated enzyme from M. 

infernus, highlighting the physiological P1+ state of the P cluster. 

H4: The higher oligomerization of NifI1,2 is required for its physiological role in regulating 
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the nitrogenase activity in (hyper)thermophilic archaea. 

In Chapter 4, the thesis addresses two questions: the physiological and mechanistic reasons 

for the oligomerization of NifI1,2 and the mechanism of nitrogenase inhibition at the 

molecular level.  

H5: The absence of the 16th Fe atom at the MMB site is not impacting Mo-nitrogenase 

functionality. 

Chapter 5 answers whether the 16th Fe atom at the nitrogenase MMB site has any 

implications for the enzyme's electron transfer, catalytic activity, or structural stability. 

H6: The nitrogenase exhibits negative cooperativity during NH3 and H2 reduction activity.  

Chapter 6 gives an answer to the question of which mode of cooperativity nitrogenase 

exhibits during the reduction of physiological substrates. 

1.12. An overview of enclosed manuscripts. Contributions to manuscripts. 

Chapter 2: “Differential transcriptomics sheds light on the remodelling of gene 

expression during diazotrophy in the thermophilic methanogen Methanothermococcus 

thermolithotrophicus“ 

Nevena Maslać, Chandni Sidhu, Hanno Teeling, Tristan Wagner 

Published in: mBio Volume 13 • Number 6 • 22 November 2022  

DOI: https://doi.org/10.1128/mbio.02443-22 

Author contributions: N.M. and T.W. designed the research. N.M. performed all culture 

experiments. C.S. processed the transcriptomic data. C.S., N.M., and T.W. interpreted the 

data. All authors wrote the paper. 

In this manuscript, the growth of M. thermolithotrophicus under diazotrophic conditions is 

investigated using cultivation techniques and transcriptomic analysis. M. thermolithotrophicus 

was adapted to diazotrophy, and its culture medium was optimized. The physiological 

experiments revealed that diazotrophy depends on the presence of molybdenum, while the 

transcriptomic analysis highlighted that a substantial portion of the genome exhibited 

differential expression patterns during different stages of growth. 

Chapter 3: “Structural comparison of nitrogenase reductase from three marine 

Methanococcales” 
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Provisional author list: Nevena Maslać, Cécile Cadoux, Pauline Bolte, Fenja Murken, Ross 

Dean Milton, Tristan Wagner 

Manuscript in preparation (all presented models are fully refined and ready for validation) 

N.M. and T.W. designed the research. C.C. and N.M. purified AvNifDK and AvNifH. F.M. 

optimised the protocol for the purification of recombinant MiNifH. P.B. cultivated M. 

infernus cells and purified native MiNifH. N.M. cultivated M. thermolithotrophicus cells and 

purified native MtNifH. N.M. produced recombinant Mm/Mt/MiNifH. N.M. performed the 

phylogenetic analysis, activity assays, and hrCN PAGE. X-ray data collection was performed 

by N.M. and T.W. Data processing, model building, structure refinement, validation and 

deposition were performed by N.M. and T.W. Structures were analysed by N.M. and T.W. 

R.D.M. and T.W. acquired funding to realise the project. The paper was written by N.M. and 

T.W. with contributions and final approval of all co-authors. 

 

This study describes the first native purification of dinitrogenase reductase from thermophilic 

and hyperthermophilic marine methanogens. The enzymes were structurally characterised in 

the presence and absence of the MgADP. Furthermore, the study also includes the 

recombinant structure of dinitrogenase reductase from the mesophilic M. maripaludis. Despite 

exhibiting a high degree of conservation and retaining the defining structural features of P-

loop NTPases, they do not demonstrate cross-reactivity in activity assays with Mo-

nitrogenase from A. vinelandii, indicating the existence of specific functional differences. 

Chapter 4: “Molecular basis of nitrogenase regulation by a PII family protein in a 

hyperthermophilic methanogen” 

Provisional author list: Nevena Maslać, Marie-Caroline Müller, Pauline Bolte, Tristan 

Wagner  

Manuscript in preparation (presented models are not fully refined) 

Author contributions: N.M. and T.W. designed the research. N.M. and P. B. cultivated M. 

infernus, purified and crystallized the proteins. N.M. cultivated M. thermolithotrophicus, 

purified and crystallized the proteins. X-ray data were collected by N.M. and T.W. Data 

processing, model building, and structure refinement of MtNifI1,2 structure were performed by 

M-C.M. Data processing, model building, structure refinement, and analysis of all other 

presented structures were performed by N.M. and T.W. T.W. acquired funding to realize the 
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project. The paper was written by N.M. and T.W. with contributions and final approval of all 

co-authors. N.M. and T.W. are working on the manuscript.  

This manuscript presents the groundbreaking achievement of elucidating the first crystal 

structure of an archaeal nitrogenase from the hyperthermophilic methanogen 

Methanocaldococcus infernus. The atomic resolution structures of the dinitrogenase alone 

describes new states of the metallocofactor, which have never been observed in an as-isolated 

Mo-nitrogenase. Furthermore, the study offers a complete understanding of the regulation 

system by providing the structure of the NifHDK complex and the inhibited NifI1,2NifDK 

super complex of 0.86 MDa. 

Chapter 5: “The 16th Fe of Mo-nitrogenase is not required for activity” 

Cécile Cadoux*, Nevena Maslać*, Léa Di Luzio, Daniel Ratcliff, Wenyu Gu, Tristan Wagner, 

Ross D. Milton (*Equally contributed to the study) 

Manuscript submitted to Angewandte Chemie  

C.C., W.G. and R.D.M. designed the research. C.C., L.D.L., W.G. and R.D.M. constructed 

and produced the ß-D353G/D357G MoFe protein mutant. C.C. performed limited proteolysis; 

and C.C., L.D.L. and D.R. performed activity assays. N.M. performed the crystallisation. X-

ray data collection was performed by N.M. and T.W. Data processing, model building, 

structure refinement, validation and deposition were performed by N.M. and T.W. Structures 

were analysed by N.M. and T.W. N.M. performed the sequence comparison analyses. R.D.M. 

and T.W. acquired funding to realize the project. The paper was written by all authors. 

This study employed a combination of X-ray crystallography, bioinformatics, and 

biochemical and biophysical methods to investigate the influence of the MMB site (usually 

loaded with Fe) on the catalytic capabilities and stability of nitrogenase. A β-D353G/D357G 

variant (representing the mutated axial ligands of the 16th iron) of A. vinelandii NifDK was 

created to serve as a model system. Structural analysis revealed the loss of the MMB site and 

the absence of an anomalous signal. At the same time, further biochemical characterization 

indicated no significant alterations in the enzymatic properties or stability of the variant. 

Chapter 6: “Nitrogen fixation and hydrogen evolution by sterically encumbered Mo-

nitrogenase”  

Cécile Cadoux, Daniel Ratcliff, Nevena Maslać, Wenyu Gu, Ioannis Tsakoumagkos, Sascha 

Hoogendoorn, Tristan Wagner, Ross D. Milton 
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Published in: JACS Au Volume 3 • Number 5 • 09 May 2023  

DOI: https://doi.org/10.1021/jacsau.3c00165 

Author contributions: The manuscript was written through the contributions of all authors. All 

authors have approved the final version of the manuscript. Credit: Cecile Cadoux 

conceptualization, data curation, formal analysis, investigation, methodology, validation, 

visualization, writing-original draft; Daniel Ratcliff conceptualization, data curation, formal 

analysis, investigation, methodology, writing-review & editing; Nevena Maslać 

conceptualization, data curation, formal analysis, investigation, methodology, writing-review 

& editing; Wenyu Gu conceptualization, formal analysis, investigation, methodology, 

writing-review & editing; Ioannis Tsakoumagkos conceptualization, formal analysis, 

investigation, methodology, writing-review & editing; Sascha Hoogendoorn 

conceptualization, data curation, formal analysis, investigation, methodology, resources, 

supervision, visualization, writing-review & editing; Tristan Wagner conceptualization, data 

curation, formal analysis, funding acquisition, investigation, methodology, resources, 

software, supervision, validation, visualization, writing-review & editing; Ross D. Milton 

conceptualization, data curation, formal analysis, funding acquisition, investigation, 

methodology, project administration, resources, software, supervision, validation, 

visualization, writing-original draft, writing-review & editing. 

In this manuscript, the mode of cooperativity employed by nitrogenase was studied on 

sterically inhibited α-C45A/L158C variant of A. vinelandii Mo-nitrogenase created for this 

purpose. While the crystal structure revealed an almost identical conformation to the wild-

type, biochemical characterization revealed an N2-fixation activity with a maximum velocity 

supporting the negative cooperativity.  

This thesis was funded by the Max Planck Society. 
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2.1. Abstract 

Some marine thermophilic methanogens are able to perform energy-consuming nitrogen 

fixation despite deriving only little energy from hydrogenotrophic methanogenesis. We 

studied this process in Methanothermococcus thermolithotrophicus DSM 2095, a 

methanogenic archaeon of the order Methanococcales, that contributes to the nitrogen pool in 

some marine environments. We successfully grew this archaeon under diazotrophic 

conditions in both batch and fermenter cultures, reaching the highest cell density reported so 

far. Diazotrophic growth depended strictly on molybdenum and, in contrast to other 

diazotrophs, was not inhibited by tungstate or vanadate. This suggests an elaborate control of 

metal uptake and a specific metal recognition system for the insertion into the nitrogenase 

cofactor. Differential transcriptomics of M. thermolithotrophicus grown under diazotrophic 

conditions with ammonium-fed cultures as controls revealed upregulation of the nitrogenase 

machinery including chaperones, regulators, and molybdate-importers, as well as 

simultaneous upregulation of an ammonium-transporter and a putative pathway for 

nitrate/nitrite utilization. The organism thus employs multiple synergistic strategies for uptake 

of nitrogen nutrients during the early exponential growth phase without altering transcription 

levels for genes involved in methanogenesis. As a counterpart, genes coding for transcription 

and translation processes were downregulated, highlighting the maintenance of an intricate 

metabolic balance to deal with energy constraints and nutrient limitations imposed by 

diazotrophy. This switch in the metabolic balance included unexpected processes, such as 

upregulation of the CRISPR-Cas system, probably caused by drastic changes in transcription 

levels of putative mobile and virus-like elements. 

2.2. Importance 

The thermophilic anaerobic archaeon, M. thermolithotrophicus, is a particularly suitable 

model organism to study the coupling of methanogenesis to diazotrophy. Likewise, its 

capability to simultaneously reduce N2/CO2 into NH3/CH4 with H2 makes it a viable target for 

biofuel production. We optimized M. thermolithotrophicus cultivation, resulting in 

considerably higher cell yields and enabling the successful establishment of N2-fixing 

bioreactors. Improved understanding of the N2-fixation process would provide novel insights 

into metabolic adaptations that allow this energy-limited extremophile to thrive under 

diazotrophy, for instance by investigating its physiology and uncharacterized nitrogenase. We 

demonstrate that diazotrophic growth of M. thermolithotrophicus is exclusively dependent on 

molybdenum, and complementary transcriptomics corroborated the expression of the 



 

61 

molybdenum nitrogenase system. Further analyses of differentially expressed genes during 

diazotrophy across three cultivation time points revealed insights into the response to nitrogen 

limitation and the coordination of core metabolic processes. 

2.3. Keywords 

Methanogenic archaea, N2-fixation, thermophile, nitrogenase, nitrogen-starvation, differential 

transcriptomics, energy limitation, molybdenum. 

2.4. Introduction 

Methanogenic archaea generate about one gigaton of methane per year (1). This amounts to 

about half of the greenhouse gas methane in our atmosphere (2, 3). Methanogenesis is a 

strictly anaerobic process occurring in habitats in which electron acceptors other than CO2 are 

depleted (4). It is accepted that under natural conditions methanogenesis provides an 

extremely low energy yield, causing methanogens to thrive close to the thermodynamic limits 

of life (1, 5, 6) Therefore, it came as a surprise when in 1984 two studies proved that 

Methanothermococcus thermolithotrophicus (7) and Methanosarcina barkeri (8), can perform 

nitrogen fixation, a very energy-demanding metabolic process that requires the hydrolysis of 

at least 16 ATP per molecule of fixed N2 (9). 

The nifH gene is widely used as a marker to identify nitrogen-fixing organisms. Multiple 

environmental studies detected nifH genes and transcripts from methanogens in diverse 

anoxic habitats, such as deep seawater and hydrothermal vent fluids (10), oligotrophic open 

seas (11), deep-sea methane seep sediments (12), and N2-limited soils of salt marshes (13). 

Collectively these findings show that methanogens are indeed actively fixing N2 in nature and 

thereby contribute considerably to global nitrogen cycling. It also implies that methanogens 

and anaerobic methanotrophs (ANMEs) (14) can overcome the largest activation barrier in 

biology of +251 kJ.mol-1 (15) to break the N2 triple bond. 

The reduction of N2 to NH3 is catalyzed by the nitrogenase enzyme complex. The overall 

organization of this complex is highly conserved among Bacteria and Archaea. It is 

composed of a dinitrogenase reductase (iron protein, NifH) and dinitrogenase (iron-

molybdenum protein, NifDK) containing one [MoFe7S9C-(R)-homocitrate] iron-molybdenum 

cofactor (FeMo-co) and a [8Fe-7S] P cluster (15). The nitrogenase-encoding nif genes and a 

plethora of accessory proteins with roles in regulation, biosynthesis and maturation of metal 

cofactors, can be clustered within one or in several operons or regulons depending on the 

organism (15-18). In addition to Nif, representing the most widespread and well-studied 
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system, at least two alternative nitrogenases are known: vanadium nitrogenase (VFe protein: 

Vnf) and iron-only nitrogenase (FeFe protein: Anf) (15). Both are considered to be 

evolutionary related to the Nif system (19). 

Phylogenetic analyses suggest that the ancestral nitrogenase originated in anaerobic 

methanogenic archaea, from where it was subsequently transferred into the bacterial domain, 

most probably initially to the Firmicutes (15, 19-22). Despite the shared origin and a minimal 

conserved set of genes required for functionality, archaeal nitrogenases are very distinct from 

their bacterial homologs. This is reflected in the genetic organization of nitrogenase 

operon(s), regulation of their expression by the repressor NrpR and activator NrpA, and the 

unique mode of post-translational activity regulation through direct protein-protein 

interactions (23-25). These differences have been extensively studied in the mesophilic 

methanogen Methanococcus maripaludis (16, 17, 26-30) and different Methanosarcina 

strains (31-36) using well-established genetic systems for both species.  

In this context it is noteworthy that M. maripaludis features a single operon consisting 

exclusively of nif genes (16, 28) (Fig. S1), whereas some Methanosarcinales harbor 

additional vnf and anf operons coding for V- and Fe-only nitrogenases, respectively. 

However, these operons all share the core organization of the nif operon in which nifH, nifD 

and nifK genes code for the two structural subunits of the nitrogenase system, while nifE and 

nifN play a putative role in the synthesis of FeMo-co. Genes nifI1 and nifI2 encode PII-family 

regulators that are conserved in archaea, while nifX has no homology with the homonymous 

bacterial gene (Fig. S1). NifX, absent in Methanosarcinales, has an unknown function. It is 

not required for nitrogen fixation in M. maripaludis, since nifX in-frame deletion mutants are 

still capable of diazotrophic growth (17). 

Only a few studies exist on the diazotrophic physiology of (hyper)-thermophilic 

Methanococcales. The N2-fixation capabilities of these hydrogenotrophic methanogens are 

particularly interesting for several reasons: (i) their nitrogenases form a separate evolutionary 

branch (19) (Fig. S2, Fig. S3), (ii) they can perform N2-fixation under very high H2-partial 

pressure usually inhibiting nitrogenases (7, 8, 37), and (iii) they can fix nitrogen at the highest 

temperature ever described so far (i.e. up to 92 °C) (37). Together this suggests a unique 

adaptation that allows N2-fixation to operate at both high temperatures (7) and extreme energy 

limitations. 

We investigated the integration of N2-fixation with other metabolic processes in thermophilic 

M. thermolithotrophicus by using a combined approach of physiological tests and differential 
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transcriptomics. Our results provide new insights into the adaptive strategies of M. 

thermolithotrophicus to energy and nutrient limitation stress inflicted by Mo-dependent 

diazotrophy. 

2.5. Results 

2.5.1. Nitrogen acquisition by M. thermolithotrophicus. We selected M. 

thermolithotrophicus DSM 2095 due to its remarkable chemolithoautotrophic capabilities and 

fast growth at 65 °C in mineral medium (38, 39). Series of incubations with different NH4Cl 

concentrations, ranging from 0.1 to 16.8 mM, showed that M. thermolithotrophicus required a 

minimum of 10 mM NH4Cl for best growth (Fig. 1A) in our optimized medium (see Materials 

and Methods for composition) (39, 40). Higher NH4Cl concentrations of 25-200 mM NH4Cl 

did not result in higher cell yields, and a 500 mM excess of NH4Cl led to a decrease (Fig. S4). 

Continuous monitoring of ammonia consumption during growth on 10 mM NH4Cl over a 

span of 26 hours confirmed depletion proportional to the observed increase in biomass (Fig. 

1B). The culture reached stationary phase after 18 h during which most of the ammonia was 

consumed beyond the reliable detection limit. 

M. thermolithotrophicus was adapted to diazotrophic conditions after three successive 

transfers to NH4Cl-free medium. Under this condition, dissolved N2 was the sole available 

nitrogen source. The cell density of the diazotrophic culture was six times higher than 

reported by Belay and colleagues in their original study on the discovery of diazotrophy in 

methanogens in 1984 (e.g., 1.85 achieved in 48 h as compared to 0.4 achieved in ~20 h (7)). 

Ammonia possibly released in the medium was measured during diazotrophic growth (Fig. 

1C), and traces were detected during the mid-exponential phase reaching a maximum of 40 

µM ammonia in the stationary phase (Fig. 1C). However, we cannot exclude that detected 

ammonia also originated from cell lysis rather than from active excretion. 

In addition to batch diazotrophic cultures, M. thermolithotrophicus was successfully grown in 

a 10 L fermenter continuously supplied with H2/CO2 and N2. To maintain the sulfur source in 

the medium, we replaced Na2S used in batch cultures (which would be flushed out as H2S) 

with Na2SO3 or Na2SO4 (see Materials and Methods)(39). Diazotrophic growth was not 

affected by HSO3
-, a known inhibitor of methanogenesis (Fig. 1D) (41). While the final cell 

yield was similar to the one observed in batch cultures, division times were shorter (Fig. 1D). 

Fermenter-grown cultures supplemented with NH4Cl had higher final yields than diazotrophic 

fermenter-grown cultures. However, in comparison to NH4
+-grown batch cultures, the 
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difference was not very pronounced, as final yields were only slightly higher and the division 

times were similar. 

2.5.2. N2-fixation is molybdenum-dependent. We then investigated the nitrogenase type 

used for diazotrophy, taking into account that the M. thermolithotrophicus genome features 

only one nifDK. It must be noted that M. thermolithotrophicus resembles M. maripaludis in 

terms of physiology, and the latter was shown to require molybdenum (Mo) for its 

diazotrophic growth (28). Therefore, we first tested for molybdenum (Mo) dependency. 

Growth of cultures lacking either Mo, vanadium (V) or both metals in the medium were 

monitored simultaneously. Depletion of Mo and V from the media was achieved by three 

successive culture transfers to the same media without Mo and V. The highest optical density 

(OD600 nm) was reached when M. thermolithotrophicus was grown in the control medium 

containing both Mo and V. Growth was similar in the diazotrophic culture incubated without 

V, but with a lower final OD600 nm (Fig. 2A). This trend was reproducible and suggests that V 

acts as a potential growth stimulator under such conditions. No growth was observed in the 

absence of Mo, with or without V (Fig. 2A). The minimal required Mo concentration of 0.1 

µM was determined in a separate series of incubations with Mo concentrations ranging from 

0.01 to 100 µM (Fig. 2B). To check, if Mo is essential for methanogenesis (42) or metabolic 

processes other than nitrogen fixation, we supplemented the culture grown in absence of Mo 

with NH4Cl, which restored growth after an overnight incubation (Fig. 2A).  

An inhibitory effect of tungstate (WO4
2-) on diazotrophic growth has already been observed in 

A. vinelandii OP (43), Methanosarcina barkeri 227 (32) and M. maripaludis strain S2 (28). In 

this case, WO4
2- can inhibit MoO4

2- uptake (44) and it can be incorporated into the 

nitrogenase, thereby rendering the protein inactive (43, 45, 46). These inhibition mechanisms 

are competitive and thus dependent on the MoO4
2-/WO4

2- ratio. Surprisingly, there was no 

observable inhibitory effect in M. thermolithotrophicus (Fig. 2C), even at a 1:1 MoO4
2-/WO4

2- 

ratio. In contrast, diazotrophic growth of M. maripaludis was inhibited at a 10:1 MoO4
2-

/WO4
2- ratio (28). This observation might be explained by different affinities of the WO4

2- and 

MoO4
2- transport systems in both species. The ModABC transporter (47, 48) is present in both 

organisms and should transport MoO4
2- and WO4

2- (49). In addition, M. thermolithotrophicus 

has a highly specific WO4
2- transporter TupABC (50) that is lacking in M. maripaludis. 

Instead, M. maripaludis has a third type of tungstate transporter WtpABC (49, 51), which can 

transport WO4
2- and MoO4

2- but has a higher affinity for WO4
2- than has been shown for Mod 

and Tup in Pyrococcus furiosus (51). Furthermore, it is also known that Mod transporters can 

have different affinities for both oxyanions in different organisms (49, 52, 53), suggesting that 
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both transporter specificities and the specificity of the FeMo-co insertion machinery 

contribute to the W tolerance during diazotrophy. 

2.5.3. Diazotrophy shifts expression of a large number of genes. Transcriptomics and 

DNA-microarrays have been used to investigate the complex metabolic and regulatory 

networks that control N2-fixation in two model organisms: Azotobacter vinelandii (54) and 

Methanosarcina mazei Gö1 (36, 55, 56). These studies led to the discovery of three gene 

clusters (rnf1, rnf2 and fix) coding for electron transfer systems that provide reducing 

equivalents to the nitrogenase in A. vinelandii, as well as multiple potential transcriptional and 

sRNA regulators in Methanosarcina mazei Gö1. Here, we used comparative transcriptome 

profiling of N2-fixing M. thermolithotrophicus cultures versus NH4
+-grown cultures to 

investigate the metabolic adaptations induced by nitrogen fixation. The experiment was 

conducted in biological triplicates at three different time points: 3 h (early exponential phase), 

21 h (stationary phase-starvation due to the exhaustion of the gas phase), and 25 h post-

inoculation (see Materials and Methods, Fig. 3A, and Supplementary Table 1). The gas phase 

was exchanged after sampling at the 21 h time point, since the cultures consumed H2/CO2. 

The robustness of our sample data was reflected in a corresponding principal component 

analysis (PCA), in which triplicates from different conditions and time points are clustered 

(Fig. 3B). More importantly, it revealed that 92% of the variation could be explained by the 

different sample treatments. 

Transcriptome profiling across the three time-points revealed prominent changes (Fig. 3C). 

Out of the total 1,751 predicted genes (open reading frames, ORFs), 1,737 genes were found 

to have non-zero read counts. At 3 h, 12.3% (214) were differentially expressed with most 

(122/214) being upregulated under diazotrophic conditions. More than half of these genes 

(70/122) were of an unknown function without any homologs in the databases (their probable 

role is discussed further below). The difference was smaller at 21 h, with only 3.3% (57) of 

the total expressed genes having differential expressions, however at 25 h, 17.2% (302) were 

differentially expressed, with most of them downregulated (257/302) under diazotrophic 

conditions (Supplementary Table 2). 

To check the overall expression of genes irrespective of differential expression, we mapped 

reads to predicted genes in terms of transcripts per million (TPM). Details of this analysis are 

summarized in the sections below. 

2.5.4. Nitrogen- and molybdate-acquisition genes are mostly affected during the early 

exponential phase. As anticipated, upregulated genes at 3 h included the nif operon 



 

66 

(nifHI1I2DKXEN) and molybdate-acquisition genes (modABC). This illustrates a swift 

response of M. thermolithotrophicus to diazotrophic conditions. The highest log2-fold change 

(FC) was observed for nifI1I2HDKX genes with values ranging from 8.8 to 7.0 

(Supplementary Table 2). The proteins of the FeMo-co biosynthetic machinery, nifE and nifN, 

were also among the upregulated genes with log2FC of 5.3 and 4.6 respectively (Fig. 4A-B). 

An essential gene for FeMo-co biosynthesis, nifB, (57, 58), was transcribed at a lower level 

with a log2FC of 1.8. 

The mod operon, coding for the three subunits of a molybdate ABC transporter (modABC), 

was also upregulated (Fig. 4A), with modA being strongly expressed with a log2FC of 5.5 

(Supplementary Table 2). This agrees with our physiological data that show a clear Mo-

dependency under diazotrophic conditions. Although three modA instances are present in the 

genome, only the modA gene in vicinity of nif operon that is part of the complete mod operon 

was highly expressed. The tupA gene coding for the tungstate transporter was also 

upregulated (log2FC: 1.7), strengthening the hypothesis that both transporter specificities and 

adaptation of the cofactor biosynthetic machinery contribute to the W tolerance during 

diazotrophy. 

The other genes upregulated at 3 h included the ammonium transporter amtB2 and its PII-

family regulatory protein glnK2 with the log2FC of 6.2 and 5.8, respectively (Supplementary 

Table 2). The genome of M. thermolithotrophicus harbors two different amtB genes with their 

associated glnK regulators (40). Interestingly, amtB1 and glnK1 were not differentially 

expressed (Supplementary Table 2, Figure 4A-B), which might point to the existence of an 

internal regulator or an additional promotor. In addition to the nif and amtB/glnK operons, 

which are known to be upregulated during diazotrophy from previous studies (54, 55, 59), the 

ammonium assimilating glutamine synthetase (glnA) gene was also upregulated 

(Supplementary Table 2). However, the transcript level of the second enzyme involved in the 

N-assimilation, the glutamate synthase, remained unchanged, suggesting that GlnA is the rate 

limiting step in ammonium assimilation. 

Unexpectedly, narK coding for a putative nitrate transporter and narB coding for a 

molybdopterin-dependent nitrate reductase (60), were also highly expressed during 

diazotrophy in the early exponential stage (Fig. 4A-B, Supplementary Table 2). If nitrate 

would be imported and reduced in the cell, the oxidant nitrite would be generated and could 

damage the highly oxidation-sensitive methanogenic machinery (61). A gene coding for a 

F420-sulfite reductase isoform (also belonging to Fsr group 1 but different to the one naturally 
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expressed under sulfite condition described in (39)), which co-occurs with narK and narB, 

would be a plausible candidate for nitrite detoxification, since Fsr has been recognized to 

catalyze nitrite reduction (39). M. thermolithotrophicus has been reported to be able to grow 

on nitrate as the only source of nitrogen (62), which might involve these genes. 

In addition, three genes coding for the enzymes of the molybdopterin biosynthetic pathway 

(moaE, mobB and moeB) were upregulated. They might be involved in supplying the putative 

nitrate reductase with molybdopterin, while the formylmethanofuran dehydrogenase enzyme 

used for methanogenesis harbors a tungstopterin (42). The pathway of molybdopterin 

biosynthesis has been extensively studied and it is highly conserved (63). The pathway of 

tungstopterin biosynthesis is thought to be homologous up to the step of metal insertion (64). 

It is proposed that the biosynthetic machinery is able to distinguish between the two metals 

and insert the correct metal into the respective enzymes by employing MoeA isoenzymes 

selective for either molybdate or tungstate (64, 65). All archaeal genomes sequenced so far 

encode two moeA isoforms sharing around 40% identity (64). This might explain how 

organisms are able to correctly express different proteins with molybdopterin and 

tungstopterin simultaneously (64). However, this hypothesis still lacks experimental 

validation. 

As described in Fig. 4C-D, the expression of genes partaking in N2-fixation and molybdenum 

acquisition remained unchanged at 21 h and 25 h and therefore, no differential expression was 

observed. The overall expression of genes in terms of TPM followed a similar pattern. An 

established marker for metabolic activity of methanogens, the transcription level of mcrA 

(66), was used as a reference point for comparison (Fig. 4B-D). 

None of the methanogenesis pathway genes showed any difference in transcription levels at 

the early exponential phase. However, after 25 h nearly all genes involved in methanogenesis 

were downregulated. The expression of F420-reducing hydrogenase was maintained at the 

same level at all time-points to supply reduced F420 from H2-oxidation. Hydrogenotrophic 

Methanococcales can alternatively use formate as electron source (67, 68), and in this case a 

putative formate transporter (fdhC) and formate dehydrogenase (fdhF) were found to be 

downregulated at 3 h. In addition to methanogenesis, numerous anabolic processes were shut 

down at 25 h, such as carbon-assimilation (e.g. pyruvate:ferredoxin oxidoreductase), amino-

acid metabolism (e.g. ketol-acid reductoisomerase), lipid biosynthesis (e.g. 

hydroxymethylglutaryl-CoA synthase), ATP synthesis (i.e. ATP-synthase) and vitamins and 

coenzymes biosynthesis (e.g. hemE). Such a decrease in catabolic and anabolic processes 
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combined with the downregulation of genes involved in S-layer formation and cellular 

division (e.g. ftsZ) suggests a fine-tuned metabolic mode of energy saving to prioritize 

nitrogen fixation. 

2.5.5. Transcriptional and translational machineries are considerably downregulated. 

Both the transcriptional and translational machineries responded negatively to diazotrophic 

conditions after 3 h. This included downregulation of RNA polymerase subunits (rpoA2H), 

the sigma factor 70 (rpoD, controlling the transcription of housekeeping genes), and 35 

ribosomal proteins (Supplementary Table 2). Our ribosomal RNA expression data has the 

limitation that rRNA removal treatment was performed before sequencing. Still, we could 

detect downregulation of rRNA expression, which was corroborated by downregulation of 

ribosomal proteins. Some genes with a putative function in tRNA/ribosome biogenesis and 

biosynthesis of nucleotide and amino acid precursors were also negatively affected, 

corroborating a deep impact on the overall translation process under N2-fixing conditions. For 

example, two key enzymes (transketolase and transaldolase) of the non-oxidative branch of 

the pentose phosphate pathway (69) for synthesis of nucleotides and histidine (from ribose 5-

phosphate), as well as aromatic amino acids (from erythrose 4-phosphate) precursors were 

downregulated (Supplementary Table 2). This is another notable difference from 

Methanosarcina, in which the upregulation of genes involved in the synthesis of aromatic 

amino acids was observed (55). Notably, tRNAThr and tRNASer were upregulated while 

tRNAAla and tRNAPro were downregulated at 3 h. Taken together, changes in the expression 

of all the mentioned genes contribute to the restriction of the entire translation process. The 

DNA replication system seems not to be impacted, since we could not observe any changes in 

the transcript levels of DNA polymerase encoding genes. This is in line with the results of 

Belay and coworkers, who showed that during diazotrophic growth the cellular protein 

content of M. thermolithotrophicus was significantly reduced (7). 

2.5.6. High expression of CRISPR-Cas genes and putative viral genes. Components of the 

CRISPR-Cas virus defense system were also upregulated under diazotrophy at 3 h, including 

Csm1-5 of the Csm effector complex and CRISPR-associated proteins (Cas proteins) Cas4-6 

(Supplementary Table 2). This might be explained by presence of a prophage that is 

expressed when the cells are energy depleted or otherwise stressed. The Phaster server, a tool 

for finding prophages in bacterial genomes (70), was unsuccessful in detecting any complete 

prophages in the M. thermolithotrophicus genome. However, we identified a locus of 28 co-

occurring ORFs that were highly expressed at all-time points (Fig. 5). Twenty out of these 

genes had no characterized homologs, while eight encoded putative virus-like, replication, 
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and mobile genetic elements. We used models generated by Alphafold2 (71) and a membrane 

prediction tool to gain further information on these sequences and examined 18 confident 

models (Fig. 5). Five of these proteins were predicted to be secreted or embedded in the 

membrane, but structural homologs were scarce based on the predicted models 

(Supplementary Table 3). The protein encoded by the third gene of the locus (Fig. 5) has 

already been structurally characterized in Thermococcales (72) and is believed to be a virus-

like element. While Methanococcales share some of these genes, Methanosarcina mazei, a 

model organism for the Methanosarcinales, contains only two of them in its genome 

(Supplementary Table 3). These 28 co-occurring genes might be derived from a small plasmid 

transferred by conjugation, or represent a yet unknown prophage, although we could not 

identify a protein that could be responsible for independent insertion or replication of this 

element. This region could therefore be considered part of the dark matter in archaeal 

genomes (73). However, active transcription of all the genes of this locus might be a plausible 

explanation for the observed upregulation of the CRISPR-Cas system. 

Another locus of 26 co-occurring ORFs was downregulated under diazotrophic conditions at 

all-time points (Fig. S5). Again, most of these genes had unknown functions, with the 

exception of a putative transcriptional regulator, a mini chromosome maintenance protein, 

and a recombinase (Supplementary Table 4). Four of these genes were predicted to encode 

secreted proteins, and eight contained transmembrane segments. Based on these observations, 

we assume that these 26 co-occurring open reading frames are also derived from mobile 

elements or prophage-associated genes. 

2.6. Discussion 

Diazotrophy allows microbes to survive when nitrogen becomes limited in their natural 

habitats. This is also the case for (hyper)thermophilic methanogens, such as M. 

thermolithotrophicus, which has been shown to rely on diazotrophy in different environments 

(10-11, 13). A notable exception among Methanococcales is Methanocaldococcus jannaschii, 

a non-diazotrophic methanogen isolated from a white smoker on the East Pacific Rise. While 

ammonium concentrations at the M. jannaschii isolation site were not measured (74), some 

parts of the East Pacific Rise, such as Guaymas Basin, are known to feature notable 

ammonium concentrations (e.g. 15.3 mM (75)). Availability of this inorganic nitrogen source 

might have resulted in a complete loss of nitrogen fixing abilities in M. jannaschii. 

Due to its active N2-fixation, M. thermolithotrophicus represents one of the contributors to the 

available nitrogen pool in specific environments (10-11, 13). In our laboratory cultures, M. 
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thermolithotrophicus released only minute amounts of up to 40 µM ammonia to the medium, 

which might have just resulted from passive diffusion or cell lysis. It therefore seems that N2-

fixation in M. thermolithotrophicus is precisely controlled to avoid any losses, likely by the 

NifI1,2 regulation system (Fig. 6). The excessive energy cost inflicted by nitrogenase activity 

was noticeable in our physiology experiments (Fig. 1), as it reduced final yields by a factor of 

two in both batch and fermenter grown cultures. 

Transcriptome profiling under diazotrophic conditions revealed that M. thermolithotrophicus 

relies on multiple synergistic strategies that ensure both sufficient N2-fixation and energy 

preservation to support cellular growth (Fig. 6). In addition, M. thermolithotrophicus 

enhances nitrogen acquisition by increasing ammonia uptake via its amtB2 transporter and 

glutamine synthetase overall activity - a strategy that has been described before based on 

proteomics of nitrogen-starved M. maripaludis cultures (59). While upregulation of the nif 

and amtB/glnK operons under nitrogen limitation have been previously reported in other 

diazotrophs (54, 55, 59), the upregulation of a putative nitrate transporter (narK), a nitrate 

reductase (narB), and a new isoform of F420-dependent sulfite reductase (fsr) reported in this 

study is so far unique to M. thermolithotrophicus. 

Like M. thermolithotrophicus, the hyperthermophile Methanocaldococcus infernus has also 

been reported to grow on nitrate as sole nitrogen source (76). M. infernus was isolated from a 

smoking crater of the Logatchev hydrothermal vent field (76, 77) from which other nitrate-

reducing organisms have been isolated as well (78). Although hydrothermal fluids have been 

reported to be depleted in nitrate and nitrite (79), bottom seawater can contain nitrate for use 

as electron acceptor and nitrogen source. The enzyme which can possibly be used for 

intracellular nitrate reduction by these methanogens is the nitrate reductase NarB. NarB is 

expected to harbor a tungstopterin or molybdopterin cofactor, which might explain 

upregulation of molybdopterin biosynthesis genes (moaE, mobB, moeB) under diazotrophic 

conditions. In this context, the molybdate transporter Mod would play a dual role, supplying 

Mo for both the nitrogenase and NarB metallo-cofactor. 

Strict dependence on Mo for diazotrophy has also been described for Methanococcus 

maripaludis (28). Likewise, our results support that the single nitrogenase operon of M. 

thermolithotrophicus encodes a molybdenum nitrogenase. This is corroborated by the M. 

thermolithotrophicus phylogenetic position (19), as well as high transcription levels of the 

mod operon (encoding a molybdate ABC transporter) adjacent to the nitrogenase operon 

under diazotrophy. In addition to modA within the mod operon, M. thermolithotrophicus 
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features two additional modA instances. These are not co-localized with modBC genes and 

were not differentially expressed in our experiments. Although multiple modA genes are 

present in different diazotrophic organisms, including A. vinelandii and the methanogens M. 

maripaludis and M. mazei, the benefit of multiple modA genes is not understood yet. 

Interestingly, in M. mazei (55), no upregulation of Mod transporters was observed. In 

Methanosarcinales expression of modABC is under the control of the transcriptional regulator 

ModE. This regulator also affects transcriptional regulation of different nitrogenases types, if 

these are present (80, 81). Methanococcales are devoid of modE homologs, which might 

explain the observed upregulation of the mod operon under diazotrophic growth in M. 

thermolithotrophicus. 

The nif operon exhibited the highest log2FC values between both conditions. However, 

changes in transcript levels of the nifE and nifN FeMo-co biosynthesis genes were less 

prominent than those of the structural nif genes. The former are possibly required in lower 

amounts, as was the case for the FeMo-co biosynthesis gene nifB. Levels of nifX transcription 

were similar to those of the nifDK nitrogenase genes, suggesting potential association with the 

nitrogenase complex. The nifX gene is not essential for nitrogen fixation in M. maripaludis, 

and has not been detected in the nitrogenase complex of this archaeon. Instead, it has been 

proposed to take on the role of the FeMo-co biosynthesis genes (17). However, since M. 

maripaludis nifX is not homologous to M. thermolithotrophicus nifX, future experimental 

evidence is required to clarify its putative function and association to NifDK in (hyper)-

thermophilic methanogens. 

The enormous ATP investment required for diazotrophy did not affect the transcription of 

methanogenesis genes at the onset of diazotrophic growth. This observation corroborates 

previous studies (55, 59) stating that the proportion of the overall energy required for 

maintenance increases when switching to diazotrophy (82). The high energy demand for 

nitrogen fixation is counterbalanced by drastic downregulation of the transcription and 

translation machineries. The question is, whether this is an a priori and thus targeted 

metabolic adaptation, or a mere general consequence of energy starvation. It has been 

described that transcription and translation are reduced upon nutrient limitations. After all, 40-

70% of the cellular ATP pool in growing bacteria is attributed to protein synthesis (83). It is 

also known that bacteria can balance tRNA abundances when under stress to selectively 

regulate the translation of stress-induced proteins. These proteins contribute to the response 

and adaptation to different types of stress, including nutrient limitation (84). It has recently 

been shown that M. maripaludis adopts a resource relocation strategy upon energy depletion 
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(85): instead of reducing ribosome numbers, the cells rather redistribute available energy and 

decrease catabolic and ribosomal activities; a strategy also described in bacteria (86). 

Therefore, our results suggest a targeted response associated with switching to a diazotrophic 

lifestyle. In comparison, no such changes in the transcript levels of transcriptional and 

translational genes were detected in either Azotobacter vinelandii (54) or M. mazei (55) when 

switching to diazotrophic growth, even though in the case of the former 30% of the genes is 

differentially expressed (as observed by differential transcriptomics), and in case of the latter 

5% (as observed by microarray analysis). 

Studies in M. mazei and M. maripaludis confirmed the prominent regulation of nitrogen 

metabolism at the transcriptional level, particularly the importance of the global nitrogen 

regulatory repressor NrpR of nitrogen assimilation genes (24, 25, 35, 87). NrpR represses 

transcription by binding to the nif and glnA promoter regions in a 2-oxoglutarate-dependent 

manner. NrpR from M. thermolithotrophicus shares 38.2% identity with the one from M. 

mazei. Interestingly, NrpR expression levels are not regulated by nitrogen supply (24, 25). 

Thus, although a homolog of NrpR does exist in M. thermolithotrophicus, its transcription 

level remained unchanged during diazotrophic growth. In contrast to NrpR, NrpA, the nif 

promotor-specific activator, sharing 32% identity with the one from M. mazei, is known to be 

upregulated upon nitrogen limitation (88). We did not observe this in our experiments 

suggesting that NrpA could be constitutively expressed in M. thermolithotrophicus.  

One major difference between M. mazei and M. thermolithotrophicus, however is the role of 

regulatory sRNAs. Methanosarcina mazei Gö1 expresses multiple sRNA genes in response to 

nitrogen limitation (56), with sRNA154 being the best characterized (36). In M. mazei sRNA154 

stabilizes the nitrogenase, glnA1 and nrpA mRNAs (36). While sRNA154 is highly conserved 

within Methanosarcinales, there are no sRNA154 homologs in Methanococcales (89). 

Consequently we did not detect such a pattern in M. thermolithotrophicus. 

Transcriptome analysis can provide valuable information on proteins involved in nitrogen-

fixation. For instance, transcriptome analysis allowed the discovery that in A. vinelandii 

electron bifurcation is coupled to a flavodoxin that fuels the nitrogenase (54). However, we 

could not detect any putative novel candidates that could shuttle electrons to the nitrogenase, 

and we propose reduced ferredoxin as a candidate for electron delivery, a known electron 

carrier for anabolic reactions. M. thermolithotrophicus would use H2-oxidation for ferredoxin 

reduction, an endergonic process that requires the coupling of the influx of sodium ions by the 
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Ech complex. The reduced ferredoxin would then drive the reduction of NifH for N2-fixation 

(Figure 6). 

Here we present novel insights into the metabolic rebalancing that methanogens employ to 

accommodate Mo-dependent diazotrophy. Further studies at the protein level are required to 

decipher the mechanistic of this complex adaptation in greater detail. In particular molecular 

investigations of the regulatory functions of NifI1,2, the role of NifX, and the intrinsic 

properties of the thermostable NifHDK complex will unveil the secrets of the astonishing 

diazotrophic capabilities of M. thermolithotrophicus. 

2.7. Material and methods 

2.7.1. Growth conditions. Methanothermococcus thermolithotrophicus DSM 2095 (Leibniz 

Institute DSMZ - German Collection of Microorganisms and Cell Cultures, Braunschweig, 

Germany) was grown under anoxic conditions in minimal mineral media with 1 bar 

overpressure of either H2:CO2 (80%:20%) for non-diazotrophic or 1.2 bar overpressure 

H2:CO2:N2 (58.2%:14.5%:27.3%) for diazotrophic cultures. Cultures were grown in 250 mL 

serum flasks (Glasgerätebau Ochs, Bovenden, Germany) sealed with rubber stoppers and 

aluminium crimps in final volumes of 10 mL with a 1:10 inoculum. Serum flasks and media 

were made anoxic prior to inoculation by sparging with N2 and two final gas exchanges with 

H2:CO2 (80%:20%). Incubation was done at 65 °C, in the dark, without shaking. 

2.7.2. Medium composition. The used minimal mineral medium was prepared as described 

in Müller et al. 2021 (40), but with replacement at equal final concentration of 

Fe(NH4)2(SO4)2 x 12H2O by FeCl2 x 4H2O, and of Na2SeO3 x 5H2O by Na2SeO4. The used 

trace metal solution 100 fold concentrated contained 7.1 mM nitrilotriacetic acid, 0.45 mM 

MnCl2 x 2H2O, 0.68 mM FeCl3 x 6H2O, 0.41 mM CaCl2, 0.76 mM CoCl2, 0.66 mM ZnSO4 x 

6H2O, 0.28 mM CuSO4, 0.19 mM Na2MoO4 x 2H2O, 0.38 mM NiCl2 x 6H2O and 0.19 mM 

VCl3. The final pH was adjusted to 6.0 by addition of NaOH pellets. The final media were 

subsequently made anoxic by several degassing and N2-addition cycles (minimum 25 cycles). 

The same medium, but without NH4Cl, was used for diazotrophic cultures. Na2S was used as 

both a reductant and sulfur source at a final concentration of 1.5 mM in all cases. 

2.7.3. Adaptation to diazotrophic conditions. M. thermolithotrophicus was adapted to 

growth under diazotrophic conditions after NH4Cl depletion from the media by three 

successive transfers to the same media without NH4Cl with a headspace containing 1.2 bar 
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H2:CO2:N2 (58.2%:14.5%:27.3%) as described above. Cultures grown in media without 

NH4Cl with a gas phase of 1 bar H2:CO2 (80%:20%) were used as negative controls. 

2.7.4. Influence of trace metal availability on diazotrophic growth and tungstate 

inhibition. To determine influences of Mo and V on diazotrophic growth, we depleted media 

of Mo and V by three successive transfers of diazotrophic M. thermolithotrophicus cultures to 

media prepared as described above, but without Na2MoO4 x 2H2O or VCl3 or without both. 

The minimal concentration of Mo for diazotrophic growth was determined in a series of 

incubations, in which an already Mo-depleted diazotrophic culture was supplemented with 

Na2MoO4 x 2H2O concentrations ranging from 0.01 to 100 µM. W inhibition was tested by 

supplementing the already W-depleted diazotrophic culture with 0.001 to 10 µM Na2WO4 x 

2H2O. A supplementation with the concentration of 100 µM gave unreproducible results (data 

not shown). W depletion was done as described above, with transfers to the media prepared 

without Na2WO4 x 2H2O. 

2.7.5. Cultivation in a fermenter. M. thermolithotrophicus was continuously grown in a 10 

L fermenter (BIOSTAT® B plus, Sartorius, Göttingen, Germany) under diazotrophic 

conditions with either 10 mM Na2SO3 or Na2SO4 as sulfur source instead of Na2S. The final 

culture volume was 7 L for the culture grown with Na2SO3 and 6 L for the culture grown with 

Na2SO4. The culture was continuously sparged with H2:CO2 (80%:20%) and N2 in the ratio of 

1:1 and stirred with the speed of 500 rotation per minute, at 65 °C. As an inoculum, cultures 

cultivated in the same media were used in a ratio of 1:10. 

2.7.6. Ammonia measurement. Ammonia concentrations were measured in the culture 

supernatant: 0.5 mL culture aliquots were subsampled aerobically at each time point, cells 

were pelleted by centrifugation for 5 min at 15,700 x g using 5415R Microcentrifuge 

(Eppendorf, Hamburg, Germany) and the supernatant was frozen at -20° C until further use. 

Ammonia was measured by the salicylate-nitroprussidine method (90) in ROTILABO® F-

profile microtitration plates (Carl Roth GmbH, Karlsruhe, Germany). Standards in the range 

from 0 to 600 µM NH4Cl were prepared in the same medium used for cultivation. 80 µM of 

salicylate reagent (424.7 mM sodium salicylate, 193.8 mM tri-sodium citrate dihydrate, 193.8 

mM di-sodium tartrate dihydrate and 0.95 mM sodium nitroprusside dihydrate) and 80 µM of 

hypochlorite reagent (10% sodium hypochlorite and 1.5 M NaOH mixed in the ratio of 1:36) 

were added to 40 µl of each sample. The plate was additionally mixed for 5 minutes on a 

shaker and incubated in the dark at the room temperature for 45 min. The absorbance was 
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measured at 650 nm using an Infinite 200 PRO plate reader (Tecan, Männedorf, Switzerland) 

at room temperature. 

2.7.7. Evolutionary analyses. NifHDK, VnfHDK and AnfHDK sequences of 35 selected 

species were aligned using MUSCLE (91) (default parameters) in MEGA11 (92, 93). 

Afterwards, ambiguous positions were removed for each possible pairing (pairwise deletion 

option). The final alignment contained a total of 485 NifH positions, 729 NifD positions and 

563 NifK positions. The sequence’s evolutionary history was inferred using the Neighbor-

Joining method (94) with the JTT matrix model for multiple substitutions (95). The analysis 

was conducted in MEGA11 with ChlLNB from Chlorobium limicola as outgroup. 

2.7.8. Transcriptomics set-up. The cultures for transcriptomic profiling were grown in 

triplicates in batch as described above, but scaled up to culture volumes of 60 mL in 1 L 

pressure resistant Duran bottles. Inocula used to start the cultures were adapted to the 

respective conditions prior to inoculation as described above. Subsamples were taken 

anaerobically on ice after 3 h, 21 h and 25 h, and transferred to an anaerobic chamber, where 

they were pelleted and subsequently frozen in liquid nitrogen immediately after being taken 

out of the anaerobic chamber. Samples were stored at -80 °C until further use. Samples were 

shipped on dry ice to the Max Planck Genome Centre in Cologne, where they were processed 

and sequenced. RNA extraction and quality control, including rRNA removal, were also done 

at the Max Planck Genome Centre in Cologne. 

2.7.9. Transcriptome sequencing and analysis. Transcriptome sequencing was performed 

on an Illumina HiSeq 3000 (San Diego, CA, USA). Information on the raw reads are 

summarized in Supplementary Table 1. Raw RNA reads were quality trimmed and repaired 

using the bbduk and repair.sh scripts of the BBMap v35.14 suite 

(https://sourceforge.net/projects/bbmap/). Reads with a minimum length of 70 bp and a 

quality score of 20 were filtered for ribosomal RNAs using SortMeRNA v3.0.3 (96). 

Remaining mRNA reads were mapped against the M. thermolithotrophicus reference genome 

using Bowtie2 (97) as part of the SqueezeMeta v1.3.1 pipeline (98). The DESeq2 R package 

(99) was subsequently used to calculate log2-fold changes, standard errors, test statistics and 

adjusted p-values. Changes in expression levels with adjusted p-values (padj) <0.05 and a 

minimum twofold change ratio (log2-fold change of 1 or higher) were considered significant 

(54). 

The high-quality genome of M. thermolithotrophicus was used as a reference for mapping 

RNA reads. The genomic DNA of M. thermolithotrophicus was isolated using the protocol 
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from Platero et al. (100) and sequenced on PacBio Sequel II platform using a single SMRT 

cell at the Max Planck Genome Center in Cologne. The genome was assembled using Flye 

v2.7 (101) and annotated as part of part of SqueezeMeta pipeline. Briefly, the ORFs were 

predicted using Prodigal (102) and similarity searches for GenBank (103), eggNOG (104), 

KEGG (105), were done using Diamond (106). HMM homology searches were done by 

HMMER3 (107) for the Pfam database (108).  

2.7.10. Sequence submission. The M. thermolithotrophicus genome sequence and the 

transcriptome raw reads are available under the ENA project number PRJEB53446. 

2.7.11. Structural modeling and bioinformatic analysis. Alphafold2 was run with default 

parameters for all generated models. Predictions of membrane regions and overall topology 

were run on the DeepTMHMM server (https://dtu.biolib.com/DeepTMHMM/)(109) as of 

June 20th, 2022). 
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2.12. Figures and legends 

 

FIG. 1 Growth of Methanothermococcus thermolithotrophicus on different nitrogen sources. 

(A) Final Abs 600 nm of M. thermolithotrophicus cultures after 28 h of incubation with different 

NH4Cl concentrations. (B) Growth curve of M. thermolithotrophicus cultures grown on 10 

mM NH4Cl (squares) and NH4Cl consumption during growth (triangles). (C) Growth curve of 

diazotrophic M. thermolithotrophicus cultures grown on N2 as the sole nitrogen source 

(circles) and NH3 release during the growth (triangles). (D) Growth curves of non-

diazotrophic M. thermolithotrophicus on 16.8 mM NH4Cl (squares), a diazotrophic culture 

grown on Na2SO3 (full circles) and a diazotrophic culture grown on Na2SO4 (empty circles) in 

a fermenter. Measurements for A have been performed in duplicates. Measurements for B and 

C have been performed in triplicates. 
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FIG. 2 Influence of trace metal availability on diazotrophic growth of M. 

thermolithotrophicus. (A) Growth curves of diazotrophic M. thermolithotrophicus grown in 

the medium with both Mo and V (full circles), without V (empty circles), without Mo (gray 

circles), without both Mo and V (full rhomboids) and negative control (empty rhomboids). 

The arrow indicates the supplementation of the culture without Mo with 16.8 mM NH4Cl. (B) 

Final Abs 600 nm of M. thermolithotrophicus as a function of [MoO4
2+] concentration. (C) Final 

Abs 600 nm of non-diazotrophic (dark gray bars) and diazotrophic (light gray bars) M. 

thermolithotrophicus as a function of [WO4
2+] concentration. 10 µM of Na2MoO4 was used 

for this experiment. Measurements for A have been performed in triplicates. Measurements 

for B and C have been performed in duplicates. 
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FIG. 3 Differential gene expression between NH4Cl-grown and diazotrophic cultures. (A) 

Points during growth of the control (squares) and diazotrophic (circles) cultures at which 

samples for transcriptomic profiling were taken (each of the triplicates is shown separately). 

The arrow indicates the complete gas phase exchange of the cultures after the sample at 21 h 

was taken. (B) PCA plot showing the first two principal components that explain the 

variability in the data using the regularized log count data. Control corresponds to the NH4Cl 

grown cultures. (C) Volcano plots of differentially expressed genes in the diazotrophic culture 

versus control at different time points. Negative and positive log2 fold changes >1 with 

adjusted p < 0.05 are shown in red and green, respectively. Values in red and green indicate 

the number of down- and up-regulated genes, respectively. 
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FIG. 4 Changes in the expression over time of selected genes involved in nitrogen 

acquisition. (A) Arrangement of the nif, mod, amtB/glnK and nar/fsr operons in M. 

thermolithotrophicus. (B-D) Log2-fold changes (light gray bars) and transcript numbers per 

million (TPM) of the controls (orange squares) and diazotrophic cultures (green circles) of 

nitrogen acquisition genes compared tothe mcrA gene as reference after 3 h (B), 21 h (C) and 

25 h (D). Genes that were not differentially expressed at a given time point are marked by an 

asterisk. 
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FIG. 5 Log2 fold changes over time for 28 co-occurring genes of unknown function that are 

of putative viral origin. AlphaFold 2 (72) models are represented by cartoons and color-coded 

as follows: black for intracellular segments, cyan for predicted extracellular segments, ocher 

for transmembrane segments and red for predicted signal sequences. The topology prediction 

was made via the DeepTMHMM server (106). Genes with numbered red labels highlight 

models with an overall per-residue confidence score (pLDDT) below 75. These models are 

not presented due to their low confidence scores. 
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FIG. 6 Influence of nitrogen fixation on the metabolism of M. thermolithotrophicus. In the 

scheme, differentially expressed genes involved in methanogenesis, nitrogen fixation, 

ammonia assimilation, nitrate reduction, molybdate import, molybdopterin biosynthesis, 

immunity, mobile elements, transcription and translation, as well the tRNAs are shown. 

Differentially upregulated and downregulated transcripts at 3 h post-inoculation are 

highlighted with a green and red glow, respectively. An orange glow highlights differentially 

downregulated gene transcripts at 25 h post-inoculation. Full names of enzymes can be found 

in Supplementary Table 2. This picture has been created with Biorender. 
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2.13. Supplemental Material 

Due to their large size, the supplementary tables were not included in the printed thesis and 

can be accessed through the links listed bellow. 

Supplementary Table 1. Mapping statistics. 

The table can be accessed under the following link: 

https://journals.asm.org/doi/suppl/10.1128/mbio.02443-22/suppl_file/mbio.02443-22-

s0001.xlsx 

Supplementary Table 2. Summary of up/downregulated genes pairwise. 

The table can be accessed under the following link: 

https://journals.asm.org/doi/suppl/10.1128/mbio.02443-22/suppl_file/mbio.02443-22-

s0002.xlsx 

Supplementary Table 3. Upregulated genes coding for putative virus-like elements in region 

1 and their conservation among selected methanogens.  

The table can be accessed under the following link: 

https://journals.asm.org/doi/suppl/10.1128/mbio.02443-22/suppl_file/mbio.02443-22-

s0003.xlsx 

Supplementary Table 4. Downregulated genes coding for putative virus-like elements in 

region 2 and their conservation among selected methanogens.  

The table can be accessed under the following link: 

https://journals.asm.org/doi/suppl/10.1128/mbio.02443-22/suppl_file/mbio.02443-22-

s0004.xlsx 

Supplementary Table 5. Accession numbers for sequences used in phylogenetic 

reconstruction. 

The table can be accessed under the following link: 

https://journals.asm.org/doi/suppl/10.1128/mbio.02443-22/suppl_file/mbio.02443-22-

s0005.xlsx 
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FIG. S1 Genomic environment of nif, vnf and anf genes from selected diazotrophic 

methanogens and A. vinelandii. The gene nifX from M. thermolithotrophicus SN-1 (also 

referred as strain DSM 2095 in the main text), nifX from M. maripaludis S2 and nifX from A. 

vinelandii 567 do not share sequence homologies. 
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FIG. S2 Evolutionary analysis of 35 NifH sequences. The percentage of replicate trees in 

which the associated taxa clustered together in the bootstrap test (500 replicates) are shown 

next to the branches (1). Evolutionary distances (2) are in the units of the number of amino 

acid substitutions per site. ChlL (light-independent protochlorophyllide reductase) from 

Chlorobium limicola was used as an outgroup. Accession numbers for sequences used in 

phylogenetic reconstruction can be found in Supplementary Table 5. 
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FIG. S3 Evolutionary analysis of 35 NifD and NifK sequences. The percentage of replicate 

trees in which the associated taxa clustered together in the bootstrap test (500 replicates) are 

shown next to the branches (1). Evolutionary distances (2) are in the units of the number of 

amino acid substitutions per site. ChlNB from Chlorobium limicola were used as an outgroup. 

The same color-coding and symbols are used as in Fig. S2. Accession numbers for sequences 

used in phylogenetic reconstruction are provided in Supplementary Table 5. 
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FIG. S4 Final Abs 600nm of M. thermolithotrophicus after 24 h of incubation with different 

NH4Cl concentrations. All measurements were done in triplicates. 
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FIG. S5 Log2 fold changes overtime for the 26 co-occurring genes of unknown function. The 

downregulation of this genomic region in coordination with the upregulation of the other 

detected putative region of viral origin (Figure 5), might imply the competition of the two for 

the availability of transcriptional and translational machineries or is the result of a general 

cellular stress. The topology prediction was made via the DeepTMHMM server and is color-

coded as follows: black for intracellular proteins, cyan for secreted proteins, and green for 

proteins containing transmembrane segments. WP numbers and predicted functions can be 

found in Supplementary Table 4. Gene that was not differentially expressed at 3 h is marked 

by an asterisk. 
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3.1. Abstract  

NifH catalyses the ATP-dependent electron delivery to the Mo-dependent dinitrogenase, a 

critical step in biological N2-fixation. While NifHs have been extensively studied in Bacteria, 

structural information is limited on their archaeal counterparts. Archaeal NifHs are considered 

more ancient, particularly the ones from Methanococcales, a group of marine 

hydrogenotrophic methanogens, which includes N2-fixers growing at temperatures near 

92 °C. Here, we investigate NifH from three Methanococcales by structural and biochemical 

means, offering the first structures from meso-, thermo-, and hyperthermophile methanogens. 

While the protein from Methanococcus maripaludis (37 °C) was obtained through 

heterologous recombinant expression, Methanothermococcus thermolithotrophicus (65 °C) 

and Methanocaldococcus infernus (85 °C), adapted to diazotrophic conditions, were utilised 

to native purify the enzyme. The structures from M. thermolithotrophicus crystallised as-

isolated present high flexibility, while the MgADP complexes obtained for NifH from the 

three methanogens are superposable and more rigid. All newly described archaeal NifHs are 

highly conserved with structural homologues. They retain key structural features of P-loop 

NTPases and share similar electrostatic profiles with the Mo-dependent counterpart from the 

bacterial representative Azotobacter vinelandii. Interestingly, compared to the NifH from the 

phylogenetically distant Methanosarcina acetivorans, these reductases do not cross-react with 

Mo-containing nitrogenase from A. vinelandii. However, they associate with bacterial 

nitrogenase when ADP-AlF4 is added to mimic a transient reactive state. Accordingly, 

detailed surface analyses suggests that subtle substitutions would affect optimal binding 

during the catalytic cycle between the NifH from Methanococcales and the bacterial 

dinitrogenase, implying differences in the N2-machinery from these ancient archaea. 

3.2. Keywords 

Nitrogen fixation, NifH, Fe protein, nitrogenase reductase, thermostable proteins, X-ray 

crystallography, [4Fe-4S]-cluster. 

3.3. Introduction 

Nitrogen, a key element for Life, is ubiquitous in the atmosphere in the form of dinitrogen 

(N2) but is not readily bioavailable and must be converted to its most reduced state: ammonia 

(NH3) [1]. The N2 can be reduced either by the industrial Haber-Bosch process or by 

biological N2-fixation via nitrogenases. The Haber-Bosch process plays a major role in 

supporting global agriculture, with 80-85% of the produced NH3 used as fertiliser [2, 3] for 
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crops feeding half the world's population [4]. While this artificial process is essential to 

sustain our modern society, it has significant drawbacks. This is underlined by its energy 

consumption, fossil fuels dependency [5, 6] and its association with environmental problems 

ranging from water and soil pollution and acidification to the resulting loss of biodiversity [7-

9]. The high-energy requirements and harsh conditions of this reaction are due to the extreme 

stability of the N2 triple bond (with a bond energy of 941 kJ.mol-1) [10]. In the search for 

sustainable, robust, and effective alternative catalysts [2, 11], a researchers turned to studying 

the biological N2-fixation. Nitrogenases are remarkable enzymes performing the same process 

under ambient conditions, and considerable efforts over the past decades have been made to 

obtain insights into their catalytic cycle as they serve as the blueprints to design new catalysts 

through biomimicry.  

Nitrogenases are metalloenzymes composed of two subunits: the MoFe protein (referred to as 

the nifDK gene product: NifDK) and the Fe protein or nitrogenase reductase (referred to as 

the nifH gene product NifH). The heterotetrameric NifDK (α2β2) contains two metalloclusters: 

a [8Fe-7S] P cluster and a [Mo:7Fe:9S:C] FeMo-cofactor, the latter being the catalyst and 

representing the most complex metallocofactor in biology [12-14]. Two other systems exist in 

which the molybdenum is exchanged for a vanadium or an iron atom instead [10, 15]. These 

two other isoforms, considered to have evolved from the Mo-containing nitrogenase, are 

encoded in different operons, containing a different set of Fe proteins (VnfH and AnfH for the 

V and Fe system, respectively) and chaperones involved in cofactor biosynthesis and partners 

with still elusive functions [16-18].  

All known Fe proteins belong to the P-loop NTPases and form homodimers, with each 

monomer folded as a single α/β-type domain family containing a nucleotide-binding site [19, 

20]. A cubane [4Fe-4S] cluster bridges the homodimer [14, 21]. The main biological role of 

NifH is to act as an electron donor for N2-fixation. The elegant ballet of electron transfer and 

nucleotide exchange is schematised in Figure 1. The binding of a reduced NifH loaded with 

MgATP to the NifDK lowers the reduction potential of the P cluster, triggering the electron 

transfer to the FeMoco in a so-called 'deficit spending mechanism' [22-24]. The lost electron 

is then replenished by the electron carried by the [4Fe-4S] cluster of NifH and depends on the 

hydrolysis of two ATP molecules [22]. The subsequent phosphate release has been shown to 

be the rate-limiting step in the nitrogen reduction cycle [25]. NifH then dissociates from 

NifDK, proceeds to the nucleotide exchange and is reduced back by either ferredoxin [26] or 

a flavodoxin [27]. Following the Thorneley-Lowe model [28], a minimum of 8 cycles is 
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required to accomplish the complete reduction of one N2 molecule by the Mo-nitrogenase, 

which leads to the hydrolysis of 16 ATP (Fig. 1) [15, 29, 30]. 

Electron transfer to the substrate and ATP hydrolysis have constant rates, irrespective of the 

molecule that has to be reduced. Indeed, in addition to dinitrogen, nitrogenase can reduce a 

variety of other substrates, including acetylene, hydrogen cyanide, thiocyanate, azide ions, 

methyl isocyanide and carbon monoxide. The respective affinity for these substrates 

fluctuates depending on the isoform [31, 32]. NifH can also act as a reductase on its own, 

catalysing the reduction of CO2 to CO [33] and even further reducing CO to hydrocarbons, 

albeit at low rates [34, 35]. This feature is particularly important for the development of CO2 

remediation strategies. 

Despite of being of great interest for biotechnology, the structural information gathered for 

the Fe protein is limited to the bacteria Azotobacter vinelandii [21, 36, 37] and Clostridium 

pasteurianum [38] and the archaeon Methanosarcina acetivorans [39]. In contrast, the NifH 

homologues from Methanococcales, considered more ancient and phylogenetically distant 

from Methanosarcina [40, 41], present new interesting perspectives for the field.  

The Methanococcales order gathers hydrogenotrophic methanogens (feeding on H2 and CO2) 

exclusively marine, with species showing a growth optimum ranging from 20 °C to 98 °C 

[42-44]. Metagenomic and metatranscriptomics studies concluded that Methanococcales are 

the main N2-fixers in some ecological niches [45-48]. They exhibit impressive diazotrophic 

abilities under laboratory conditions [41, 49, 50]. For instance, Methanocaldococcus 

vulcanius holds the world record for the highest temperature for N2-fixation and 

Methanothermococcus thermolithotrophicus presents high resistance to tungstate under 

diazotrophic conditions [41, 51]. These strict anaerobes must rely on temperature- and 

pressure-stable nitrogenases which represent candidates for novel bioinspired catalysts 

capable of withstanding harsh industrial conditions [52].  

Here, we report the first structural insights of NifH from methanogens belonging to the 

Methanococcales order: the mesophilic Methanococcus maripaludis (MmNifH) [53], the 

thermophilic Methanothermococcus thermolithotrophicus (MtNifH) [54] and the 

hyperthermophilic Methanocaldococcus infernus (MiNifH) [55]. Combining biochemical and 

structural analyses, we unveiled their specific properties and examined their cross-reactivity 

with the distant bacterial system from A. vinelandii. 
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3.4. Results 

3.4.1. Phylogeny of nitrogenase reductases from Methanococcales. The neighbour joined 

protein tree of selected NifH, VnfH and AnfH sequences branches in two main NifH lineages: 

the base-branching NifH of some hydrogenotrophic methanogens (including the protein from 

M. maripaludis) and the more diversified and recent [40], group containing sequences found 

in bacteria and archaea, with most of Anf and Vnf gathering in a single monophyletic branch 

(Fig. 2A). This clustering is consistent both with the previously described concatenated 

NifDKH protein trees [18, 40] and individually observed subunits [41]. It is also one of the 

main arguments in favour of the currently accepted theory stating that the Nif system evolved 

in hydrogenotrophic methanogens [16] and Nif predating Vnf and Anf [18, 40]. Hence, these 

Nif systems found in methanogens such as M. maripaludis are particularly intriguing as they 

are closer to the roots of the phylogenetic tree, suggesting a more ancient origin and, maybe, 

ancestral features. In accordance with the phylogenetic tree, MtNifH and MiNifH are highly 

similar and share 85.16 % of sequence identity, while MmNifH shares roughly 75 % identity 

with them (Fig. 2B). The three sequences are closer to AvAnfH (in the range of 74 % 

sequence identity) compared to AvNifH or AvVnfH.  

MmNifH, MtNifH and MiNifH were further biochemically investigated due to their distinct 

and unique phylogenetic positions, but also to study the basis of their thermo-adaptation. 

3.4.2. NifHs from Methanococcales share the typical P-loop NTPase fold. Following our 

improved protocol, M. thermolithotrophicus and M. infernus adapted to a diazotrophic 

lifestyle were cultivated on large scales (see Material and Methods). MtNifH and MiNifH 

were successfully natively purified under anaerobic conditions through three chromatographic 

steps, yielding satisfying enrichment for structural attempts (Supplementary Fig. 1). Because 

of the cell yield limitation, the NifH homologue from M. maripaludis was recombinantly 

expressed using Escherichia coli as a host (see Material and Methods). Since the required 

quantities for activity assays were not compatible with the yield obtained from native 

purification, MtNifH/MiNifH were alternatively recombinantly produced in E. coli 

(Supplementary Fig. 1). 

The structure of nucleotide-free MtNifH (Fig. 1, state 1) was obtained in a monoclinic P21 

(form 1, Supplementary Fig. 2A-B) and a tetragonal P43212 form (form 2, Fig. 3B and 

Supplementary Fig. 2C), refined to 2.30-Å and 1.90-Å, respectively (Table 1). MmNifH and 

MiNifH were tentatively crystallised as-isolated but were not yielding exploitable crystals. 

However, we did obtain exploitable crystals in the presence of MgADP for all three proteins. 
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The MgADP-bound structures (Fig. 1, state 6) of MmNifH, MtNifH and MiNifH were refined 

to 1.70-Å, 2.74-Å and 2.80-Å, respectively (Table 1).  

All structural features previously identified as essential for NifH functionality are conserved 

in all three methanogenic systems. Figure 3A displays a sequence alignment from ESPript 

(https://espript.ibcp.fr, [56]) using the model of MtNifH as input, highlighting the 11 α-loops 

and 8 β-sheets, which organise in the Rossmann fold characteristic for the P-loop NTPases 

(Fig. 3B). The P-loop, switch I and switch II, hallmarks of P-loop NTPases, are perfectly 

conserved (Fig. 3A) reflecting the critical importance of these motifs for functionality. The P-

loop (residues 17-24 in Mt/MiNifH and 9-16 in MmNifH) plays a major role in the 

coordination of the bound nucleotides and Mg2+, and goes through conformational changes 

upon ligand binding together with switch I (residues 46-52 in Mt/MiNifH and 38-44 in 

MmNifH, also participating in Mg2+ coordination) and switch II (residues 133-140 in 

Mt/MiNifH and 125-132 in MmNifH) regions. Switch II is directly involved in [4Fe-4S] 

cluster coordination and stabilises the P-loop through two anchoring points: S16-D125/G11-

D129 in MmNifH and S24-D133/G19-D137 in Mt/MiNifH. 

Although very well conserved, the structures of MtNifH in the nucleotide-free state are highly 

flexible, especially at the dimeric interface (Fig. 4A, C and D). The ligand binding “locks” 

NifH in the conformation ready for binding to nitrogenase, making it less flexible. The 

nucleotide-binding restraining the natural flexibility of the Fe protein has already been 

mentioned in previous works [57, 58] and is illustrated in Figure 4. 

In an attempt to identify structural features contributing to the remarkable thermostability of 

MtNifH and MiNifH homodimers, we used the PISA server [59] to quantify the free energy of 

assembly dissociation (ΔGdiss), which is expected to increase proportionally to the 

temperature. The analysis, performed on all MgADP-bound states, surprisingly show that the 

hyperthermophilic MiNifH has the lowest average ΔGdiss (21.55 kcal/mol) (Table 2), while 

AvNifH has the highest (37 kcal/mol). In this regard, AvNifH also has the highest number of 

salt bridges (14), while MtNifH and MiNifH have fewer salt bridges than MmNifH. Such 

absence of correlation of stable dimeric interface for proteins coming from 

(hyper)thermophiles suggests the involvement of other cellular factors (e.g. osmolytes, high 

potassium phosphate concentration) in thermostability. 

3.4.3. The [4Fe-4S] cluster and ligand binding sites are conserved in NifHs from 

Methanococcales. The [4Fe-4S]-cluster at the interface of the NifH homodimers is 

coordinated by Cys97/Cys132 in MmNifH and Cys105/Cys140 MtNifH/MiNifH (Fig. 6A). 
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The proximity of the [4Fe-4S] cluster is perfectly conserved, including the homologous 

residues to Arg100 of A. vinelandii, which is participating in CO2 reduction.  

Based on the electron density map, the MgADP fully occupied the ligand binding pocket in 

the three structures (Fig. 5). The P-loop, switch I and II adopt a similar, nearly identical, 

position. Due to their perfect sequence conservation, it was expected that these structural 

motifs and the residues involved in ligands binding would exhibit similar tri-dimensional 

conservation. Our three models corroborate this hypothesis, and Figure 6 details the identical 

ligand binding network across the bacterial and archaeal NifHs. The only exception was 

observed in the recombinantly produced MmNifH, in which a C-terminal extension was 

introduced to add a His-tag. Here, the Arg213, which should stack the adenine ring together 

with Val217, has been displaced by the artificially introduced Arg277 and stabilised by the 

Asp275 and Ser186. While the overall geometry of the ADP is unaffected (Fig 6B), subtle 

changes in the nucleotide exchange dynamic cannot be excluded. 

The comparative analysis of the electrostatic surfaces between the NifHs from 

Methanococcales and the three Fe proteins from A. vinelandii presents a similar overall 

charge distribution pattern. The expected interaction area between the Fe protein and the 

dinitrogenase displayed a positive patch around the [4Fe-4S] cluster, which becomes 

negatively charged in the outer ring (Fig. 7, top view). This general pattern is common among 

all studied Fe proteins, including Vnf and Anf systems. While MmNifH and MiNifH have two 

distinct positive patches on the outer ring, we presume that the electrostatic surface charges 

should still be complementary enough to that of AvNifH and would therefore support cross-

reactivity with the Mo-nitrogenase from A. vinelandii as previously shown for AvVnfH and 

AvAnfH [36]. 

3.4.4. Methanogenic NifHs are not active in vitro when combined with AvNifDK. Cross-

reactivity experiments have been conducted previously, e.g., N2-fixation activity between a Fe 

protein and a dinitrogenase from a different system or organism. These works confirmed that 

the two other Fe protein isoforms of A. vinelandii (AvVnfH and AvAnfH) and the two 

isoforms from Methanosarcina acetivorans (MaNifH and MaVnfH) can cross-react with 

NifDK albeit exhibiting lower rates. To monitor the cross-reactivity between the Fe proteins 

from the Methanococcales and the bacterial NifDK, we tested the physiological reaction of 

N2-reduction by quantifying the final reaction product, ammonia. The NifH proteins used in 

the assay were produced recombinantly to circumvent the yield limitations of native 
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purification. NifDK and NifH from A. vinelandii were purified as previously described [60] 

and served as a positive control for the reaction.  

Despite our attempts, we could not detect any reliable activity for the enzymes from 

Methanococcales even when these proteins were used immediately after their purification 

without any freezing steps (Fig. 8). Since the affinity of these Fe proteins for AvNifDK might 

be relatively low, we increased the molar ratio of NifDK:NifH up to 1:50 instead of the 

classic 1:16. Here again, no reasonable activities could be detected when compared to the 

negative controls. MtNifH:AvNifDK at a moalr ratio of 1:50 resulted in 8.2% of the activity 

measured with AvNifH. However, this relative activity has to be cautiously taken since the 

negative controls also exhibit a slight background (Fig. 8).  

The apparent incompatibility between the methanogenic NifHs and AvNifDK prompted the 

question of whether, despite the seemingly overall conserved interaction interface, there are 

indeed subtle differences in singular residues causing it and whether the complex between the 

two can be formed. 

3.4.5. NifHs from Methanococcales bind AvNifDK upon MgADP-AlF4
- addition. To check 

if Mm/Mt/MiNifHs can form a complex with AvNifDK, we incubated the different proteins 

coupled with MgADP-AlF4
- and observed the complex formation through migration shifts on 

native PAGE as a proxy. MgADP-AlF4
-
 is traditionally used as an analogue in nucleotide 

switch proteins and nitrogenase specifically to mimic the transitory state of the NifH-NifDK 

complex occurring before the ATP hydrolysis (Fig.1, state 4) [61]. Once formed, the 

AvNifDKH-MgADP-AlF4
-
 is considered indefinitely stable [62]. Here again, we used 

AvNifDK and AvNifH as positive control. A shift in the migration of AvNifDK is observable 

upon the addition of all components, which is caused by the complex formation (Fig. 9). 

While the AvNifDK shift only occurs when the Fe protein, ADP, Mg2+ and AlF4
- is added, 

MtNifH presents a different profile in which the shift happens in the absence of MgCl2 

addition, and a further shift is present in the complete mix. While the effect of the second shift 

appearing has already been seen in the native AvNifDKH complex in our previous work [60] 

and might come from an excessive binding of MtNifH on AvNifDK, the binding in the 

absence of Mg2+ is more elusive. It is probable that MtNifH would have partially retained 

Mg2+ during purification or can bind to AvNifDK when the ADP-AlF4
- only is present. The Fe 

protein from Methanococcales locked on the bacterial dinitrogenase does not reflect a 

physiological state that would explain the conflicting absence of activity. Even if NifHs from 

Methanococcales can bind AvNifDK, it does not mean that the formed complex can allow for 
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successful electron transfer. Indeed, as shown in Figure 1, during the turnover the Fe protein 

dynamically changes the conformation, while NifDK remains relatively static, implying the 

involvement of subtle rearrangement which could be missing in this case.  

3.4.6. Mapping of the residues involved in the NifDK-interaction during catalysis. To 

deepen our investigation of the Fe protein–dinitrogenase interaction, we analysed the 

conservation of the surface residues engaging in protein-protein contacts in the four different 

AvNifH-NifDK complexes described by Tezcan et al. [57]. The four snapshots represent the 

nucleotide-free, MgADP-bound, ADP-AlF4
—bound, and MgAMPPCP-bound (mimicking the 

MgATP-bound AvNifDKH complex) states of NifH [61]. The three central residues, Arg101, 

Arg141 and Lys171, interacting with NifDK in the four complexes, are all conserved in 

Mm/Mt/MiNifHs. Gly66, making contacts with NifDK in all complexes except the nucleotide-

free state, is also conserved in NifHs from Methanococcales. In contrast, Asn174, establishing 

contacts in all states except the MgAMPPCP-bound, is substituted by a Glutamate. Some 

other charged residues involved in contacts in some states are also not conserved in the three 

NifHs from Methanococcales: Glu113, Glu69, Asp70, Glu112, and Glu142. An exhaustive 

list of these substitutions found across Mm/Mt/MiNifHs can be found in Supplementary Table 

2.  

Some of these residues could impact the interaction by obstructing the optimal contact for 

docking and electron transfer or generating a charge repulsion that would disrupt the process.  

3.5. Discussion 

The importance of understanding the molecular details of nitrogenase catalysis remains of 

uttermost interest for agriculture [2-4], ecology [6, 63], biofuel production [52] and evolution 

[18, 64] alike. So far, A. vinelandii was the paradigm model organism for studying biological 

nitrogen fixation, but shifting the focus to understudied models may provide unexpectedly 

valuable insights. Among other candidates, methanogens stand out due to the distant 

phylogeny of their nitrogenases, their unique physiology and their metabolic features, which 

are already applied [11, 52, 65]. The Methanococcales group contains (hyper)thermophilic 

species, which are particularly good models to investigate nitrogen fixation under high 

temperatures. These archaea play important roles in marine environments where they 

contribute to the nitrogen input for the microbial community [51]. On the way to in depth 

understanding of the nitrogen fixation in these peculiar microorganisms, we elucidated the 

first component of their machinery: the nitrogenase reductase. We obtained the first NifHs 

from a thermophile and hyperthermophile by directly purifying the enzymes from the 
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organisms. Their structural characterisation, together with NifH from M. maripaludis 

recombinantly expressed in E. coli, confirms that all Fe proteins characterised so far share the 

same architecture and harbour the conserved key elements of the functional P-loop NTPases, 

the P-loop, the switch I and switch II. 

Strikingly, despite their extremely high tri-dimensional conservation with AvNifH and our 

efforts, we could not detect a relevant NH3-production when Mm/Mt/MiNifHs are combined 

with AvNifDK in a cross-reactivity assay. The N2-reduction reaction between cross-kingdom 

proteins is possible [35], as it has been shown that the recombinant MaNifH and MaVnfH can 

electronically fuel AvNifDK, albeit with lower rates compared to the native system (11% and 

36% relative activity, respectively). One reason for the lack of observed activities might be 

the slow electron transfer rate, favouring protonolysis and rendering N2 fixation inefficient. 

This should be verified in the future by quantification of the produced H2 along with the NH3 

quantification. The temperature at which the assay was carried out and the discrepancy 

between the expected optimum of 65 and 85 °C for MtNifH and MiNifH might also 

drastically influence the dynamic and electron transfer rate. Still, it does not explain the lack 

of activity for MmNifH. Another plausible explanation is the differences in terms of contacts. 

Available data on cross-reactivity of the three Fe proteins from A. vinelandii [37], the one 

from M. acetivorans [35] and this study shows a lack of correlation between the sequence 

identity and the production of NH3 between the hybrid systems. This is exemplified when 

considering the crossover between the three Fe protein isoforms and the three different 

dinitrogenase isoforms. Since genetic systems exist in the mesophile M. maripaludis, it would 

be interesting to check if diazotrophic growth can physiologically occur with hybrid systems. 

Experimental results of cross-reactivity assays provide additional insights for understanding 

and modeling binding mechanistic, energetics, electron transfer efficiencies and engineering 

of nitrogenases to capture targeted substrates and intermediates. The substitutions listed in our 

analysis, which are part of the binding surface with the partner, also suggest the existence of 

an adaptation on the surface of the nitrogenase from Methanococcales. While it is expected 

that the similar binding area should, in principle, reflect the similar binding mechanism, some 

rearrangement might have occurred due to additional partners present in Methanococcales. 

For instance, Leigh´s work highlighted how the NifI1,2 couple, belonging to the PII 

superfamily of regulatory proteins, interferes with NifH binding efficiency. Such a post-

translational regulation system might require changes of the dinitrogenase surface, for 

example the observed substitutions in Mm/Mt/MiNifHs. Structural insights into the whole 

nitrogenase complex from these ancient microorganisms will unveil its unique features, but 
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more importantly, it could be used as a new model to deepen our knowledge of biological N2-

fixation. 

3.6. Material and methods 

3.6.1. M. thermolithotrophicus growth conditions. Both MtNifH without ligands and with 

bound MgADP were obtained from derepressed M. thermolithotrophicus cells. M. 

thermolithotrophicus strain DSM 2095 (Leibniz Institute DSMZ - German Collection of 

Microorganisms and Cell Cultures, Braunschweig, Germany) was cultivated on 10 mM 

NH4Cl with a gas phase of 1 bar H2/CO2 in 5 l pressure-resistant Duran bottles, standing at 

37 ⁰C. Each bottle contained 300 ml of medium, with a 1:10 inoculum. As the inoculum, 

diazotrophic cells adapted to the diazotrophic condition and grown as described in Maslać et 

al. 2022 [41]. After 48 h of incubation, cells were transferred in an anaerobic tent (atmosphere 

containing a mixture of N2:CO2 90:10) and harvested anaerobically at 6 000 x g for 30 min at 

room temperature. The pellet was washed with the same medium without NH4Cl. The 

centrifugation step was repeated as described. Finally, the pellet was resuspended in the final 

volume of 600 ml NH4Cl free medium and transferred to 2 l pressure-resistant Duran bottles, 

each containing 150 ml of culture with a gas phase of 0.6 bar H2/CO2 and 0.6 bar N2. 

Resuspended cells were incubated for 24 h, standing at 37 ⁰C. Harvesting was done by 

centrifugation at 6 000 x g for 30 min at room temperature. In both cases, the pellets were 

flash frozen in liquid nitrogen and stored at -80 ⁰C before use. The medium was prepared as 

described in Maslać et al. 2022 [41], with the addition of 10 mM NH4Cl in the case of NH4Cl-

containing medium. 

3.6.2. Purification of native MtNifH from M. thermolithotrophicus cells. Cell pellets of M. 

thermolithotrophicus were (~ 4 g of wet cells from the 1.5 l of total culture in the first batch 

from which NifH without ligands was obtained, ~ 16 g of wet cells from the 6.5 l of total 

culture in the second batch from which NifH with bound MgADP was obtained) thawed at 

room temperature and sonicated inside an anaerobic chamber (N2/CO2 (90:10%) atmosphere) 

after being diluted with ion exchange buffer (IEX; 50 mM Tris/HCl pH 8.0, 2 mM 

dithiothreitol (DTT)). Sonication was done in the same anaerobic chamber (KE76 probe 

Bandelin SONOPULS, Sigma, Berlin, Germany) at 70-75% intensity (10 times 10 seconds). 

The lysate was centrifuged at 35 000 x g for 30 minutes at 18 ⁰C in the case of the first batch 

and at 75 600 x g for 1 h at 18 ⁰C in the case of the second batch and transferred to an 

anaerobic Coy tent (N2/H2 (97:3%) atmosphere). The supernatant was filtered through a 

0.2 µm filter (Sartorius, Göttingen, Germany) and loaded on a 20 ml HiTrap DEAE 
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Sepharose Fast Flow column (Cytiva, Freiburg, Germany) previously equilibrated with IEX 

Buffer. Elution was done with a 0-500 mM NaCl linear gradient for 18 column volumes 

(CVs) at a 3 ml/min flow rate. The fractions containing MtNifH were obtained between 300.5 

and 349.5 mM NaCl. The fractions of interest were pooled together and loaded on a 10 ml 

HiTrap Q Sepharose High-Performance column (GE Healthcare Life Sciences, Munich, 

Germany) after being filtered. Elution from Q Sepharose was performed by applying a 400-

600 mM NaCl linear gradient (with the same IEX buffer above with 50 mM Tris/HCl at pH 

9.0) for 9 CVs at a 1.5 ml/min flow rate. MtNifH eluted in fractions between 418.2-450 mM 

NaCl. Fractions were pooled, diluted 1:3 with hydrophobic exchange buffer (HIC; 25 mM 

Tris/HCl pH 7.6, 2 M (NH4)2SO4, 2 mM DTT) and filtered before being injected on a 5 ml 

Phenyl Sepharose High-Performance column (GE Healthcare Life Sciences, Munich, 

Germany). Under this condition, MtNifH was not binding to the column and was collected in 

the flow through. The final yield of the purification was 0.66 mg of MtNifH from the first 

batch and 8.19 mg MtNifH from the second batch. 

3.6.3. M. infernus growth conditions. M. infernus strain DSM 11812 (Leibniz Institute 

DSMZ - German Collection of Microorganisms and Cell Cultures, Braunschweig, Germany). 

The cells were adapted to the diazotrophic condition and grown in a medium similar to the 

one described in Maslać et al. 2022 [41] with the following modification of the growth 

medium: instead of Na2SeO4, Na2SeO3 x 5H2O was used as a final concentration of 2 µM; the 

concentration of Na2WO4 x H2O was increased to 100 µM, and the medium contained 

Na2SO4 at the final concentration of 10 mM. The final pH of the medium was adjusted to 6.5 

aerobically. The cells were cultivated in 1 l pressure-resistant Duran bottles, containing 60 ml 

of medium with a gas phase of 0.5 bar H2/CO2 and 0.5 bar N2, standing at 75 ⁰C. Cultures 

were inoculated 1:20 using diazotrophic M. infernus cells as an inoculum. The cells were 

harvested and stored as described for M. thermolithotrophicus cells above. 

3.6.4. Purification of native MiNifH. M. infernus cells (~ 25.62 g wet cells obtained from 

5.5 l of culture) were thawed and sonicated as described above, using the same IEX buffer. A 

soluble fraction of the cell lysate was prepared anaerobically by centrifugation at 45 000 x g 

for 1 hour at room temperature. Purification was done inside an anaerobic chamber with 

N2/H2 (97:3%) atmosphere. The filtered supernatant was loaded on a 10 ml HiTrap Q 

Sepharose High-Performance column (GE Healthcare Life Sciences, Munich, Germany) and 

eluted with a 250-700 mM NaCl linear gradient for 4.5 CVs at a 1.5 ml/min flow rate.  
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The fractions containing MiNifH obtained between 313.7-406.5 mM NaCl were pooled and 

diluted 1:2.5 with HIC buffer, filtered as described above and loaded on 5 ml Phenyl 

Sepharose column (GE Healthcare Life Sciences, Munich, Germany). Elution was done with 

a 1.9-0.6 M (NH4)2SO4 linear gradient for 13 CVs at a 1 ml/min flow rate. MiNifH was 

obtained between 0.943 and 0.726 M (NH4)2SO4. The final yield of the purification was 

3.12 mg for the MiNifH. 

3.6.5. Escherichia coli strains and plasmids are used to produce recombinant NifH 

proteins. In this study, three different E.coli strains were used (Supplementary Table 3): (i) 

E.coli DH5α carrying WG35 vector with M. maripaludis NifH (original construct from James 

Swartz, Stanford Chemical Engineering (Stanford University, Stanford, USA)) (ii) E. coli 

BL21 ΔiscR (original construct from Wenyu Gu, Department of Chemical Engineering and 

Civil and Environmental Engineering (Stanford University, Stanford, USA)) and (iii) E.coli 

DH5α carrying pDB1282 plasmid (original construct from Dennis Dean, Department of 

Biochemistry, Virginia Tech, Blacksburg, USA)).  

3.6.6. Synthetic gene constructs. MtNifH and MiNifH sequences (Supplementary material) 

were codon optimised for E. coli, synthesised and cloned into pET-28(+) vectors using the 

restriction sites NcoI and NdeI, with a stop codon (TGA) incorporated before NdeI 

(Supplementary Table 3). All these steps were performed by GenScript (GenScript Corp, 

Piscataway, NJ, USA). 

3.6.7. Growth conditions of E. coli BL21 ΔiscR WG MmNifH and cell harvesting. E. coli 

BL21 ΔiscR WG MmNifH were grown in an 8 l fermenter in Terrific Broth medium (12 g/l 

tryptone, 24 g/l yeast extract, 5 g/l glycerol, 1:10 diluted TB salts (0.17 M KH2PO4, 0.72 M 

K2HPO4)) containing 10 mM MOPS buffer pH 7.4, 2 mM Ferric ammonium citrate and 

glucose, kanamycin and ampicillin all at a final concentration of 0.5% w/v. The cells were 

incubated at 37 ⁰C until they reached an OD600nm of 1.3. Here, the temperature was decreased 

to room temperature, and the fermenter switched to anaerobic condition by sparging with 

100% N2. The cells were induced immediately after equilibration by adding 0.5 mM IPTG, 

25 mM fumarate and 2 mM cysteine final. After the overnight expression, the cells were 

harvested anaerobically by centrifugation for 15 minutes at 17 700 x g at 10 ⁰C. The cell pellet 

was washed with anaerobic phosphate-buffered saline (PBS, 140 mM NaCl, 2.7 mM KCl, 

10 mM Na2HPO4, 1.8 mM KH2PO4) inside an anaerobic chamber (N2/CO2 (90:10%) 

atmosphere) before being pelleted again as described above. The pellets were flash frozen in 

liquid nitrogen and stored anaerobically at -80°C until use.  
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3.6.8. Growth conditions of E. coli BL21 pDB 1282 pET-28(+) Mt/MiNifH and cell 

harvesting. E. coli BL21 pDB 1282 pET-28(+) Mt/MiNifH cells were grown in 1 l Duran 

flasks containing 0.33 l medium. The medium composition and the growth conditions were 

the same as described above for E. coli BL21 ΔiscR WG MmNifH cells. The culture was 

grown aerobically at 37 ⁰C, shaking at 180 rpm until an OD550 nm of 0.5 was reached. Upon 

reaching this OD, the headspace was exchanged to 100% N2 by aseptic flushing using the 

Hungate technique and the bottles were sealed with sterile gas-tight rubber stoppers and caps. 

To induce the cells, anaerobic IPTG (250 µM final), fumarate (25 mM final), cysteine (2 mM 

final) and 0.2% arabinose were added by sterile filtration. The cultures were further incubated 

at 25 ⁰C, shaking at 180 rpm overnight. The cells were harvested anaerobically by 

centrifugation for 15 minutes at 17 700 x g at 10 ⁰C, washed with anaerobic PBS, pelleted 

again, flash frozen in liquid nitrogen and stored anaerobically at -80°C until use.  

3.6.9. Purification of recombinant NifH proteins. In all cases, the respective cell pellets of 

transformed cells were thawed on ice and resuspended in Lysis Buffer (50 mM 

Na2HPO4·2H2O, 500 mM NaCl, 20 mM imidazole, 5% glycerol, pH 8.0) inside of an 

anaerobic chamber (N2/CO2 (90:10%) atmosphere). Sonication was done in the same 

anaerobic chamber (KE76 probe Bandelin SONOPULS, Sigma, Berlin, Germany) at 75% 

intensity (30 times 10 seconds). The cell lysate was centrifuged at 20 442 x g for 45 minutes 

at 4°C to remove cell debris and unbroken cells. The supernatant (soluble fraction) was 

transferred to an anaerobic tent (N2/H2 (97:3%) atmosphere), filtered through a 0.2 µm filter 

(Sartorius, Göttingen, Germany), and loaded on 10 ml His-Trap nitrilotriacetic acid column 

loaded with Nickel (Ni-NTA, GE Healthcare Life Sciences, Munich, Germany). The column 

was previously washed and equilibrated with the Lysis Buffer. Elution was done with a 20-

320 mM imidazole linear gradient for 6 CVs at a 1 ml/min flow rate in all cases. MmNifH 

eluted between 169.56 and 257.48 mM imidazole, MtNifH eluted between 245.56 mM and 

283.24 mM imidazole, while MiNifH was eluted between 205.44 mM and 257.20 mM 

imidazole. Based on SDS PAGE and brown colour, purest fractions were pooled together and 

diluted with 3 volumes of IEX buffer, filtered, and loaded on a 10 ml HiTrap Q Sepharose 

High-Performance column (GE Healthcare Life Sciences, Munich, Germany). Elution was 

done with a 0-800 mM NaCl linear gradient for 6 CVs at a 1 ml/min flow rate. The fractions 

containing MmNifH were obtained between 506.2 and 614.2 mM NaCl, MtNifH was eluted 

between 454.5 mM and 560.8 mM NaCl, while MiNifH was eluted between 401.1 mM and 

546.8 mM NaCl. The final yield of the purification was 6 mg for the MmNifH, 13.4 mg for 

the MtNifH and 32.4 mg for the MiNifH, 
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3.6.10. Crystallisation. All samples were concentrated with a 10-kDa cutoff with a VivaSpin 

amicons (Sartorius, Göttingen, Germany) to the desired concentration. All samples were 

crystallised inside an anaerobic chamber (N2/H2 (97:3%) atmosphere, 20 °C). Prior to 

crystallisation, samples were centrifuged at 13 000 x g for 3 min to remove macro-aggregates 

and dust. When the proteins were co-crystallised with ligands, the ligands were mixed with 

the sample before the centrifugation step. The crystallisation was done in 96-Well MRC 2-

Drop polystyrene plates (SWISSCI) containing 90 µl of crystallisation solution in the 

reservoir in all cases. MmNifH was crystallised at a final concentration of 13 mg/ml with 

2 mM ATP and 2 mM MgCl2 by mixing 0.7 µl of crystallisation solution with 0.7 µl of 

protein sample. Crystals were obtained in 20 % w/v polyethylene glycol 3 000, 100 mM Tris 

pH 7.0 and 200 mM calcium acetate. MtNifH nucleotide-free was crystallised at a final 

concentration of 11 mg/ml by spotting 0.55 µl of crystallisation solution with 0.55 µl of 

protein sample. The crystallisation solution contained 30 % v/v 2-methyl-2,4-pentanediol, 100 

mM sodium acetate, pH 4.6 and 20 mM calcium chloride. MtNifH with ligands was 

crystallised at a final concentration of 32.7 mg/ml, with 10 mM ATP and 10 mM MgCl2 by 

spotting 0.5 µl of crystallisation solution (20 % w/v polyethylene glycol 8 000, 100 mM 

TRIS, pH 8.5 and 200 mM magnesium chloride) with 0.5 µl of protein sample. MiNifH was 

crystallised at a final concentration of 18.3 mg/ml, with 2 mM ATP and 2 mM MgCl2, by 

spotting 0.7 µl of crystallisation solution with 0.7 µl of protein sample. In this case, the 

crystallisation solution contained 20 % w/v polyethylene glycol 3 350, 100 mM Bis-Tris 

propane pH 8.5 and 200 mM sodium nitrate. Sealed plates were stored inside the same 

anaerobic chamber where the crystallisation was performed. 

3.6.11. Data collection, integration, scaling, model building and refinement. Data were 

collected at Synchrotron SOLEIL French National Synchrotron Facility (Paris, France, 

beamline Proxima I) and The Swiss Light Source Synchrotron (Villigen, Switzerland, 

beamlines PXI and PXIII) (see Table 1) and were integrated with autoPROC [66]. All 

datasets were treated with Staraniso [67]. MtNifH nucleotide-free form 2 was solved by 

molecular replacement with the nucleotide-free model from AvNifH (PDB code 2NIP). All 

MtNifH models were solved by molecular replacement with MtNifH nucleotide-free form 2 as 

a template. MmNifH and MiNifH structures were solved by molecular replacement with the 

MgADP complex from AvNifH (PDB code 6N4L). All molecular replacements were done 

with Phaser [68] from the Phenix suite [69]. All models were manually optimised with COOT 

[70]. Refinement was performed with Phenix without applying non-crystallography symmetry 

and using a translation-libration screw. Models were refined with riding hydrogens omitted in 
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the final deposited models. All structures were validated by the Molprobity server [71] (on the 

15th of April, 2023). 

3.6.12. A. vinelandii growth conditions. Medium composition. A. vinelandii RS1 (derived 

from strain DJ) [60, 72] preculture was grown in a 250 ml baffled culture flask (glass) with a 

vented cap containing 120 ml of sterile liquid media (modified Burke’s medium). Each 

preculture was started by inoculation from a fresh agar plate and grown aerobically at 200 

rpm at 30 °C until OD600 nm > 2.0 (usually overnight). Under sterile conditions, the preculture 

was used at a 1:10 ratio to inoculate the 12 l of liquid media dispatched in 4 x 5 l baffled 

flasks (Corning CLS431684, 3 l of culture per bottle) with vented caps. Cells were grown at 

200 rpm at 30 °C overnight until an OD600 nm > 1.5 was reached. Cells were collected by serial 

centrifugation runs at 4 500 x g, 15 min at room temperature. The supernatant was discarded, 

and the cells were gently resuspended in a fresh growth medium devoid of NH4OAc or 

another source of fixed nitrogen (prepared fresh but not under sterile conditions) in the 

incubator shaker (~400 ml media per bottle). After resuspension, the culture was divided 

evenly between the remaining media/bottles and incubated at 200 rpm and 30 °C for another 3 

hours to facilitate derepression of the nif operon. Cells were harvested by serial centrifugation 

collections as above. Finally, the cells were scooped into a plastic bag and stored at -80 °C 

until further use. Modified Burke’s medium was prepared by adding 120 ml of an autoclaved 

100 x phosphate buffer solution (0.46 M K2HPO4, 0.15 M KH2PO4), 40 ml of a filter-

sterilised 3 M NH4OAc solution, 12 ml of a filter-sterilised 0.1 M Fe solution (FeCl3.6H2O) 

and 12 ml of a filter-sterilised 10 mM Mo solution (Na2MoO4.2H2O) to 12 l of autoclaved salt 

medium (60 mM sucrose, 8.1 mM MgSO4 7H2O, 6.1 mM CaCl2), all at room temperature, 

under sterile conditions. All buffers and solutions were prepared with MilliQ water (18.2 MΩ 

cm). Generally, large volumes (> 50 ml) were sterilised by autoclaving; smaller solutions 

were sterilised by filtration (0.45 µm syringe filters). 

3.6.13. AvNifDK and AvNifH purification. Cell pellet (~ 77 g) was anaerobically thawed 

and resuspended for 45 minutes in lysis buffer (50 mM Tris/HCl pH 8, 5 mM dithionite, 37% 

v/v glycerol) with a 2:1 ratio (buffer: cells v/w) inside a Coy anaerobic chamber (N2:H2 95:5, 

Coy Laboratory Products, USA). Treated cells were collected by centrifugation at 12 000 x g 

for 25 min at 4 °C in deoxygenated and anoxically sealed poly(propylene) bottles. The cell 

pellet was resuspended in 200 ml of glycerol-free lysis buffer (containing a few µg of DNase) 

and lysed by osmotic shock/shaking. Lysed cells were incubated on ice for 20 min and 

pelleted by anaerobic centrifugation at 26 000 x g at 4 °C for 1 hour. The obtained supernatant 

was mixed with 20 ml of post-lysis buffer (2 M NaCl, 234 mM Tris, pH 8.0) and loaded on a 
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20 ml His Prep FF 16/10 column equilibrated with chelating equilibrating buffer (50 mM 

Tris, 0.3 M NaCl, pH 8.0). The flow through containing the AvNifH was collected. The 

elution was done with chelating elution buffer (50 mM Tris, 0.3 M NaCl, 300 mM imidazole, 

pH 8.0) in two steps. The first step containing 20 mM imidazole was used to remove weakly 

bound proteins, and the second at 300 mM imidazole step was to elute AvNifDK. Collected 

AvNifDK was diluted 1:3 (v/v) with 50 mM Tris/HCl pH 8.0 and 5 mM EDTA-disodium salt 

and loaded on a 20 ml Q Sepharose HiPrep HP 16/10 column equilibrated with ion exchange 

buffer A (50 mM Tris/HCl pH 8.0). The elution was done with ion exchange buffer B 

(50 mM Tris/HCl, 1 M NaCl, pH 8.0) in two steps: 100 mM NaCl washing step and 1 M 

NaCl step to elute AvNifDK. AvNifH was diluted and loaded on a 20 ml Q Sepharose HiPrep 

HP 16/10 column the same way as described above for AvNifDK and eluted with 200-650 

mM linear NaCl gradient over 7 column volumes. Fractions containing AvNifH were 

determined based on SDS PAGE, pooled together and concentrated before loading on a 

Sephacryl S-200-HR HiPrep 26/60 320 ml column. Both samples were concentrated using a 

Merck Millipore stirred concentrator cell equipped with a 100 (for AvNifDK) or 30 kDa (for 

AvNifH) molecular weight cutoff membrane (fed with ultra-high-purity N2 5.0) and flash 

frozen in liquid nitrogen as 20 µL pellets and stored in liquid nitrogen until further use. The 

final yield of the purification was 109.25 mg for the AvNifH and 370.37 mg for the AvNifDK. 

3.6.14. Activity assays. Activity assays were performed in triplicate and contained a final 

volume of 1 ml per reaction. The reactions were performed in 13 ml septum-sealed glass vials 

(Wheaton) in deoxygenated buffer containing an ATP-regenerating system (5 mM ATP, 

30 mM phosphocreatine, 0.6 mg/ml bovine serum albumin, 200 µg/ml creatine 

phosphokinase (from Rabbit muscle, Merck/Roche, Darmstadt, Germany), 10 mM sodium 

dithionite and 100 mM MOPS/NaOH at pH 7.0). All reactions contained 0.1 mg MoFe 

protein and 16.6 or 50 molar equivalents of Fe protein (corresponding to 0.5 mg and 1.56 mg, 

respectively). All reaction vials were prepared and sealed inside an anaerobic chamber under 

a 100% N2 atmosphere and vented to atmospheric pressure before starting. Reactions were 

performed within a standing water bath (30 °C) and initiated by adding MgCl2 (from a 1 M 

stock, 10 mM final concentration). After 8 minutes, the reactions were quenched by adding 

300 µL of 400 mM EDTA (pH 8.0). Ammonia was quantified by the ortho-phthalaldehyde 

method using NH4Cl as the standard, as reported previously [73-75]. 

3.6.15. High-resolution Clear Native PAGE (hrCN PAGE) and MgADP-AlF4
- 

stabilisation. To test the formation of MgADP-AlF4
--stabilised NifDK-NifH complexes, all 

samples were incubated at 20 °C inside an anaerobic chamber (N2/H2 (97:3%)) for 1 h in 100 
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mM Tris/HCl pH 7.6, with 20 mM NaF, 1 mM AlCl3, 1 mM ADP and 2 mM MgCl2 before 

loading on hrCN PAGE. The samples were diluted to 0.6 mg/ml in the same buffer. In all 

cases, NifDK and NifH were mixed in a molar ratio of 1:5 (corresponding to 45 µg of NifDK 

and 67.5 µg of NifH) and the mixture was diluted to a final concentration of 0.6 mg/ml prior 

to the loading on the gel, in the corresponding buffer. The 3-15% linear polyacrylamide 

gradient hrCN PAGE was run in the same anaerobic chamber and prepared according to 

Lemaire et al. [76]. Cathode buffer contained 50 mM Tricine, 15 mM Bis-Tris/HCl, pH 7, 

0.05% (w/v) sodium deoxycholate, 2 mM DTT and 0.01% (w/v) dodecyl maltoside, while the 

anode buffer contained 50 mM Bis-Tris/HCl buffer pH 7 and 2 mM DTT. Electrophoresis 

was run with a constant 40 mA current (PowerPacTM Basic Power Supply, Bio-Rad). Protein 

bands were visualised with Ready BlueTM Protein Gel stain (Sigma Aldrich, Hamburg, 

Germany). NativeMarkTM Unstained Protein Standard (ThermoFischer Scientific, Dreieich, 

Germany) was used as the protein ladder. 

3.6.16. Phylogenetic analysis. Selected NifH, VnfH and AnfH sequences were aligned using 

MUSCLE [77] (default parameters) in MEGA11 [78, 79]. Ambiguous positions were 

removed for each possible pairing (pairwise deletion option). The final alignment contained a 

total of 332 NifH positions. The phylogenetic tree was constructed using the Neighbour-

Joining method [80] with the JTT matrix model for multiple substitutions [81]. The analysis 

was conducted in MEGA11 with ChlLNB from Chlorobium limicola as an outgroup. 
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3.11. Figures and legends 

 
 

Fig. 1. Order of events for the nitrogenase catalytic cycle during a single turnover and 

according to the “deficit spending model” [23, 82] and based on [83]. The scheme depicts the 

six different states (labelled as 1-6) of the NifH cycle. NifH is shown as a homodimer loaded 

with a reduced [4Fe-4S] cluster and MgATP in its active state (state 1). Only one-half of the 

NifDK heterotetramer is displayed for clarity, with whom NifH associates (state 2). NifDK-

NifH association triggers an electron transfer (state 2 to 3) from the activated P cluster 

(labelled as P*) to the FeMoco (labelled as M). A second electron transfer follows from the 

reduced [4Fe-4S] cluster of NifH to the oxidised P cluster (states 3 to 4). In the next step, the 

ATP is hydrolysed (state 4 to 5), leading to the NifH homodimer containing 2MgADP/2Pi and 

the oxidised [4Fe-4S] cluster (state 4). The artificial complex of NifDK-NifH with NifH in 

complex with MgADP and AlF4
- mimics this intermediate transition in which the [4Fe-4S]-

cluster is adequately positioned for electron transfer to the P cluster [57, 58]. After Pi release 

(state 4 to 5), NifH-MgADP disengaged from NifDK (state 6) and can be reloaded with an 

electron and ATP to start a new cycle. 
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Fig. 2. Phylogenetic analyses and sequence conservation of NifH from Methanococcales and 

homologues. A. Evolutionary analysis of 37 selected NifH/VnfH/AnfH sequences. Node 

statistics are represented by black dots whose diameter depends on the node score (see 

bootstrap legend). Structures currently available are highlighted with green background. 

Structures presented in this work are highlighted with red background. . Labels corresponding 

to NifH, VnfH and AnfH are colored in black, purple and pink text, respectively. ChlL (light-

independent protochlorophyllide reductase) from Chlorobium limicola was used as an 

outgroup. Accession numbers for sequences used in phylogenetic reconstruction can be found 

in Supplementary Table 1. B. Sequence identity matrix between selected NifH/VnfH/AnfH 

proteins. Colour code: red-green from the lowest to the highest percentual identity value. 



 

130 

 
 

Fig. 3. A. Residues conservation in selected NifH, VnfH and AnfH proteins. Sequence 

alignment of MtNifH, MiNifH, MmNifH, MaNifH (PDB code 6NZJ), AvNifH (PDB code 

2NIP), AvVnf (PDB code 6Q93), MaVnf (GenBank access code AAM04632.1) and AvAnf 

(PDB code 7QQA). The alignment was done by MUSCLE [76], while the conserved residues 

and the corresponding secondary structures were analysed by ESPript (https://espript.ibcp.fr, 

[56]) on the structure of MtNifH. B. Secondary structures of MtNifH monomer labelled based 

on ESPript prediction. The chain is coloured as a rainbow, starting from the C terminus (blue) 

to the N terminus (red).  
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Fig. 4. A. Superposition of nucleotide-free monomer from MtNifH form 1 (yellow-orange) 

and form 2 (orange), MaNifH (PDB: 6NZJ, violet), CpNifH (PDB: 1CP2, split-pea) and 

AvNifH (PDB: 2NIP, sky blue). B. Superposition of MgADP-bound monomer from MmNifH 

(yellow), MtNifH (orange), MiNifH (red), AvNifH (PDB: 6N4L, blue), AvVnfH (PDB: 6Q93, 

white) and AvAnfH (PDB: 7QQA, black), in the same pose as panel A. All models are 

pictured in cartoons with ligands in balls and sticks. C. Left: side and top views of NifH 

homodimers nucleotide-free with the same models and colour coding as in panel A. Right: 

side and top views of MgADP-bound NifH homodimers with the same models and colour-

coding as in panel B. D. Superposition of nucleotide-free MtNifH form 2 (orange), with the 

two homodimers occupying the asymmetric unit of form 1 (yellow-orange) and the six 

MgADP-bound MtNifH homodimers occupying the asymmetric unit (black). For C and D, all 

models displayed as ribbons were superposed on the right MtNifH monomer (nucleotide-free, 

form 2).  
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Fig. 5. A-C. Side and top views of MgADP-bound MmNifH (A, yellow), MtNifH (B, orange) 

and MiNifH (C, red). Homodimers are displayed in cartoons with one monomer in a fainter 

colour than the other. Important structural features are colour-coded as follows: Switch I – 

forest green, Switch II – black, and P-loop – marine blue. D-F. Electron density of MgADP 

within the ligand binding site in MmNifH ligand binding site of MmNifH (D, yellow), MtNifH 

(E, orange) and MiNifH (F, red). A surface represents the proteins. All electron density maps 

(2Fo-Fc) are contoured to 2-σ. Due to the lower resolution of the models, waters were not 

modelled in E and F panels. All ligands are depicted in ball and stick models with carbon, 

nitrogen, oxygen, phosphorus, magnesium, sulfur and iron coloured in green, blue, red, grey, 

orange, yellow and dark orange. 
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Fig. 6. A. Conservation of the [4Fe-4S]-cluster and MgADP binding site in AvNifH (PDB: 

6N4L, blue), MmNifH (pale yellow), MtNifH (orange), MiNifH (firebrick red). The protein is 

pictured in transparent cartoons on all panels, with the residues coordinating the [4Fe-4S] and 

MgADP shown as balls and sticks. Carbon is coloured appropriately with the identity of the 

protein. Nitrogen, oxygen, sulphur, phosphorus, magnesium and iron are coloured blue, red, 

yellow, orange, grey and light orange, respectively. B. Compilation of all four ligand binding 

sites from panel A with AvNifH (PDB: 6N4L), MmNifH, MtNifH, and MiNifH coloured in 

blue, yellow, orange, and firebrick red, respectively. For clarity, the C-terminal artificial 

extension in MmNifH, shown as lemon colour in A, has been excluded in panel B. The 

primed numbers indicate the residues carried by the second monomer.  
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Fig. 7. Electrostatic surface properties of selected NifH, VnfH and AnfH proteins, all in 

MgADP-bound state. For all models, the colour code reflects the charges on the surface from 

negative (red) to positive (blue). PDB codes for AvNifH, AvVnfH and AvAnfH are 6N4L, 

6Q93, and 7QQA, respectively. The [4Fe-4S]-cluster is depicted as balls with sulphur and 

iron coloured in yellow and orange, respectively. 
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Fig. 8. Cross-reactivity of Mm/Mt/MiNifH proteins with AvNifDK is shown as a relative 

activity for NH3-production from N2-reduction compared to AvNifDKH. Relative activities 

for AvNifH, MmNifH, MtNifH, MiNifH and negative controls are highlighted in blue, yellow, 

orange, red and grey, respectively. Mm/Mt/MiNifH does not show activity when combined 

with AvNifDK in a 1:16 ratio in vitro. Only MtNifH shows some activity at a ratio of 1:50. 

The three panels represent three different sets of experiments. All experiments have been 

performed in triplicates. 



 

136 

 
 

Fig. 9. Native PAGE analysis of the recombinantly expressed NifHs from methanogens in 

complex with AvNifDK upon MgADP/AlF4
- addition. All samples were incubated at 20 °C 

inside an anaerobic chamber (N2/H2 (97:3%)) for 1 h in 100 mM Tris/HCl pH 7.6, with 20 

mM NaF, 1 mM AlCl3, 1 mM ADP and 2 mM MgCl2 (when described) before loading on 

native PAGE. NifDK:NifH molar ratio was 1:5 in all cases. The gels were run in the same 

anaerobic chamber on a 3-15% gradient gels. 3 µg of protein total per well in all wells (see 

Material and Methods). 
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Fig. 10. Mapping of the AvNifH residues interacting with AvNifDK in four different 

nitrogenase complexes as described in the Supplementary Table S4 from Tezcan et al. [57]. 

All structures are displayed from the top view. Residues making contacts are colour coded as 

follows: dark blue- the contact involves the main chain atoms of a specified residue; sky blue- 

side chain groups mediate the contacts; magenta-the contact involves both the main and the 

chain. For NifH from methanogens, the equivalent residues making the contacts with the 

dinitrogenase are colour coded as follows: red-the labelled residue is not conserved between 

AvNifH and Mm/Mt/MiNifH, green-the labelled residue is conserved between AvNifH and 

Mm/Mt/MiNifH. The summary of all labelled residues can be found in Supplementary Table 

2. The three methanogenic NifH represented models are the MgADP-bound state. 
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Table 1. Data collection and refinement statistics. 

 

a Values relative to the highest resolution shell are within parentheses. b Rfree was calculated as the Rwork 

for 5 % of the reflections that were not included in the refinement. c rmsd, root mean square deviation. 

 

 
MtNifH as 

isolated 

form 1 

MtNifH as 

isolated 

form 2 

MmNifH-

MgADP 

MtNifH-

MgADP 

MiNifH-

MgADP 

Data collection      

 Synchrotron source 
SOLEIL, 

Proxima I 

SOLEIL 

Proxima I 

SLS,  

PXIII 

SLS,  

PXIII 

SLS, 

 PXI 

 Wavelength (Å) 1.74013 1.74013 0.99999  1.00004 0.99999 

 Space group P21 P43212 P21 P1 P212121 

 Resolution (Å) 
68.15 – 2.31 

(2.35– 2.31) 

52.00-1.91 

(1.94-1.91) 

78.82– 1.70 

(1.86– 1.70) 

71.00 – 2.74 

(2.90 − 2.74) 

120.26 – 2.49 

(2.83 – 2.49) 

 Cell dimensions      

 a, b, c (Å) 

52.82, 

 83.98, 

116.60 

98.90, 

 98.90, 

 61.14 

68.55, 

 111.09, 

78.82 

61.48, 

 87.59, 

182.05 

147.95, 

156.73, 

206.45 

 α, β, γ (°) 90, 91.14, 90 90, 90, 90 90, 90, 90 
93.978, 

98.58, 109.65 
90, 90, 90 

 R
merge

(%)
a
 24.0 ( 134.2) 15.9 (312.0) 21.9 (123.2) 28.4 (122.4) 17.6 (231.4) 

 Rpim (%)a 8.5 (56.6) 2.5 (64.4) 9.0 (51.1) 11.7 (50.9) 4.0 (52.9) 

 CC1/2

a
 0.990 (0.517) 0.997 (0.616) 0.992 (0.468) 0.983 (0.526) 0.998 (0.680) 

 I/σ
I

a
 5.2 (1.5) 15.9 (1.4) 7.5 (1.6) 4.5 (1.6) 15.5 (2.0) 

 Spherical completeness
a
 100 (100) 100 (100) 73.5 (15.9) 72.1 (22.8) 54.4 (8.6) 

 Ellipsoidal completeness
a
 / / 94.2 (57.6) 90.5 (63.1) 91.2 (77.5) 

 Redundancy
a
 8.7 6.5) 41.2 (23.9) 6.9 (6.6) 6.7 (6.7) 20.8 (19.3) 

 Nr. unique reflections
a
 

45,087 

(2,223) 

24,200 

(1,183) 

94,344 

(4,718) 

66,142 

(3,154) 

91,224 

(4,487) 

 

Refinement 
     

 Resolution (Å) 48.47 – 2.31 52.01 – 1.91 46.89 – 1.70 39.93 – 2.74 49.26-2.49 

 Number of reflections 45,074 24,197 94,335 66,105 91,144 

 R
work

/R
free

b
 (%) 19.63/23.49 20.32/23.05 16.18/18.59 21.90/25.43 22.20/24.20 

 Number of molecules/AU      

 Number of atoms 8,977 2,278 10,146 25,980 26,165 

 Protein 8,553 2,123 8,598 25,495 25,660 

 Ligands/ions 46 29 205 462 464 

 Solvent 378 126 1,343 23 41 

 Mean B-value (Å
2
) 37.92 46.31 20.79 60.62 79.27 

 Molprobity clash 

 score, all atoms 
4.08 1.86 1.66 2.56 2.61 

 Ramachandran plot      

 Favoured regions (%) 97.92 97.09 98.38 97.45 98.41 

 Outlier regions (%) 0 0 0 0.06 0.03 

 rmsd
c
 bond lengths (Å) 0.006 0.013 0.009 0.009 0.009 

 rmsd
c
 bond angles (°) 0.874 1.431 0.913 1.213 1.258 

PDB ID code      
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Table 2. Analysis of the interface stability in different NifH homologues. ΔGdiss = the free 

energy of assembly dissociation, NHB = number of hydrogen bonds, NSB = number of salt 

bridges, T °C = optimal temperature for the host growth. 

 AvNifH AvVnfH AvAnfH MmNifH MtNifH MiNifH 

ΔGdiss [kcal/mol] 37 25.83 ± 4.04 23.80 ± 0.42 24.25 ± 2.19  24.20 ± 1.31 21.55 ± 1.08 

NHB 14 12 ± 1 7 ± 4 18 ± 1 9 ± 1 9 ± 2 

NSB 14 7 ± 3 3 ± 1 10 ± 2 6 ± 2 8 ± 1 

T °C 30 °C 30 °C 30 °C 37 °C 65 °C 85 °C 
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3.12. Supplemental Material 

Supplementary Table 1. Accession Numbers for Sequences Used in Phylogenetic 

Reconstruction 

Supplementary Table 2. Conservation of NifH Residues interacting with NifDK 

Supplementary Table 3. Vectors, and strains used in this study. 

Mm/Mt/MiNifH construct sequences 

Supplementary Figure 1. SDS PAGE of purified M. infernus and M. thermolithotrophicus 

proteins. 

Supplementary Figure 2. Growth of diazotrophic M. infenus. 
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Table S1. Accession Numbers for Sequences Used in Phylogenetic Reconstruction. 

Taxon NifH 

Alkaliphilus metalliredigens QYMF WP_012064614.1 

Azotobacter vinelandii AvOP AnfH WP_012703362.1 

Azotobacter vinelandii AvOP NifH WP_012698831.1 

Azotobacter vinelandii AvOP VnfH WP_012698955.1 

Candidatus Azobacteroides pseudotrichonymphae CFP2 WP_012573569.1 

Candidatus Methanosphaerula palustris E1-9c WP_012617253.1 

Chlorobium tepidum TLS WP_010933198.1 

Chloroherpeton thalassium ATCC 35110 WP_012500369.1 

Chloroherpeton thalassium ATCC 35111 WP_012499583.1 

Clostridium beijerinckii NCIMB 8052 ABR34169 

Clostridium kluyveri NBRC 12016 WP_012102140.1 

Clostridium pasterianum DSM 525 WP_003447877.1 

Dehalococcoides mccartyi 195 WP_010936850.1 

Desulfotomaculum reducens MI-1 WP_011879120.1 

Desulfovibrio vulgaris DP4 WP_011176593.1 

Geobacter lovleyi SZ WP_012468732.1 

Heliobacterium modesticaldum Ice1 WP_012282218.1 

Klebsiella pneumoniae YH43 BAS34484.1 

Methanocaldococcus infenus ME WP_013099459.1 

Methanocaldococcus sp. FS406-22 WP_012979647.1 

Methanocaldococcus vulcanius M7 WP_015733159.1 

Methanococcus aeolicus Nankai-3 WP_011974142.1 

Methanococcus maripaludis S2 WP_011170797.1 

Methanococcus vannielii SB WP_011971883.1 

Methanosarcina acetivorans CA2 AnfH AAM04624.1 

Methanosarcina acetivorans CA2 NifH AAM07246.1 

Methanosarcina acetivorans CA2 VnfH AAM04632.1 

Methanosarcina mazei Go1 WP_011032670.1 

Methanothermococcus thermolithotrophicus SN-1 WP_018154785.1 

Methylacidiphilum infernorum V4 WP_012464212.1 

Methylocella silvestris BL2 WP_012592585.1 

Nostoc sp. PCC 7120 WP_010995626.1 

Rhodobacter sphaeroides ATCC 17025 WP_011908284.1 

Rhodospirillum centenum SW WP_012568805.1 

Rhodospirillum rubrum ATCC 11170 WP_011389149.1 

Syntrophobacter fumaroxidans MPOB WP_011697884.1 

Chlorobium limicola DSM 245 WP_012467084.1 
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Table S2. Conservation of NifH Residues interacting with NifDK. 

nf-Av2:Av1 

intermolecular 

contacts (PDB 

ID 2AFH) 

AvNifH MmNifH MtNifH MiNifH 

chain 1 chain 2       

Ala g2-62   Leu 62 Leu 70 Leu 70 

Ala g2-65   Lys 65 Glu 73 Glu 73 

Thr g2-67   Glu 67 Glu 75 Glu 75 

 Glu g2-69   Glu 68 Glu 76 Glu 76 

Leu g2-71   Cys 70 Val 78 Val 78 

  
Arg g1-

101 
Arg 100 Arg 108 Arg 108 

Arg g2-

101 
  Arg 100 Arg 108 Arg 108 

Asn g2-

108 
  Thr 107 Asp 115 Asn 115 

Glu g2-

112 
  Gln 111 Glu 119 Glu 119 

Glu g2-

112 
  Gln 111 Glu 119 Glu 119 

Glu g2-

113 
  His 112 Leu 120 Leu 120 

  
Arg g1-

141 
Arg 140 Arg 148 Arg 148 

Lys g2-

171 
  Lys 170 Lys 178 Lys 178 

Tyr g2-172   Tyr 171 Tyr 179 Tyr 179 

Ala g2-173   Ala 172 Ala 180 Ala 180 

Asn g2-

174 
  Glu 173 Glu 181 Glu 181 

Gly g2-

176 
  Ser 175 Ser 183 Ser 183 

Arg g1-

179 
  Arg 178 Arg 186 Arg 186 

adp-Av2:Av1 

intermolecular 

contacts (PDB 

ID 2AFI) 

          

  Gly 66 Gly 66 Gly 74 Gly 74 

  Val 68 gap gap gap 

  Glu 69 Glu 68 Glu 76 Glu 76 

  Asp 70 Glu 69 Ala 77 Gly 77 

Arg 101   Arg 100 Arg 108 Arg 108 

  Arg 101 Arg 100 Arg 108 Arg 108 

  Glu 112 Gln 111 Glu 119 Glu 119 

  Arg 141 Arg 140 Arg 148 Arg 148 

  Lys 171 Lys 170 Lys 178 Lys 178 

  Asn 174 Glu 173 Glu 181 Glu 181 
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alf-Av2:Av1 

(PDB ID 

1M34) 

  Gly 66 Gly 66 Gly 74 Gly 74 

Asp 70   Glu 69 Ala 77 Gly 77 

Cys 98   Cys 97 Cys 105 Cys 105 

  Cys 98 Cys 97 Cys 105 Cys 105 

Arg 101   Arg 100 Arg 108 Arg 108 

  Arg 101 Arg 100 Arg 108 Arg 108 

Thr 105   Thr 104 Thr 113 Thr 112 

  Thr 105 Thr 104 Thr 113 Thr 112 

Gly 134   Gly 133 Gly 141 Gly 141 

  Gly 134 Gly 133 Gly 141 Gly 141 

Arg 141   Arg 140 Arg 148 Arg 148 

  Arg 141 Arg 140 Arg 148 Arg 148 

Glu 142   Asp 141 Asp 149 Asp 149 

  Glu 142 Asp 141 Asp 149 Asp 149 

Lys 171   Lys 170 Lys 178 Lys 178 

  Lys 171 Lys 170 Lys 178 Lys 178 

Asn 174   Glu 173 Glu 181 Glu 181 

Ser 175   Gln 174 Gln 182 Gln 182 

  Ser 175 Gln 174 Gln 182 Gln 182 

pcp-Av2:Av1 

intermolecular 

contacts (PDB 

ID 4WZB) 

Gly 66   Gly 66 Gly 74 Gly 74 

Cys 98   Cys 97 Cys 105 Cys 105 

Arg 101   Arg 100 Arg 108 Arg 108 

  Arg 101 Arg 100 Arg 108 Arg 108 

Thr 105   Thr 104 Thr 113 Thr 112 

  Thr 105 Thr 104 Thr 113 Thr 112 

Gly 134   Gly 133 Gly 141 Gly 141 

  Gly 134 Gly 133 Gly 141 Gly 141 

  Arg 141 Arg 140 Arg 148 Arg 148 

Glu 142   Asp 141 Asp 149 Asp 149 

Lys 171   Lys 170 Lys 178 Lys 178 

Ser 175   Gln 174 Gln 182 Gln 182 
      

main chain      

side chain      

conserved      

not conserved      
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Table S3. Vectors, and strains used in this study. 

Vectors  

pDB1282 [1, 2] 
with arabinose-inducible operon containing key components of the isc operon 

(iscSUA, hscBA, fdx, iscX) 

WG35_MmNifH WG35 vector with MmNifH 

pET-28(+)_MtNifH with MtNifH between NcoI and NdeI restriction sites 

pET-28(+)_MiNifH with MiNifH between NcoI and NdeI restriction sites 

 

Strains 

 

E. coli DH5α 

WG35_MmNifH 

carrying WG35 vector with M. maripaludis NifH (original construct from Wenyu 

Gu, Department of Chemical Engineering and Civil and Environmental 

Engineering, Stanford University, Stanford, USA) 

E.coli DH5α pDB1282 
carrying pDB1282 plasmid (original construct from Dennis Dean, Department of 

Biochemistry, Virginia Tech, Blaksburg, USA) 

E. coli BL21 ΔiscR [3] 

iscR has been replaced with kanamycin resistance (on the genome) (original 

construct from James Swartz, Stanford Chemical Engineering, Stanford 

University, Stanford, USA) 

A. vinelandii RS1 
8 x HIS-tag between codons 2/3 of nifD [4, 5]. Comparable to strain DJ1141 [6]. 

Produced from A. vinelandii DJ (BTCC). 
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MmNifH sequence: 

Green Bold = Start codon 

Bold = Stop codon 

Black=NifH gene sequence 

Blue = Linker 

Orange = His Tag 

ATGGTGCGCAAGATCGCTATCTATGGCAAAGGTGGTATCGGCAAGTCTACTACGA

CGCAAAATACAGTCGCGGCAATGGCACACTTCCATGATAAGAAGGTATTCATTCA

TGGCTGTGACCCAAAGGCGGATAGTACCCGTCTTATCTTACATGGGAAACAGCAG

GTTACGATGATGGATACGCTGCGCGAGAAGGGTGAGGATGAATGCACGCCAGAC

AAGGTTATCGAGGTTGGTTTCGGGGGAGTGAAGTGCGTCGAGTCTGGTGGTCCTG

AACCCGGTGTTGGTTGTGCGGGTCGCGGTGTCATTACGGCTATTACGTTGATGGA

GCAGCATGGGGTCTACGAGGACGATTTGGATTTCGTATTCTTTGACGTTTTGGGC

GATGTAGTTTGTGGGGGTTTTGCGATGCCCGTCCGTGATGGGAAAGCTGACGAAA

TTTATGTAGTCGCCAGCGGAGAAATGATGGCGTTATACGCAGCTAACAACATCTG

CAAGGGCATGGTCAAGTATGCGGAGCAATCCGGGGTCCGTCTGGGAGGCATTATT

TGTAACTCACGCAATGTGGACGGCGAGCTGGATCTTCTGCAAGAATTCTGCGATA

AGATCGGCACCCAGCTGATCCATTTTGTACCGCGCGACAACATCGTACAAAAAGC

AGAATTTCAGAAAAAAGCAGTGGTCGACTACGATGATACCTGTAATCAGGCACT

GGAATATAAAGAATTGGCTCGTAAGATCATTGAGAACGAAAACCTGGTAATCCC

AACGCCAATGACTATGGACGAGTTAGAAGAGCTGACTTCGAAATATGGATTTCTG

GACGGACGTGCGATAGAGGGTCGTCACCACCACCACCACCACTGA 
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Optimized MtNifH sequence cloned into pET28a(+): 

Green Underlined Bold = Restriction site (NcoI and NdeI) 

Bold italic = Start codon 

Bold = Stop codon 

Black=NifH gene sequence 

Blue = Linker 

Orange = His Tag 

Purple = Thrombin cleavage site 

CCATGGGAAGTTTTGATGAAATTGCACCAGATGCTAAAAAAGTAGCAATTTATGG

AAAAGGAGGTATTGGGAAATCAACCACAACCCAAAATACCGCAGCAGCACTTGC

ATACTTTTTCGATAAAAAAGTTATGATTCACGGATGTGACCCAAAAGCAGATTCA

ACAAGAATGATTCTCCACGGAAAACCACAGGATACCGTTATGGATGTACTTAGGG

AAGAGGGGGAAGAGGCGGTTACTCTTGAAAAAGTAAGAAAAATAGGATTTAAAG

ACATATTATGTGTAGAAAGTGGTGGTCCAGAACCTGGTGTAGGATGTGCAGGTAG

AGGGGTTATTACTGCAGTTGATATGATGAGAGAGCTCGAAGGATACCCTGATGAT

TTAGACAACTTGTTCTTCGATGTCCTTGGGGACGTTGTATGCGGTGGTTTCGCTAT

GCCGCTTAGAGACGGTCTTGCACAGGAAATCTACATTGTTACATCAGGGGAGATG

ATGGCATTATATGCCGCAAACAACATTGCAAAAGGTATCTTAAAGTACGCTGAAC

AGTCTGGAGTTAGACTTGGAGGTATAATCTGTAACGCAAGAAATGTCGATGGTGA

AAAAGAGTTAATGGATGAATTCTGCGATAAACTTGGAACCAAATTAATCCACTAC

GTTCCAAGGGACAACATTGTACAGAAAGCTGAATTCAACAAAATGACCGTTATTG

AGTTCGATCCAGAATGTAATCAAGCAAAAGAATACAGAACTCTGGCAAAAAACA

TTGATGAAAATGACGAACTTGTGAAACCAACTCCAATGACTATGGATGAATTGGA

AGAATTAGTTGTAAAATACGGATTAATTGACTTAAGCAGCGGCCTGGTGCCGCGC

GGCAGCAGCAGCGGCCATCATCATCATCATCACTGACATATG 
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Optimized MiNifH sequence cloned into pET28a(+): 

Green Underlined Bold = Restriction site (NcoI and NdeI) 

Bold italic = Start codon 

Bold = Stop codon 

Black=NifH gene sequence 

Blue = Linker 

Orange = His Tag 

Purple = Thrombin cleavage site 

CCATGGGAAGCTTTGACGAAATTGCCCCAAATGCTAAGAAAGTAGCAATTTACGG

AAAAGGAGGGATAGGGAAGAGTACAACTACACAAAATACAGCAGCAGCTTTAGC

ATACTACTACAAATTAAAGGGAATGATTCACGGCTGTGATCCTAAGGCGGATTCA

ACAAGAATGATATTACATGGAAAGCCCCAAGAGACAGTTATGGATGTTTTGAGA

GAAGAAGGAGAAGAAGGAGTTACCTTAGAAAAGGTTAGAAAAGTAGGATTCTGT

GGAATTTATTGTGTTGAATCTGGAGGACCAGAGCCAGGGGTTGGATGTGCAGGA

AGAGGGGTTATAACTGCTGTCAATCTAATGAAAGAGCTTGGTGGATATCCAGATG

ATTTAGACTTTCTCTTCTTTGACGTCCTTGGGGATGTTGTCTGTGGAGGTTTTGCC

ATGCCTCTAAGGGATGGGTTGGCTAAGGAAATTTACATAGTTTCCTCTGGAGAAA

TGATGGCACTTTACGCAGCTAACAACATTGCTAAGGGTATCTTAAAATATGCTGA

GCAGTCAGGAGTTAGATTAGGAGGAATAATTTGTAACTCAAGAAATGTTGATGG

AGAAAGAGAGTTAATGGAAGAGTTCTGTGATAAGTTAGGAACTAAGCTTATTCAC

TTCATTCCAAGAGACAATATAGTTCAGAAGGCTGAGTTTAACAAGATGACAGTAG

TTGAATTTGCTCCAGATCATCCACAGGCTTTAGAGTACAAGAAGTTAGGAAAGAA

GATTATGGACAATGATGAACTTGTAATTCCAACTCCATTAAGCATGGATGAGTTG

GAGAAGTTGGTTGAGAAGTATGGGTTATATGACAAAAGCAGCGGCCTGGTGCCG

CGCGGCAGCAGCAGCGGCCATCATCATCATCATCACTGACATATG 
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Supplementary Fig. 1. A. SDS PAGE profile of the purified native Mt/MiNifH. Lanes: 1 = 

MtNifH, 2 = molecular weight marker, 3 = MiNifH, (5 µg of protein per well). B. SDS PAGE 

profiles of the purified recombinant MmNifH, MtNifH and MiNifH. Lanes: 1 = molecular 

weight marker, 2 = MmNifH, 2.5 µg of protein in the well, 3 = MmNifH, 5 µg of protein in 

the well, 4 = empty, 5 = MtNifH, 2.5 µg of protein in the well, 6 = MmNifH, 5 µg of protein 

in the well, 7 = empty, 8 = empty, 9 = MiNifH, 2.5 µg of protein in the well, 10 = MiNifH, 5 

µg of protein in the well. 
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Supplementary Fig. 2. A. Side view of MtNifH in apo state (form 1, P 21 space group, dimer 

1). B. Side view of MtNifH in apo state (form 1, P 21 space group, dimer 2). C. Side view of 

MtNifH in apo state (form 2, P 43 21 2 space group). D. Top view of MtNifH in apo state 

(form 1, P 21 space group, dimer 1). E. Top view of MtNifH in apo state (form 1, P 21 space 

group, dimer 2). F. Top view of MtNifH in apo state (form 2, P 43 21 2 space group). 

Important structural features are colour coded as follows in all panels: Switch I – forest green, 

Switch II – black, P-loop – marine blue.  
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4.1. Abstract 

Nitrogenases are the only enzymes catalysing the N2 reduction, holding significant potential 

for biotechnological advancements in NH3-production. While mesophilic bacterial models 

were mainly used to decipher the intricacies of nitrogenase reaction, exploring 

phylogenetically distant organisms could shine a new light on this process. Here, we present 

near-atomic resolution structures of an archaeal nitrogenase isolated from a hyperthermophilic 

methanogen. The overall highly conserved protein harbours a molybdenum-containing 

cofactor. The positions of key residues and the displaced belt sulfide align with the turnover 

states identified in vanadium and iron-only bacterial nitrogenases, confirming a universal 

mechanism for N2reduction. The P1+ state of the P cluster, modelled in two alternate 

conformations, suggests an electron-depleted form waiting to be reloaded by the Fe protein. 

The nitrogenase in complex with its reductase, stabilised by MgADP-AlF4
-, displays a similar 

organisation seen in the bacterial homologue in which the [4Fe-4S] and P clusters are 

electronically connected. NifI1,2 structures in a switch-off state bound to MgATP/2-

oxoglutarate and a switch-on state bound to the nitrogenase reveal the regulation mechanism 

in archaea. The 2(NifI1)NifI2 dimer engulfs and sequestrates the nitrogenase by its protruding 

T-loops, forming a closed-ring structure sterically blocking the Fe protein access. The 

thermostable and ancient nature of this nitrogenase provides invaluable insights into the 

mechanism, regulation, and history of the biological fixation apparatus. 

4.2. Keywords 

Archaeal nitrogenase • turnover state • PII family proteins • post-translational regulation • N2-

fixation 

4.3. Introduction 

Nitrogen fixation, converting dinitrogen gas (N2) to ammonia (NH3), is critical to the 

biogeochemical nitrogen cycle. Fixed nitrogen forms are necessary to sustain Life on Earth 

(1). In our modern society, fixed nitrogen can enter the biosphere in three ways: (i) 

geochemically through lightning discharge amounting to ~ 3%; (ii) through biological 

nitrogen fixation by nitrogenase enzymes, contributing ~ 32%; and (iii) by the industrial 

Haber-Bosch process (HB), providing ~65% (1, 2). In more than a century since its invention, 

the HB has transformed our society by increasing crop yield after the wide use of ammonia-

based fertilisers (3-5). While it supports food production for estimated 3.5 billion people (5), 

the HB has a very high ecological and economic cost (6): from the non-renewable energy 

consumption, greenhouse gases CO2, CO, and N2O emissions to eutrophication and usage of 
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expensive synthetic catalysts in a highly specialised ammonia production plants at high 

temperature and pressure (300-550 °C, 150-250 atm). Therefore, developing efficient and 

cost-effective catalysts inspired by nitrogenase operating under atmospheric conditions is 

essential, but it represents a major scientific challenge in the last 80 years when the 

nitrogenase was first isolated.  

All nitrogenases are two-component systems that form transitory complexes when active and 

represent the only enzyme capable of reducing the N2 triple bond to form NH3 through an 

overall eight electron reaction mechanism (7). The first component is the homodimeric Fe 

protein (referred to as NifH, the nifH gene product) responsible for electron delivery through 

an ATP hydrolysis-controlled mechanism (8-10). The electrons are donated from the [4Fe-

4S]-cluster coordinated at the dimer interface. The second catalytic subunit, MoFe protein, 

harbours both the electron-relaying [8Fe:7S] P cluster and the N2-reducing active site. Based 

on the heterometal present at the active site cofactor, three nitrogenase isoforms have been 

described so far: (i) Mo-nitrogenase (referred to as NifDK, the nifDK gene product) present in 

all known diazotrophs, with [Mo:7Fe:9S:C]:homocitrate cluster (8, 10), (ii) V-nitrogenase 

with [V:7Fe:8S:C:CO3]:homocitrate cluster (11) and (iii) Fe-only nitrogenase with 

[8Fe:9S:C]:homocitrate cluster (12). Although the three nitrogenase isozymes have the same 

overall mechanism (7, 12-14), they show different reactivity towards both physiological and 

alternative substrates (9, 15-18). 

Thorneley and Lowe postulated that MoFe protein passes through eight different states, 

representing eight electron transfer steps to allow the complete N2 reduction (states E0 to E7) 

(2, 8). Each electron transfer step depends on the Fe protein cycle that passes through 

different phases of nucleotide exchange and [4Fe-4S]-cluster oxidation/reduction (2, 8), 

adding complexity to the overall mechanism (10). Despite the great progress in understanding 

the nitrogenases´ mechanistic, supported by decades of structural biology, several proposed 

mechanistic models of N2 reduction have been postulated. The key mechanistic feature 

observed in the so-called “turnover” models is the liability of the belt sulfides (S2B, S3A, and 

S5A) of the FeMoco. Particularly, the described CO-inhibited structure of the MoFe protein 

of Azotobacter vinelandii presents a displacement of the sulfide S2B (19). In the V- (20) and 

Fe-only (12) nitrogenases from the same organism, the “turnover” state showed the same 

displacement of the sulfide accompanied by a reposition of perfectly conserved glutamine and 

accommodation of the sulfide nearby. These snapshots fit the Thorneley and Lowe model in 

which the E2 state involves a bridging hydride displacing the S2B. 
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Further mechanistic insights require capturing different En states in crystallo or by 

spectroscopy. Structural studies have been limited exclusively to Bacterial representatives of 

only three different taxonomic classes: A. vinelandii (11, 12, 21) and Klebsiella pneumoniae 

(renamed Klebsiella oxytoca, NCBI:txid571 (22)) (23) (Gammaproteobacteria), Clostridium 

pasteurianum (Clostridia) (24) and Gluconacetobacter diazotrophicus (Alphaproteobacteria) 

(25). The recently reported structure of iron-only nitrogenase from A. vinelandii (12), 

completing the characterisation of all three known bacterial isoforms, made the lack of 

structural insights on archaeal nitrogenases even more apparent and marked it as a new 

emerging frontier in the field. 

Despite the shared evolutionary origin of archaeal and bacterial nitrogenases (26-28), 

diazotrophs in Archaea are characterised by multiple unique features, particularly in aspects 

related to nitrogen metabolism regulation (29). Archaea rely on a post-translational “switch-

off” mechanism by PII family proteins NifI1,2 (29-32), which is thought to be the ancient 

hallmark of anaerobic diazotrophs (33). PII proteins are a superfamily of signal transducers 

regulating central metabolism in all three domains of Life. They integrate signals about 

cellular energy, nitrogen, and carbon status through sensing 2-oxoglutarate (2-OG) and ATP 

concentrations (34, 35). Levels of 2-OG, the precursor of glutamate and glutamine, are 

particularly well conveying the nitrogen availability in the cells. All described PII proteins are 

homotrimeric and interact with their target proteins through long, flexible extensions named 

T-loops, which undergo conformational changes upon ligand binding (34-36). Under high-

nitrogen availability and low-energy charge, the NifI1,2 binding on the nitrogenase disrupts 

NifH docking, interrupting  N2-fixation and ATP consumption, while high 2-OG and ATP 

levels unlocked NifI1,2 from the nitrogenase and allowed its turnover under nitrogen-limiting 

conditions. Such a regulatory mechanism is dramatically different from the one found in 

Bacteria, where the inhibition is achieved by covalent post-translational modification of NifH 

(29). Intriguingly, it has been reported that NifI1,2 can form higher-order complexes both with 

itself and the nitrogenase (31). However, the exact oligomerization states, the details of its 

interaction with the nitrogenase provoking the Fe protein binding inhibition remain unknown. 

While genetically tractable Methanococcus maripaludis and different species of 

Methanosarcina may seem like attractive choices for archaeal models (37, 38), 

(hyper)thermophilic methanogens with their robust, thermostable and barotolerant 

nitrogenases (39, 40) might be potentially superior models for a range of industrial 

applications. Moreover, phylogenetic studies proposed that nitrogenases from 
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(hyper)thermophilic Methanococcales represent an ancient (if not the progenitor) lineage that 

would have predated the diversification to the three known metal isoforms (26, 41). 

By obtaining structural snapshots of an archaeal molybdenum nitrogenase isolated natively 

from a hyperthermophilic methanogen Methanocaldococcus infernus (MiNifDK in further 

text), this present study offers a complete view of the archaeal system, unravelling different 

states of the metallocofactors and a comprehensive view of the post-translational regulation 

process. 

4.4. Results 

4.4.1. MiNifDK has a compact architecture. M. infernus harbours only one nitrogenase 

isoform in its genome that has a similar identity to each of the three isoforms from A. 

vinelandii. The diazotrophic growth of the archaeon requires a minimum of 0.1 µM Mo for 

observable growth (Supplementary Figure 1), as previously observed for the thermophile 

Methanothermococcus thermolithotrophicus (42), suggesting that the nitrogenase should 

contain a FeMoco. NifI1,2 was systematically coeluted with NifDK during all purification 

steps. Therefore, an anionic exchange chromatography in the presence of 2-OG and MgATP 

was performed to separate NifI1,2 and obtain a pure NifDK sample for downstream 

crystallisation (see Material and Methods and Supplementary Figure 2). Interestingly, the 

pure NifDK sample contains an additional band on sodium dodecyl sulfate-polyacrylamide 

gel electrophoresis, which should correspond to NifX, product of nifX gene in the operon.  

MiNifDK crystallised in a monoclinic (P21) and a triclinic (P1) crystalline form that were 

refined to 1.37-Å and 1.21-Å, respectively (Supplementary Figure 3 and Table S1). Both 

crystalline forms contain one biological unit in the asymmetric unit: the typical α2β2 

(NifD2K2) heterotetramer (Figure 1A), identical to the organisation of the bacterial 

molybdenum nitrogenase. The typical central architecture made of three successive Rossmann 

folds (βαβ) is conserved in both subunits. Overall, MiNifDK does not contain the large N- and 

C- terminal extensions observed in AvNifDK and AvAnfH, making it more compact and 

comparable to AvVnfDK. Partial conservation or unique differences between MiNifD/MiNifK 

with the other three isoforms from A. vinelandii are reported in Supplementary Figure 4. The 

major differences between MiNifD and its homologues are located in the helix-loop region 

(residues 187-204) and in a slight extension spanning residues 378-382. For MiNifK, a slight 

restructuration is visible in segments 121-134 and 179-185, followed by two extensions in 

201-205 and 224-232. Interestingly, MiNifDK shares similar subtle structural features in 
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comparison the three other systems. For instance, some loop positions are identical to the 

loops of AvAnfDK, while others are positioned differently, and the other way around. 

4.4.2. Differences in the metallocofactors. The two metal clusters occupy the same highly 

conserved positions as described for all three characterised bacterial isoforms so far (Figure 

1A). While the FeMoco is encompassed by the three βαβ domains of NifD, the P cluster, 

positioned at the two-fold axis, is bridging the two subunits. We tentatively modelled an Mg2+ 

coordinated at the mononuclear metal binding site (MMB site) in both crystalline forms based 

on the electron density profile and the absence of any anomalous signal at 7160 eV and 12700 

eV. An Mg2+ has also been modelled in AvVnfDKG and AvAnfDKG (11), in contrast to 

AvNifDK in which the MMB site was occupied with Ca2+ or Fe2+ (43). The two metal clusters 

were modelled based on the high-resolution electron density map, and the position of the iron 

atoms was confirmed based on the anomalous signal map obtained from the dataset collected 

at the Fe-K edge (7120/7160 eV) (Figure 1B, Supplementary Figure 5B, Supplementary 

Figure 6B, 6D).  

In the monoclinic form, the [8Fe:7S] P cluster presents a perfect fit with the previously 

observed P2+ (oxidised state) in which the central sulfur (S1) atom bridging the two [4Fe-4S] 

is tetracoordinated. In this state, the P cluster is coordinated by two terminal cysteines and one 

bridging cysteine from each subunit: Cys20K, Cys45K, Cys103K, Cys46D, Cys72D, and 

Cys134D (Figure 1B, Supplementary Figure 5A). The sharp electron density profile of the P 

cluster in the triclinic form indicates the presence of a P1+ state in two alternative 

conformations with a pentacoordinated S1. In the more populated state (refined to 70% 

occupancy), the Ser143K binds the Fe6, while Fe5 binds S1. In the second state (refined to 

30% occupancy), the Ser143K disengaged from Fe6, which bridges S1, while Fe5 binds the 

main chain of Cys72D (Figure 1B). Located at the NifD-NifK interface, the P cluster is the 

key relay site of interprotein electron transfer from the [4Fe-4S] cluster of NifH to the 

FeMoco. Since the distance between the two clusters does not allow for a direct electron 

transfer, it has been postulated that perfectly conserved tyrosine and alanine act as mediators 

(12). The same pair is conserved in MiNifDK as well, namely Tyr48K and Ala49D. 

The metal signature in the catalytic cofactor, experimentally determined based on the 

difference map obtained from the anomalous signal map collected at 19900 eV (low remote) 

and 20100 eV (peak of molybdenum fluorescence), is unequivocally Mo (Supplementary 

Figure 6). It retains characteristic trigonal prismatic geometry (D3h) with a molybdenum 

atom at the center of a three-fold rotational axis (Figure 1C). Fe2-Fe7 forms the body of the 
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prism, a hallmark of all described nitrogenase catalytic cofactors. Fe1 is coordinated by a 

conserved cysteine residue, Cys260D (Figure 1C), while Mo atom is anchored by the 

homocitrate moiety and the conserved His430D (Figure 1C). The distances between the Mo 

atom and its axial ligands are well conserved between the two crystalline forms and similar to 

the atomic resolution structure of AvNifDK (12). The central ligand of the prism has been 

assigned to a carbide based on the electron density, and the two halves of the prism are finally 

joined through three bridging sulfides (S2B, S3A, S5A) (Figure 1C).  

While the monoclinic form reflects the so-called resting state (44), the triclinic form exhibits a 

mixture of the resting state and the turnover state first described in the VFe-nitrogenase (20) 

and, recently, in the Fe-only nitrogenase (12). In the resting form, the Fe2 and Fe6 atoms of 

the FeMoco are bridged by the belt sulfide S2B, while the nearby Gln171D residue points 

toward the homocitrate moiety, holding the S2B displacement site (Figure 1C, Supplementary 

Figure 6). However, in the alternative conformation, the side chain of Gln171D rotated toward 

the metallocluster and displaced the sulfide that can be appropriately modelled (Figure 1C). 

We tentatively modelled a nitrogen atom as a bridging ligand in the same way as the VFe- 

and Fe-only nitrogenase models. It must be stated here that the true identity of this bridging 

ligand will have to be further investigated.  

4.4.3. NifI1,2 sequesters MiNifDK by forming a supercomplex. The native NifDK- NifI1,2 

complex isolated from M. infernus was obtained by omitting the 2-OG and MgATP during 

the purification (Supplementary Figure 2). The crystal structure of the complex, refined to 

2.76-Å resolution (Table S1), unveiled three dinitrogenases bound tightly together by NifI1,2, 

which was surprising because of its oligomeric organisation. While all PII family proteins so 

far have been characterised as homotrimers, NifI1,2 organizes as a heterotrimer formed by two 

NifI1 and one NifI2. As previously seen, the trimeric interface is stabilised by a β-sheets core 

surrounded by α-helices (Supplementary Figure 7). The heterotrimer further dimerises by 

NifI2 through a helix bundle. Each heterotrimer can independently bind one NifDK, thus the 

biological unit of the NifI1,2 heterohexamer trapped two nitrogenase molecules, similar to an 

antibody and its target. The final quaternary structure is a closed circular supercomplex 

(Figure 2A), which maximizes the inhibition efficiency.  

NifI1,2 heterotrimer binds NifDK with a total area of 2113-Å2 (detailed in Figure 2B-C), with 

the majority of contacts between NifI2 and NifDK (1418-Å2). As already proposed by 

Dodsworth and Leigh in 2006 (31), the T-loop of NifI2 (residues 36-70) plays a central role in 

the binding by establishing multiple contacts between NifD and NifK. However, despite its 
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importance, its residues involved in binding are not conserved, and the substitutions in other 

microorganisms might have a role in fine tuning the binding efficiency based on their 

physiological needs.  

Most interactions are conserved and guided by charges (Supplementary Figure 8) with non-

negligible Van der Waals contributions (Figure 2B). Nitrogenase tetramers interact with each 

other via a salt bridge beetween E152D and K153D and are placed in a way to avoid steric 

repulsion. None of the A. vinelandii dinitrogenase isoforms would clash under such a 

configuration when overlaid. In other words, neither the N- and C- terminal extensions nor the 

extra subunit G would prevent the circular arrangement.  

4.4.4. The conformational changes of NifI1,2 underlying the inhibition mechanism. In 

order to gain insight into the regulatory switch, we tentatively crystallised the fraction of 

MiNifI1,2 bound to 2-OG/MgATP retrieved after the separation from the dinitrogenase. 

Despite our efforts, the obtained crystals diffracted to a low resolution of 4-Å. The same 

strategy was used on the thermophile M. thermolithotrophicus grown diazotrophically (42). 

Here, the highly homologous NifI1,2 (MtNifI1,2) yielded exploitable crystals in a P3221 space 

group, leading to a structure refined to 2.73-Å. As previously observed in the nitrogenase 

complex, MtNifI1,2 holo structure is formed of one heterohexamer with the NifI2-NifI2 dimeric 

contacts, making this organisation a possible universal feature of NifI1,2 proteins (Figure 3A).  

NifI1,2 contains three ligand binding sites located at the interface between the different 

subunits (Figure 3A). The residues involved in the ligand coordination are similar between 

NifI2 and NifI1, the adenosine is stabilised through main chain hydrogen bonds, the phosphate 

backbone is coordinated by ionic bonds and a hydrogen bond from the main chain. The Mg2+ 

cation is coordinated by 2-OG and the ATP and locked by a conserved Glutamine (Gln39 in 

MtNifI1 and MtNifI2) (Figure 3B-D). The position of the three-ligand binding sites at dimeric-

interfaces underscores the importance of communication between them and allows for 

coordinated conformational change upon ligand binding. As expected, the interaction between 

2-OG/MgATP stabilises a critical region at the base of the T-loops restraining flexibility and 

imposing its lock at a particular angle. When overlaid with the NifDK-NifI1,2 complex, it 

appears obvious that the conformational constraints imposed by the molecular sensors 2-OG 

and ATP would provoke the dissociation from NifDK by sterical encumbrance (Figure 3E-F 

and Supplementary Figure 9). In its apo state, T-loops protruding from the protein core would 

be free to engage in contact with its target by adequately changing their positions and 

imposing the inhibition of the N2-fixation. 
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4.4.5. The dynamic docking site of NifH overlays with NifI1,2 on NifDK. The NifDK-

NifI1,2 structure establishes a rationale for the inhibition mode as it seems to result from a 

physical hindrance of the NifH binding. If it is the case, NifI1,2 and NifH will share the same 

binding interface on NifDK. To further investigate this hypothesis and characterize the 

complete nitrogenase system, we reconstituted the native MiNifDKH complex. Since the two 

nitrogenase subunits are only transiently associated during catalysis and have to be artificially 

stabilised to allow structural characterisation (45), MgADP-AlF4
- was added during 

reconstitution. The latter mimics the transitory physiological state of the NifH-NifDK 

complex before the ATP hydrolysis and is known to rigidify the interaction between both 

partners (46) (see Material and Methods). The obtained crystals of the MgADP-AlF4
- 

stabilised MiNifDKH complex belongs to the P21 space group, and the structure was refined 

to a resolution of 2.44 Å. In this complex, MiNifDK is in an identical conformation as its 

resting state model, as evidenced by the root mean square deviation of 0.299 Å for all atoms. 

The overall structure fits relatively well with the bacterial homologue (Supplementary Figure 

10), including the two-fold symmetry axis of the Fe protein aligned almost to the pseudo-two-

fold axis of NifDK, allowing an optimal docking position for electron transfer (Figure 4A). 

The B-factor profile indicates a high vibration of NifH on NifDK, which hampers precise 

modelling of one of the sites and corroborates the natural flexibility of the system. The 

distance between the [4Fe-4S]-cluster of NifH and the P cluster of NifDK is 17.6-Å, which is 

in the same range as observed in A. vinelandii (10, 45). In such a configuration, the interaction 

area between MiNifH and MiNifDK scores 1809-Å2. This corresponds to half of the buried 

surface found in the AvNifDKH complex (i.e., 3400-3600 Å2) and could be a trait of the 

hyperthermophilic nature in M. infernus. A closer inspection of the contact area undoubtedly 

argues that NifI1,2 and NifH compete for the same site (Figure 4B), hitherto explaining the 

molecular basis of the nitrogenase regulation in Methanococcales.                   

4.5. Discussion 

Throughout evolution, the genetic makeup and regulatory mechanisms of biological N2-

fixation have changed substantially. Such changes were primarily influenced by 

environmental conditions such as the availability of metals and the expansion of organisms 

into oxic habitats (2, 33). With the most minimalistic N2-fixation operon, phylogenetic traits, 

and structural features, M. infernus nitrogenase can be regarded as closely related to ancestral 

forms. Furthermore, the molybdenum nitrogenase (the primordial isoform) evolved within 

hydrogenotrophic methanogens (26, 28). With hydrogenotrophic methanogenesis being one 

of the lowest energy-yielding reactions in known metabolism (47) and nitrogen fixation one 
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of the energetically most expensive ones (13), it may seem paradoxical. However, the 

inherent ingenuity of this system lies in its simplicity and elegant mechanisms developed to 

precisely control every aspect of energy expenditure. 

Our work confirms and clarifies the physiological role of the higher oligomerization states of 

NifI1,2 alone and in complex with the dinitrogenase as observed previously (31). Instead of 

forming a heterodimer of (NifI1)3-(NifI2)3, heterotrimers that dimerize through NifI2 are 

formed, offering a double-headed inhibitor able to build a closed circular supercomplex. Due 

to its dynamic nature and limited binding area on NifDK, NifH will not be capable of 

competing with NifI1,2 for the docking site, therefore, avoiding an ATP consumption and loss 

of reducing the power that could be distributed to other metabolic networks. It is much more 

energetically efficient to regulate the formation of complex conducive to electron transfer 

through nucleotide recycling and utilise the existing NifH pool than through possible 

degradation and ab initio synthesis of NifH. The physical sequestration of the dinitrogenase 

might go beyond inhibition: it might also serve as a protection mechanism to extend NifDK 

lifetime and, most importantly, protect its precious metallocofactors that require a high 

amount of cellular energy to be produced. 

Once the cellular nitrogen level becomes critical, but the energy charge is sufficient, 2-OG 

and ATP bind to NifI1,2, promoting the switch-off (Figure 4C). We propose that the switch-off 

is translated by a steric repulsion provoked by a readjustment of the T-loops upon ligand 

binding and should act as observed in the case of the PII family ammonia transporters (34, 36). 

Once liberated, NifDK can engage in N2-fixation together with its reductase. Three distinct 

NifH docking geometries reflecting different turnover stages have been previously identified, 

depending on the NifH nucleotide state (45) (10). Since the MgADP-AlF4
-
 stabilised 

MiNifDK-NifH complex fits the DG2 state observed in A. vinelandii, we suspect that the Fe 

protein would follow a similar trajectory (Supplementary Figure 10, Table S2, S3). A 

comprehensive description of the electron transfer between the two nitrogenase subunits is 

central to understanding the overall catalytic mechanism because of its multiple unique 

features. According to the proposed conformational gated electron transfer model (48), 

structural remodelling would be coupled to the differences in the P cluster state and 

coordination. The “deficit-spending” model (49-51) predicts that the initial electron transfer 

happens from the P cluster to the FeMo co because, functionally, P cluster exists in the PN-

reduced resting state (52), and no further reduction has been reported. P cluster 

consequentially has a “deficit” of one electron and now exists in a P1+ state. The second 
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electron transfer from the [4Fe-4S] cluster is repaying this deficit, bringing back the P cluster 

to the PN state. While the P cluster can be further oxidised to P2+ (as observed in the 

monoclinic structure) and P3+ states (53, 54), it is accepted that the PN/P1+ couple is the one 

occurring during the physiological catalytic cycle. Until recently, only PN resting state and the 

P2+ oxidised state were observed in structural models (53), since the P1+ state is difficult to 

observe during turnover, as the rates of the second electron transfer can be greater than 1700 

s−1. Thus, the P1+ state depicted at the atomic level in the first characterised archaeal 

nitrogenase described here is particularly important. The second site of interest, the FeMoco 

site, presents analogous movements of the close-by Glutamine and S2B to the ones observed 

in AvVnfDK (20) and AvAnfDK (12). It confirms the structural flexibility of the bridging 

sulfide as the universal key characteristic of the nitrogenase catalytic cofactors and suggests a 

universal mechanism of reductive catalysis for all nitrogenases from the Bacteria and 

Archaea kingdoms. This new model from a hyperthermophile has the potential to open the 

route for the future characterisation of transient turnover states, and completing the puzzle of 

one of nature's most enigmatic catalytic cycles. 

4.6. Material and methods 

4.6.1. Growth conditions of M. infernus and M. thermolithotrophicus, medium 

composition, and adaptation to diazotrophic conditions. MiNifDK, MiNifDKI1,2 complex, 

and MiNifH were purified natively from M. infernus DSM 11812 (Leibniz Institute DSMZ - 

German Collection of Microorganisms and Cell Cultures, Braunschweig, Germany). MtNifI1,2 

was purified natively from diazotrophic M. thermolithotrophicus DSM 2095 (Leibniz Institute 

DSMZ - German Collection of Microorganisms and Cell Cultures, Braunschweig, Germany).  

The growth medium was prepared according to Maslać et al. 2022, with the substitution of 

Na2SeO4 with Na2SeO3 x 5H2O (2 µM, increase of the Na2WO4 x H2O concentration to 100 

µM, the addition of 10 mM Na2SO4 and a pH adjustment to 6.5 in case of M. infernus 

cultures. Adaptation to diazotrophic conditions, growth, harvesting, and storage of the cells 

were handled under an anaerobic atmosphere as described in Maslać et al. 2022.  

4.6.2. Native purification of MiNifDK, MiNifH, and MiNifDKI1,2 complex. M. infernus 

cell pellets (in the case of batch 1 from which MiNifDK in the resting state was obtained ~25 

g of wet cells obtained from 5.5 l of culture, in the case of batch 2 from which MiNifDKH 

and MiNifDKI1,2 complexes were obtained: 27.21 g of wet cells obtained from 5.5 l of 

culture) were thawed at room temperature and sonicated inside the anaerobic chamber 

(N2/CO2 with a 90:10% ratio) in Ion Exchange Buffer (IEX; 50 mM Tris/HCl pH 8.0, 2 mM 
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dithiothreitol (DTT)). Cells were sonicated with the KE76 probe (Bandelin SONOPULS, 

Sigma, Berlin, Germany) at 75% intensity in the same anaerobic chamber. The lysate was 

centrifuged at 45 000 x g for 60 minutes at 25 ⁰C and transferred to an anaerobic Coy tent 

(N2/H2 with a 97:3% ratio). The whole procedure was performed under yellow light at 20 °C. 

The supernatant was filtered through a 0.2 µm filter (Sartorius, Göttingen, Germany) and 

loaded on a 10 ml HiTrap Q-Sepharose High-Performance column (QSeph, Cytiva, Freiburg, 

Germany) previously equilibrated with IEX Buffer. The sample was eluted over a 190-550 

mM NaCl linear gradient for 6 column volumes (CVs) at a 1.5 ml/min flow rate. MiNifDK 

with bound MiNifI1,2 was obtained between 456.5 and 550 mM NaCl. MiNifH pool was 

obtained between 346.4 and 440.7 mM NaCl.  

MiNifDKI1,2 pool was diluted with three volumes of hydrophobic exchange buffer (HIC, 25 

mM Tris/HCl pH 8.0, 2 M (NH4)2SO4 and 2 mM DTT)) and loaded on a 1.7 ml Source 15 

PHE (phenyl) column (Cytiva, Freiburg, Germany). MiNifDKI1,2 was eluted with 1-0.3 M 

(NH4)2SO4 linear gradient for 23.5 column volumes (CV) at a 1 ml/min flow rate. Under these 

conditions the protein eluted between 0.79 and 0.51 mM (NH4)2SO4.  

One-third of this pool was loaded on the QSeph column and eluted with a pH gradient from 

50 mM Tris/HCl pH 8.0 to 500 mM sodium malate pH 5.4 (buffed with KOH pellets, Merck, 

Darmstadt, Germany) in the presence of 2 mM DTT. The sample was diluted with three 

volumes of IEX buffer prior to loading. In this case, the pure MiNifDKI1,2 has eluted between 

219.85 – 272.2 mM malate.  

The other two-thirds of the MiNifDKI1,2 pool obtained from Source 15 PHE was diluted with 

three volumes of IEX buffer containing 2 mM ATP, 2 mM MgCl2 and 10 mM 2-OG and 

loaded on the QSeph equilibrated with the same ligand-containing buffer after a minimum 

one hour incubation. The proteins were eluted with a linear gradient of 100-500 mM NaCl. 

MiNifDK eluted between 121.2 and 194.8 mM NaCl, while NifI1,2 eluted between 267.0 and 

336.2 mM NaCl. 

MiNifH pool obtained from the initial QSeph was diluted with three volumes of HIC buffer 

and injected into a 5 mL Phenyl Sepharose High-Performance column (Cytiva, Freiburg, 

Germany). The elution was done with a linear gradient from 1.64-0.7 M (NH4)2SO4 over 8 

column volumes, with MiNifH eluting between 0.92 and 0.7 M (NH4)2SO4. Finally, the 

obtained pool was passed through the Qseph with a Tris-malate gradient as described above 

for MiNifDK. MiNifH eluted from 163.6 – 186.2 mM malate.  
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Isolated MiNifH was incubated for 20 minutes with MiNifDK in the following buffer: 25 mM 

Tris/HCl pH 8.0, 20 mM NaF, 1 mM AlCl3, 1 mM ADP, and 2 mM MgCl2. This sample was 

loaded on the QSeph equilibrated with the same buffer and eluted with a gradient from 100-

600 mM NaCl. MiNifDKH eluted from 109.10 – 377.20 mM NaCl. 

4.6.3. Purification of native MtNifI1,2. Pellets of M. thermolithotrophicus grown under N2-

fixation were thawed and sonicated as described above. The lysate was centrifuged at 75 600 

x g for 1 h at 18 ⁰C and transferred to an anaerobic Coy tent (N2/H2 with a 97:3% ratio). 

MtNifI1,2 was purified in four steps. After filtering through a 0.2 µm filter (Sartorius, 

Göttingen, Germany), the whole supernatant was loaded on a 20 ml HiTrap DEAE Sepharose 

FF column (Cytiva, Freiburg, Germany) equilibrated with IEX buffer. The sample was eluted 

in a gradient from 150-500 mM NaCl over 9 column volumes. MtNifI1,2 coeluted with 

MtNifDK in the range of 276.6 – 352.5 mM NaCl. The obtained pool was again diluted with 

three volumes of IEX buffer and loaded on the QSeph in the presence of MgATP and 2-OG in 

the same conditions as described above (2 mM MgCl2, 2 mM ATP, 10 mM 2-OG). The 

protein pool from which NifI1,2 crystallized still contained NifDK based on the SDS-PAGE 

profile and was obtained between 387.6 and 431.8 mM NaCl from a 200-600 mM NaCl 

gradient over 9 column volumes. It was further diluted with three volumes of HIC buffer and 

loaded on Phenyl Sepharose High-Performance column, from which it eluted once the 

concentration of (NH4)2SO4 reached 0 mM after 800 – 0 mM gradient done over 12 column 

volumes. Finally, the sample was injected on Superdex 200 10/300 GL, from which it eluted 

after 9 ml. Based on the SDS-PAGE profile the obtained pool was labeled NifDKX. However, 

transparent NifI1,2 crystalls were obtained from it, most likely due to the elution overlap 

during the purification. 

4.6.4. Crystallisation. Prior to crystallisation, all samples were concentrated by 

centrifugation in VivaSpin amicons (Sartorius, Göttingen, Germany). Concentrators with 3 

kDa, 10 kDa, and 30 kDa cutoffs were used for NifI1,2, NifH, and NifDK/NifDKI1,2/NifDKH, 

respectively. Samples were further centrifuged at 13 000 x g for 3 min to remove macro-

aggregates and dust and crystallised inside an anaerobic chamber (N2/H2 with a 97:3% ratio at 

20°C). Crystallisation was done by sitting drop method in 96-Well MRC 2-Drop polystyrene 

Crystallisation Plates (SWISSCI) plate containing 90 µl of crystallisation solution in the 

reservoir in all cases. MiNifDK monoclinic and triclinic forms were crystallised at a final 

concentration of 2.95 and 22.4 mg/ml, respectively. Both were obtained by mixing 0.7 µl of 

protein sample with 0.7 µl of 30 % v/v 2-Methyl-2,4-pentanediol, 100 M Tris pH 8.5, 500 
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mM sodium chloride, and 8 % w/v polyethylene glycol (PEG) 8 000. The monoclinic form 

has an elongated plate morphology, while the triclinic are rather thin orthorhombic rods. 

MiNifDKI1,2 was crystallised at a final concentration of 26.7 mg/ml by spotting 0.6 µl of 

crystallisation solution with 0.6 µl of protein sample. The crystallisation solution contained 

0.2 M sodium chloride, 2 M ammonium sulfate, and 0.1 M sodium cacodylate pH 6.5. Crystal 

shape was hexagonal rods. Prior to freezing to liquid nitrogen, the crystals were soaked in the 

crystallisation solution supplemented with 30 % v/v glycerol for a few seconds.  

MtNifI1,2 holo was crystallised from a sample at a final concentration of 2.0 mg/ml by 

spotting 0.7 µl of crystallisation solution with 0.7 µl of protein sample. Crystals were obtained 

in the solution containing 50 % v/v Ethylene glycol, 100 mM Tris pH 8.5, and 200 mM 

Magnesium chloride. The morphology was bipyramids. 

MiNifDKH was crystallised at a final concentration of 17.18 mg/ml with 20 mM NaF, 1 mM 

AlCl3, 1 mM ADP, and 2 mM MgCl2 by spotting 0.52 µl of crystallisation solution with 0.52 

µl of protein sample. Crystals were obtained in the solution containing 0.2 M magnesium 

acetate tetrahydrate and 20 % w/v PEG 3 350 (SG1 Screen, Molecular Dimensions, 

Rotherham, United Kingdom). Prior to freezing to liquid nitrogen, the crystals were soaked in 

the crystallisation solution supplemented with 20 % v/v glycerol for a few seconds.  

4.6.5. Data processing and refinement. Data were collected at 100 K at the Swiss Light 

Source (beamlines PXI and PXIII, Villigen, Switzerland) and European Synchrotron 

Radiation Facility (beamline FIP2, Grenoble, France) (see  Table S1) and were integrated 

with autoPROC (55). All models were solved by molecular replacement using Phaser from 

PHENIX. AvNifDK at atomic resolution (PDB 3U7Q) was used as a template to solve 

MiNifDK. GlnK2 holo from M. thermolithotrophicus (PDB 7P50) was used as a template to 

solve MiNifI1,2. For MiNifDKI1,2, the refined structures of MiNifDK and MiNifI1,2 were used 

as templates. Finally, MiNifDKH was solved by using MiNifDK as a template and the 

structure of MiNifH (described in Chapter 3 of this thesis). All models were manually 

optimised with COOT (56). Refinement was performed with PHENIX.refine (57) or Buster 

(58) without applying non-crystallography symmetry and using a translation-libration screw 

for all except both MiNifDK models. For the two structures of MiNifDK, the refinement was 

performed with all atoms considered anisotropic. All models were refined with hydrogens in 

riding positions and were validated by the Molprobity tool integrated with PHENIX. 
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4.11. Figures and legends 

 

Fig. 1. Architecture of MiNifDK molybdenum nitrogenase subunits and 

metallocofactors. A. Dimers of MiNifDK presented as surface and cartoon each. The P 

clusters are located on the pseudo-two-fold axis between NifD and NifK, while the FeMoco is 

located between the Rossmann folds of NifD. B Architecture and coordination of the two P 

cluster conformations in the P1+ (oxidised) state. The anomalous map signal was obtained by 

data collection at 12.7 keV, contoured at 6-σ (pink mesh) around the P cluster. C. The 

architecture and environment of FeMoco in two alternative conformations: the resting and 

turnover states in which the side chain of Gln171D is rotated, leading to the displacement of 

S2B. Nitrogen was tentatively modelled between the Fe2 and Fe6 as in AvVnfDK and 

AvAnfDK models. Grey mesh represents the 2Fo-Fc electron density map contoured at 2.5 σ 

in all panels. Metallocofactors are displayed as spheres and colored by atom: orange (Fe), 

yellow (S), cyan (Mo), red (O), and green (C). 
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Fig. 2. The structure and binding interfaces of MiNifDKI1,2 complex. A. MiNifDK are 

represented as surface, and MiNifI1,2 are represented as cartoons. B. The contact interface 

between MiNifDK and MiNifI1,2. Residues creating the bonds are represented as sticks and 

color-coded as follows: blue (N), red (O), carbons are colored according to the chain with the 

same code as in panel A. C. Conservation of the residues forming the contact interface across 

selected microorganisms. Mi, M. infernus; Mv, Methanocaldococcus vulcanius; Mt, M. 

thermolithotrophicus; Mm, Methanococcus maripaludis; MaN, Methanosarcina acetivorans 

nif; MaV, Methanosarcina acetivorans vnf; Methanosarcina acetivorans anf; Mt*, 

Methanothermobacter thermautotrophicus; Dv, Desulfovibrio vulgaris; Mt**, Moorella 

thermoacetica 
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Fig. 3. The mechanism of the molecular switch in NifI1,2 inhibitory complex. A. Cartoon 

representation of MtNifI1,2 heterohexamer with bound 2-OG and MgATP. B-D. Ligand 

binding sites and coordination in the NifI1,2 heterohexamer at NifI1/1′ (B), NifI1′/2 (C), and 

NifI2/1 interfaces. E. Side views of MiNifI1,2 (in a cartoon) bound on MiNifDK surface. F. 

Side view of superposed MtNifI1,2 holo on MiNifDK surface. The superposition of MtNifI1,2 

has been done only on the NifI2 from MiNifI1,2 bound on the dinitrogenase. The black stars, 

highlighted by a red glow, indicate clashes between the T-loops and NifDK surface. In all 

panels, ligands and interacting residues are represented as ball and stick models and colored 

by atom: blue (N), green/cyan (C), red (O), orange (P), and light green (Mg). 
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Fig. 4. The structure of MgADP-AlF4
- bound MiNifDKH and NifI1,2 operating mode. A. 

The structure of the MgADP-AlF4
- stabilised MiNifDKH complex is represented as a cartoon. 

All metallocofactors are labeled once for clarity, represented as spheres and colored by atom: 

orange (Fe), yellow (S), blue (N), green (C), red (O), dark orange (P), grey (Al), light blue 

(F), cyan (Mo). B. Binding surfaces of NifH (blue) and NifI1,2 mapped on the surface of 

MiNifDK. C. Scheme of nitrogenase inhibition and activity in M. infernus. When cellular 

nitrogen supply is adequate, the activity of nitrogenase is inhibited by NifI1,2 through the 

closed circular complex. When the cellular nitrogen levels drop, the concentration of 2-OG 

rises, and together with ATP, it binds to NifI1,2, releasing the inhibition. Once NifI1,2 

dissociates, NifDK can bind NifH, forming an active nitrogenase complex that can reduce N2 

to NH3 in an ATP-dependent way. 
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4.12. Supplemental Material 

Supplementary Table 1. Data collection and refinement statistics for the presented 

structures. 

Supplementary Table 2. Comparison of different NifH nucleotide-bound states. 

Supplementary Table 3. Conservation of the MgADP-AlF4
- NifH docking surface. 

Supplementary Figure 1. Growth of diazotrophic M. infenus. 

Supplementary Figure 2. SDS-PAGE of purified M. infernus and M. thermolithotrophicus 

proteins. 

Supplementary Figure 3. Differences in crystal packing between the two MiNifDK forms. 

Supplementary Figure 4. Overlay between Azotobacter vinelandii alpha and beta 

nitrogenase subunits with MiNifD and MiNifK. 

Supplementary Figure 5. Architecture and coordination of the P cluster from the MiNifDK 

monoclinic form. 

Supplementary Figure 6. The architecture and environment of FeMoco from the MiNifDK 

in the monoclinic form. 

Supplementary Figure 7. Conservation of secondary structure in the PII superfamily of 

proteins. 

Supplementary Figure 8. Electrostatic interaction between MiNifDK and MiNifI1,2. 

Supplementary Figure 9. Differences between the apo and holo state of NifI1,2. 

Supplementary Figure 10. Comparison of the docking geometry in MgADP-AlF4
-
 stabilised 

nitrogenase complexes of M. infernus and A. vinelandii. 
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Supplementary Table 1. Data collection and refinement statistics. Refinement is in progress. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a Values relative to the highest resolution shell are within parentheses. b Rfree was calculated as the Rwork 

for 5 % of the reflections that were not included in the refinement. c rmsd, root mean square deviation. 

 

 

 

 

 

 

 MiNifDK  

monoclinic form 

MiNifDK  

mixed state 

Data collection   

 Synchrotron, beamline SLS, PXI ESRF, FIP2 

 Wavelength (Å) 1.00000 0.97951 

 Space group P21 P1 

 Resolution (Å) 
78.85 – 1.37 

(1.52 – 1.37) 

101.86 – 1.21 

(1.35 − 1.21) 

 Cell dimensions   

 a, b, c (Å) 78.43, 117.18, 106.63 68.50, 80.24, 105.74 

 α, β, γ (°) 90, 91.48, 90 74.49, 82.25, 65.02 

 R
merge

(%)
a
 9.1 (119.8) 7.4 (107.1) 

 Rpim (%)a 2.9 (40.4) 3.0 (42.5) 

 CC1/2

a
 0.998 (0.658) 0.999 (0.669) 

 I/σ
I

a
 12.3 (1.9) 12.9 (1.7) 

 Spherical completeness
a
 68.0 (13.0) 62.1 (11.0) 

 Ellipsoidal completeness
a
 95.3 (68.2) 92.0 (74.5) 

 Redundancy
a
 10.4 (9.6) 7.1 (7.3) 

 Nr. unique reflections
a
 273,586 (13,675) 371,908 (18,595) 

 

Refinement 
  

 Resolution (Å) 22.31 – 1.37 33.62– 1.21 

 Number of reflections 273,461 371,066 

 R
work

/R
free

b
 (%) 14.13/16.80 12.62/15.13 

 Number of molecules/AU 2NifD 2NifK 2NifD 2NifK 

 Number of atoms   

 Protein 14,965 15,112 

 Ligands/ions 101 155 

 Solvent 1392 1869 

 Mean B-value (Å
2
) 23.69 17.49 

 Molprobity clash 

 score, all atoms 
5.73 4.20 

 Ramachandran plot   

 Favoured regions (%) 96.93 97.04 

 Outlier regions (%) 0 0 

 rmsd
c
 bond lengths (Å) 0.015 0.016 

 rmsd
c
 bond angles (°) 1.387 1.426 
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Supplementary Table 1. Data collection and refinement statistics. Refinement is in progress. 

 

a Values relative to the highest resolution shell are within parentheses. b Rfree was calculated as the Rwork 

for 5 % of the reflections that were not included in the refinement. c rmsd, root mean square deviation. 

  

 MiNifDK monoclinic 

form Fe K edge peak 

MiNifDK triclinic 

form Mo low remote 

MiNifDK triclinic 

form Mo K edge peak 

Data collection    

 Synchrotron source 
SLS,  

PXI 

ESRF,  

FIP2 

ESRF,  

FIP2 

 Wavelength (Å) 1.73160 0.62304 0.61684 

 Space group P21 P1 P1 

 Resolution (Å) 
78.94 – 1.84 

(2.03– 1.84) 

102.00 – 1.81 

(1.84 − 1.81) 

70.73 – 2.00 

(2.03 − 2.00) 

 Cell dimensions    

 a, b, c (Å) 78.55, 117.58, 106.56 68.60, 80.35, 105.89 68.54, 80.27, 105.80 

 α, β, γ (°) 90, 91.60, 90 74.49, 82.25, 65.02 74.50, 82.24, 65.00 

 R
merge

(%)
a
 11.7 (76.0) 22.2 (223.6) 28.1 (233.2) 

 Rpim (%)a 5.4 (41.8) 13.1 (131.6) 16.5 (136.9) 

 CC1/2

a
 0.996 (0.724) 0.980 (0.352) 0.979 (0.325) 

 I/σ
I

a
 8.9 (1.7) 3.5 (0.5) 2.2 (0.4) 

 Spherical completeness
a
 74.0 (14.2) 93.0 (94.1) 92.5 (92.9) 

 Ellipsoidal completeness
a
 93.3 (57.1) / / 

 Redundancy
a
 5.4 (4.3) 3.8 (3.8) 3.8 (3.8) 

 Nr. unique reflections
a
 124,152 (6,209) 168,457 (8,470) 122,976 (6,176) 
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Supplementary Table 1. Data collection and refinement statistics. Refinement is in progress. 

 

a Values relative to the highest resolution shell are within parentheses. b Rfree was calculated as the Rwork 

for 5 % of the reflections that were not included in the refinement. c rmsd, root mean square deviation.  

 

For MtNifI1,2 holo, we worked on the scaled data provided by our synchrotron colleagues. The raw 

data are on tape and need time to be recovered but will be reanalysed for the final submitted 

manuscript.  

 

 MiNifDKI1,2 MiNifDKH MtNifI1,2 holo 

Data collection    

Synchrotron, beamline ESRF, FIPII SLS, PXI SLS, PXI 

 Wavelength (Å)  0.97980 1.00000 1.00000 

 Space group P63 P21 P3221 

 Resolution (Å) 
253.79 – 2.76 

(2.81– 2.76) 

91.03 – 2.44 

(2.70 − 2.44) 
46.51 – 2.73 

 Cell dimensions    

 a, b, c (Å) 293.05, 293.05, 108.86 79.95, 100.19, 221.03 72.87, 72.87, 344.13 

 α, β, γ (°) 90, 90, 120 90, 99.63, 90 90, 90, 120 

 R
merge

(%)
a
 19.4 (753.0) 44.7 (297.0) / 

 Rpim (%)a 2.7 (104.2) 15.7 (102.9) / 

 CC1/2

a
 1.000 (0.377) 0.980 (0.358) / 

 I/σ
I

a
 22.9 (0.7) 3.8 (1.6) / 

 Spherical completeness
a
 100 (100) 40.1 (7.7) / 

 Ellipsoidal completeness
a
 / 91.1 (67.7) / 

 Redundancy
a
 50.7 (52.4) 8.6 (8.4) / 

 Nr. unique reflections
a
 136,698 (6,799) 51,381 (2,570) / 

 

Refinement 
  

 

 Resolution (Å) 30.80 – 2.76 59.33 – 2.44 46.51 – 2.73 

 Number of reflections 136,510 51,308 29,440 

 R
work

/R
free

b
 (%) 17.78/21.08 24.49/30.38 22.50/25.19 

 Number of molecules/AU 
2NifI2 4NifI1 

2NifD 2NifK 

4NifH 

2NifD 2NifK 
2NifI2 4NifI1 

 Number of atoms    

 Protein 20040 23385 271 

 Ligands/ions 96 248 42 

 Solvent / / 39 

 Mean B-value (Å
2
) 107.43 42.65 119.90 

 Molprobity clash 

 score, all atoms 
13.47 23.33 4.53 

 Ramachandran plot    

 Favoured regions (%) 95.18 93.46 99.03 

 Outlier regions (%) 0.44 0.71 0 

 rmsd
c
 bond lengths (Å) 0.006 0.005 0.010 

 rmsd
c
 bond angles (°) 0.904 0.855 1.170 
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Supplementary Table 2. Comparison of different NifH nucleotide-bound states. Values in the table represent 

root mean square deviation (RMSD) for all atoms of aligned structures in Å. The values in bold represent the 

models closest to the MgADP-AlF4
- MiNifH. 

Structure MgADP-AlF4
- MiNifH in complex with MiNifDK 

free AvNifH Chains GH Chains FI 

native AvNifH (1G5P) 3.890 3.987 

MgADP AvNifH (1FP6) Chains AB 3.061 3.135 

MgADP AvNifH (1FP6) Chains CD 3.054 3.135 

AvNifH in complex with AvNifDK     

MgADP-AlF4 AvNifH (1M34) Chains GH 0.632 0.640 

MgADP-AlF4 AvNifH (1M34) Chains EF 0.630 0.626 

MgADP-AlF4 AvNifH (1M34) Chains MN 0.625 0.637 

MgADP-AlF4 AvNifH (1M34) Chains OP 0.621 0.635 

nucleotide free AvNifH (2AFH) Chains EF 3.912 3.981 

Mg-AMPPCP AvNifH ( 4WZB) Chains EF 2.015 2.044 

Mg-AMPPCP AvNifH ( 4WZB) Chains GH 1.861 1.906 

MgADP AvNifH (2AFI) Chains EF 2.902 2.986 

MgADP AvNifH (2AFI) Chains GH 3.112 3.168 

MgADP AvNifH (2AFI) Chains MN 3.792 3.870 

MgADP AvNifH (2AFI) Chains OP 3.264 3.310 
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Supplementary Table 3. Conservation of the MgADP-AlF4
- NifH docking surface. The AvNifH residues 

making the contacts with AvNifDK in MgADP-AlF4
- stabilised complex (PDB 1M34) are listed in bold. 

Corresponding residues in MiNifH are shown in green if they are making the contact with MiNifDK in the 

MgADP-AlF4
-
 stabilised complex shown in this work, and in red if they are not. 

MgADP-AlF4 

AvNifH (1M34) 

Chain γ1 

MgADP-AlF4 

AvNifH (1M34) 

Chain γ2 

MgADP-AlF4 

MiNifH Chain 

G 

MgADP-AlF4 

MiNifH Chain 

H 

MgADP-AlF4 

MiNifH 

Chain F 

MgADP-AlF4 

MiNifH 

Chain I  
Gly 66 Gly 74 Gly 74 Gly 74 Gly 74 

Asp 70 
 

Gly 77 Gly 77 Gly 77 Gly 77 

Cys 98 Cys 98 Cys 105 Cys 105 Cys 105 Cys 105 

Arg 101 Arg 101 Arg 108 Arg 108 Arg 108 Arg 108 

Thr 105 Thr 105 Thr 112 Thr 112 Thr 112 Thr 112 

Gly 134 Gly 134 Gly 141 Gly 141 Gly 141 Gly 141 

Arg 141 Arg 141 Arg 148 Arg 148 Arg 148 Arg 148 

Glu 142 Glu 142 Asp 149 Asp 149 Asp 149 Asp 149 

Lys 171 Lys 171 Lys 178 Lys 178 Lys 178 Lys 178 

Asn 174 
 

Glu 181 Glu 181 Glu 181 Glu 181 

Ser 175 Ser 175 Gln 182 Gln 182 Gln 182 Gln 182 
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Supplementary Figure. 1. Growth of diazotrophic M. infernus. A. Growth curves of 

diazotrophic M. infernus grown in the medium with 10 µM Na2MoO4 (green circles). The 

culture grown with 10 µM Mo without N2 in the gas phase was used as a negative control (red 

circles). The culture grown with 0.01 µM Mo with 22 mM NH4Cl was used as a positive 

control (orange circles). B. Growth curves of diazotrophic M. infernus in the presence of 

different [Na2MoO4] concentrations: 0.01 µM Mo (light yellow circles), 0.1 µM Mo (light 

green circles), 1 µM Mo (green circles), 10 µM Mo (dark green circles) and 100 µM Mo (blue 

circles). All the cultures were grown at 75 ⁰C, in the presence of 100 µM [Na2WO4], 0.5 mM 

Na2S, in the absence of VCl3 with a gas phase of 0.5 bar H2/CO2 and 0.5 bar N2, unless 

otherwise specified. All measurements have been performed in triplicates. 
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Supplementary Figure 2. SDS-PAGE of purified M. infernus and M. 

thermolithotrophicus proteins. A. M. infernus proteins: Lanes: 1-MiNifI1,2 (5 µg), 2-

MiNifDKI1,2 (5 µg), 3-MiNifDKI1,2 (10 µg), 4-MiNifDKH (5 µg), 5-MiNifDKH (10 µg), 6- 

molecular weight marker, 7-MiNifH (5 µg), 8-MiNifH (10 µg), 9-MiNifDK (4.8 µg). B. M. 

thermolithotrophicus native NifI1,2 after purification. For NifI1,2, the band below 25 kDa is a 

migration artifact that has already been observed for PII-family proteins. 
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Supplementary Figure 3. Differences in crystal packing between the two MiNifDK 

forms. A. Crystal packing representation for the monoclinic crystalline form. B. Crystal 

packing representation for the triclinic crystalline form. The asymmetric unit is in the center 

and colored by chains. 
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Supplementary Figure 4. Overlay between Azotobacter vinelandii alpha and beta 

nitrogenase subunits with MiNifD and MiNifK. All models are shown as cartoons. Chains 

from A. vinelandii isoforms were superposed on MiNifD or MiNifK. Black and red triangles 

point to the N- and C- terminal, respectively. The root mean square deviations were quantified 

as follows: MiNifD/AvAnfD 0.761-Å for 362 aligned Cα, MiNifD/AvVnfD 0.742-Å for 367 

aligned Cα, MiNifD/AvNifD 0.713-Å for 347 aligned Cα, MiNifK/AvAnfK 0.990-Å for 338 

aligned Cα, MiNifK/AvVnfK 0.963-Å for 327 aligned Cα, MiNifK/AvNifK 0.949-Å for 342 

aligned Cα. 
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Supplementary Figure 5. Architecture and coordination of the P cluster from the 

MiNifDK monoclinic form. A. Architecture and coordination of the P cluster in the P2+ 

(oxidized) state from the MiNifDK. The grey mesh represents the 2Fo-Fc electron density map 

contoured at 2.5 σ. B. Anomalous map signal obtained by data collection at 7160 eV, 

contoured at 8 σ (pink mesh) around the P cluster position.  
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Supplementary Figure 6. The architecture and environment of FeMoco from the 

MiNifDK in the monoclinic form. A. Sulfide S2B is bridging Fe2 and Fe6, while the 

Gln171D occupies its holding site. The grey mesh represents the 2Fo-Fc electron density map 

contoured at 2.5 σ. B. Anomalous map signal obtained by data collection at 7160 eV, 

contoured at 12 σ (pink mesh) around the FeMoco position. C. The difference map between 

anomalous data collected at 19900 eV (low remote) and 20100 eV (peak of the Mo 

fluorescence) contoured at 4.5 σ (cyan mesh) around FeMoco from the MiNifDK in the 

triclinic form. D. Anomalous map signal obtained by data collection at 12700 eV, contoured 

at 10 σ (pink mesh) around the FeMoco position from the MiNifDK in the triclinic form. 
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Supplementary Figure 7. Conservation of secondary structure in the PII superfamily of 

proteins. A. Overall superposition of MtNifI1,2 holo (pink) with MtGlnK2 (blue). For clarity, 

only one ligand binding site is highlighted with the blue-glow dashed circle in both panels. 

The ligands are shown as ball and stick models and color coded as follows: blue (N), green 

(C), red (O), orange (P), light green (Mg). 
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Supplementary Figure 8. Electrostatic interaction between MiNifDK and MiNifI1,2. Both 

proteins, represented as surface, are viewed from their interaction face. The electrostatic 

charge profile is colored from blue (positively charged) to red (negatively charged). 
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Supplementary Figure 9. Differences between the apo and holo state of NifI1,2. Wall-eyed 

stereo view of MiNifI1,2 apo (green) bound to MiNifDK superposed to MtNifI1,2 holo (red). 

Both models, shown as cartoons, were superposed only on NifI2 from the top heterotrimer. 

Ligands are shown in red as balls and sticks. 
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Supplementary Fig. 10. Comparison of the docking geometry in MgADP-AlF4
-
 stabilised 

nitrogenase complexes of M. infernus and A. vinelandii. Only one NifDK and NifH dimer 

is shown for clarity in all panels. A. Protein-protein docking geometry in M. infernus 

MgADP-AlF4
-
 stabilised NifDK-NifH complex. Proteins are depicted as cartoons and color 

coded as follows: forest green (NifD), green (NifK), and blue (NifH). B. Protein-protein 

docking geometry in A. vinelandii MgADP-AlF4
-
 stabilised NifDK-NifH complex. Proteins 

are depicted as cartoons and color coded as follows: grey (NifD), light purple (NifK), and 

wheat (NifH). All metallocofactors are represented as spheres and colored by atom: orange 

(Fe), yellow (S), blue (N), green (C), red (O), dark orange (P), grey (Al), light blue (F), cyan 

(Mo). 
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5.1. Abstract 

The biological N2-fixation process is orchestrated by metallocofactor-containing nitrogenases. 

Structural and spectroscopic studies highlighted the presence of a 16th Fe in addition to the 

two metallocofactors required for the reaction. This ferrous Fe is located at 15-Å away from 

the active site, at the interface of two NifK subunits. The enigmatic function of the 16th Fe and 

its implication for metallocofactor installation, catalysis, electron transfer or structural 

stability is investigated in this work. The axial ligands coordinating the additional Fe are 

almost universally conserved in Mo-nitrogenases, but a detailed observation of the available 

structures indicates a variation in occupancy or a metal substitution. A nitrogenase variant in 

which the 16th Fe binding site is abrogated was generated and characterised by X-ray 

crystallography, biochemistry and enzymology. The crystal structure refined to 1.55-Å 

revealed an unambiguous loss of the metal site, also confirmed by an absence of anomalous 

signal for Fe. The position of the surrounding side chains and the overall architecture is 

superposable with the wild-type structure. Accordingly, the biochemical and enzymatic 

properties of the variant are similar to those of the wild-type nitrogenase, indicating that the 

16th Fe does not impact nitrogenase’s activity and stability in vitro. 

5.2. Main text 

Diazotrophic microbes exhibit the particularity of reducing dinitrogen (N2) to ammonia (NH3), 

a chemical reaction considered to be among the most challenging in biology due to the large 

activation energy (+251 kJ/mol) that must be surmounted.[1] Instead of activating the triple-

bond of N2 with high temperature and pressure, as in the Haber-Bosch process, microbes rely 

on energy released by the hydrolysis of adenosine triphosphate (ATP). In Mo-dependent 

nitrogenase, this reaction requires a minimum of 16 ATPs to reduce each N2 to NH3, with an 

approximate second-order rate constant (kcat/Km) of ~104 M−1 s−1.[2] Mo-nitrogenase consists 

of two components, (i) the homodimeric Fe-protein that transfers an electron of low-potential 

concomitantly with ATP-hydrolysis and (ii) the α2ß2 heterotetrameric MoFe-protein 

harbouring the P cluster (a [8Fe-7S] cluster) and the FeMo-cofactor (a [7Fe-Mo-9S-C] cluster 

bound to homocitrate) where N2 is reduced (Figure 1A-C). The catalytic mechanism of the 

reaction has been studied for decades, revealing the complex ballet between the Fe protein 

association to the MoFe protein for electron transfer and FeMo-cofactor reactivity. 

Importantly, cooperativity is observed between each P cluster/FeMo-cofactor containing αß 

half of the MoFe protein during turnover.[3] Recently, structural investigation by cryo-electron 
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microscopy also highlighted asymmetry of the Fe-protein association to the MoFe-protein and 

its impact on local rearrangement close to the catalytic centre.[4]  

While the P cluster and FeMo-co have attracted much attention, an additional Fe atom has 

been discovered at the ββ′ junction of the MoFe protein (the prime indicates the second 

protomer of the dimer, Figure 1A) close to the surface of the protein. Atomic resolution X-ray 

crystallography combined with anomalous information and spectroscopy analyses confirmed 

the identity of the metal in a ferrous (Fe2+) oxidation state. The Fe has a partial occupancy, 

which might explain why it was mostly modelled as calcium or magnesium in previous 

structural work (Supporting information Table S2).[5] Since other cations might be bound to 

the site, the abbreviation MMB (mononuclear metal binding) site was adopted. 

This hexacoordinate 16th Fe is coordinated by three carboxy groups (ß-E109, ß'-D353, ß‘-

D357, using nomenclature from the MoFe-protein of Azotobacter vinelandii), a main chain 

carbonyl (ß-R108) and two aqua ligands, in ~octahedral geometry (Figure 1D). In Bacteria, ß-

D353, ß-D357 and ß-E109 are all perfectly conserved across 255 sequences after filtering 

(described in Materials and Methods). In Archaea, these three residues are mostly conserved, 

and only a few sequences present substitutions (see Supporting Information). ß-R108 is not 

conserved in either group, possibly because it provides coordination through the peptide 

backbone (Figure 1D). They are also conserved in the sequences of V and Fe isoforms, the 

phylogenetically distant Methanococcales and Methanobacteriales sequences, and even in the 

BchNB protein of the homologous dark operative protochlorophyllide oxidoreductase.[6] 

Despite its conservation, the possible importance of the MMB and Fe in nitrogenases has not 

been determined. It is hypothesized that it could be involved in optimising the loading of the 

metallocofactors in the enzyme, the catalytic efficiency, structural stability or electron transfer. 

For instance, the homologous position of the Asp357 found in BchNB facilitates proton 

transfer during protochlorophyllide reduction.[7] Herein, we created a MoFe protein variant 

deficient for the 16th Fe coordination to investigate the functional importance of the MMB 

through structural and biochemical characterisation. 

Metal coordination at the MMB site was disrupted by substituting aspartates β-D353/D357 

with glycine residues in Azotobacter vinelandii DJ by homologous double-reciprocal 

recombination.[3a] Anoxic purification of the generated β-D353G/D357G MoFe variant (via 

affinity, anion exchange and size-exclusion chromatography, Figure S1) yielded exploitable 

crystals belonging to the monoclinic C2 space group and containing an α2β2 heterotetramer in 

the asymmetric unit (Figure 2A, Table S3). The structure, refined to 1.55-Å resolution, has 
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the typical MoFe-protein organisation with an excellent fit to the previously characterised 

atomic resolution model (root mean square deviation of 0.235-Å for 1858 Cα atoms when 

aligned to PDB 3U7Q, Figure 2A). The slight deviation observed at the periphery is most 

likely due to the difference in the crystal packing (Fig. S2). 

The electron density profile presents a fully occupied P cluster, which fits with a mixture of 

oxidised and reduced states modelled at 90 and 10 % occupancy, respectively (Figure. 2B, 

Figure S3). The FeMo-cofactor also presents perfect integrity and occupies the active site at 

full occupancy (Figure 2C). Both metallocofactors share identical atomic positions compared 

to the previously described structures (Figures S3 and S4), with the Fe position corroborated 

by anomalous signal (Figures 2B and 2C). 

As expected, the MMB site is vacant in the created β-D353G/D357G variant and is filled with 

water and an ethylene glycol molecule (Figure 2D). The modelled ethylene glycol presence 

suggests that the MMB site is not isolated from the solvent, explaining why Fe can be 

exchanged for other cations (e.g., Ca2+) or diffuse out of the active site. Accordingly, no 

anomalous signal could be detected in this area. The β-G353 and β-G357 atomic positions 

overlay with the main chain of the structures containing a partially modelled ion (Figure S5). 

The close environment, in particular the position of the β-E109 and β-R108, is equivalent to 

the wild-type.  

Deficiency in the MMB site does not impact the structural integrity of the two other 

metallocofactors and the overall structure; however, the crystal packing may hide unsuspected 

features compared to the protein behaviour in solution (i.e., protein dynamics during turnover). 

The generated A. vinelandii mutant strain retained its diazotrophic phenotype (Figure S6), 

providing an initial indication that disruption of the MMB site did not completely abolish 

nitrogenase’s N2 fixation activity. In vitro activity assays were performed for (i) H2 

production under Ar and (ii) H2/NH3 production under N2 (Figure 3). The ß-D353G/D357G 

MoFe protein remains fully active in comparison to the wild-type MoFe protein under these 

conditions, and the determined catalytic parameters confirmed that the mutant MoFe protein 

exhibits similar affinity towards N2 as the wild-type MoFe protein.[3a, 8]  

Electron distribution towards NH3 was found to be ~60% under both low-flux (4 mol. eq. of 

Fe per MoFe) and high-flux (16 mol. eq. of Fe per MoFe) turnover conditions, suggesting that 

the MMB site does not impact the selectivity of nitrogenase towards N2 under these in vitro 

conditions (Figure S7). 
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The intrinsic dynamics of the ß-D353G/D357G MoFe protein was also probed by size 

exclusion chromatography (Figure S8) and limited proteolysis (Figure S9). In both 

experiments, the ß-D353G/D357G variant and the wild-type showed a similar profile 

corroborating the structural analysis. The melting temperature of the two MoFe proteins was 

determined by circular dichroism to be ~57 ºC in both cases, confirming that the presence of 

the MMB site also does not introduce a pronounced stabilizing effect on the total secondary 

structure of the MoFe protein (Figure S10).[9]  

Finally, protein-protein associations with this ß-D353G/D357G MoFe protein were 

investigated further by considering protein-mediated protection of nitrogenase against 

oxidative damage in the obligate aerobe A. vinelandii. In the presence of molecular oxygen 

(O2), the Fe and MoFe proteins form a tripartite complex with a small ferredoxin-like protein 

(“FeSII”, or “Shethna” protein) that restricts access of O2 to its metallocofactors (i.e., a 

switch-off protection mechanism).[10] All three component are essential for this protection 

mechanism. As presented in Figure S11 (Supplementary Information), 66% of nitrogenase 

H2-formation activity could be preserved during exposure to 2% O2 (for 10 minutes) when the 

wild-type MoFe protein was used. Importantly, only 16% of activity could be preserved in the 

case of the ß-D353G/D357G MoFe protein. These data suggest that the MMB site does 

indeed play a non-negligible role in nitrogenase catalysis in vitro, and possibly, in vivo. 

In conclusion, our studies suggest that the MMB site is not involved in the P cluster and 

FeMo-cofactor installation, as both metallocofactors exhibit full occupancy and appropriate 

coordination. Nitrogenase's overall dynamic and N2-fixation capabilities are also not impacted 

by the MMB site absence, even when assayed at the physiological temperature of 30 °C 

in vitro. Such observation is in accordance with the numerous structural works, which showed 

that an absence of Fe switches the side chain of ß-E109 without impacting the surrounding 

residues (Table S1). The structural similarity between the wild-type and presented ß-

D353G/D357G variant might be due to a crystallographic artefact, in which the crystal 

packing rigidified a particular state allowing the partial release of the MMB without affecting 

the structure (Figure S2). Different cryo-electron microscopy snapshots recorded under 

turnover conditions present the additional electron density for the MMB; interestingly, the 

MMB site observed in the various trapped structures displays the same architecture 

(Figure S12), as well as its surrounding, reinforcing the concept that the site is not involved in 

the catalytic turnover. Nevertheless, we cannot exclude that the MMB site might influence a 

fine-tuning of the overall N2-fixation process by optimising the asymmetry dynamics between 

the Fe-protein and the MoFe-protein or cooperativity between the subunits.[3a]  
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Our observation that the removal of the MMB site negatively impacts in vitro O2-protection 

assays (Figure S11) hints at unsuspected in vivo implications. Since the MMB site is partially 

solvent exposed, a role in metal sensing could also be hypothesised in which the Fe would be 

exchanged for another metal that would tune nitrogenase’s properties to respond to immediate 

physiological needs (e.g., decrease ATP consumption). On the same line of thought, the 

MMB site might rather have a role to optimise the intracellular stability of the MoFe-protein 

under fluctuating conditions. Such peculiar conditions involving the combination of 

molecular crowding, a balance of cellular metabolites, and changes in the ionic strengths, 

which cannot be probed in vitro due to their complexity, might impact the MoFe-protein 

stability in the absence of a functional MMB site. It would therefore be interesting to monitor 

if such a Fe-occupied site exists in the phylogenetically distant archaeal homologues (e.g., 

hyperthermophilic Methanococcales), with different physiology, intracellular composition, 

and thermotolerance.  

5.3. Supporting Information  

The authors have cited additional references within the Supporting Information.[3a, 5, 11] 

Materials and Methods, including the strategy used to generate the A. vinelandii DJ strain 

derivative producing ß-D353G/D357G MoFe protein. SDS-PAGE and Native-PAGE of the 

purified proteins, additional X-ray crystallography information and analyses, additional 

activity assays, analytical size exclusion chromatography, limited proteolysis, melting 

temperature determination. Raw data are freely available on the Zenodo repository: 

https://doi.org/10.5281/zenodo.7973626 
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5.8. Entry for the Table of Contents 

 

 

 

The nitrogenase catalyses the biological N2-fixation via unique metallocofactors. An 

additional metal binding site of unknown function coordinates a ferric iron at the dimeric 

interface. Here, a double mutant abrogating the metal site has been investigated. While the 

variant shares the same structural and enzymatic characteristics in vitro, the additional metal 

binding site might have unsuspected in vivo roles, such as protein-protein interaction. 
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5.9. Figures and legends 

 

Figure 1. Overall organization of the MoFe-protein, based on the atomic resolution model 

(PDB 3U7Q) (A), and composition of its metallocofactors (B and C). Organization and 

conservation of the MMB site in nitrogenases (D). The calcium atom modelled in the 

structure of PDB 3U7Q was exchanged by a Fe based on the PDB 4TKU. Fe, S and Mo are 

shown as balls and coloured as orange, yellow and cyan, respectively. 
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Figure 2. Overlay of the ß-D353G/D357G variant with the wild-type MoFe-protein (PDB 

3U7Q, coloured in wheat) (A). Close-up of the P cluster (B), FeMo-cofactor (C), and the 

MMB site (D). The protein is shown as transparent cartoon and residues/metals as balls and 

sticks. In panels B) and C) the 2Fo-Fc electron density (black mesh) and the anomalous 

(transparent purple surface) maps are contoured at 2.5 and 10 σ, respectively. In panel D, the 

2Fo-Fc electron density map is contoured at 1.5 σ, and no peaks can be detected in the 

anomalous map at this site. 
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Figure 3. (A) Specific activities of wild-type (WT) and ß-D353G/D357G MoFe for H2 and 

NH3 production during turnover under Ar or N2 (1 atm). (B) Apparent Michaelis-Menten 

kinetic parameters for the ß-D353G/D357G MoFe protein. All assays were performed at 30 

ºC for 8 minutes and contained 0.1 mg MoFe protein with 16 molar equivalents of Fe protein. 

Sample quantification and additional assay information can be found in the Supporting 

Information. n = 3, n = 2 for the 1 atm N2 data point in B. Assays performed on different days 

and using different purified protein batches. 
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5.10. Supporting information  

Raw data are freely available on the Zenodo repository: 

https://doi.org/10.5281/zenodo.7973626  

Materials and methods. 

Supporting Table S1. Primers used to create Azotobacter vinelandii DJ derivative strain 

producing ß-D353G/D357G MoFe protein. 

Supporting Table S2. Comparison in the presence of the 16th Fe in the deposited structures. 

Supporting Table S3. X-ray analysis statistics for the presented structure. 

Supporting Table S4. Accession numbers for sequences used in conservation analysis. 

Supporting Figure S1. SDS-PAGE and Native-PAGE of the β-D353G/D357G MoFe 

protein. 

Supporting Figure S2. Crystal packing of the β-D353G/D357G MoFe protein. 

Supporting Figure S3. Close up of the P cluster containing the two modelled redox states. 

Overlay of P cluster with its density in comparison to the wild type. 

Supporting Figure S4. Superposition of the FeMo-co from β-D353G/D357G variant with the 

FeMo-co from wild-type MoFe protein. 

Supporting Figure S5. Superposition of the MMB site from β-D353G/D357G variant with 

the MMB site from α-R96Q MoFe variant (PDB 6BBL).  

Supporting Figure S6. Nitrogen-free agar plates of Azotobacter vinelandii strains used in 

this work. 

Supporting Figure S7. Electron distribution of the β-D353G/D357G MoFe protein under 

low- and high-flux turnover. 

Supporting Figure S8. Size exclusion chromatography of the variant versus the wild type. 

Supporting Figure S9. Limited proteolysis profile of the variant versus the wild type. 

Supporting Figure S10. Melting temperature determination of the wild-type and β-

D353G/D357G MoFe proteins by circular dichroism. 

Supporting Figure S11. Protection assays of wild-type and ß-D353G/D357G MoFe protein 

against O2 deactivation. 
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Supporting Figure S12. Overlay of the MMB in the different cryo-EM snapshots (PDB 

7UT6-9, 7UTA). 

Materials and methods 

In silico analysis. The sequence logos[11] were created using the WebLogo 3 server.[12] The 

homologous sequences used for the logos were obtained by BlastP[13] search in RefSeq Select 

database[14] against Azotobacter vinelandii DJ NifK (NCBI accession number 

WP_012698833.1) with default parameters. The 250 closest homologues were filtered for 

redundancy and manually checked for correct annotation. The final dataset after filtering 

consisted of 225 bacterial and 55 archaeal sequences (accession numbers for all used 

sequences can be found in Supplementary Table S4). The alignment used as an input for 

sequence logo generation was done using MUSCLE server.[15] 

A. vinelandii cultures and media. The procedure outlined here was developed previously 

with minor modifications.[16] All buffers and solutions were prepared with MilliQ water 

(18.2 MΩ cm). Generally, large volumes (> 50 mL) were sterilized by autoclaving; smaller 

solutions were sterilized by filtration (0.45 µm syringe filters).  

A modified Burke’s medium was used for the cultivation of all A. vinelandii strains. Under 

sterile conditions, 6 mL of an autoclaved 100x phosphate buffer (0.46 M K2HPO4, 0.15 M 

KH2PO4) was added to an autoclaved molten agar solution (~18 g agar per L of water). 

27.5 mL of this resulting agar buffer was added to 3 mL of an autoclaved 10x salt solution (60 

mM sucrose, 8.1 mM MgSO4, 6.1 mM CaCl2), 250 µL of a filter-sterilized 3 M NH4OAc 

solution, 30 µL of a filter-sterilized 0.1 M Fe solution (FeCl3.6H2O) and 30 µL of a filter-

sterilized 10 mM Mo solution (Na2MoO4.2H2O). The mixture was poured into a Petri dish, 

solidified, and the relevant A. vinelandii strains were plated and incubated at 30 °C for 48 h. 

Under sterile conditions, 60 mL of an autoclaved 100x phosphate buffer solution (0.46 M 

K2HPO4, 0.15 M KH2PO4) was added to 6 L of autoclaved salt medium (60 mM sucrose, 

8.1 mM MgSO4 7H2O, 6.1 mM CaCl2) after both solutions were at room temperature. Then 

20 mL of a filter-sterilized 3 M NH4OAc solution, 6 mL of a filter-sterilized 0.1 M Fe 

solution (FeCl3.6H2O) and 6 mL of a filter-sterilized 10 mM Mo solution (Na2MoO4.2H2O) 

was added (yielding a modified Burke’s medium). 

For each A. vinelandii strain, a preculture was grown in a 250 mL baffled culture flask (glass) 

with a vented cap containing 60 mL of sterile liquid media. Each preculture was started by 
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inoculation from a fresh agar plate and grown aerobically at 200 rotations per minute (rpm) at 

30 °C until OD600 nm > 2.0 (usually overnight).  

Under sterile conditions, 60 mL of the preculture was used to inoculate the 6 L of liquid 

media in 2x 5 L baffled flasks (Corning CLS431684, 3 L of culture per bottle) with vented 

caps. Cells were grown at 200 rpm at 30 °C overnight until OD600 nm > 1.5. Cells were 

collected by serial centrifugation runs at 4,500 x g, 20 min at room temperature. The 

supernatant was discarded, and the cells were gently resuspended in fresh growth medium 

devoid of NH4OAc or another source of fixed nitrogen (prepared fresh, but not under sterile 

conditions) in the incubator shaker (~400 mL media per bottle). After resuspension, the 

culture was divided evenly between the remaining media/bottles and incubated at 200 rpm 

and 30 °C for another 3 hours to facilitate derepression of the nif operon, and harvested by 

serial centrifugation collections as above. Finally, the cells were scooped into a plastic bag 

and stored at -80 °C until further use. 

Preparation of the A. vinelandii strain producing β-D353G/D357G MoFe protein. The β-

D353G/D357G MoFe mutant was created using the double homologous recombination 

method.[16] Briefly, a plasmid was constructed using the Gibson assembly (NEB, Ipswich, 

MA, US) method with the primers listed in Supplementary Table S1 in E. coli DH5α 

(Invitrogen, Waltham, MA, US), where flanking regions of nifK with a 135L - 357D in-frame 

deletion was cloned into a mutation plasmid pK18mobsacB. The constructed pK-△nifK was 

transformed into a strain of A. vinelandii DJ that produces the MoFe protein with a 

poly(histidine)8 tag on the N-term of NifD [17] followed by single and double homologous 

recombination screenings, resulting in kanamycin-resistance, and kanamycin-sensitive, 

sucrose-resistance phenotypes, respectively. The final A. vinelandii △nifK is non-diazotrophic 

and the deletion was confirmed by Sanger sequencing. 

Subsequently, a “rescue” plasmid was made where the deleted region of nifK was 

reintroduced to pK-△nifK, with point mutations of D353G/D357G (gac to ggc, gac to ggt, 

respectively) introduced on the primer (Supplementary Table S1, primer 8). Following the 

same transformation and screening procedures, this plasmid pK-nifKD353G/D357G was used 

to create the A. vinelandii β-D353G/D357G MoFe mutant, which was confirmed by Sanger 

sequencing. Phenotype screening showed this mutant restored diazotrophic growth 

(Supplementary Figure S6). 
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Table S1. Primers used to create the A. vinelandii △nifK and β-D353G/D357G MoFe mutants 

Primers Sequence Notes 

First step, creating pK-△nifK plasmid: 

1 cgttgtaaaacgacggccagtgccagtatcaaggagaagttcatcttcca Upstream flanking 

region, forward 

2 gcagccaggtgtgggacagaccgtccttcatgttctgct Upstream flanking 

region, reverse 

3 gaaggacggtctgtcccacacctggctgcacgg Downstream flanking 

region, forward 

4 tacgaattcgagctcggtacccgggggtatcggctcgatgaaataggtc Downstream flanking 

region, reverse 

Second step, creating pK-nifKD353G/D357G plasmid: 

5 tggtcggcatgatgaccggttcccacacctggctgcacgg* Amplify plasmid pK-

ΔnifK, forward 

6 cttacagttctgcagcagaccgtccttcatgttctgctgg Amplify plasmid pK-

ΔnifK, reverse 

7 agaacatgaaggacggtctgctgcagaactgtaaggctacctacaagccc Inserting 

nifKD353G/D357G, 

forward 

8 accggtcatcatgccgaccagacggccacgctccttggtc* Inserting 

nifKD353G/D357G, 

reverse 

 

nifK in red 

gac = β-D353G single-point mutation (changed to ggc) 

gac = β-D357G single-point mutation (changed to ggt) 

caccaccatcatcaccaccatcac = poly(histidine)8 tag 

Forward sequencing primer highlighted in yellow 

Reverse sequencing primer highlighted in cyan 

Region unconfirmed by sequencing highlighted in grey. 
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nifD: 

atgacccaccaccatcatcaccaccatcacggtatgtcgcgcgaagaggttgaatccctcatccaggaagttctggaagtttatcccg

agaaggctcgcaaggatcgtaacaagcacctggccgtcaacgacccggcggttacccagtccaagaagtgcatcatctccaacaag

aagtcccagcccggtctgatgaccatccgcggctgcgcctacgccggttccaaaggcgtggtctggggccccatcaaggacatgatc

cacatctcccacggtccggtaggctgcggccagtattcgcgcgccggccgtcgtaactactacatcggtaccaccggtgtgaacgcct

tcgtcaccatgaacttcacctcggacttccaggagaaggacatcgtgttcggtggcgacaagaagctcgccaaactgatcgacgaagt

ggaaaccctgttcccgctgaacaagggtatCtccgtccagtccgagtgcccgatcggcctgatcggcgacgacatcgaatccgtgtc

caaggtcaagggcgccgagctcagcaagaccatcgtaccggtccgttgcgaaggcttccgcggcgtttcccagtccctgggccacca

catcgccaacgacgcagtccgcgactgggtcctgggcaagcgtgacgaagacaccaccttcgccagcactccttacgatgtggccat

catcggcgactacaacatcggcggcgacgcctggtcttcccgcatcctgctggaagaaatgggcctgcgttgcgtagcccagtggtcc

ggcgacggctccatctccgaaatcgagctgaccccgaaggtcaagctgaacctggttcactgctaccgctcgatgaactacatctccc

gtcacatggaagagaagtacggtatcccatggatggagtacaacttcttcggcccgaccaagaccatcgagtcgctgcgtgccatcgc

cgccaagttcgacgagagcatccagaagaagtgcgaagaggtcatcgccaagtacaagcccgagtgggaagcggtggtcgccaag

taccgtccgcgcctggaaggcaagcgcgtcatgctctacatcggtggcctgcgtccgcgccacgtgatcggcgcctacgaagacctg

ggcatggaagtggtgggtaccggctacgagttcgcccacaacgacgactatgaccgcaccatgaaagaaatgggtgactccaccctg

ctgtacgatgacgtgaccggctacgaattcgaagaattcgtcaagcgcatcaagcccgacctgatcggctccggtatcaaggagaagt

tcatcttccagaagatgggcatccccttccgtcaaatgcactcctgggattattccggcccctaccacggcttcgatggcttcgccatcttc

gcccgtgacatggacatgaccctgaacaatccgtgctggaagaaactgcaggctccctgggaagcttccgaaggcgccgagaaagt

cgccgccagcgcctga 

 

NifD: 

MTHHHHHHHHGMSREEVESLIQEVLEVYPEKARKDRNKHLAVNDPAVTQSKKCIIS

NKKSQPGLMTIRGCAYAGSKGVVWGPIKDMIHISHGPVGCGQYSRAGRRNYYIGTT

GVNAFVTMNFTSDFQEKDIVFGGDKKLAKLIDEVETLFPLNKGISVQSECPIGLIGDDI

ESVSKVKGAELSKTIVPVRCEGFRGVSQSLGHHIANDAVRDWVLGKRDEDTTFASTP

YDVAIIGDYNIGGDAWSSRILLEEMGLRCVAQWSGDGSISEIELTPKVKLNLVHCYRS

MNYISRHMEEKYGIPWMEYNFFGPTKTIESLRAIAAKFDESIQKKCEEVIAKYKPEWE

AVVAKYRPRLEGKRVMLYIGGLRPRHVIGAYEDLGMEVVGTGYEFAHNDDYDRTM

KEMGDSTLLYDDVTGYEFEEFVKRIKPDLIGSGIKEKFIFQKMGIPFRQMHSWDYSGP

YHGFDGFAIFARDMDMTLNNPCWKKLQAPWEASEGAEKVAASA* 
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nifK: 

atgagccagcaagtcgataaaatcaaagccagctacccgctgttcctcgatcaggactacaaggacatgcttgccaagaagcgcgac

ggcttcgaggaaaagtatccgcaggacaagatcgacgaagtattccagtggaccaccaccaaggaataccaggagctgaacttccag

cgcgaagccctgaccgtcaacccggccaaggcttgccagccgctgggcgccgttctctgcgccctcggtttcgagaagaccatgccc

tacgtgcacggttcccagggttgcgtcgcctacttccgctcctacttcaaccgtcatttccgcgagccggtttcctgcgtttccgactccat

gaccgaagacgcggcagtgttcggcggccagcagaacatgaaggacggtctgcagaactgtaaggctacctacaagcccgacatg

atcgcagtgtccaccacctgcatggccgaggtcatcggtgacgacctcaacgccttcatcaacaactcgaagaaggaaggtttcattcc

tgacgagttcccggtgccgttcgcccataccccgagcttcgtgggcagccacgtgaccggctgggacaacatgttcgaaggcattgct

cgctacttcaccctgaagtccatggacgacaaggtggttggcagcaacaagaagatcaacatcgtccccggcttcgagacctacctgg

gcaacttccgcgtgatcaagcgcatgctttcggaaatgggcgtgggctacagcctgctctccgatccggaagaagtgctggacacccc

ggctgacggccagttccgcatgtacgcgggcggcaccactcaggaagagatgaaggacgctccgaacgccctcaacaccgtcctg

ctgcagccgtggcacctggagaagaccaagaagttcgtcgagggtacctggaagcacgaagtaccgaagctgaacatcccgatggg

cctggactggaccgacgagttcctgatgaaagtcagcgaaatcagcggccagccgattccggcgagcctgaccaaggagcgtggcc

gtctggtcggcatgatgaccggttcccacacctggctgcacggcaagcgtttcgccctgtggggtgatccggacttcgtgatgggcct

ggtcaagttcctgctggaactgggttgcgagccggtacacattctctgccacaacggcaacaagcgttggaagaaggcggtcgacgc

catcctcgccgcttcgccctacggcaagaatgctaccgtctacatcggcaaggacctgtggcacctgcgttcgctggtcttcaccgaca

agccggacttcatgatcggcaacagctacggtaagttcatccagcgcgacaccctgcacaagggcaaggagttcgaggttccgctga

tccgtatcggcttcccgatcttcgaccgtcatcacctgcatcgctccaccaccctgggttacgagggcgccatgcagatcctgaccacc

ctggtgaactcgatcctggaacgtctggacgaggaaacccgcggtatgcaggccaccgactacaaccacgacctggtacgctaagtc

gtcggttcaagtggtatcggccggagcggcgcaagccgctccggctcttccttggcggcggccgcaggtggtcgggccttttgcccg

cgatctgcggcaaccgccaaacccgtctaaggagcaagcccatgcccagcgtcatgattcgccgcaacgacgaaggccaactgacc

ttctatatcgccaagaaagaccaggaagagatcgtggtgtccctggagcatgacagccccgaactctggggtggcgaagtcaccctc

ggcgacggttcgacctatttcatcgagccgatacc 

 

NifK (ß-D353G/D357G): 

MSQQVDKIKASYPLFLDQDYKDMLAKKRDGFEEKYPQDKIDEVFQWTTTKEYQELN

FQREALTVNPAKACQPLGAVLCALGFEKTMPYVHGSQGCVAYFRSYFNRHFREPVS

CVSDSMTEDAAVFGGQQNMKDGLQNCKATYKPDMIAVSTTCMAEVIGDDLNAFIN

NSKKEGFIPDEFPVPFAHTPSFVGSHVTGWDNMFEGIARYFTLKSMDDKVVGSNKKI

NIVPGFETYLGNFRVIKRMLSEMGVGYSLLSDPEEVLDTPADGQFRMYAGGTTQEEM

KDAPNALNTVLLQPWHLEKTKKFVEGTWKHEVPKLNIPMGLDWTDEFLMKVSEISG

QPIPASLTKERGRLVGMMTGSHTWLHGKRFALWGDPDFVMGLVKFLLELGCEPVHI

LCHNGNKRWKKAVDAILAASPYGKNATVYIGKDLWHLRSLVFTDKPDFMIGNSYGK
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FIQRDTLHKGKEFEVPLIRIGFPIFDRHHLHRSTTLGYEGAMQILTTLVNSILERLDEET

RGMQATDYNHDLVR* 

Purification of wild-type and ß-D353G/D357G MoFe protein. The procedures outlined 

here were developed previously with minor modifications.[16] Cell pellets were anaerobically 

thawed and resuspended for 20 minutes in lysis buffer (50 mM Tris/HCl pH 8, containing 

5 mM dithionite (abbreviated as DT), and 37% v/v glycerol) with a ratio 2:1 (buffer:cells 

v/w), and subsequently collected by centrifugation at 12,000 x g (20 min at 4 °C). Once again 

inside the glovebox, the glycerol-containing supernatant was discarded, and cells were rapidly 

lysed by osmotic shock/shaking following the introduction of an equal replacement volume of 

glycerol-free lysis buffer (in the presence of a few µg of DNase). After incubation on ice for 

approximately 15 minutes, the cell lysate was clarified by centrifugation at 30,000 x g (4 °C, 

1 hour) to yield a dark brown supernatant. 

Note: From here onwards, DT was omitted from all buffers. 

Within the glovebox, the supernatant was decanted and diluted with a post-lysis buffer (2 M 

NaCl, 234 mM Tris/HCl, pH 8.0), giving a final NaCl concentration of 0.3 M NaCl. His-

tagged “wild-type” and ß-D353G/D357G MoFe protein were purified by Ni-affinity 

chromatography using a Ni-loaded HisTrap HP 5 mL column (Cytiva) with a flow rate of 

5 mL/min using an Äkta Start system within the glovebox. The MoFe-containing supernatant 

was loaded onto the column, washed with an equilibration buffer for at least 3 column 

volumes to remove remaining DT (0.3 M NaCl, 50 mM Tris/HCl, pH 8.0), washed with a 

20 mM imidazole step, and finally eluted with a 0.3 M imidazole step (0.3 M imidazole, 0.3 

M NaCl, 50 mM Tris/HCl, pH 8.0). The eluted MoFe protein was then purified further with a 

HiPrep Q-Sepharose FF 16/10 column (Cytiva, 20 mL column volume, flow rate = 5 

mL/min), which also served to remove excess imidazole and residual DT. The concentration 

of NaCl in the MoFe protein samples was first lowered to 0.1 M NaCl using a dilution buffer 

(50 mM Tris/HCl, pH 8.0) before being loaded on the pre-equilibrated Q-sepharose column 

(0.1 M NaCl). MoFe proteins were eluted at approximately 0.3 M NaCl using a NaCl gradient 

over 7 column volumes (from 0.2 to 0.65 M NaCl). ß-D353G/D357G MoFe protein prepared 

for crystallization experiments were subjected to an additional size-exclusion chromatography 

step on a HiPrep 26/60 Sephacryl S-200HR column (Cytiva) with a flow rate of 2.5 mL/min. 

Tris running buffer (50 mM Tris/HCl, pH 8.0, 0.5 M NaCl) was used for the elution. MoFe 

proteins were typically concentrated to >20 mg/mL using a Merck Millipore stirred 

concentrator cell (within the glovebox) equipped with a 100 kDa molecular weight cut-off 



 

211 

membrane (fed with ultra-high-purity N2 5.0), flash-frozen as 20 µL pellets in liquid nitrogen 

and stored in liquid nitrogen until further use. Protein concentrations were initially estimated 

by the Biuret method using bovine serum albumin as the standard and confirmed by Mo 

quantification using ICP-MS. 

Purification of Fe protein. This procedure was performed as recently reported.[16] In contrast 

to the MoFe proteins, Fe protein was purified in the presence of 2 mM DT in all buffers 

(5 mM DT was included in the cell lysis step, as above). Fe protein was routinely purified in 

tandem with the MoFe protein using an Äkta Go system. Following cell lysis, the supernatant 

was diluted with a post-lysis buffer (2 M NaCl, 234 mM Tris/HCl, 2 mM DT, pH 8.0) in 

order to obtain NaCl concentration of 0.1 M NaCl. WT Fe protein was purified from His-

column flow-through fractions (above), where the flow-through fraction was first diluted to 

0.1 M NaCl using the dilution buffer above (containing DT). The Fe protein was first purified 

using a HiPrep Q-Sepharose HP 16/10 column with a flow rate of 5 mL/min. Fe protein 

elution was performed using a NaCl gradient (7 column volumes, from 0.2 to 0.65 M NaCl) 

and concentrated to <10 mL using a Merck-Millipore stirred concentrator cell (30 kDa 

molecular weight cut-off membrane). The Fe protein was then purified further by size-

exclusion chromatography (HiPrep 26/60 Sephacryl S-200 HR, Cytiva) with a flow rate of 

2.5 mL/min, using a Tris running buffer (50 mM Tris/HCl, pH 8.0, 0.5 M NaCl). Eluted Fe 

protein sample was concentrated to >20 mg/mL, flash frozen in liquid nitrogen as 20 µL 

pellets and stored in liquid nitrogen until further use. Protein concentrations were determined 

by the Biuret method using bovine serum albumin as the standard. 

Activity assays. Activity assays were performed as recently reported.[16] Substrate reduction 

activity assays were conducted in triplicate 1 mL reactions in 13 mL septum-sealed glass vials 

(Wheaton) containing deoxygenated buffer and an ATP-regenerating system (5 mM ATP, 

30 mM phosphocreatine, 1.3 mg BSA, 0.2 mg creatine phosphokinase (from Rabbit muscle, 

Merck Switzerland), 10 mM sodium dithionite and 100 mM MOPS/NaOH at pH 7.0). 

Activity assays contained 0.1 mg MoFe protein and either 16.6 molar equivalents of Fe 

protein (0.48 mg, “high-flux”), or 4 molar equivalents of Fe protein (0.12 mg, “low-flux”). 

All reaction vials were sealed within an Ar-filled glovebox (Jacomex, France) and vented to 

atmospheric pressure. Where necessary, vials were flushed with ultra-high-purity N2 (or 

desired quantities were introduced using gas-tight syringes); all vials were vented to 

atmospheric pressure before reactions were started. Reactions were performed within a 

shaking water bath (30 °C) and initiated by the addition of MgCl2 (from a 1 M stock, 10 mM 

final concentration) using a gas-tight syringe. Reactions were quenched after 8 minutes by the 
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addition of 300 µL of 400 mM EDTA (pH 8.0). H2 quantification was performed on all 

reactions using a calibrated GC-TCD equipped with a molecular sieve 5 Å column (Ar 

carrier, SRI Instruments model 8610C). Ammonia was quantified by the ortho-

phthalaldehyde method (corrected to controls and assays performed under 1 atm Ar) using 

NH4Cl as the standard, as reported previously.[17-18]  

O2 protection assays. Activity assays were performed using the “FeSII” (or “Shethna”) 

protein of A. vinelandii, heterologously produced in E. coli. The protein was expressed and 

purified as previously published, with a single modification: in this work, the gene 

corresponding to the FeSII protein was introduced to a pET21a vector (Merck Millipore).[19] 

The ability of the FeSII protein to protect nitrogenase from oxidation by O2 was determined 

based on the quantity of H2 produced in a nitrogenase assay following exposure to O2 for 10 

minutes. Assays employed the same buffer components as listed above, except that DT was 

omitted and MgCl2 (10 mM) was included in the activity assay buffer. All protein 

components (when used) were present at a concentration of 0.4 µM for these assays. All 

reaction vials were first assembled within an Ar-filled glovebox (Jacomex, France) and 

vented to atmospheric pressure. When required, O2 (final concentration of 2% v/v) was added 

using gas-tight syringes, and the vials were incubated for 10 min at 30 °C. Vials were then 

flushed with ultra-high purity Ar gas (5.0, consisting of 3x vacuum/flushing cycles). All 

reaction vials were once again vented to atmospheric pressure. Reactions were performed in a 

shaking water bath (30 °C) and initiated by the addition of sodium dithionite (from a 1 M 

stock, 20 mM final concentration) using a gas-tight syringe. Reactions were quenched after 8 

minutes by the addition of 300 µL of 400 mM EDTA (pH 8.0).  

Analytical Gel Filtration. Analytical gel filtration was performed using an Äkta Go within 

an anoxic glovebox.[16] The proteins were diluted with the running buffer (50 mM Tris/HCl, 

500 mM NaCl, pH 8, 0.5 mM DT) to a concentration of 20 μmol/mL for MoFe protein. 

200 μL aliquots were prepared and incubated for one hour before being loaded (100 µL) onto 

the pre-equilibrated column.  

Limited Proteolysis. A 50 mM Tris/HCl (pH 7.6) buffer containing 10 mM CaCl2 buffer was 

prepared and deoxygenated in an Ar-filled glovebox (Jacomex, France) overnight. The buffer 

was split into 2 bottles, and 0.2 mg/mL fresh trypsin (Sigma) was added to the first. This 

trypsin-containing buffer was then activated at 30 °C for 20 minutes using a heating block. 

Proteins were brought into the glovebox and diluted to a concentration of 1 mg/mL using the 

buffer that did not contain trypsin. The proteins were placed in LC/MS vials with stirring in a 
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water bath at 37 °C, and the activated trypsin was then added to the protein samples to a final 

concentration of 2 μg/mL (trypsin, 500:1 MoFe:trypsin) as the starting point for the reaction. 

The protein reactions were sampled at time 0 (before trypsin addition), 2, 5, 30, 60 and 90 

minutes after trypsin addition. 4 μL of samples of the reactions were transferred to Eppendorf 

tubes that already contained 4 μL TruPAGE™ LDS (4X) sample buffer (Merck, Switzerland), 

then immediately placed at 95 °C on a heating block for 5 minutes to deactivate the trypsin 

and terminate proteolysis. 1.6 μL 1 M dithiothreitol (DTT) and 6.4 μL MilliQ water were 

added afterwards. 4-20% mPAGE® Bis-tris gels (Merck, Switzerland) were used for analysis. 

7 μL aliquots of the treated protein samples were loaded in each well (1.75 µg MoFe protein). 

The gel was run at 200 V and stained with One-Step Blue® (Biotium, Brunschwig 

Switzerland). 

Circular dichroism. All circular dichroism experiments were performed using a sealed 

cuvette with a 1 mm pathlength. The anoxic protein samples were loaded in the cuvette within 

an anoxic glovebox (Ar atmosphere, <1 ppm O2). Protein samples were diluted to 0.2 mg/mL 

in 50 mM Tris/HCl, 0.5 M NaCl pH 8.0 buffer. Circular dichroism spectra were recorded 

firstly to determine lambda max (224 nm for both MoFe proteins). For the melting point 

experiments, the temperature was ramped 1°C per minute starting from 20 to 80 °C. Reactions 

were conducted as triplicates for both MoFe proteins. 

Crystallization of the β-D353G/D357G MoFe-protein. The β-D353G/D357G MoFe-protein 

was crystallized anaerobically at 17.5 mg/mL–1 under 100% N2 atmosphere using the 

OryxNano Crystallization Robot (Douglas Instruments Ltd, Berkshire, United Kingdom). 

Prior to crystallization, the sample was centrifuged at 13,000 x g for 3 min to remove macro-

aggregates and dust. The protein was spotted as a sitting drop to 96-Well MRC 2-Drop 

polystyrene Crystallization Plates (SWISSCI) containing 90 µL of crystallization solution in 

the reservoir. The following crystallization screens were used to harvest crystals JCSG++, XP 

Screen, PEP, Wizard 1/2, Wizard 3/4, and PACT++ (Jena Bioscience, Germany). Each drop 

contained 0.5 µL of protein sample and 0.5 µL of crystallization solution. Crystals were 

obtained in the crystallization solution containing 10.00 % w/v Polyethylene glycol 10,000, 

2.00 % v/v 1,4-Dioxane, 100 mM tri-Sodium citrate; pH 5.6, and 1 mM polyoxotungstate 

[TeW6O24]
6− (TEW). Sealed plates were stored inside a Coy anaerobic chamber (Coy 

Laboratory Products Inc, Grass Lake, USA) with an atmosphere of N2:H2 97:3 at 20 °C. 

Crystals were soaked in the crystallization solution supplemented with 30% v/v ethylene 

glycol for a few seconds before freezing in liquid nitrogen.  
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Data processing and refinement. Crystals were tested and collected at 100 K at the Swiss 

Light Source X06DA (Villigen, Switzerland). Datasets were collected at 1.73648-Å 

(7140 eV) for the single-wavelength anomalous dispersion experiment. It must be specified 

here that the 16th Fe has an absorption edge 5 eV higher in comparison to the Fe atoms 

composing the two other metallocofactors, and the data presented here were collected at an 

energy of 7140 eV for this purpose (the theoretical absorption of Fe as its K-edge is 

7112 eV).[20] Native datasets were collected at a wavelength of 1.00002-Å on the same 

crystal. Data were processed with autoPROC run with staraniso due to the high anisotropy.[21] 

For the Fe-K edge dataset, the diffraction limits along the principal axes are the following: a = 

2.43 Å, b= 2.27 Å, and c= 1.67 Å. For the dataset collected close to the Se K edge, the 

diffraction limits along the principal axes are the following: a = 2.33 Å, b= 2.04 Å , and c= 

1.53 Å. The structure of the variant was solved by using PHENIX with the following 

template: 3U7Q. The model was manually rebuilt with COOT and further refined with 

PHENIX.[22] During the refinement, a translational-libration screw was applied with the 

model containing hydrogens added in the riding position during the last refinement cycles. 

Hydrogens were removed in the final deposited model. The model was validated through the 

MolProbity server.[23] Data collection and refinement statistics for the deposited model and 

structure factors are listed in Table S3. The model is accessible via the PDB ID 8P8G. Figures 

were generated with PyMOL (Schrödinger, LLC). 
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Table S2. Comparison in the presence of the 16th Fe in the deposited structures. 

Entity 

ID 

Resolution 

[Å] 
PDB title Organism 

MMB 

site 

Metal 

occupancy 

Year of 

release 

1MIO 3.00 
X-ray crystal structure of the nitrogenase molybdenum-iron protein 

from Clostridium pasteurianum at 3.0 angstroms resolution 

Clostridium 

pasteurianum 
Ca2+ 1.00 1993 

1N2C 3.00 
Nitrogenase complex from Azotobacter vinelandii stabilized by ADP-

tetrafluoroaluminate 
Azotobacter vinelandii Ca2+ 1.00 1997 

2MIN 2.03 nitrogenase MoFe protein from Azotobacter vinelandii, oxidized state Azotobacter vinelandii Ca2+ 1.00 1997 

3MIN 2.03 nitrogenase MoFe protein from Azotobacter vinelandii, oxidized state Azotobacter vinelandii Ca2+ 1.00 1997 

1QGU 1.60 
nitrogenase MoFe protein from Klebsiella pneumoniae, dithionite-

reduced state 
Klebsiella pneumoniae Mg2+ 1.00 1999 

1QH1 1.60 
nitrogenase MoFe protein from Klebsiella pneumoniae, phenosafranin 

oxidized state 
Klebsiella pneumoniae Mg2+ 1.00 1999 

1QH8 1.60 
nitrogenase MoFe protein from Klebsiella pneumoniae, as crystallized 

(mixed oxidation) state 
Klebsiella pneumoniae Mg2+ 1.00 1999 

1G20 2.20 
MgATP-bound and nucleotide-free structures of a nitrogenase protein 

complex between the Leu127Del-Fe-protein and the MoFe-protein 
Azotobacter vinelandii Ca2+ 1.00 2001 

1G21 3.00  
MgATP-bound and nucleotide-free structures of a nitrogenase protein 

complex between the Leu127Del-Fe-protein and the MoFe-protein 
Azotobacter vinelandii Ca2+ 1.00 2001 

1FP4 2.50 crystal structure of the alpha-H195Q mutant of nitrogenase Azotobacter vinelandii Ca2+ 1.00 2002 

1L5H 2.30 FeMo-cofactor deficient nitrogenase MoFe Protein Azotobacter vinelandii Ca2+ 1.00 2002 

1H1L 1.90 nitrogenase MoFe protein from Klebsiella pneumoniae, NifV mutant Klebsiella pneumoniae Mg2+ 1.00 2002 

1MIN 1.16 nitrogenase MoFe protein from Azotobacter vinelandii Azotobacter vinelandii Ca2+ 1.00 2002 

1M1Y 3.20 chemical crosslink of nitrogenase MoFe Protein and Fe Protein Azotobacter vinelandii Ca2+ 1.00 2003 

1M34 2.30 
nitrogenase complex from Azotobacter Vinelandii stabilized By ADP-

tetrafluoroaluminate 
Azotobacter vinelandii Ca2+ 1.00 2003 

2AFH 2.10 crystal structure of nucleotide-free Av2-Av1 complex Azotobacter vinelandii Ca2+ 1.00 2005 

2AFI 3.10 crystal structure of MgADP bound Av2-Av1 complex Azotobacter vinelandii Ca2+ 1.00 2005 

3K1A 2.23 
insights into substrate binding at FeMo-cofactor in nitrogenase from 

the structure of an alpha-70Ile MoFe protein variant 
Azotobacter vinelandii Ca2+ 1.00 2010 

3U7Q 1.00  Azotobacter vinelandii nitrogenase MoFe protein at atomic resolution Azotobacter vinelandii Ca2+ 1.00/0.60 2011 

4ND8 2.00 Av nitrogenase MoFe protein high pH form Azotobacter vinelandii Fe3+ 1.00 2014 

4TKU 1.43 reactivated nitrogenase MoFe-protein from Azotobacter vinelandii Azotobacter vinelandii Fe2+ 0.50 2014 

4TKV 1.50 CO-bound nitrogenase MoFe-protein from Azotobacter vinelandii Azotobacter vinelandii Fe2+ 0.50 2014 

4WZA 1.90  asymmetric nucleotide binding in the nitrogenase complex Azotobacter vinelandii Fe3+ 0.61/0.59 2014 

4WES 1.08 
nitrogenase molybdenum-iron protein from Clostridium pasteurianum 

at 1.08 A resolution 

Clostridium 

pasteurianum 
Fe2+ 0.47/0.52 2015 

4WZB 2.30 crystal structure of MgAMPPCP-bound Av2-Av1 complex Azotobacter vinelandii Fe2+ 0.4/0.57 2015 

4WN9 1.90 
structure of the nitrogenase MoFe protein from Clostridium 

pasteurianum pressurized with xenon 

Clostridium 

pasteurianum 
Fe3+ 0.59 2015 

4WNA 2.00 
structure of the nitrogenase MoFe protein from Azotobacter vinelandii 

pressurized with xenon 
Azotobacter vinelandii Fe3+ 0.50 2015 

5CX1 1.75 nitrogenase molybdenum-iron protein beta-K400E mutant Azotobacter vinelandii Ca2+ 1.00 2015 

4XPI 1.97 
Fe protein independent substrate reduction by nitrogenase variants 

altered in intramolecular electron transfer 
Azotobacter vinelandii Ca2+ 1.00 2015 

5BVG 1.60 
selenium incorporated nitrogenase MoFe-protein (Av1-Se2B) from 

Azotobacter vinelandii 
Azotobacter vinelandii Fe2+ 0.50 2015 

5BVH 1.53 
CO-bound form of selenium incorporated nitrogenase MoFe-protein 

(Av1-Se-CO) from Azotobacter vinelandii 
Azotobacter vinelandii Fe2+ 0.50 2015 

5KOJ 2.59 nitrogenase MoFeP protein in the IDS oxidized state 
Gluconacetobacter 

diazotrophicus PA1 5 
Fe3+ 1.00 2016 

5KOH 1.83 
nitrogenase MoFeP protein from Gluconacetobacter diazotrophicus 

in dithionite reduced state 

Gluconacetobacter 

diazotrophicus PA1 5 
Fe3+ 1.00 2016 

5N6Y 1.35 Azotobacter vinelandii vanadium nitrogenase  Azotobacter vinelandii Mg2+ 1.00 2017 

5VPW 1.85 Nitrogenase Cp1 at pH 5 
Clostridium 

pasteurianum 
Fe2+ 0.50 2017 

5VQ3 1.72 Nitrogenase Cp1 at pH 6.5 
Clostridium 

pasteurianum 
Fe2+ 0.50 2017 

5VQ4 2.30 nitrogenase Av1 at pH 5 Azotobacter vinelandii Fe3+ 0.50 2017 

6BBL 1.68 
crystal structure of the a-96Gln MoFe protein variant in the presence 

of the substrate acetylene 
Azotobacter vinelandii Fe3+ 1.00/0.94 2018 

6FEA 1.20 A. vinelandii vanadium nitrogenase, turnover state Azotobacter vinelandii Mg2+ 1.00 2018 

6CDK 2.10 characterization of the P1+ intermediate state of nitrogenase P cluster Azotobacter vinelandii Fe3+ 1.00 2018 

6O7L 2.26 
nitrogenase MoFeP mutant S188A from Azotobacter vinelandii in the 

dithionite reduced state after redox cycling 
Azotobacter vinelandii Fe3+ 0.59/0.48 2019 

6O7M 1.40 
 nitrogenase MoFeP mutant F99Y from Azotobacter vinelandii in the 

indigo carmine oxidized state 
Azotobacter vinelandii Fe3+ 0.67 2019 

6O7N 1.75 
nitrogenase MoFeP mutant F99Y/S188A from Azotobacter vinelandii 

in the indigo carmine oxidized state 
Azotobacter vinelandii Fe3+ 0.77 2019 

6O7O 1.89 
nitrogenase MoFeP mutant F99Y/S188A from Azotobacter vinelandii 

in the dithionite reduced state after redox cycling 
Azotobacter vinelandii Fe3+ 0.61 2019 

6O7P 1.70 
nitrogenase MoFeP mutant F99Y from Azotobacter vinelandii in the 

dithionite reduced state 
Azotobacter vinelandii Fe3+ 0.70/0.69 2019 

6O7Q 2.00 
nitrogenase MoFeP mutant S188A from Azotobacter vinelandii in the 

dithionite reduced state after redox cycling 
Azotobacter vinelandii Fe3+ 0.81/0.77 2019 

6O7R 2.27 
nitrogenase MoFeP mutant F99Y, S188A from Azotobacter vinelandii 

in the dithionite reduced state 
Azotobacter vinelandii Fe3+ 0.65/0.58 2019 

6O7S 2.27 
nitrogenase MoFeP mutant S188A from Azotobacter vinelandii in the 

indigo carmine oxidized state 
Azotobacter vinelandii Fe3+ 1.00/0.86 2019 

6OP1 1.70 selenium incorporated, carbon monoxide inhibited FeMo-cofactor of Azotobacter vinelandii Ca2+ 1.00 2019 
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Azotobacter vinelandii 

6OP2 1.90 
selenium incorporated FeMo-cofactor of nitrogenase from 

Azotobacter vinelandii at high concentration of selenium 
Azotobacter vinelandii Ca2+ 1.00 2019 

6OP3 1.60 
selenium incorporated FeMo-cofactor of nitrogenase from 

Azotobacter vinelandii with low concentration of selenium 
Azotobacter vinelandii Ca2+ 1.00 2019 

6OP4 2.30 
selenium-incorporated, carbon monoxide-inhibited, reactivated 

FeMo-cofactor of nitrogenase from Azotobacter vinelandii 
Azotobacter vinelandii Ca2+ 1.00 2019 

6UG0 1.83 N2-bound nitrogenase MoFe-protein from Azotobacter vinelandii Azotobacter vinelandii Fe3+ 0.19/0.14 2020 

6VXT 1.74 activated nitrogenase MoFe-protein from Azotobacter vinelandii Azotobacter vinelandii Fe3+ 0.45/0.41 2020 

7ADR 1.00 
CO bound as bridging ligand at the active site of vanadium 

nitrogenase VFe protein 
Azotobacter vinelandii Mg2+ 1.00 2020 

7ADY 1.05 
CO-removed state of the active site of vanadium nitrogenase VFe 

protein 
Azotobacter vinelandii Mg2+ 1.00 2020 

7JRF 1.33 CO-CO-bound nitrogenase MoFe-protein from Azotobacter vinelandii Azotobacter vinelandii Ca2+ 0.70/0.60 2021 

7AIZ 1.05 vanadium nitrogenase Vfe protein, high CO state Azotobacter vinelandii Mg2+ 1.00 2021 

7MCI 1.65 
MoFe protein from Azotobacter vinelandii with a sulfur-replenished 

cofactor 
Azotobacter vinelandii Ca2+ 0.56/0.55 2022 

7UT6 1.91 
C1 symmetric cryoEM structure of Azotobacter vinelandii MoFeP 

under non-turnover conditions 
Azotobacter vinelandii Fe3+ 1.00 2022 

7UT7 1.91 
C2 symmetric cryoEM structure of Azotobacter vinelandii MoFeP 

under non-turnover conditions 
Azotobacter vinelandii Fe3+ 1.00 2022 

7UT8 2.43 
cryoEM structure of Azotobacter vinelandii nitrogenase complex (1:1 

FeP:MoFeP, ADP/ATP-bound) during catalytic N2 reduction 
Azotobacter vinelandii Fe3+ 1.00 2022 

7UT9 2.44 
cryoEM structure of Azotobacter vinelandii nitrogenase complex (1:1 

FeP:MoFeP, ATP-bound) during catalytic N2 reduction 
Azotobacter vinelandii Fe3+ 1.00 2022 

7UTA 2.40 
cryoEM structure of Azotobacter vinelandii nitrogenase complex (2:1 

FeP:MoFeP) inhibited by BeFx during catalytic N2 reduction 
Azotobacter vinelandii Fe3+ 1.00 2022 

8PDN 2.49 
cryoEM structure of Azotobacter vinelandii nitrogenase MoFeP 

during catalytic N2 reduction 
Azotobacter vinelandii Fe3+ 1.00 2022 

8E3T 2.20 
gallium-reconstituted nitrogenase MoFeP mutant S188A from 

Azotobacter vinelandii after IDS oxidation 
Azotobacter vinelandii Fe3+ 0.78/0.76 2022 

8E3U 1.99 
nickel-reconstituted nitrogenase MoFeP mutant S188A from 

Azotobacter vinelandii after IDS oxidation 
Azotobacter vinelandii Fe3+ 0.84/0.80 2022 

8E3V 2.00 
cobalt-reconstituted nitrogenase MoFeP mutant S188A from 

Azotobacter vinelandii after IDS oxidation 
Azotobacter vinelandii Fe3+ 0.72 2022 

8CRS 2.04 
cryoEM structure of partially oxidized MoFe-protein on ultrathin 

carbon 
Azotobacter vinelandii Fe3+ 1.00 2023 

8DBX 1.92 cryoEM structure of nitrogenase MoFe-protein in detergent Azotobacter vinelandii Fe3+ 1.00 2023 

8ENL 2.37 
cryoEM structure of the high pH turnover-inactivated nitrogenase 

MoFe-protein 
Azotobacter vinelandii Fe3+ 1.00 2023 

8ENM 2.14 
cryoEM structure of the high pH nitrogenase MoFe-protein under 

non-turnover conditions 
Azotobacter vinelandii Fe3+ 1.00 2023 

8ENN 2.58 
homocitrate-deficient nitrogenase MoFe-protein from Azotobacter 

vinelandii nifV knockout 
Azotobacter vinelandii Fe3+ 1.00 2023 

8ENO 2.71 
homocitrate-deficient nitrogenase MoFe-protein from Azotobacter 

vinelandii nifV knockout in complex with NafT 
Azotobacter vinelandii Fe3+ 1.00 2023 
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Table S3. X-ray analysis statistics for the presented structure. 

 

a Values relative to the highest resolution shell are within parentheses. b Rfree was calculated as the Rwork 

for 5 % of the reflections that were not included in the refinement. c rmsd, root mean square deviation. 

 

 Fe K edge Native 

Data collection   

 Wavelength (Å) 1.73648 1.00002 

 Space group C2 C2 

 Resolution (Å) 
101.48 – 1.70 

(1.97 – 1.70) 

101.46 – 1.55 

(1.76– 1.55) 

 Cell dimensions   

 a, b, c (Å) 167.39, 74.43, 208.45 167.49, 74.47, 208.47 

 α, β, γ (°) 90, 103.17, 90 90, 103.24, 90 

 R
merge

(%)
a
 19.7 (97.0) 17.7 (189.0) 

 Rpim (%)a 6.8 (42.9) 6.6 (65.2) 

 CC1/2

a
 0.973 (0.522) 0.995 (0.566) 

 I/σ
I

a
 8.6 (2.0) 8.1 (1.8) 

 Spherical completeness
a
 47.0 (6.6) 48.3 (7.2) 

 Ellipsoidal completeness
a
 87.8 (62.8) 94.0 (80.5) 

 Redundancy
a
 9.4 (7.2) 8.1 (9.3) 

 Nr. unique reflections
a
 129551 (6479) 176043 (8391) 

 

Refinement 
  

 Resolution (Å)  48.32 – 1.55 

 Number of reflections  175938 

 R
work

/R
free

b
 (%)  15.53/18.73 

 Number of atoms   

 Protein  16000 

 Ligands/ions  285 

 Solvent  2176 

 Mean B-value (Å
2
)  18.62 

 Molprobity clash 

 score, all atoms 
 2.32 

 Ramachandran plot   

 Favoured regions (%)    

 Outlier regions (%)  0.20 

 rmsd
c
 bond lengths (Å)  0.012 

 rmsd
c
 bond angles (°)  1.035 

PDB ID code  8P8G 
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Table S4. Accession numbers for sequences used in conservation analysis.
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Figure S1. (Left) SDS-PAGE (12%, 200 V) analysis of wild-type and ß-D353G/D357G 

MoFe proteins, purified as detailed above. Coomassie blue stained and scanned in grayscale. 

Lanes: 1 = β-D353G/D357G MoFe, 2 = WT MoFe, 3 = molecular weight markers. 1.2 µg of 

protein was loaded in each well. (Right) Native-PAGE (3-12% acrylamide gradient, 150 V) 

analysis of the wild-type and ß-D353G/D357G MoFe proteins, performed under anoxic 

conditions (using deoxygenated buffers and performed within an anoxic glovebox filled with 

>95% N2 and <5% H2 atmosphere). Lanes: 1 = β-D353G/D357G MoFe, 2 = molecular weight 

markers, 3 = WT MoFe, 4= WT MoFe. Lanes 1/4 contained 1 µg protein, and lane 3 

contained 0.4 µg protein.  
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Figure S2. Crystal packing of the β-D353G/D357G MoFe variant (A), displaying prominent 

anisotropy, compared to the atomic resolution of the wild-type (B, PDB 3U7Q). The Cα 

backbone of the protein is represented as a ribbon and colored from low (blue) to high (red) 

B-factor value for the central unit and in grey for the symmetry mates. (C) Representation of 

one MoFe-protein variant in the same pose as (A). The protein is shown as a ribbon in which 

the highest root mean square deviation (in Å) with the wild type is color-coded based on the 

panel's (D) arrows. The highest deviations are at the periphery and mostly at the crystalline 

contacts. 
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Figure S3. Stereo view of the P cluster from β-D353G/D357G variant (colored by atom) with 

the P cluster from wild-type MoFe protein (in wheat, PDB 3U7Q). The protein backbones are 

shown as transparent cartoons. Cluster-coordinating residues and P clusters are in balls and 

sticks. The 2Fo-Fc electron density (black mesh) is contoured at 2.5 σ. Both redox states are 

represented, and red arrows highlight the modelled reduced state at an occupancy of 10%. 
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Figure S4. Superposition of the FeMo-co from β-D353G/D357G variant (colored by atom) 

with the FeMo-co from wild-type MoFe protein (in wheat, PDB 3U7Q). The protein 

backbones are shown as transparent cartoons. Cluster-coordinating residues and FeMo-co as 

balls and sticks. The 2Fo-Fc electron density (black mesh) is contoured at 2.5 σ. 
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Figure S5. Superposition of the MMB site from β-D353G/D357G variant (green cyan) with 

the MMB site from α-R96Q MoFe variant (pale yellow, PDB 6BBL) in which the 16th Fe 

atom was modelled at 100 % occupancy. The proteins are shown as transparent cartoons and 

coordinating residues/metals/water (the latter colored in red) as balls and sticks. The 2Fo-Fc 

electron density (grey mesh) is contoured at 1.5 σ. The modelled ethylene glycol could come 

from the cryoprotection step (30 % v/v final) or as a degradation product from the PEG 

10,000 present in the crystallization solution.  
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Figure S6. Nitrogen-free agar plates of Azotobacter vinelandii strains used in this work. (i) = 

“wild-type” MoFe-producing A. vinelandii DJ derivative (produces MoFe with an 8x His-tag 

on the N-term of NifD,[17] (ii) the A. vinelandii DJ derivative developed here for the 

production of ß-D353G/D357G (derived from (i)), and (iii) A. vinelandii DJ2107 (ΔnifB, 

kindly shared by Dennis Dean, Virginia Tech).[24]  
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Figure S7. Percentage electron distribution between H2 formation (gray) and NH3 formation 

(red) by wild-type and ß-D353G/D357G MoFe proteins (stated above the bars) under 1 atm of 

N2. Electron distribution was calculated by the detection of H2 and NH3, considering that 2e− 

are required for the formation of each H2 and N2 reduction to NH3 requires 6e− (3e– for each 

NH3 quantified). n = 3 (technical repeats) and error bars represent standard deviations (SD, 

propagated). Assays contained 0.1 mg of the respective MoFe protein (~240,000 kDa), 

alongside the stated molecular equivalents of Fe protein (~66,000 kDa). All assays were 

performed for 8 minutes at 30 ºC and terminated with the injection of 300 µL of 400 mM 

EDTA (neutral pH).   
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Figure S8. Analytical gel filtration of wild-type and ß-D353G/D357G MoFe proteins, 

performed using a Superose 6 Increase 10/300 GL column (Cytiva), as described above. 200 

µL aliquots of protein (diluted to a concentration of 20 µmol/mL) were injected onto the 

column. The profile of the ß-D353G/D357G MoFe protein was offset by +5 y-axis units for 

clarity. 
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Figure S9. SDS-PAGE (4-12% precast gel, 200 V) analysis for temperature-controlled 

limited proteolysis (Coomassie blue staining). Lanes: 1 and 8 = molecular weight markers, 2 

and 9 = MoFe proteins at t = 0 min after trypsin addition, 3 and 10 = MoFe proteins at t = 2 

min, 4 and 11 = MoFe proteins at t = 5 min, 5 and 12 = MoFe proteins at t = 30 min, 6 and 13 

= MoFe proteins at t = 60 min, 7 and 14 = MoFe proteins at t = 90 min. Each well contained a 

total of 1.75 µg protein. 

  



 

228 

 

Figure S10. Melting temperature determination using circular dichroism. B and C report the 

CD response recorded at 224 nm. Red/blue/black present the data from three repeats.  
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Figure S11. Nitrogenase FeSII protection assays. Specific activities for H2 production by 

wild-type and ß-D353G/D357G MoFe proteins under 1 atm Ar atmosphere after exposure to 

2% for 10 minutes. n = 3 (technical repeats), and error bars represent SD (error propagated). 

Assays contained 0.1 mg (0.4 µM) of the respective MoFe protein (~240 kDa), with one 

molecular equivalent of Fe protein (~66 kDa). Where necessary, 1 molar equivalent of the 

FeSII protein (Shethna protein) was included prior to exposure to O2. All assays were 

performed at 30 ºC for 8 minutes and terminated with the injection of 300 µL of 400 mM 

EDTA (neutral pH). These specific activities are lower than those reported in Figure 3 (main 

article) as the Fe:MoFe protein ratio has been lowered to 1:1 (from 16.6:1) for O2 protection 

assays. 
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Figure S12. Overall view of the MoFe-proteins from the cryo-electron microscopy snapshots 

under turnover conditions. The MoFe-proteins are represented as cartoons with FeMo-

cofactors, P clusters, and residues surrounding the MMB sites, and the 16th Fe are represented 

as balls and sticks. The calcium atom modelled in the structure of PDB 3U7Q was exchanged 

by a Fe based on the PDB 4TKU. The atomic resolution structure of the wild-type (PDB 

3U7Q) and the variant presented in this work are colored white and green cyan, respectively. 

The cryo-electron microscopy structures of the MoFe-proteins alone (7UT6), in complex with 

one Fe-protein loaded with ATP (7UT8), in complex with one Fe-protein loaded with 

ADP/ATP (7UT9) and in complex with two Fe-proteins loaded with BeFx are colored in 

black, red, yellow, and pink, respectively. 
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6.1. Keywords  

Nitrogenase; cooperativity; nitrogen fixation; ammonia; hydrogen; metalloenzyme. 

6.2. Abstract 

The substrate-reducing proteins of all nitrogenases (MoFe, VFe, and FeFe) are organized as 

α2ß2(γ2) multimers with two functional halves. While their dimeric organization could afford 

improved structural stability of nitrogenases in vivo, previous research has proposed both 

negative and positive cooperativity contributions with respect to enzymatic activity. Here, a 

1.4 kDa peptide was covalently introduced in the proximity of the P cluster, corresponding to 

the Fe protein docking position. The Strep-tag carried by the added peptide simultaneously 

sterically inhibits electron delivery to the MoFe protein and allows the isolation of partially 

inhibited MoFe proteins (where half-inhibited MoFe protein was targeted). We confirm that 

partially functional MoFe protein retains its ability to reduce N2 to NH3, with no significant 

difference in selectivity over obligatory/parasitic H2 formation. Our experiment concludes 

that wild-type nitrogenase exhibits negative cooper-ativity during steady state regarding H2 

and NH3 formation (under Ar or N2). These results confirm that turnover in one half of the 

MoFe protein inhibits turnover in the second half, emphasizing the importance and presence 

of long-range (>95 Å) protein-protein communication in biological N2-fixation in Azotobacter 

vinelandii. 

6.3. Introduction 

The fixation of kinetically inert atmospheric dinitrogen (N2) to ammonia (NH3) is catalyzed in 

some specific microbes by a single family of enzymes known as nitrogenases, with turnover 

frequencies of around one N2 fixed per second and a second-order rate constant of ~104 M−1 

s−1 (kcat/KM).1–6 The Mo-dependent nitrogenase consists of an N2-reducing molybdenum-iron 

(MoFe) protein and a corresponding reductase called the iron (Fe) protein (Figure 1). The 

MoFe protein is a ~230 kDa (αß)2 heterotetramer (NifDK), where each αß half contains an 

electron-transferring [8Fe-7S] P cluster and a [7Fe-9S-C-Mo]:homocitrate FeMo cofactor 

(FeMoco).2 The Fe protein is a homodimeric NifH2 protein of ~66 kDa, containing a single 

[4Fe-4S] cluster and two MgATP binding sites. During turnover, each αß half of the MoFe 

protein accepts electrons from the ATP-hydrolyzing Fe protein, which are transferred via the P 

cluster to the FeMoco for N2 fixation to NH3 (Equation 1):4 

Equation 1 

16MgATP + 8e− + 8H+ + N2 → 2NH3 + H2 + 16MgADP + 16Pi 
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It is important to note that the above equation represents the optimized stoichiometry of one 

H2 produced per N2 fixed by the Lowe-Thorneley mechanism, with additional unproductive 

H2 production taking place under non-optimal turnover.1,7–10 Each transient association of the 

Fe protein (Fe protein cycle) ultimately results in the transfer of 1e− to the FeMoco, where 

each Fe protein cycle consists of at least (i) MgATP-bound Fe:MoFe association, (ii) electron 

transfer (ET) from the P cluster to the FeMoco, (iii) ET from the Fe protein’s [4Fe-4S] cluster 

to the P cluster, (iv) 2ATP hydrolysis, (v) the release of two inorganic phosphate (Pi) and (vi) 

MgADP-bound Fe:MoFe dissociation. The rate-limiting step of nitrogenase catalysis is 

thought to be the release of Pi by the Fe protein, taking place with a rate constant of 25-

27 s−1.11 This, in turn, implies that each Fe protein electron delivery cycle takes place with an 

overall rate constant of ~13 s−1. 

Importantly, it has been shown that the two αß halves of the MoFe protein do not function 

independently during their Fe protein electron delivery cycles, suggesting that communication 

between the Fe proteins ~100 Å apart takes place during turnover.12–14 In 2016, Danyal et al. 

reported that the Fe protein electron delivery cycles experience negative cooperativity in the 

pre-steady-state.12 In other words, the Fe protein electron delivery cycle on one αß half 

suppresses ET in the other half. This was observed by quantitative measurements of Fe 

protein oxidation, ATP hydrolysis and Pi release.12 In 2021, Truscott et al. reported positive 

cooperativity in the steady-state for the reduction of acetylene, a non-physiological yet 

historically prominent substrate of nitrogenase.13 In this approach, cooperativity was 

investigated by forming inactive Fe:MoFe complexes on one αß half of the MoFe protein 

(using AlF4
− or nonstandard, tightly associating Fe proteins). Notably, cooperativity was not 

observed for 2H+ reduction to H2, a physiologically relevant reaction that is catalyzed by 

nitrogenase both in the absence or presence of N2. In 2011, Eady and coworkers also observed 

that MoFe protein containing only one FeMoco (half-populated) undergoes additional, non-

electron-transferring interactions with the half-reactive MoFe protein, although the absence of 

the FeMoco was previously found to introduce a large change in the conformation of the 

MoFe protein.15,16 More recently, cryogenic electron microscopic investigation into Fe-MoFe 

interactions during turnover identified a potential preference for the MoFe protein to associate 

to one Fe protein at a time, refocusing the spotlight on the MoFe protein’s arrangement as a 

heterotetramer with two functional αß halves.17 

An important open question is therefore: how does cooperativity (negative, positive, or indeed 

none) impact N2 fixation by nitrogenase during continued turnover? Harris et al. recently 

proposed that decreased selectivity towards N2 fixation in the alternative vanadium-dependent 
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and iron-only nitrogenases is due to decreased rate constants for the reductive elimination of 

H2 (an activational step for N2 fixation).18 This reductive elimination requires the delivery of 

at least 4e− to the FeMoco for sufficient activation, which in turn requires ATP-hydrolysis-

coupled electron transfer from the Fe protein in one αß half of the MoFe protein. Stalled 

electron transfer to the FeMoco (by, for example, negative cooperativity induced by the 

second αß half of the MoFe protein) then provides time for the non-productive evolution of 

H2 (and the loss of reducing equivalents) by the protonolysis of metal-hydrides on FeMoco.10 

This competition between reductive elimination and metal-hydride protonolysis explains the 

“optimal” stoichiometry of 1H2 evolved per N2 fixed.7 We hypothesized that the liberation of 

inhibited electron delivery to one αß half of the MoFe protein could therefore yield the 

stoichiometrically optimized production of one H2 per N2 fixed during continuous nitrogenase 

turnover, provided that cooperativity is not strictly necessary for N2 fixation. However, in 

order to observe this, we deemed it of utmost importance to study half-reactivity on a MoFe 

protein that (i) contained FeMoco in both αß halves (retaining its native conformation16), and 

(ii) was not half-inhibited by a tightly associating Fe protein on one αß half, given that 

conformational changes transmitted between the Fe proteins bound to both αß halves is 

considered essential to cooperativity.13,14  

Here we report on the reactivity of MoFe protein from Azotobacter vinelandii) where we 

sought to selectively inhibit Fe protein association on only one αß half by steric inhibition. To 

achieve this, we employed a MoFe protein mutant possessing a single solvent-exposed Cys 

residue in proximity to the P cluster (α-C45A/L158C, NifD = α); this mutant was previously 

employed to conjugate a Ru-based photosensitizer in the place of the Fe protein, enabling 

photo-excited electron transfer to the P cluster.19 X-ray crystallography confirms the solvent 

accessibility (albeit somewhat geometrically hidden) of this cysteine residue. We 

subsequently employed the reactivity of this cysteine in a thiol-maleimide Michael addition to 

introduce a large synthetic Strep-tag-containing peptide (1’380 g mol−1) to facilitate both (i) 

Fe protein steric inhibition and (ii) the separation of inhibited MoFe proteins from unmodified 

MoFe protein. 

This population of partially inhibited MoFe protein (lacking uninhibited MoFe protein) was 

confirmed to be active for N2 fixation, where a maximum velocity (Vmax) of 66% was 

determined, consistent with negative cooperativity during N2 fixation. Importantly, we 

observed that the selectivity (product/electron distribution) of this partially inhibited MoFe 

was practically unchanged between 0-1 atm N2, suggesting that cooperativity may not 

contribute towards nitrogenase’s remarkable selectivity for N2. We conclude that negative 



 

237 

cooperativity, globally, is employed by this nitrogenase for both H2 production and N2 

fixation. 

6.4. Results and discussion 

6.4.1. Structure of the α-C45A/L158C MoFe protein. As shown in Figure 1, residue α-

L158 is located at the Fe:MoFe protein interface, and we therefore hypothesized that the 

functionalization of a Cys residue in this location with a steric inhibitor could prevent access 

of the Fe protein (and therefore, nitrogenase catalysis). Indeed, a nitrogenase α-C45A/L158C 

MoFe mutant has been previously reported, yielding a single solvent-exposed Cys in 

proximity to the P cluster.19 We first prepared this α-C45A/L158C MoFe with an N-terminal 

8xHis tag on NifD (α subunit) for affinity purification using a sacB-based markerless 

mutagenesis approach (Figure S1, Supporting Information).20–22  

After verifying the introductions of the mutations by DNA sequencing (Supporting 

Information), we next crystallized the purified mutant MoFe protein and elucidated its 

structure by X-ray crystallography (Figure 2). The X-ray crystal structure belonging to the 

P21 space group was solved by molecular replacement using the PDB 3MIN as a template. 

The structure was refined to a resolution of 3.03 Å and contained 2 MoFe proteins in the 

asymmetric unit (Table S2). The cell dimensions are fitting none of the previously solved 

structures (Table S3) and might be due to the introduced mutations that impacted the crystal 

packing (Figure S2, Supporting Information). The α-C45A/L158C MoFe protein was found to 

overlay well with high-resolution structures previously reported for wild-type MoFe protein 

from A. vinelandii, suggesting a minimal impact of the introduced mutations on the overall 

conformation of the MoFe protein (Table S4 and Figure 2A).23,24 Despite the rather low 

resolution, some distinct changes in the rotamers of amino acids around the introduced 

mutations were also observed (Figure 2BC), once again being consistent with the mutations 

having been successfully introduced. Importantly, the P cluster and FeMoco of the α-

C45A/L158C MoFe protein were both found to be present and intact (Supporting 

Information, Figures S3). 

6.4.2. Desthiobiotin-maleimide steric inhibitor. As depicted in Figure 1, the α-L158C is 

positioned at the Fe protein-binding interface on the MoFe protein. To interrogate the half-

reactivity of nitrogenase’s MoFe protein, we sought to modify only one-half of the α-

C45A/L158C MoFe protein at this position with a steric inhibitor that would enable (i) 

inhibition of the Fe protein on this half of the MoFe protein, and (ii) affinity purification of 

the hybrid α-C45A/L158C MoFe protein.  
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Previously, iodoacetamide-Cys reactivity was employed to attach a Ru-based photosensitizer 

to this α-C45A/L158C MoFe protein.19 In this work, we elected to utilize maleimide-Cys 

thiol-Michael addition chemistry to modify the α-158C residue due to its improved 

chemoselectivity over iodoacetamides.25 Initially, a steric inhibitor was synthetized by 

coupling a poly(ethylene glycol)3-modified desthiobiotin moiety with N-

aminoethylmaleimide via a peptide/amide bond formation (Figure 3A; addition details are 

provided in the Supporting Information, Figures S4-S6). The maleimide moiety was 

incorporated for the site-selective modification of the α-C158 residue of the α-C45A/L158C 

MoFe protein, whereas the desthiobiotin moiety was included as a binding motif for avidin-

based affinity purification post conjugation of the MoFe protein. It was hypothesized that the 

poly(ethyleneglycol) repeating units would both increase the size-in-space of the steric 

inhibitor (and therefore its potency) as well as increase its solubility during protein 

conjugation. Initially, this maleimide-modified desthiobiotin-containing inhibitor (referred to 

subsequently as “DTB”) was incubated with both wild-type and α-C45A/L158C MoFe 

proteins, and western blotting with a streptavidin-horseradish peroxidase (HRP) conjugate to 

confirm successful modification of the MoFe proteins (Figure 3B, Figure S7-8).  

Sodium dithionite (DT) is commonly used as a reducing agent during the purification and 

handling of nitrogenases, due to their deactivation by molecular oxygen (O2). We 

hypothesized that, much like thiol-based reducing agents, DT could reduce the maleimide 

functional group of DTB and thus quash subsequent Cys functionalization. Therefore, DT-

free MoFe protein samples were prepared (Supporting Information) and Cys-maleimide 

labelling was evaluated in the presence and absence of DT.26 As qualitatively shown in 

Figure 3B, the presence of DT in the MoFe protein samples (additional DT was not included 

during the reaction) was observed to lower the overall labelling of the MoFe proteins with 

DTB (also Figure S8, Supporting Information). Importantly, this issue could not be 

completely resolved with the use of tris(2-carboxylethyl)phosphine (TCEP) as a replacement 

reducing agent, commonly used in thiol-maleimide Michael addition reactions. 

DT was therefore removed from all subsequent MoFe protein preparations prior to maleimide 

functionalization reactions, only being reintroduced to terminate the maleimide-Cys reaction 

and maintain reducing conditions after the incubation period. Importantly, the omission of DT 

from the purification procedure (removed during the first purification column) did not result 

in a statistically lowered specific activity of the α-C45A/L58C MoFe protein (t test, P = 0.93).  
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We next evaluated the residual activities of α-C45A/L158C MoFe protein (DT-free) following 

incubation with varying molar equivalents of the DTB inhibitor, using the Fe protein as the 

electron donor for H+ reduction under Ar and N2 reduction (Figure 3C; specific activities are 

provided in Figure S9). Although a marked decreased in activity was observed globally, the 

residual activities of the α-C45A/L158C MoFe proteins treated with only 0.5 – 1.5 molar 

equivalents of DTB were found to range from approximately 55-75%, indicating that DTB 

effectively inhibits the Fe protein and subsequent substrate reduction by the MoFe protein. 

Increasing molar equivalents of DTB were found to further decrease the specific activity of 

the MoFe protein (<20% with 5 molar equivalents). As previously shown, 10 mM DT 

significantly impeded the Cys labelling of the α-C45A/L158C MoFe protein with the DTB 

inhibitor, therefore highlighting the necessity to remove DT from the α-C45A/L158C MoFe 

protein prior to the reaction. DTB steric inhibition was also performed on the WT MoFe 

protein (exploiting the α-C45 residue), which exhibited a less pronounced decreased in 

specific activity (Figure S9, Supporting Information).  

Having observed a decrease in both H2 formation (under Ar and N2) and NH3 formation 

(under N2), we next determined whether the steric inhibition on one αß half of the α-

C45A/L158C MoFe protein impacts the distribution of electrons between H+ and N2 reduction 

(i.e., does a cooperativity mechanism contribute to nitrogenase’s selectivity towards N2 

fixation?). According to the modified Lowe-Thorneley model of nitrogenase’s enzymatic 

mechanism, the reductive elimination of one H2 enables the binding and subsequent reduction 

of each N2 at the FeMoco, leading to the reaction stoichiometry in Equation 1 (Figure 4).1,10 

This has been experimentally observed with H2 remaining persistent under a high pressure of 

N2 (50 atm).7 The 6e− reduction of N2 therefore requires a total of 8e− (the reductive 

elimination of H2 requires 2e−), with 75% of the electrons delivered to the MoFe protein 

ultimately being detected as NH3. However, in practice under typical laboratory conditions 

(i.e., 1 atm of N2), the distribution of electrons towards N2 fixation typically reaches an upper 

limit of 60%.20,27–30 This can be explained by the non-productive release of H2 from reduced 

FeMoco states by the protonolysis of metal-hydrides, which also explains nitrogenase’s H2-

production activity in the absence of N2 (Figure 4).8 Here, we observed an electron 

distribution between 50-60% for N2, implying that at least 2 or 3 H2 molecules are released 

for each N2 molecule reduced (presumably including at least one H2 reductive elimination 

step) (Figure 3D). Interestingly, the observed distribution of electrons towards N2 fixation 

remained around 50-60% upon the titration of increasing equivalents of the DTB inhibitor 

even though the overall specific activities were observed to decrease (Figure 3D). This result 



 

240 

provided an initial indication that both halves of the αß MoFe protein are not strictly required 

to function in order to fix N2 in any given αß domain. However, it is necessary to control the 

homogeneity of DTB-bound FeMo population to study the cooperativity of FeMo (i.e., to 

purify half-inhibited MoFe proteins from uninhibited proteins). Therefore, a purification 

protocol for the half-inhibited MoFe was established. 

Although the functionalization of the α-C45A/L158C MoFe protein with the DTB inhibitor 

was detected by western blotting with a streptavidin-HRP conjugate (Figure 3B), our attempts 

to purify this functionalized protein with commercial StrepTactin-based affinity columns (i.e., 

“StrepTrap” by Cytiva) were unsuccessful. This was hypothesized to be due to poor affinity of 

this engineered StrepTactin protein for desthiobiotin over the conventional “StrepTag”, and 

we therefore reoriented our strategy. 

6.4.3. A Strep-containing, cysteine-reactive peptide permits the purification of partially 

reactive MoFe protein conjugates. We next sought to replace the DTB inhibitor with an 

alternative steric inhibitor that would additionally enable affinity-based purification. Given 

the widespread success of “Strep-tag” peptides for affinity purification, we elected to employ 

an N-terminal-modified Strep-tag peptide for the purification of α-C45A/L158C MoFe 

proteins that had been successfully modified (sequence: maleimide-GGGWSHPQFEK, 

referred to herein as the “Strep” inhibitor) (Figure 5AB).  

The Strep inhibitor was reacted with α-C45A/L158C MoFe with a 0.5:1 molar equivalent of 

Strep:α-C45A/L158C MoFe protein (four accessible Cys158 residues per Strep-maleimide), 

to favor the formation of half-functionalized MoFe protein over doubly inhibited MoFe 

protein (additional discussion can be found in the Supporting Information, Figure S10). After 

4h of reaction, the maleimide was quenched by the addition of 1 mM DT and the mixture was 

loaded onto a commercial pre-packed StrepTactin column (Figure S11, Supporting 

Information). Unmodified (uninhibited) MoFe protein was collected in the flowthrough 

fraction, and a dark band was observed to bind to the top of column, consistent with the 

successful functionalization of the α-C45A/L158C MoFe protein. This functionalization 

reaction was performed in triplicate on the same sample of α-C45A/L158C MoFe protein. 

Figure 5C highlights the purity of the uninhibited (flow-through) and Strep-inhibited MoFe 

proteins (StrepTactin-bound), where western blotting with a StrepTactin-HRP conjugate 

highlighted the presence of the Strep moiety on only the inhibited (modified) MoFe protein 

samples. A lower molecular weight impurity with high affinity to the StrepTactin-conjugate 

was identified, although this was not expected to impact subsequent studies of the Strep-
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inhibited MoFe proteins due to its comparatively low abundance on the SDS-PAGE gel (this 

was also not identified during subsequent proteomics analysis discussed below). 

Quantification of the total Strep-inhibited MoFe protein fraction revealed a functionalization 

efficiency of 14% ± 1; this reflects the inefficiency of the maleimide-Cys labelling reaction 

that may be in part due to the inward-facing geometry of the solvent-exposed α-L158C 

residue, which further reduces the probability of obtaining di-functionalized MoFe proteins 

(Figure 2C). LC-ESI-MS/MS was performed on a sample of Strep-inhibited α-C45A/L158C 

MoFe protein to confirm the presence of the maleimide-Strep modification on the intended α-

C158 residue. LC-ESI-MS/MS analysis of the SDS-PAGE-excised sample (81% α-subunit 

coverage, 91% ß-subunit coverage) confirmed that the Strep-modification was principally 

performed on the peptide fragment (trypsin-digested) containing the α-C158 residue, although 

an additional P cluster-coordinating Cys residue is also present on this fragment (α-C154). A 

potential functionalization was also identified on the ß-subunit/NifK (a single partially 

solvent-exposed peptide fragment), although this low-score hit could not be fully assigned 

(further discussion in the Supporting Information). Thus, WT MoFe protein incubated with an 

excess of the Strep-maleimide inhibitor per MoFe (5 molar equivalents, subsequently purified 

over a StrepTactin column) was also analyzed by LC-ESI-MS/MS (88% α-subunit coverage, 

92% ß-subunit coverage). The Strep-inhibitor modification was not detected on the α-C154-

containing fragment and is consistent with good selectivity of the Strep inhibitor to the 

surface-exposed α-C158 residue. Further, the potential modification on the ß-subunit was not 

identified, further supporting its identification on the α-C45A/L158C MoFe protein to be a 

false positive due to its low-quality spectra (further discussion in the Supporting Information). 

While our data are indicative of partial MoFe protein labelling, it is not possible to quantify 

the fraction of half-inhibited MoFe (the target) vs. doubly inhibited MoFe with this approach. 

Anoxic Native-PAGE analysis was performed to confirm that the Strep-inhibited α-

C45A/L158C MoFe protein remained its heterotetrameric organization (Figure S12, 

Supporting Information). Interestingly, the unmodified MoFe protein appears as a major 

product at ~240 kDa although a faint product with a slightly lower molecular weight was also 

identified systematically during repeated Native-PAGE analysis of both the WT and α-

C45A/L158C proteins. Due to the high purity of the MoFe proteins (by SDS-PAGE analysis), 

we hypothesized that this second product was due to a different conformation of the MoFe 

proteins that was realized predominantly during electrophoretic analysis. Different 

conformations of MoFe proteins have previously been observed during native-PAGE 

analysis.31 Interestingly, Strep-inhibited MoFe protein samples (WT and α-C45A/L158C) 
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qualitatively exhibited more of this second conformation than the proteins that did not bind to 

the StrepTactin solid phase during purification. Subsequent limited proteolytic analysis 

(Figure S13, Supporting Information) indicated that uninhibited and Strep-inhibited α-

C45A/L158C MoFe did not exhibit a significant difference in their conformational 

flexibilities and we concluded that this additional conformational state is therefore induced 

during electrophoretic analysis, which is further pronounced following the anchoring of this 

1.4 kDa Strep-inhibitor peptide to the α-subunit of the MoFe protein (in either the WT α-C45 

or α-C158 position). 

These results were confirmed by gel filtration in which uninhibited and Strep-inhibited α-

C45A/L158C proteins share very similar elution volumes (Figure 5D). We also used this 

method to investigate whether a Fe2:MoFe transition state complex could be formed between 

the Strep-inhibited α-C45A/L158C MoFe protein and the Fe protein, as evidence for 

inhibition of the Fe protein association in proximity to the P cluster site on the MoFe protein 

(Figure 5D). A non-ATP-hydrolyzing L127Δ Fe protein mutant was employed, which was 

previously found to form a tight complex with the MoFe protein.32 To confirm the possibility 

of the L127Δ Fe protein to associate to the α-C45A/L158C Strep-inhibited MoFe protein, both 

proteins were incubated and the complex was subsequently purified using the N-terminal His-

tag on the α-subunit of the MoFe protein. SDS-PAGE analysis of the obtained sample 

confirmed the presence of a protein bands corresponding to the MoFe and Fe proteins (Figure 

S14, Supporting Information). After incubation of the uninhibited α-C45A/L158C MoFe 

protein with 5 molar equivalents of the L127Δ Fe protein, virtually all of the MoFe protein 

was found to shift to a complex of increased molecular weight, consistent with the formation 

of a tight Fe2:MoFe complex (Figure 5D). On the other hand, incubation of the Strep-inhibited 

α-C45A/L158C MoFe protein with the L127Δ Fe protein resulted in a broadened MoFe 

protein peak; further, a comparatively increased quantity of non-complexed L127Δ Fe protein 

was observed. We hypothesize that this broadening corresponds to a mixed population of (i) 

non-complexed Strep-inhibited MoFe protein, (ii) Fe1:MoFe protein complex and (iii) doubly 

inhibited MoFe protein, consistent with inhibition of Fe protein association to the MoFe 

protein in the presence of the Strep-inhibitor at the α-C158 position. Multi-Gaussian peak 

analysis of this gel-filtration profile was performed in an attempt to provide indicative 

quantification of these different fractions (Figure S15). We calculated that this broad feature 

may be comprised of ~68% half-inhibited MoFe:Fe1 complex and ~32% of either non-

complexed half-inhibited MoFe or doubly inhibited MoFe (we cannot discriminate between 

the latter two). Recent cryogenic electron microscopic investigation into Fe:MoFe complex 
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formation during turnover suggests that the MoFe protein preferentially docks with only one 

Fe protein at a time.17 

The formation of a Fe2:MoFe protein complex (uninhibited and strep-inhibited) was also 

evaluated by Native-PAGE analysis, also suggesting that strep-inhibited α-C45A/L158C 

MoFe protein does not form a tight Fe2:MoFe complex (Figure S16, Supporting Information). 

Uninhibited WT and α-C45A/L158C MoFe proteins were observed to form two different 

complexes of apparent larger size. Keeping in-mind the proposed alternative conformation of 

the Strep-inhibited α-C45A/L158C MoFe protein during Native-PAGE analysis, incubation 

with 5 molar equivalents of L127Δ Fe protein yielded one major (and one significantly 

weaker) complex of apparent increased size, consistent with inhibition of Fe protein access to 

primarily one half of the MoFe protein. 

6.4.4. Reactivity of strep-inhibited MoFe protein. After having successfully purified the 

Strep-inhibited α-C45A/L158C MoFe protein, we next evaluated its remaining residual 

specific activity. Importantly, the mean specific activities for both H2 (1 atm Ar) and NH3 

(1 atm N2) production of the MoFe proteins that did not react with the strep-inhibitor (the 

flow-through fractions) were found not to differ from the unreacted control protein (one-way 

ANOVA, P = 0.0833 and 0.3323), indicating that neither the reaction conditions nor the 

handling of the samples drastically impacted enzymatic activity. 

We then compared the specific activities of the uninhibited and strep-inhibited α-

C45A/L158C MoFe proteins for H+ reduction under 1 atm Ar. As shown in Figure 6A, the 

specific activities of the strep-inhibited MoFe proteins were found to be 79 ± 4% (mean of the 

three reactions) of their uninhibited counterparts. In addition, the specific activities of the 

three strep-inhibited α-C45A/L158C MoFe protein samples were not found to significantly 

differ from one another (H2 production under 1 atm Ar, one-way ANOVA, P = 0.8755). Our 

observation of >50% residual H+ reduction activity per MoFe protein following strep-

inhibition suggests that uninhibited α-C45A/L158C MoFe protein (more globally, 

nitrogenase) employs a negative cooperativity mechanism for H+ reduction in the steady-

state/continued turnover. This is consistent with the previous observation that the electron 

delivery cycle of the Fe protein also experiences negative cooperativity (cooperativity in 

terms of product formation in the steady-state was not evaluated).12 

Another recent study observed that the MoFe protein does not exhibit cooperativity when 

producing H2 under Ar.13,33 As mentioned in the introduction, this approach inhibited Fe 

protein access to one αß half by introducing the L127Δ Fe protein to competitively form a 
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non-dissociating complex (or by using a mismatched Fe protein from a different organism). 

Our gel filtration data (Figure 5D) indicates that MoFe proteins half-inhibited by L127Δ Fe 

protein may in fact not form non-dissociating complexes on only one αß half of the MoFe 

protein, leading to a population of Fe2:MoFe and free MoFe proteins (i.e., in the case of a 1:1 

FeL127Δ:MoFe protein ratio). The Strep-inhibition approach reported here is not anticipated to 

introduce a long-range conformational change at the second Fe protein-binding site. Further, 

we observed that the affinity of the Fe protein to the MoFe protein is relatively unchanged (H2 

production under 1 atm Ar) in the presence of the Strep inhibitor on the MoFe protein 

(Supporting Information, Figure S17). 

The specific activity for NH3 formation under 1 atm N2 was investigated after strep-inhibition 

of the MoFe protein, where a residual specific activity of 53 ± 4% (mean of the three 

reactions) was observed in comparison to the uninhibited MoFe protein (Figure 6B, and 

Figure S18, Supporting Information). The specific activities of these three functionalization 

reactions were found to differ for NH3 production only weakly under 1 atm N2 (one-way 

ANOVA, P = 0.0467). As shown in Figure 6C the % electron distribution towards N2 fixation 

remains between 50-60% for all three strep-inhibited MoFe proteins under 1 atm N2 (one-way 

ANOVA, P = 0.1896), confirming under these conditions that nitrogenase’s selectivity 

towards N2 on both αß halves is not a result of cooperativity. The determination of whether a 

cooperativity mechanism is at play during N2 fixation is more delicate and is treated in the 

following section. 

A strep-inhibition reaction was performed on a larger batch of α-C45A/L158C MoFe protein 

(~18 mg of Strep-inhibited protein obtained) to evaluate Michaelis-Menten kinetic parameters 

and the distribution of electrons towards N2 fixation under a range of N2 partial pressures 

(Figure 7A). Neither the Michaelis constant (KM) nor maximum velocity (Vmax) for the α-

C45A/L158C MoFe protein were found to differ statistically from the wild-type MoFe protein 

(P = 0.2065 and P = 0.3873, Figure S19/Table S5, Supporting Information). Importantly, the 

quantity of H2 produced under increasing pressures of N2 is consistent with increased N2 

fixation by nitrogenase (electron allocation towards N2 fixation), with uninhibited and strep-

inhibited MoFe proteins exhibiting similar trends. Figure 7B reports the percentage e− 

distribution between N2 fixation and H2 formation by uninhibited and strep-inhibited α-

C45A/L158C MoFe proteins with increasing N2 pressures. A maximum electron distribution 

of approximately 65% towards N2 fixation was observed under these conditions, with no clear 

difference in electron distribution between uninhibited or inhibited α-C45A/L158C MoFe 

observed over this range of N2 pressures. In contrast to the kcat and kcat/KM parameters, this 
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suggests that a cooperativity mechanism, or the arrangement of the MoFe protein as an α2ß2 

heterotetramer, does not contribute towards the selectivity of nitrogenase towards N2 under 

these conditions. 

In agreement with previous reports, the total electron flux (total electrons consumed 

determined by production quantification, where H2 = 2e− and NH3 = 3e−) of uninhibited and 

strep-inhibited α-C45A/L158C MoFe proteins was observed to decrease following the 

introduction of increasing N2 partial pressure in the reaction vials (Figure 8A, 100% electron 

flux represents activity under 1 atm Ar).27–29 However, no clear difference in the decrease of 

electron flux with or without strep-inhibition over 0-1 atm of N2 was observed, where Figure 

8B compares the percentage remaining total electron flux over 0-1 atm N2 after having strep-

inhibited the α-C45A/L158C MoFe protein (in comparison to uninhibited α-C45A/L158C 

MoFe protein). Importantly, this remains <100% regardless of the N2 partial pressure (mean = 

75%), suggesting that the MoFe protein indeed follows a negative cooperativity mechanism 

with respect to electron delivery. This is consistent with the earlier finding that the Fe protein 

electron delivery cycle exhibits negative cooperativity in the pre-steady-state.12 We therefore 

conclude that negative cooperativity for electron delivery does in fact propagate itself in the 

formation of total products (including the production of NH3), although this does not 

significantly impact the selectivity of N2 fixation by this enzyme complex. Considering the 

proposal that negative cooperativity may arise from the MoFe protein only interacting with 

one Fe protein at a time during turnover, and our observations of >50% activity strep-

inhibited MoFe proteins, we hypothesize that negative cooperativity is introduced after the 

association of a second Fe protein to a Fe1:MoFe protein turnover complex.17 

Badalyan et al. employed voltammetry to determine the rate constant for electron 

consumption by nitrogenase to be 14 s−1; importantly, this value was observed to remain 

constant in the presence of N2, in fact suggesting that electron flux to nitrogenase remains 

constant.30 In this study 23% of electrons were unaccounted for (not detected as H2 or NH3). 

More recently, Lee et al. observed that nitrogenase proteins purified in the strict absence of 

DT were unable to undergo continued turnover, where it was proposed that sulfite (resulting 

from DT decomposition/oxidation) plays an additional sulfur-recharging role upon reduction 

at the FeMoco.26 Such a reaction may explain the apparent decrease in total electron flux upon 

N2 fixation by nitrogenase. 
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6.5. Conclusions 

Long-range (>95 Å) communication between the Fe proteins interacting with the two αß 

halves of nitrogenase’s MoFe protein is thought to be of mechanistic importance.14 Previous 

studies have observed (i) negative cooperativity for electron delivery in the pre-steady-state, 

and (ii) no cooperativity for H+ reduction by nitrogenase upon “locking” one αß MoFe half in 

an inactive Fe protein-bound state.12,13  

We sought to inhibit one αß half of the MoFe protein by an approach that was not expected to 

impact Fe protein transient association behavior on the remaining uninhibited active site. 

More importantly, we sought to determine whether cooperativity is strictly necessary for N2 

fixation by nitrogenase. We conclude that negative cooperativity plays a role in both H+ 

reduction to H2 as well as overall electron delivery to the MoFe protein (and thus, also for N2 

fixation), and that cooperativity across the MoFe protein is not strictly necessary for the 

fixation of N2 to NH3. The kcat per FeMoco site for NH3 production was observed to increase 

by 31% upon strep-inhibition (from 1.3 to >1.7 s−1), consistent with negative cooperativity in 

N2 fixation by nitrogenase in terms of electron delivery (selectivity towards N2 is not 

impacted). It remains difficult to precisely determine the magnitude of negative cooperativity 

induced suppression of nitrogenase activity in a single αß MoFe protein half due to the 

possible presence of doubly inhibited MoFe protein in our strep-inhibited sample. A potential 

method to surmount this issue could be the co-expression of two copies of nifD (i.e., nifD and 

nifD*) followed by tandem affinity purification. 

While in vitro investigation into nitrogenase’s cooperativity mechanism provides insight into 

its catalytic mechanism, it remains important to determine the importance and magnitude of 

negative cooperativity of nitrogenase in the context of in vivo turnover (in A. vinelandii), 

where (i) Fe:MoFe protein ratios could be more dynamic or (ii) additional partners could play 

a role (such as maturases, activity modulating proteins such as CowN,35 O2-protection 

proteins such as the Shethna FeSII protein36,37 or indeed an as-of-yet unidentified allosteric 

effector).  

6.6. Materials and methods 

6.6.1. Culturing of Azotobacter vinelandii. Extensive procedures are reported in the 

Supporting Information. Briefly, MoFe and Fe nitrogenase proteins were isolated from 

various A. vinelandii strains were cultivated on a modified Burke’s medium. The nif operon 

was derepressed after overnight growth by centrifugation and resuspension into fresh Burke’s 
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medium lacking fixed N (NH4
+). Cells were harvested by centrifugation after ~3.5h and stored 

at −80 ºC until use. 

6.6.2. Fe protein purification. All Fe protein purifications were performed in a COY 

anaerobic chamber (<5% H2/>95% N2, Michigan, USA). Wild-type Fe protein was purified 

from a strain derived from A. vinelandii DJ that was modified to introduce an 8x His-tag to 

the N-terminus of NifD (A. vinelandii RS1).20 L127Δ Fe protein was purified from 

A. vinelandii strain DJ1065 (provided by Dennis Dean, Virginia Tech). Cells from a 12 L 

culture were thawed and resuspended in anoxic lysis buffer (50 mM Tris/HCl, pH 8.0) 

containing 5 mM dithionite (DT) and 37% v/v glycerol. All Fe protein purification buffers 

contained 2 mM DT, except for the lysis buffer mentioned above. After incubation for 20 

mins, the cells were collected by centrifugation and resuspended in glycerol-free lysis buffer 

to induce cell lysis by osmotic shock. The lysate was incubated on ice for a further 15 minutes 

and clarified by centrifugation at 30’000 x g (4 ºC, 1 h). A post-lysis buffer (2 M NaCl, 234 

mM Tris/HCl, 2 mM DT, pH 8.0) was added to the cell-free supernatant to achieve a final 

NaCl concentration of 0.3 M. The cell-free supernatant was next passed over a HisTrap HP 

column (5 mL column volume, Cytiva) to remove His-tagged MoFe protein (below). The 

column flow-through (containing Fe protein) was next diluted with NaCl-free buffer (50 mM 

Tris/HCl, pH 8.0, 2 mM DT) to obtain a final NaCl concentration of 0.1 M. The Fe protein 

was first purified over a HiPrep Q-Sepharose HP 16/10 column (20 mL column volume, 

Cytiva) and eluted over a linear NaCl gradient of 0.2 – 0.65 M NaCl. Following concentration 

to <10 mL using a Merck-Millipore stirred concentration cell (30 kDa molecular weight cut-

off membrane), the Fe protein was next purified by size-exclusion chromatography over a 

HiPrep 26/60 Sephacryl S-200 HR column (320 mL column volume, Cytiva) using a Tris 

running buffer (50 mM Tris/HCl, pH 8.0, 0.5 M NaCl). The eluted Fe protein was 

concentrated further to >20 mg/mL and flash-frozen in liquid nitrogen until use. 

6.6.3. MoFe protein purification. All MoFe protein purifications were performed in a COY 

anaerobic chamber (<5% H2/>95% N2, Michigan, USA). Wild-type MoFe protein carrying an 

8x His-tag on the N-terminus of NifD was purified from A. vinelandii strain RS1. α-

C45A/L158C MoFe protein was purified from a derivative of A. vinelandii RS1 (A. vinelandii 

strain “M1”, Supporting Information), which carried the same 8x His-tag on the N-terminus 

of NifD. The cell-free supernatant (prepared as above) was first passed over a HisTrap HP 

column (5 mL column volume, Cytiva). The running buffers for this step (50 mM Tris/HCl, 

pH 8.0, ± 0.3 M imidazole) were incubated overnight in the anaerobic chamber and did not 

contain DT (all subsequent buffers did not contain DT). MoFe proteins bound to the His-resin 
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were first washed with >3 column volumes of DT-free buffer (0 mM imidazole) to remove 

DT introduced during cell lysis. After a 20 mM imidazole washing step, MoFe proteins were 

eluted using 0.3 M imidazole. The eluted MoFe proteins were next diluted with Tris buffer 

(50 mM Tris/HCl, pH 8.0) to reach a final NaCl concentration of 0.1 M prior to being loaded 

onto a pre-equilibrated Q-Sepharose FF 16/10 column (20 mL column volume, flow-rate = 20 

mL/min). DT-free MoFe proteins were eluted over a linear gradient of 0.2 – 0.65 M NaCl and 

concentrated to >20 mg/mL using a 100 kDa stirred concentrator cell (fed with ultra-high-

purity N2 5.0) prior to being flash-frozen in liquid nitrogen until use. 

6.6.4. MoFe protein functionalization with DTB inhibitor. DT-free MoFe protein was 

treated with DTB-inhibitor (Supporting Information) freshly prepared in 0.1 M MOPS/NaOH 

buffer (pH 7.0) for 4 h at room temperature within the COY anoxic chamber. After 4 h, 

unreacted maleimide was quenched and MoFe proteins were reduced by the addition of DT to 

a final concentration of 2 mM. 

6.6.5. MoFe protein functionalization with Strep-tag inhibitor and conjugate 

purification. A lyophilized synthetic Strep-tag peptide containing an N-terminal maleimide 

functionality (sequence = GGGWSHPQFEK) was obtained from GenScript (USA) and used 

as received. This 1.4 kDa peptide as as both (i) a steric inhibitor of Fe protein association to 

the MoFe protein and (ii) a Strep-tag for purification of the MoFe protein conjugates. Strep-

inhibited α-C45A/L158C MoFe protein was obtained following the incubation of DT-free α-

C45A/L158C MoFe protein with 0.5 molar equivalents of the Strep-tag inhibitor (0.5 inhibitor 

per MoFe protein, resulting in a 1:4 Strep-tag to surface Cys ratio, freshly dissolved in 0.1 M 

MOPS/NaOH pH 7.0 to a final concentration of 1-3 mg/mL) for 4 h within the anoxic 

glovebox. The reaction was quenched (and the MoFe protein reduced) by the addition of DT 

to a final concentration of 2 mM. Functionalized/inhibited MoFe protein was next purified 

over a StrepTrap XT column (5 mL column volume, Cytiva) pre-equilibrated with MOPS 

buffer (0.1 M MOPS/NaOH, 0.2 M NaCl, 2 mM DT, pH 7.0). Unreacted MoFe proteins were 

collected from the column flow-through and strep-inhibited Strep-MoFe proteins were 

collected following the application of 50 mM biotin to the column. MoFe proteins were 

concentrated as above and flash-frozen in liquid nitrogen until use. 

6.6.6. Nitrogenase activity assays. Briefly, nitrogenase activity assays were performed in 13 

mL septum-sealed glass vials containing 1 mL of an ATP-regenerating MOPS buffer 

(100 mM MOPS/NaOH, pH 7.0, 5 mM ATP, 30 mM phosphocreatine, 1.3 mg bovine serum 

albumin, 0.2 mg creatine phosphokinase from rabbit muscle, and 10 mM DT). All activity 



 

249 

assays employed DT as the electron donor. All reactions were assembled within an Ar-filled 

anoxic glovebox (Jacomex, France). MoFe proteins (0.1 mg) and Fe proteins (0.48 mg) were 

included with a 16.6:1 Fe to MoFe protein ratio, sealed, and vented to atmospheric pressure. 

The reaction vials were then heated to 30 ºC in a shaking water bath and initiated by the 

injection of MgCl2 to a final concentration of 10 mM using a gas-tight syringe. After 8 

minutes, reactions were terminated by the addition of 300 µL of 400 mM EDTA. H2 was 

quantified using a GC-TCD (molecular sieve 5 Å column, Ar carrier gas, SRI Instruments 

model 8610C). NH3 was quantified by the ortho-phthalaldehyde method (corrected to controls 

and assays performed under 1 atm Ar) using NH4Cl as the standard.20,38 

6.6.7. Crystallization of α-C45A/L158C MoFe protein. The purified enzyme in Tris/HCl 

buffer (50 mM Tris/HCl, 300 mM NaCl, 2 mM DT, pH 8.0) was crystallized anaerobically at 

8 mg/mL–1 (under 100% N2 atmosphere) with an OryxNano (Douglas Instrument, UK). The 

initial screening was performed at 20 °C using the sitting drop method on 96-Well MRC 2-

drop crystallization plates in polystyrene (SWISSCI) containing 90 µL of crystallization 

solution in the reservoir. The protein sample (0.5 µL) was mixed with 0.5 µL reservoir 

solution. Crystals were transferred and stored anaerobically in a Coy tent (N2/H2, 97:3). Thin 

brown plate crystals appeared after a few weeks. The reservoir solution contained 25 % w/v 

Polyethylene glycol 3,350, 100 mM BIS-TRIS at pH 5.5, and 200 mM Lithium sulfate. 

6.6.8. X-ray crystallography data collection and refinement. Crystal handling was done 

inside a Coy tent under an anaerobic atmosphere (N2/H2, 97:3). Crystals were soaked in the 

crystallization solution supplemented with 15 % v/v glycerol as a cryo-protectant before being 

frozen in liquid nitrogen. Crystals were tested and collected at 100 K at the Swiss Light 

Source, X06DA – PXIII. Due to the high anisotropy, data were processed and scaled with 

autoPROC.39 The relative resolution limits along the unit cell axis are: a = 4.34 Å, b = 4.07 Å, 

and c = 3.03 Å. The molecular replacement was done with PHASER from the PHENIX 

package.40 The model was then manually built with COOT and further refined with PHENIX 

without hydrogens.41 The last cycles of refinement were performed with Buster, and the final 

one with PHENIX. The model was validated by the Molprobity server (used on the 15th of 

August 2022).42,43 

6.7. Associated content and Supporting Information 

Supporting information: protein production and purification methodology; activity assays; 

analytical gel filtration methodology; limited proteolysis methodology; additional X-ray 

crystallography data; synthesis of DTB inhibitor; sacB-based markerless mutagenesis; 
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additional SDS-PAGE and western blotting; activity assays for DTB-inhibited wild-type 

MoFe protein; binding and elution of strep-inhibited MoFe on StrepTrap XT (streptactin) 

columns; native-PAGE; Fe protein titration of MoFe protein; specific activities for NH3 and 

H2 formation by strep-inhibited MoFe protein; Michaelis-Menten kinetic parameters for wild-

type MoFe protein. Raw research data and sample reports have been deposited on Zenodo 

(https://doi.org/10.5281/zenodo.6865680) and contains: specific activities, proteomics reports, 

raw proteomics data, unprocessed X-ray crystallography, sequencing data for A. vinelandii 

strain producing α-C45A/L158C MoFe protein, and sequences of plasmids used to generate 

this mutant strain (pK18mobsacB). 
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6.9. Notes 

One-way ANOVA tests (Brown-Forsythe) and t tests were performed using GraphPad Prism. 

The following notation was employed for statistical significance: ns (not significant) for P > 

0.05, * for P ≤ 0.05, ** for P ≤ 0.01, and *** for P ≤ 0.001. Graphs were plotted using 

GraphPad Prism. Figures were created using a combination of Affinity Designer, ChemDraw, 

ChimeraX and PyMol. RDM is an Early Career Advisory Board member of JACS Au for 

2022. The structural model of the α-C45A/L158C MoFe protein has been deposited on the 

Protein Data Bank (www.pdb.org), available under the accession code PDB 8BTS. 
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6.13. Figures 

 

Figure 1: Structure of the Mo-dependent nitrogenase transition state complex between the Fe 

protein and MoFe protein (PDB: 4WZA). In this complex, 2MgATP was replaced with 

MgADP and non-hydrolyzable MgAMPPCP to form enable stable complex formation. The α-

C45 and α-L158 residues are highlighted with red spheres. Fe = rust, S = yellow, Mo = cyan, 

C = gray, O = red, N = blue, Mg = green, P = orange. 



 

258 

 

Figure 2: (A) X-ray crystal structure overlay of A. vinelandii MoFe proteins PDB 1M1N 

(1.16 Å resolution, blue), PDB 3U7Q (1 Å resolution, cyan) and the α-C45A/L158C MoFe 

protein from this work (3.03 Å resolution, white, PDB 8BTS). Electron densities of the (B) α-

A45 (violet) and (C) α-C158 regions, overlayed with the X-ray crystal structure of wild-type 

MoFe protein (PDB 3U7Q). The P cluster and FeMoco were omitted for clarity (Supporting 

Information). The 2Fo-Fc electron density maps, contoured at 1 σ, are shown by a black mesh. 

In panel C, an additional 2Fo-Fc electron density contoured at 4.5 σ was superposed and 

represented as a transparent surface. 
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Figure 3: Analysis of maleimide based DTB steric inhibitor reaction with MoFe protein (A) 

Structure of maleimide-DTB inhibitor. (B) SDS-PAGE analysis (top) and western blotting 

with streptavidin-HRP (bottom) of α-C45A/L158C MoFe proteins after treatment with the 

DTB inhibitor. Lanes: 1 = molecular weight marker; 2 = Strep-tagged WT MoFe protein 

(Nterm Strep-II tag on α-subunit); 3 = α-C45A/L158C MoFe protein treated with DTB 

inhibitor (DT-free); 4 = “3” although the reaction was performed in the presence of 1 mM 

DT, 5 = “3” although the reaction was performed in the presence of 10 mM DT, 6 = “3” 

although the reaction was performed in the presence of 1 mM TCEP. 1 µg protein per well. 

In-gel stain-free imaging (BioRad Laboratories) was employed. (C) Residual specific 

activities with increasing equivalents of DTB inhibitor per one α-C45A/L158C MoFe (left y 

axis labeled as black dots: for H2 evolution under 1 atm Ar; right y axis labeled as blue 

triangles: NH3 evolution under 1 atm N2). Empty symbols for α-C45A/L158C treated with 10 

mM DT before DTB inhibitor addition. All activity assays were performed for 8 minutes at 30 

ºC with 0.1 mg mL−1 MoFe protein and 16.6 molar equivalents of Fe protein. (D) Percentage 

electron distribution between H2 formation (gray, 2e− per H2) vs. N2 fixation (turquoise, 3e− 

per NH3) under 1 atm N2 with increasing equivalents of DTB inhibitor. (C and D) n = 3 and 

error bars represent SD (propagated where necessary). 
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Figure 4: Simplified Lowe-Thorneley scheme for nitrogenase. N2 associates to the FeMoco at 

the E4 state along with the reductive elimination of H2 by a productive pathway. Non-

productive H2 release by the FeMoco is colored in gray. The release of 2NH3 is placed after 

the E8 state in this representation. Percentage electron distribution is calculated assuming that 

2e− are required for 2H+ reduction to H2, and that 6e− are required for N2 reduction to 2NH3. 
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Figure 5: (A) Structure of the maleimide-containing Strep inhibitor. (B) Illustrative model of 

the Strep inhibitor-modified α-C45A/L158C MoFe protein. (C) SDS-PAGE (upper) and 

western blot (lower) analysis of α-C45A/L158C modification reactions with the Strep 

inhibitor. Lanes: 1 = molecular weight marker; 2 = untreated α-C45A/L158C MoFe protein; 

3/5/7 = Strep-inhibited α-C45A/L158 MoFe protein (eluted from the StrepTactin solid phase); 

4/6/8 = unmodified α-C45A/L158C MoFe protein that did not tightly bind to the column solid 

phase (flow-through). 3/4, 5/6 and 7/8 represent three independent functionalization reactions. 

Western blotting was performed using a StrepTactin-HRP conjugate (artificially colored 

image). 0.5 µg protein per well. In-gel stain-free imaging (BioRad Laboratories) was 

employed. (D) Gel-filtration of untreated (black dashed line) and Strep-inhibited (red dashed 

line) α-C45A/L158C MoFe protein. These MoFe proteins were also analyzed after pre-

treatment with 5 molar equivalents of L127Δ Fe protein (solid lines) in order to form α-

C45A/L158C MoFe:Fe protein complexes. 
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Figure 6: (A) Specific activity for H2 evolution under 100% Ar headspace. Red is the 

standard α-C45A/L158C MoFe purified in absence of DT. Light grey bars represent the 

activities obtained for α-C45A/L158C MoFe protein from the strep-inhibitor functionalization 

reactions that did not bind to the StrepTrap XT solid phase. The hatched bars represents strep-

inhibited α-C45A/L158C MoFe (eluted from the StrepTrap XT solid phase). Percentage value 

in white square corresponds to specific activity of strep-inhibited MoFe divided by specific 

activity to related unreacted MoFe or FT fraction. (B) Specific activity for NH3 evolution 

under 100% N2 atmosphere. (C) Electron distribution in percentage. Blue is for electrons 

consumed to make NH3 (3e− per NH3), grey is for electrons consumed to make H2 (2e− per 

H2) under N2 atmosphere. All activity assays were performed for 8 minutes at 30 ºC with 0.1 

mg mL−1 MoFe protein and 16.6 molar equivalents of Fe protein. (A-C) n = 3 and error bars 

represent SD (propagated where necessary). Significance: ns (not significant) for P > 0.05, * 

for P ≤ 0.05, ** for P ≤ 0.01, and *** for P ≤ 0.001. 
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Figure 7: (A) Specific activity for H2 and NH3 versus N2 partial pressure. The left axis 

represents specific activity in nmol NH3 min−1 mg−1 MoFe (solid lines, solid points). The right 

axis represents specific activity in nmol H2 min−1 mg−1 MoFe (dashed lines, hollow points). 

Red data: uninhibited α-C45A/L158C MoFe; grey data: strep-inhibited α-C45A/L158C 

MoFe. (B) Percentage of electron distribution towards N2 fixation (solid points) or H2 

production (hollow points). Red data: uninhibited α-C45A/L158C MoFe; grey data: strep-

inhibited α-C45A/L158C MoFe. Percentage electron distributions are determined by the 

assumption that H2 formation requires 2e– and N2 fixation requires 6e−. All activity assays 

were performed for 8 minutes at 30 ºC with 0.1 mg mL−1 MoFe protein and 16.6 molar 

equivalents of Fe protein. (A-B) n = 3 (technical repeats) and error bars represent SD 

(propagated where necessary); n = 2 (technical repeats) for 0.8 atm N2 data points. 
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Figure 8: (A) Percentage total electron flux of uninhibited and strep-inhibited α-C45A/L158C 

MoFe proteins upon the introduction of increasing N2 partial pressures, with 1 atm Ar 

resulting in the largest total electron flux for both proteins. (B) Remaining total electron flux 

after strep-inhibition of the α-C45A/L158C MoFe protein between 0-1 atm of N2. Percentage 

electron distributions are determined by the assumption that H2 formation requires 2e– and 

N2 fixation requires 6e−. All activity assays were performed for 8 minutes at 30 ºC with 0.1 

mg mL−1 MoFe protein and 16.6 molar equivalents of Fe protein. (A-B) n = 3 and error bars 

represent SD (propagated where necessary). 
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Table 1: Michaelis-Menten kinetic parameters for α-C45A/L158C and strep-inhibited α-

C45A/L158C MoFe proteins.  

Michaelis-Menten parameter 

(N2 fixation) 

α-C45A/L158C α-C45A/L158C strep-inhibited 

KM
app (atm) 0.20 ± 0.05 0.16 ± 0.03 

Vmax
app

 (nmol NH3 min–1 mg–1) 651 ± 55 432 ± 29 

kcat (s
−1) 1.3 ± 0.1 >1.7 ± 0.1** 

kcat/KM (s−1 atm−1) 6.5 ± 1.7 11.0 ± 2.5 

kcat/KM (x104 s−1 M−1) 1.0 ± 0.3 1.7 ± 0.4 

kcat is defined here as turnover frequency per active αß half (nmol NH3 FeMoco–1 s−1).  

**The possible presence of doubly inhibited MoFe protein in this sample could result in a 

larger kcat value per FeMoco (αß half). Partial pressures of N2 were from atm to M−1 using a 

Henry’s law conversion factor of 6.4 x10−4.34 
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6.14. Supporting information 

Azotobacter vinelandii cultures 

All buffers and solutions were prepared with MilliQ water (18.2 MΩ cm). Generally, large 

volumes (> 50 mL) were sterilized by autoclaving; smaller solutions were sterilized by 

filtration (0.45 µm syringe filters). 

Agar culture medium 

A modified Burke’s medium was used for the cultivation of all Azotobacter vinelandii strains. 

Under sterile conditions, 6 mL of an autoclaved 100x phosphate buffer (0.46 M K2HPO4, 

0.15 M KH2PO4) was added to an autoclaved molten agar solution (~18 g agar per L of 

water). 27.5 mL of this resulting agar buffer was added to 3 mL of an autoclaved 10x salt 

solution (60 mM sucrose, 8.1 mM MgSO4, 6.1 mM CaCl2), 250 µL of a filter-sterilized 3 M 

NH4OAc solution, 30 µL of a filter-sterilized 0.1 M Fe solution (FeCl3.6H2O) and 30 µL of a 

filter-sterilized 10 mM Mo solution (Na2MoO4.2H2O). The mixture was poured in a Petri 

dish, solidified, and the relevant A. vinelandii strains were plated and incubated at 30 °C for 

48 h. 

Liquid culture medium 

Under sterile conditions, 60 mL of an autoclaved 100x phosphate buffer solution (0.46 M 

K2HPO4, 0.15 M KH2PO4) was added to 6 L of autoclaved salt medium (60 mM sucrose, 

8.1 mM MgSO4 7H2O, 6.1 mM CaCl2) after both solutions were at room temperature. Then 

20 mL of a filter-sterilized 3 M NH4OAc solution, 6 mL of a filter-sterilized 0.1 M Fe 

solution (FeCl3.6H2O) and 6 mL of a filter-sterilized 10 mM Mo solution (Na2MoO4.2H2O) 

was added (yielding a modified Burke’s medium). 

Large scale cultures 

For each A. vinelandii strain, a preculture was grown in a 250 mL baffled culture flask (glass) 

with a vented cap containing 60 mL of sterile liquid media. Each preculture was started by 

inoculation from a fresh agar plate and grown aerobically at 200 rpm at 30 °C until OD600 nm > 

2.0 (usually overnight). Under sterile conditions, 60 mL of the preculture was used to 

inoculate the 6 L of liquid media in 2x 5 L baffled flasks (Corning CLS431684, 3 L of culture 

per bottle) with vented caps. Cells were grown at 200 rpm at 30 °C overnight until OD600 nm > 

1.5 (usually overnight). Cells were collected by serial centrifugation runs at 4,500 x g, 20 min 

at room temperature. The supernatant was discarded, and the cells were gently resuspended in 
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fresh growth medium devoid of NH4OAc or another source of fixed nitrogen (prepared fresh, 

but not under sterile conditions) in the incubator shaker (~400 mL media per bottle). After 

resuspension, the culture was divided evenly between the remaining media/bottles and 

incubated at 200 rpm and 30 °C for another 3 hours to facilitate derepression of the nif 

operon, and harvested by serial centrifugation collections as above. Finally, the cells were 

scooped into a plastic bag and stored at -80 °C until further use. 

Azotobacter vinelandii strains 

“Wild-type” MoFe protein contains an N-terminal poly(histidine)8 tag between codons 2 and 

3 of nifD. The strain containing this construct was prepared previously by markerless 

mutagenesis (yielding A. vinelandii RS1, derived from strain DJ).1,2 α-C45A/L158C MoFe 

protein was prepared from this strain (detailed below), and therefore also carries a 

poly(histidine)8 tag between codons 2 and 3 of nifD.2 L127Δ Fe protein was purified from 

A. vinelandii strain DJ1065, which was generously shared by Dennis Dean (Virginia Tech). A 

strep tag-containing MoFe protein (N-terminal of NifD) was purified from A. vinelandii strain 

DJ2102, which was generously shared by Dennis Dean (Virginia Tech); this protein was used 

as a control only in western blotting experiments. 

Preparation of A. vinelandii strain producing α-C45A/L158C MoFe protein 

All A. vinelandii strains were maintained in a modified Burke’s medium. When required, 

kanamycin was added at a final concentration of 3 µg/mL (A. vinelandii). Escherichia coli 

DH5α was cultivated in Luria-Bertani medium at 37 °C. When required, kanamycin was 

added to 25 µg/mL (E. coli). Plasmid constructions were performed using E. coli DH5α 

(Invitrogen, USA). A sacB-based system was used to create the α-C45A/L158C double-

mutation in A. vinelandii via double homologous recombination.3,4 During this process, A. 

vinelandii cells were maintained in Burke’s medium with glucose as the substrate. Briefly, 

pK18mobsacB based vectors were transformed into A. vinelandii as described before.1,2 We 

thank Professor Jeremy D. Semrau at University of Michigan (US) for providing plasmid 

pK18mobsacB. Successful transformants were kanamycin-resistant, suggesting successful 

single homologous recombination and incorporation of the plasmid, and transferred at least 

one more time on kanamycin-plates before counter selection. The transformants were then 

grown in liquid medium without antibiotics for a few hours to overnight for outgrowth. 

Various amounts of cells were then spread on agar plates with glucose as the substrate and 

with addition of 3% sucrose for counter selection of the second homologous recombination. 

Sucrose-resistant colonies were transferred at least one more time on 3% sucrose selection 
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plates before further phenotype screening. Desired clones were sucrose-resistant and 

kanamycin-sensitive suggesting loss of pK18mobsacB backbone and were first unable of 

diazotrophic growth (for A. vinelandii ∆nifD) and had restored diazotrophic growth ability for 

the A. vinelandii nifD:C45A/L158C mutant. Mutations were also confirmed by PCR and 

Sanger sequencing.  

To create the A. vinelandii nifD:C45A/L158C mutant, an A. vinelandii ∆nifD mutant was first 

constructed with the in-frame deletion from 45C to 158L (Figure S1) in strain A. vinelandii 

RS1. Briefly, two flanking regions were amplified using primer sets delnifD_F1/R1 and 

delnifD_F2/R2 (Table S1) and inserted into the suicidal vector pK18mobsacB using 

NEBuilder® HiFi DNA Assembly (New England Biolabs, US) to create vector pK18delnifD 

(Figure S1). The pK18mobsacB plasmid was linearized via digestion by HindIII and BamHI 

enzymes (New England Biolabs, US). This vector was used to create a ∆nifD mutant in A. 

vinelandii RS1 via double homologous recombination.  

Subsequently, a second mutation vector was constructed by re-inserting the deleted nifD 

region carrying the desired point mutations (Figure S1). Briefly, vector pK18delnifD was 

linearized by HindIII restriction digestion previously included in delnifD_R1 and delnifD_F2 

primers (Table S1). Partial nifD was amplified using primers pmnifD_InsF/R with point 

mutations introduced on both primers (Table S1). This fragment was inserted into 

pK18delnifD via Gibson assembly to create vector pK18delnifD:C45A/L158C (Figure S1). 

This vector was transformed into A. vinelandii ∆nifD for double homologous recombination, 

restoration of diazotrophic growth, and introduction of the desired point mutations. Note: The 

wild-type (non-His-tag-containing) numbering is used here. Including the poly(histidine)8 tag, 

α-C45A/L158C becomes α-C53A/L166C. 
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Table S1: Primers, vectors, and strains used in this study. 

 

Primers  

(underlined regions are overhangs for Gibson assembly, bolded capital letters are point mutations, 

sequences in parentheses are HindIII restriction sites inserted for linearizing plasmid) 

delnifD_F1 cgttgtaaaacgacggccagtgccatcgtattctacgacgtgctgggcg 

delnifD_R1 cacggattcgatgtcgtcgccgat(aagctt)cttcttggactgggtaaccgccg 

delnifD_F2 cccggcggttacccagtccaagaag(aagctt)atcggcgacgacatcgaatccg 

delnifD_R2 cgaattcgagctcggtacccgggcggagccgatcaggtcgggctt 

pmnifD_InsF cggttacccagtccaagaagGCcatcatctccaacaagaagtcccagcc 

pmnifD_InsR ggattcgatgtcgtcgccgatGCAgccgatcgggcactcggactg 

Av-genome-

sequencing_1 

aacaacatctccaagggcatcg 

Av-genome-

sequencing_2 

gtatcaaggagaagttcatcttcca 

Av-genome-

sequencing_3 

gcagtttcttccagcacggatt 

Av-genome-

sequencing_4 

tttccgactccatgaccgaa 

Av-genome-

sequencing_5 

ggtatcggctcgatgaaataggtc 

 

Vectors 

 

pK18mobsacB Kmr RP4-mob, mobilizable cloning vector containing sacB from Bacillus 

subtilis.5 

pK18delnifD pK18mobsacB carrying flanking regions to knock out nifD. 

pK18delnifD: 

C45A/L158C 
pK18mobsacB carrying flanking regions to create point mutations in 

nifD: C45A/L158C. 
 

Strains 

 

E. coli DH5α F– φ80lacZΔM15 Δ(lacZYA-argF)U169 recA1 endA1 hsdR17(rK
–, 

mK
+) phoA supE44 λ–thi-1 gyrA96 relA1 (Invitrogen, USA) 

A. vinelandii RS1 8xHIS-tag between codons 2/3 of nifD.1,2 Comparable to strain DJ1141.6 

Produced from A. vinelandii DJ (BTCC). 

A. vinelandii ∆nifD In-frame deletion of nifD from 45C to 158L from A. vinelandii RS1. 

A. vinelandii 

nifD: C45A/L158C 

Point mutations of nifD:C45A/L158C. Analogous to MoFe protein in Ref2 

A. vinelandii DJ1065 Strain of A. vinelandii producing NifH with residue 127L deleted (Dennis 

Dean).7,8 

A. vinelandii DJ2102 Strain of A. vinelandii producing MoFe protein with an Nterm strep-tag on 

NifD (Dennis Dean).9 
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Figure S1: Graphical scheme of deletion of nifD in A. vinelandii (steps A and B), and the 

point mutations of C45A/L158C in nifD (steps A and C). Red lines across nifD represents 

either deletion or point mutation.  

Sequence of nifD encoding α-C45A/L158C NifD 

 

nifD in red 

nifK in orange 

gcc = α-C45A single-point mutation 

tgc = α-L158C single-point mutation 

caccaccatcatcaccaccatcac = poly(histidine)8 tag 

Forward sequencing primers are highlighted in yellow 

Reverse sequencing primers are highlighted in cyan 

Regions unconfirmed by sequencing are highlighted in grey. 
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aacaacatctccaagggcatcgtgaagtatgccaactccggcagcgtgcgtctgggcggcctgatctgcaacagccgtaacaccgac

cgcgaagacgagctgatcatcgctctggccaacaagctgggcacccagatgatccacttcgtgccgcgtgacaacgtcgtgcagcgc

gccgaaatccgccgcatgaccgtgatcgaatacgatccgaaagccaagcaagccgacgaataccgcgctctggcccgcaaggtcgt

cgacaacaaactgctggtcatcccgaacccgatcaccatggacgagctcgaagagctgctgatggaattcggcatcatggaagtcga

agacgaatccatcgtcggcaaaaccgccgaagaagtctgatagccgctccggtttcagaaggacgggacagggcagattggctctgt

cggggtggcgccccccgcatggggcgggcgccccacccgttacccgcatatgaacgctaaggcaagaggagtcatacccatgacc

caccaccatcatcaccaccatcacggtatgtcgcgcgaagaggttgaatccctcatccaggaagttctggaagtttatcccgagaaggc

tcgcaaggatcgtaacaagcacctggccgtcaacgacccggcggttacccagtccaagaaggccatcatctccaacaagaagtccca

gcccggtctgatgaccatccgcggctgcgcctacgccggttccaaaggcgtggtctggggccccatcaaggacatgatccacatctc

ccacggtccggtaggctgcggccagtattcgcgcgccggccgtcgtaactactacatcggtaccaccggtgtgaacgccttcgtcacc

atgaacttcacctcggacttccaggagaaggacatcgtgttcggtggcgacaagaagctcgccaaactgatcgacgaagtggaaacc

ctgttcccgctgaacaagggtatctccgtccagtccgagtgcccgatcggctgcatcggcgacgacatcgaatccgtgtccaaggtca

agggcgccgagctcagcaagaccatcgtaccggtccgttgcgaaggcttccgcggcgtttcccagtccctgggccaccacatcgcca

acgacgcagtccgcgactgggtcctgggcaagcgtgacgaagacaccaccttcgccagcactccttacgatgtggccatcatcggcg

actacaacatcggcggcgacgcctggtcttcccgcatcctgctggaagaaatgggcctgcgttgcgtagcccagtggtccggcgacg

gctccatctccgaaatcgagctgaccccgaaggtcaagctgaacctggttcactgctaccgctcgatgaactacatctcccgtcacatg

gaagagaagtacggtatcccatggatggagtacaacttcttcggcccgaccaagaccatcgagtcgctgcgtgccatcgccgccaagt

tcgacgagagcatccagaagaagtgcgaagaggtcatcgccaagtacaagcccgagtgggaagcggtggtcgccaagtaccgtcc

gcgcctggaaggcaagcgcgtcatgctctacatcggtggcctgcgtccgcgccacgtgatcggcgcctacgaagacctgggcatgg

aagtggtgggtaccggctacgagttcgcccacaacgacgactatgaccgcaccatgaaagaaatgggtgactccaccctgctgtacg

atgacgtgaccggctacgaattcgaagaattcgtcaagcgcatcaagcccgacctgatcggctccggtatcaaggagaagttcatcttc

cagaagatgggcatccccttccgtcaaatgcactcctgggattattccggcccctaccacggcttcgatggcttcgccatcttcgcccgt

gacatggacatgaccctgaacaatccgtgctggaagaaactgcaggctccctgggaagcttccgaaggcgccgagaaagtcgccgc

cagcgcctgatagcagagcaatcgtacgcaacgtccgctgcgggcggtttccgcccgcggccgacatccgctaacgccgttcacag

atgagtgaggcgtaggagagagtcatgagccagcaagtcgataaaatcaaagccagctacccgctgttcctcgatcaggactacaag

gacatgcttgccaagaagcgcgacggcttcgaggaaaagtatccgcaggacaagatcgacgaagtattccagtggaccaccaccaa

ggaataccaggagctgaacttccagcgcgaagccctgaccgtcaacccggccaaggcttgccagccgctgggcgccgttctctgcg

ccctcggtttcgagaagaccatgccctacgtgcacggttcccagggttgcgtcgcctacttccgctcctacttcaaccgtcatttccgcga

gccggtttcctgcgtttccgactccatgaccgaagacgcggcagtgttcggcggccagcagaacatgaaggacggtctgcagaactg

taaggctacctacaagcccgacatgatcgcagtgtccaccacctgcatggccgaggtcatcggtgacgacctcaacgccttcatcaac

aactcgaagaaggaaggtttcattcctgacgagttcccggtgccgttcgcccataccccgagcttcgtgggcagccacgtgaccggct

gggacaacatgttcgaaggcattgctcgctacttcaccctgaagtccatggacgacaaggtggttggcagcaacaagaagatcaacat

cgtccccggcttcgagacctacctgggcaacttccgcgtgatcaagcgcatgctttcggaaatgggcgtgggctacagcctgctctcc

gatccggaagaagtgctggacaccccggctgacggccagttccgcatgtacgcgggcggcaccactcaggaagagatgaaggacg
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ctccgaacgccctcaacaccgtcctgctgcagccgtggcacctggagaagaccaagaagttcgtcgagggtacctggaagcacgaa

gtaccgaagctgaacatcccgatgggcctggactggaccgacgagttcctgatgaaagtcagcgaaatcagcggccagccgattccg

gcgagcctgaccaaggagcgtggccgtctggtcgacatgatgaccgactcccacacctggctgcacggcaagcgtttcgccctgtgg

ggtgatccggacttcgtgatgggcctggtcaagttcctgctggaactgggttgcgagccggtacacattctctgccacaacggcaacaa

gcgttggaagaaggcggtcgacgccatcctcgccgcttcgccctacggcaagaatgctaccgtctacatcggcaaggacctgtggca

cctgcgttcgctggtcttcaccgacaagccggacttcatgatcggcaacagctacggtaagttcatccagcgcgacaccctgcacaag

ggcaaggagttcgaggttccgctgatccgtatcggcttcccgatcttcgaccgtcatcacctgcatcgctccaccaccctgggttacgag

ggcgccatgcagatcctgaccaccctggtgaactcgatcctggaacgtctggacgaggaaacccgcggtatgcaggccaccgacta

caaccacgacctggtacgctaagtcgtcggttcaagtggtatcggccggagcggcgcaagccgctccggctcttccttggcggcggc

cgcaggtggtcgggccttttgcccgcgatctgcggcaaccgccaaacccgtctaaggagcaagcccatgcccagcgtcatgattcgc

cgcaacgacgaaggccaactgaccttctatatcgccaagaaagaccaggaagagatcgtggtgtccctggagcatgacagccccga

actctggggtggcgaagtcaccctcggcgacggttcgacctatttcatcgagccgatacc 
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Purification of MoFe and Fe proteins:  

All buffers were prepared with MilliQ water and deoxygenated inside of a COY glovebox 

(>95% N2/<5% H2, Coy Laboratory Products, USA) before use (at least overnight). All 

subsequent procedures were conducted within the glovebox, with the exception of 

centrifugation steps (performed in deoxygenated and anoxically sealed poly(propylene) 

bottles). 

Resuspension and lysis 

Cell pellets were anaerobically thawed and resuspended for 20 minutes in lysis buffer (50 mM 

Tris/HCl pH 8, containing 5 mM dithionite (abbreviated as DT), and 37% v/v glycerol) with a 

ratio 2:1 (buffer:cells v/w), and subsequently collected by centrifugation at 12,000 x g 

(20 min at 4 °C). Once again inside of the glovebox, the glycerol-containing supernatant was 

discarded, and cells were rapidly lysed by osmotic shock/shaking following the introduction 

of an equal replacement volume of glycerol-free lysis buffer (in presence of few µg of 

DNase). After incubation on ice for approximately 15 minutes, the cell lysate was clarified by 

centrifugation at 30,000 x g (4 °C, 1 hour) to yield a dark brown supernatant. 

Purification of MoFe (WT and α-C45A/L158C) proteins 

Note: From here onwards, DT was omitted from all buffers. 

Within the glovebox, the supernatant was decanted and diluted with a post-lysis buffer (2 M 

NaCl, 234 mM Tris/HCl, pH 8.0) in order to obtain a final NaCl concentration of 0.3 M NaCl. 

His-tagged “wild-type” and α-C45A/L158C MoFe protein were purified by Ni-affinity 

chromatography using a Ni-loaded HisTrap HP 5 mL column (Cytiva) with a flow rate of 

5 mL/min using an Äkta Start system within the glovebox. The MoFe-containing supernatant 

was loaded onto the column, washed with an equilibration buffer for at least 3 column 

volumes to remove remaining DT (0.3 M NaCl, 50 mM Tris/HCl, pH 8.0), washed with a 

20 mM imidazole step, and finally eluted with a 0.3 M imidazole step (0.3 M imidazole, 0.3 

M NaCl, 50 mM Tris/HCl, pH 8.0). The eluted MoFe protein was then purified further with a 

HiPrep Q-Sepharose FF 16/10 column (Cytiva, 20 mL column volume, flow rate = 5 

mL/min), which also served to remove excess imidazole and residual DT. The concentration 

of NaCl in the MoFe protein samples was first lowered to 0.1 M NaCl using a dilution buffer 

(50 mM Tris/HCl, pH 8.0) before being loaded on the pre-equilibrated Q-sepharose column 

(0.1 M NaCl). MoFe proteins were eluted at approximately 0.3 M NaCl using a NaCl gradient 

over 7 column volumes (from 0.2 to 0.65 M NaCl). MoFe proteins were typically 
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concentrated to >20 mg/mL using a Merck Millipore stirred concentrator cell (within the 

glovebox) equipped with a 100 kDa molecular weight cut-off membrane (fed with ultra-high-

purity N2 5.0). MoFe proteins were subsequently flash-frozen as 20 µL pellets in liquid 

nitrogen and stored in liquid nitrogen until further use. Protein concentrations were 

determined by the Biuret method using bovine serum albumin as the standard. 

Purification of Fe (WT and L127Δ) proteins  

In contrast to the MoFe proteins, Fe protein samples were purified in the presence of 2 mM 

DT in all buffers (5 mM DT was included in the cell lysis step, as above). Fe proteins were 

routinely purified in tandem to the MoFe proteins using an Äkta Go system. Following cell 

lysis (L127Δ Fe protein) the supernatant was diluted with a post lysis buffer (2 M NaCl, 234 

mM Tris/HCl, 2 mM DT, pH 8.0) in order to obtain NaCl concentration of 0.3 M NaCl. WT 

Fe proteins were purified from His-column flow-through fractions (above), where the flow-

through fraction was first diluted to 0.1 M NaCl using the dilution buffer above (containing 2 

mM DT). The Fe protein was first purified using a HiPrep Q-Sepharose HP 16/10 column 

with a flow rate of 5 mL/min. Fe protein elution was performed using a NaCl gradient (7 

column volumes, from 0.2 to 0.65 M NaCl) and concentrated to <10 mL using a Merck-

Millipore stirred concentrator cell (30 kDa molecular weight cut-off membrane). The Fe 

protein was then purified further by size-exclusion chromatography (HiPrep 26/60 Sephacryl 

S-200 HR, Cytiva) with a flow rate of 2.5 mL/min, using a Tris running buffer (50 mM 

Tris/HCl, pH 8.0, 0.5 M NaCl). Eluted Fe protein samples were concentrated to >20 mg/mL, 

flash frozen in liquid nitrogen as 20 µL pellets and stored in liquid nitrogen until further use. 

Protein concentrations were determined by the Biuret method using bovine serum albumin as 

the standard. 

Functionalization with maleimide-desthiobiotin (“DTB”) inhibitor 

DT-free MoFe protein was reacted in the presence of increasing molar equivalents of DTB-

inhibitor (synthesis below, fresh stocks prepared at 1 – 3 mg/mL within the glovebox using 

0.1 M MOPS/NaOH buffer, pH 7) for 4 hours at room temperature within the glovebox. Time 

reactions were quenched by the addition of 2 mM DT (final concentration) to the reaction to 

rapidly reduce the maleimide functional group. Activity assays were performed immediately 

(see below).  

A control reaction was performed in which 26 µM DTB-maleimide inhibitor (confirmed by 

mass spectrometry) was incubated in 2 mM DT-containing MOPS/NaOH buffer (0.1 M, pH 
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7) for 30 minutes at room temperature. Upon analysis of the reaction mixture was analyzed by 

LC-MS after this time the starting material was no longer visible, consistent with the 

reduction of the maleimide by DT (consistent with the results presented in Figure S8). 

As discussed in the main article, we attempted to purify the DTB-conjugated MoFe proteins 

using commercial Streptactin-based solid phases (specifically, "StrepTrap" by Cytiva). After 

failing to observe the association of DTB-modified MoFe proteins to this solid phase, we 

deemed it prohibitively costly to employ an alternative streptavidin-containing stationary 

phase; streptavidin cannot be efficiently regenerated following incubation with biotin (to elute 

the DTB-functionalized protein). 

Functionalization with Strep-tag inhibitor and conjugate purification 

A synthetic peptide with the sequence GGGWSHPQFEK and containing an N-terminal 

maleimide functional group was synthesized by Genscript (USA). DT-free MoFe protein was 

reacted with 0.5 molar equivalents (per MoFe protein) of Strep-maleimide inhibitor to 

minimize the formation of di-functionalized MoFe proteins for 4 hours at room temperature 

within the glovebox (additional information with respect to these molar ratios is presented 

below, Figure S10). Stock solutions of the Strep-maleimide peptide were prepared fresh 

within the glovebox using 0.1 M MOPS/NaOH buffer (pH 7), with concentrations between 1 

– 3 mg/mL. Functionalization reactions were quenched by the addition of DT (2 mM final 

concentration). The strep-inhibited (strep-functionalized) α-C45A/L158C MoFe protein was 

subsequently purified from unreacted protein using a StrepTrap-XT 1 mL column (Cytiva) 

equilibrated with MOPS buffer (0.1 M MOPS/NaOH, 0.2 M NaCl, 2 mM DT, pH 7.0). 

Unreacted MoFe was collected as the flow-through (FT) fraction. Strep-functionalized protein 

was subsequently eluted in a single step with biotin-containing buffer (50 mM biotin, 0.1 M 

MOPS/NaOH, 0.2 M NaCl, 2 mM DT, pH 7.0). Samples were concentrated separately with a 

Merck-Millipore stirred concentrator cell equipped with a 100 kDa molecular-weight cut-off 

membrane. Protein samples were flash frozen in liquid nitrogen as 20 µL pellets and stored in 

liquid nitrogen until further use. 

Activity assays 

Reduction activity assays were conducted in triplicate 1 mL reactions in 13 mL septum-sealed 

glass vials (Wheaton) containing deoxygenated buffer and an ATP-regenerating system 

(5 mM ATP, 30 mM phosphocreatine, 1.3 mg BSA, 0.2 mg creatine phosphokinase (from 

Rabbit muscle), 10 mM sodium dithionite and 100 mM MOPS/NaOH at pH 7.0). All 



 

276 

reactions contained 0.1 mg MoFe protein and 16.6 molar equivalents of Fe protein (0.48 mg). 

All reaction vials were sealed within an Ar-filled glovebox (Jacomex, France) and vented to 

atmospheric pressure. Where necessary, vials were flushed with ultra-high-purity N2 (or 

desired quantities were introduced using gas-tight syringes); all vials were vented to 

atmospheric pressure before reactions were started. Reactions were performed within a 

shaking water bath (30 °C) and initiated by the addition of MgCl2 (from a 1 M stock, 10 mM 

final concentration) using a gas-tight syringe. Reactions were quenched after 8 minutes by the 

addition of 300 µL of 400 mM EDTA (pH 8.0). H2 quantification was performed on all 

reactions using a calibrated GC-TCD equipped with a molecular sieve 5 Å column (Ar 

carrier, SRI Instruments model 8610C). Ammonia was quantified by the ortho-

phthalaldehyde method (corrected to controls and assays performed under 1 atm Ar) using 

NH4Cl as the standard, as reported previously.1,10 

Analytical Gel filtration 

Analytical gel filtration was performed using a Superose 6 Increase 10/300 GL column 

(Cytiva), using an Äkta Start within an anoxic glovebox. The proteins were diluted with the 

running buffer (50 mM Tris/HCl, 500 mM NaCl, pH 8, 0.5 mM DT) to a concentration of 20 

μmol/mL for MoFe protein and 100 μmol/mL for L127Δ Fe protein. 200 μL aliquots were 

prepared and incubated for one hour before being loaded (100 µL) onto the pre-equilibrated 

column.  

Limited Proteolysis 

A 50 mM Tris/HCl (pH 7.6) buffer containing 10 mM CaCl2 buffer was prepared and 

deoxygenated in a Ar-filled glovebox (Jacomex, France) overnight. The buffer was split in 2 

bottles and 0.2 mg/mL fresh trypsin (Sigma) was added to the first. This trypsin-containing 

buffer was then activated at 30 °C for 20 minutes using a heating block. Proteins were 

brought in the glovebox and diluted to a concentration of 1 mg/mL using the buffer that did 

not contain trypsin. The proteins were placed in LC/MS vials with stirring in a water bath at 

37 °C and the activated trypsin was then added to the protein samples to a final concentration 

of 2 μg/mL (trypsin, 500:1 MoFe:trypsin) as the starting point for the reaction. The protein 

reactions were sampled at time 0 (before trypsin addition), 2, 5, 30, 60 and 90 minutes after 

trypsin addition. 4 μL of samples of the reactions was transferred to Eppendorf tubes 

containing that already contained 4 μL TruPAGE™ LDS (4X) sample buffer (Merck, 

Switzerland), 1.6 μL 1 M dithiothreitol (DTT) and 6.4 μL MilliQ water. The tube was then 

immediately placed at 95 °C on a heating block for 5 minutes to deactivate the trypsin and 
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terminate proteolysis. 4-12% mPAGE® Bis-tris gels (Merck, Switzerland) were used for 

analysis. 7 μL aliquots of the treated protein samples were loaded in each well. The gel was 

run at 200 V and stained with One-Step Blue® (Biotium, Brunschwig Switzerland). 

Native PAGE 

All the reagents and equipment were purchased from Invitrogen™/ThermoFisher scientific 

(Switzerland). The buffers were prepared using NativePAGE™ Running Buffer (20X) and 

NativePAGE™ Cathode Buffer Additive (20X). Buffers were diluted in an N2-filled glovebox 

with anoxic MilliQ water. 0.5 mM DT was added to the cathode buffer. The gel 

(NativePAGE™ 3 to 12%, Bis-Tris) was placed in the cassette which was then filled with the 

two separate buffers. The gel was then run for 5 minutes prior to sample loading at 150 V. 

The protein samples were then diluted to a concentration of 0.2 mg/mL with 50 mM Tris 

(containing 0.5 mM DT) in the glovebox. 2.5 μL of NativePAGE™ Sample Buffer (4X) was 

then added to 7.5 μL of protein, and then 10 μL of the resulting samples (and 5 μL of protein 

ladder, NativeMark™ unstained protein standard) were loaded on the gel which was 

subsequently run in the glovebox at 150 V. The gel was stained with Coomassie following the 

protocol from Invitrogen™. 

Western blotting 

Protein samples (0.5 - 1 µg per well) were loaded on a 4-15% TGX Stainfree gel (BioRad, 

Switzerland) and run for 40 min at 220 V. The gel was irradiated with UV light for 1 min to 

activate the Stainfree component, before transferring the protein to PVDF membranes using 

the Trans-Blot Turbo Transfer System (Bio-Rad). The membranes were scanned for total 

protein (Stainfree), before being blocked with 10% Sea Block blocking buffer (ThermoFisher 

Scientific, Switzerland) in PBS for 1h at room temperature. Membranes were incubated 

overnight with 1:10000 HRP-Streptavidin (BioLegend, Lucerna-Chem Switzerland) or 

1:10000 HRP-Strep-tactin (IBA lifesciences, Lucerna-Chem Switzerland) in 10% Sea 

Block/TBST (TRIS/HCl-buffered (20 mM pH 7.4-7.6) saline (150 mM) with 0.1% tween-20) 

at 4 °C, washed with TBST (4x 5 min), and the antibodies detected by chemiluminescence 

using Supersignal West Pico Plus chemiluminescent substrate and a Fusion imager (Vilber). 

Proteomics analysis and specificity of the maleimide-Cys reaction 

Raw proteomics data and detailed proteomics reports provided by the Proteomics Core 

Facility within the Faculty of Medicine at the University of Geneva have been uploaded to 

Zenodo (link on the first page). Briefly, strep-inhibited proteins were purified over a 
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StrepTrap XT (Cytiva Switzerland, Streptactin solid phase) to separate unmodified proteins. 

Next, these proteins were run into an SDS-PAGE gel, the band excised and stored in 10% 

acetic acid, and sent to the core proteomics facility for analysis. This was performed for strep-

inhibited α-C45A/L158C MoFe protein and for wild-type MoFe protein; the wild-type MoFe 

protein was prepared as above for the α-C45A/L158C MoFe protein, although 5 molar 

equivalents of strep-maleimide were used per MoFe protein. After in-gel digestion with 

trypsin, samples were analyzed by LC-ESI-MS/MS using a Q-Exactive HF Hybrid 

Quadrupole-Orbitrap Mass Spectrometer (ThermoFisher Scientific) equipped with an Easy 

nLC 1000 Liquid Chromatography system (ThermoFisher Scientific) for modified cysteine 

residues. A peaklist was generated using ProteoWizard and searched against the Uniprot 

database for A. vinelandii DJ, with the addition of a modified version of nifD due to the 

expected α-C45A/L158C mutation. A subsequent search was also performed in order to 

identify potential strep-inhibitor modifications on any amino acids. A Mascot search of the 

results was analyzed using Scaffold 5.0.0 (Proteome software); identified peptides were 

accepted only in the case of having a Percolator posterior error probability of >95%. Under 

these conditions, the Strep-maleimide modification was detected on the expected trypsin-

digested peptide of NifD, GISVQSECPIGCIGDDIESVSK, where the bold Cys represents the 

target α-C158 residue and the underlined Cys represents a buried P cluster-coordinating α-

C154 residue. Further, both unmodified and modified version of this peptide fragment were 

identified, consistent with the partial functionalization of α2β2 α-C45A/L158C MoFe protein. 

The subsequent broader search for the potential modification of the strep-inhibitor on any 

amino acid identified three low-quality hits for a single partially solvent-exposed peptide 

fragment on the ß-subunit (NifK). 

In order to clarify the selectivity of the strep-inhibitor maleimide for our targeted cysteine 

residue, analyses were repeated using wild-type MoFe protein functionalized with an excess 

(5 molar equivalents) of the strep-maleimide inhibitor (StrepTactin affinity purified as above). 

A strep-modified GISVQSECPIGLIGDDIESVSK peptide was not detected (the unmodified 

peptide was detected), consistent with the strep-maleimide inhibitor’s selectivity towards the 

target α-C158 residue. Neither an unmodified nor a strep-modified peptide fragment 

containing the original surface-exposed α-C45 residue was detected in this sample (although 

the sample was purified over the StrepTrap XT column, as above); this was hypothesized to 

be due to the small size of the target peptide (outside of the MS detection window). 

Importantly, the potential ß-subunit (NifK) modification identified above was not identified in 
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the presence of excess strep-inhibitor, consistent with the above identification indeed being an 

experimental artefact. 

Two additional database searches were performed on the raw data by Dr Yibo Wu within the 

Department of Organic Chemistry at the University of Geneva. Interestingly, the search 

engine SpectroMine did not return a strep-functionalized peptide fragment for the α-

C45A/L158C MoFe protein. An additional search on the Proteome Discover database (v2.4) 

corroborated the desired functionalization of the α-C158 residue, although an additional 

modification was identified on the FeMoco-coordinating α-C275 residue. Since (i) the α-

C45A/L158C MoFe protein has high specific activity values (this work and in Ref2), (ii) X-

ray crystallography confirms the double occupancy of the MoFe protein with FeMoco and 

(iii) a Strep-functionality at this buried residue is unlikely (and would not permit purification 

over the StrepTrap XT column), this is anticipated to be a minor artefact due to reversible 

maleimide-Cys degradation during peptide digestion/sample preparation.11 

An additional control experiment was performed using an additional α-C45S MoFe protein 

mutant (purified from A. vinelandii strain DJ2192, producing a MoFe protein with a His-tag 

on the N-term). The strep-inhibition strep-modification protocol outlined above was repeated 

and the reaction product was purified as above. Importantly, the reaction efficiency decreased 

from 14% (for the α-C45A/L158C MoFe mutant) to 7% (for the α-C45S MoFe mutant), 

indicating that the maleimide-Cys may not be entirely selective. We hypothesize that this 

promiscuous reactivity could have been further enhanced in the absence of a solvent exposed 

Cys residue on this mutant. Additional analysis of this α-C45S MoFe mutant (Figures S18-20) 

also indicated that this non-specific strep-inhibitor modification may also inhibit Fe protein 

access to the MoFe protein interaction site. This is easily explained by the relatively large size 

and potential flexibility of the strep inhibitor. 
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Table S2: X-ray analysis statistics. 

a Values relative to the highest resolution shell are within parentheses. b Rfree was calculated as 

the Rwork for 5 % of the reflections that were not included in the refinement. c rmsd, root mean 

square deviation.   

Data collection  

 Wavelength (Å) 1.00003 

 Space group P21 

 Resolution (Å) 143.49 – 3.03 (3.49 − 3.03) 

 Cell dimensions  

 a, b, c (Å) 

 α, β, γ (°) 

148.39, 73.44, 211.25 

90.00, 104.76, 90.00 

 R
merge

(%)
a
 29.7 (51.4) 

 Rpim (%)a 17.5 (33.4) 

 CC1/2 
a
 0.957 (0.806) 

 I/σ
I

a
 3.4 (1.6) 

 Spherical completeness
a
 46.2 (6.8) 

 Ellipsoidal completeness
a
 86.6 (69.4) 

 Redundancy
a
 3.7 (3.3) 

 Nr. unique reflections
a
 39,936 (1,998) 

 

Refinement 
 

 Resolution (Å) 95.50 – 3.03 

 Number of reflections 39,924 

 R
work

/R
free

b
 (%) 20.37/22.27 

 Number of atoms  

 Protein 31,844 

 Ligands/ions 314 

 Solvent 0 

 Mean B-value (Å
2
) 35.11 

 Molprobity clash score, all atoms 2.14 

 Ramachandran plot  

 Favored regions (%) 96.58 

 Outlier regions (%) 0.15 

 rmsd
c
 bond lengths (Å) 0.004 

 rmsd
c
 bond angles (°) 0.664 

 

PDB ID code 

 

8BTS 
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Table S3: Comparison of the unit cell dimensions between the crystal structures of MoFe 

proteins. 
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Table S4: Structural alignment between the α-C45A L158C and MoFe-protein crystal 

structures. Models with high similarity (root mean square deviation, RMSD < 0.205 Å) to the 

α-C45A L158C model are bolded.
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Figure S2: Influence of the mutations on the crystal packing. (A) The Cα backbone of the 

protein is represented as a ribbon. Residues at positions 45 and 158 on the α-subunit are 

shown as balls. The two nitrogenases of the asymmetric unit are colored in grey, while the 

nitrogenases constituting the crystal packing are colored in green. (B) Crystal packing of 

C45A L158C double mutant. The anisotropy is illustrated by the B-factor color code from 

blue (low values) to red (high values). 
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Figure S3: Integrity of the FeMo cofactors and P clusters in the crystallized α-C45A/L158C 

MoFe proteins. Stereo view of the FeMoco (A) and P cluster (B). The 2Fo-Fc map, contoured 

at 1.5 is shown in black mesh and the residues coordinating the clusters are in sticks.  
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Synthesis of the maleimide-desthiobiotin inhibitor ("DTB inhibitor”) 

General Information: Anhydrous conditions were set up under an inert atmosphere (Ar) 

utilizing glassware that were oven dried and cooled under Ar purging or under N2 using 

standard Schlenk line apparatus. Starting materials were purchased directly from commercial 

suppliers (Sigma Aldrich, Acros, Alfa Aesar, Fluorochem) and used without further 

purification unless otherwise stated. All solvents were dried according to standard procedures 

or bought from commercial suppliers. Reactions were monitored by LC-MS (DIONEX 

Ultimate 3000 UHPLC with a Thermo LCQ Fleet Mass Spectrometer System using 

PINNACLE DB C18 column (1.9 µm, 50 x 2.1 mm) with Thermo Xcalibur 2.2.SP1.48 

software and analysis with Thermo Xcalibur Qual Browser 2.2.Sp1.48). Reverse phase 

chromatography on SNAP Ultra 4.5g C18 column using Biotage® IsoleraTM Four, 15 

mL/min. 

NMR characterisation data (1H NMR, 13C NMR and 2D spectra) were collected at 300 K on a 

Bruker DRX400 (400 MHz) using CDCl3 as solvent. Data for 1H NMR are reported as 

follows: chemical shift (δ ppm), multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, 

m = multiplet, br = broad), coupling constant (Hz), integration with the solvent resonance as 

internal standard (CDCl3: δ = 7.26 ppm for 1H, δ = 77.16 ppm for 13C). 

For the characterization of new compounds HR ESI-MS was performed on a Xevo G2-S Tof 

(Waters) and are reported as mass per charge ratio (m/z) calculated and observed. 

N-(15-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)-12-oxo-3,6,9-trioxa-13-azapentadecyl)-6-

((4S,5S)-5-methyl-2-oxoimidazolidin-4-yl)hexanamide (maleimide-desthiobiotin 

(“DTB”) inhibitor) 

  

 

 

 

Figure S4: Chemical structure of the DTB inhibitor.  
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To a solution of 1-(2-aminoethyl) maleimide hydrochloride (13 mg, 0.07 mmol, 1.2 eq.) in 

dry DMF (1.5 mL), 2,5-dioxopyrrolidin-1-yl 19-((4S,5S)-5-methyl-2-oxoimidazolidin-4-yl)-

14-oxo-4,7,10-trioxa-13-azanonadecanoate (31 mg, 0.06 mmol, 1 eq.) and DIPEA (8 mg, 

11 μL, 0.06 mmol, 1 eq.) were added at 0 °C. The reaction mixture was stirred at room 

temperature, under argon, for 15 minutes before the solvent was removed under reduced 

pressure. The crude reaction mixture was purified by RP flash chromatography (linear 

gradient 0 – 60% CH3CN in H2O with 0.1% TFA) to yield the title compound as a yellow oil 

(14 mg, 0.025 mmol, 42%). 1H NMR (400 MHz, CDCl3) δ 6.92 (s, 1H), 6.71 (s, 2H), 6.40 (s, 

1H), 5.59 (s, 1H), 4.98 (s, 1H), 3.95 – 3.83 (m, 1H), 3.77 – 3.72 (m, 1H), 3.71 – 3.68 (m, 2H), 

3.68 – 3.66 (m, 2H), 3.65 – 3.59 (m, 8H), 3.56 (t, J = 5.1 Hz, 2H), 3.49 – 3.39 (m, 4H), 2.43 

(t, J = 5.8 Hz, 2H), 2.20 (t, J = 7.4 Hz, 2H), 1.72 – 1.60 (m, 2H), 1.54 – 1.44 (m, 2H), 1.43 – 

1.23 (m, 4H), 1.15 (d, J = 6.4 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 173.35, 172.21, 

171.08, 163.95, 134.34, 70.48, 70.29, 70.21, 70.16, 70.12, 67.15, 56.30, 51.77, 39.32, 38.46, 

37.80, 36.78, 36.18, 29.52, 28.88, 26.02, 25.41, 15.83. LC/MS analysis (linear gradient 

30→90% ACN) tR: 1.54 min, ESI-MS (m/z): [M+H]+: 540.25. HRMS (ESI): calc. for 

C25H41N5O8 [M+Na]+ 562.2853, found 562.2867. 
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Figure S5: 1H NMR (400 MHz) 13C NMR (101 MHz) spectra of the DTB inhibitor (CDCl3). 
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Figure S6: LC-MS of the title compound. 
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Figure S7: SDS-PAGE (12%), 200 V, Coomassie blue stained. Lanes: 1 = molecular weight 

markers, 2 = L127Δ Fe protein, 3 = WT Fe protein, 4 = α-C45A/L158C MoFe protein, 5 = 

WT MoFe protein, 6 = Strep-tagged MoFe protein (Nterm Strep-II tag on NifD). 400 ng of 

protein per well. 
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Figure S8: SDS-PAGE analysis (left, in-gel staining, BioRad) and western blotting with 

streptavidin-HRP on WT MoFe protein (right): Lanes: 1 = molecular weight marker; 2 = 

Strep-tagged WT MoFe protein (Nterm Strep-II tag on NifD, from A. vinelandii strain DJ2102, 

shared by Dennis Dean – Virginia Tech); 3 = WT MoFe protein treated with DTB inhibitor 

(DT-free); 4 = “3” although the reaction was performed in the presence of 1 mM DT, 5 = “3” 

although the reaction was performed in the presence of 10 mM DT, 6 = “3” although the 

reaction was performed in the presence of 1 mM TCEP. 1 µg of protein per well. 
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Figure S9: Specific activities of the α-C45A/L158C (top) and WT (bottom) MoFe proteins 

upon treatment with increasing equivalents of DTB inhibitor (per MoFe protein). (A) Specific 

activity for H2 evolution, labelled as black dots on the left y axis (under 1 atm Ar) and as blue 

dots on the right y axis (under 1 atm N2). Empty dots represent the specific activities obtained 

when treating the α-C45A/L158C MoFe protein with 10 mM DT before the addition of the 

DTB inhibitor (to reduce the maleimide). (B) Specific activity for NH3 evolution, labeled as 

blue triangles under 1 atm N2 and an empty triangle for α-C45A/L158C MoFe treated with 10 

mM DT prior to DTB inhibitor addition. (C) Specific activity for H2 evolution, labelled as 

black dots on the left y axis (under 1 atm Ar) and as blue dots on the right y axis (under 1 atm 

N2). Empty dots represent the specific activities obtained when treating the WT MoFe protein 

with 10 mM DT before the addition of the DTB inhibitor (to reduce the maleimide and inhibit 

the Cys conjugation reaction). (D) Specific activity for NH3 evolution, labeled as blue 

triangles under 1 atm N2 and an empty triangle for WT MoFe treated with 10 mM DT prior to 

DTB inhibitor addition. In all cases n = 3. 
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Figure S10: Simulation of singly and doubly reacted α-C45A/L158C MoFe protein fraction 

upon treatment with 0.5 molar equivalents of maleimide-streptag inhibitor. (A) Simulation of 

1000 proteins reacting with 500 maleimide-Streptags (100 simulations for each point, mean 

and SD reported), represented the fractions of “reacted” MoFe protein that contain singly and 

doubly reacted MoFe (where a singly reacted MoFe = half-inhibited MoFe). Assumptions: (i) 

a reaction takes place each time a maleimide-streptag inhibitor reaches the α-158C position, 

(ii) no reaction occurs if the doubly reacted α-C45A/L158C MoFe is encountered, (iii) the 

maleimide-streptag reaction is completely selective for the α-C158 residue, and (iv) the 

maleimide is not hydrolyzed or reduced prior to reaching the α-C158 residue. (B) Fraction of 

singly reacted α-C45A/L158C MoFe protein upon scaling up of the simulation at the same 

ratio of molar equivalents.  
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Figure S11: Purification of strep-inhibited MoFe protein after reaction with the Strep-peptide 

inhibitor. (A) Pictures of the StrepTrap XT column after sample loading (sample contains 

untreated and Strep-inhibited α-C45A/L158C MoFe protein). Red arrow indicates the 

direction of elution, and (iii) represents the differentiation between Strep-inhibited MoFe 

protein binding to the column and unreacted MoFe protein passing as the column flow-

through. (B) Pictures of the column after elution of the Strep-inhibited MoFe protein with 

buffer containing 50 mM biotin.  
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Figure S12: Native PAGE 3-12% acrylamide gradient, anoxic atmosphere (>95% N2 and 

<5% H2), 150 V. Lanes: 1 and 5 = molecular weight markers, 2 = untreated WT MoFe 

protein, 3 = Strep-inhibited WT MoFe protein (eluted from the StrepTactin XT solid phase), 

4= unmodified WT MoFe protein that did not tightly bind to the column solid phase 

(unreacted flow-through), 6 = unreacted α-C45A/L158C MoFe protein, 7/9/11 = Strep-

inhibited α-C45A/L158C MoFe protein (eluted from the StrepTactin XT solid phase); 8/10/12 

= unmodified α-C45A/L158C MoFe protein that did not tightly bind to the column solid 

phase (unreacted flow-through). 7/8, 9/10 and 11/12 represent three independent α-

C45A/L158C MoFe protein functionalization reactions. Strep-inhibited wild-type MoFe 

protein was prepared as detailed for the α-C45A/L158C MoFe protein. 1.5 µg protein per 

well. 
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Figure S13: SDS-PAGE analysis for temperature-controlled limited proteolysis (Coomassie 

blue staining). Lanes: 1 = MoFe protein at t = 0 min after trypsin addition, 2 = molecular 

weight markers, 3 = MoFe protein at t = 2 min, 4 = MoFe protein at t = 5 min, 5 = MoFe 

protein at t = 30 min, 6 = MoFe protein at t = 60 min, 7 = MoFe protein at t = 90 min. Note: 

Lane 7 in the image of the SDS-PAGE gel for the strep-inhibited α-C45A/L158C MoFe 

protein was cut and reshuffled after analysis, in order to clearly present the time-course of the 

experiment (due to the sample loading sequence on the gel). 1.5-1.75 µg of protein per well. 
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Figure S14: SDS-PAGE analysis of Strep-inhibited α-C45A/L158C MoFe protein was 

incubated with 5 molar equivalents of L127Δ Fe protein further purified by His Trap column. 

Lanes: 1 = molecular weight markers, 2 = Strep-inhibited α-C45A/L158C MoFe protein was 

incubated with 5 molar equivalents of L127Δ Fe protein further purified by His Trap column. 

2 µg of protein per well.                  
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Figure S15: Multi-Gaussian peak fitting (performed using Origin Pro) of the gel filtration 

profile obtained for strep-reacted α-C45A/L158C MoFe protein (half-inhibited MoFe protein 

targeted, as detailed in the experimental section) after incubation with 5 molar equivalents of 

L127Δ Fe protein, extracted from Figure 5D in the main article. The experimental profile is 

shown in red, whereas the individual fitted peaks are shown in blue dashed lines and the 

cumulative predicted profile is shown by the black dashed line. The vertical lines indicating 

the elution volumes of the four protein components were extracted from Figure 5D in the 

main article (the apparent peaks in the red trace). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

298 

Figure S16: Anoxic Native PAGE 3-12%, 150 V. Lanes: 1,7 = molecular weight markers, 2 = 

WT MoFe protein, 3 = L127Δ Fe protein, 4 = WT MoFe + L127Δ Fe (1:1), 5 = WT MoFe + 

L127Δ Fe (1:2), 6 = WT MoFe + L127Δ Fe (1:5), 8 = α-C45A/L158C MoFe, 9 = α-

C45A/L158C MoFe + L127Δ Fe (1:1), 10 = α-C45A/L158C MoFe + L127Δ Fe (1:2), 11 = α-

C45A/L158C MoFe + L127Δ Fe (1:5), 12 = Strep-inhibited α-C45A/L158C MoFe, 13 = 

Strep-inhibited α-C45A/L158C MoFe + L127Δ Fe (1:1), 14 = Strep-inhibited α-C45A/L158C 

MoFe + L127Δ Fe (1:2), 15 = Strep-inhibited α-C45A/L158C MoFe + L127Δ Fe (1:5). 
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Figure S17: Fe protein titration. Specific activities for H2 evolution under 1 atm Ar. The x 

axis indicates the molar equivalents of Fe protein per MoFe protein. Black dots = WT MoFe 

protein, red filled dots = α-C45A/L158C MoFe and red empty dots = strep-inhibited α-

C45A/L158C MoFe. n = 3, error bars report standard deviation. All assays contained 0.1 mg 

mL–1 MoFe protein and were performed for 8 minutes at 30 °C. Note = the specific activities 

of the α-C45A/L158C MoFe proteins (native and strep-inhibited) were performed using 

protein isolated from a large-scale A. vinelandii culture (single biological repeat). 
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Figure S18: (A) Specific activity for H2 evolution under 1 atm N2 atmosphere. Red is the 

standard α-C45A/L158C MoFe purified in the absence of DT. Light grey represents the flow-

through (uninhibited) MoFe proteins from three functionalization reactions, grey cross-

hatched bars represent the strep-inhibited α-C45A/L158C MoFe. Percentage value in white 

square corresponds to the remaining specific activity of each strep-inhibited MoFe divided in 

relation to its unreacted MoFe (flow-through) fraction. (B) Specific activity for NH3 evolution 

under 1 atm N2 atmosphere. All activity assays were performed for 8 minutes at 30 °C with 

0.1 mg mL−1 MoFe protein and 16.6 molar equivalents of Fe protein (0.48 mg). (A-B) n = 3 

and error bars report standard deviation (propagated where necessary). 
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Figure S19: Specific activity of MoFe proteins vs. N2 partial pressure (nmol NH3 min−1 mg−1 

MoFe). Black data: WT MoFe; red data: uninhibited α-C45A/L158C MoFe; grey data: strep-

inhibited α-C45A/L158C MoFe. n = 3, error bars report standard deviation. All assays 

contained 0.1 mg mL–1 MoFe protein and were performed for 8 minutes at 30 °C. 
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Table S5: Michaelis-Menten kinetic parameters for WT MoFe protein. 

Michaelis-Menten parameter WT MoFe 

KM
app (atm) 0.16 ± 0.03 

Vmax
app

 (nmol NH3 min-1.mg-1) 616.8 ± 41.6 
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Figure S20: SDS-PAGE (10%, Coomassie blue stained), 180 V. Lanes: 1 = molecular weight 

markers, 2 = α-C45S MoFe protein, 3 = unreacted α-C45S MoFe protein, 4 = Strep-inhibited 

α-C45S MoFe. 400 ng of protein per well. 
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Figure S21: Anoxic Native PAGE 3-12%, 150 V. Lanes: 1 = WT MoFe protein, 2 = L127Δ 

Fe protein, 3 = WT MoFe + L127Δ Fe (1:1), 4 = WT MoFe + L127Δ Fe (1:2), 5 = WT MoFe 

+ L127Δ Fe (1:5), 6,11 = molecular weight markers, 7 = α-C45S MoFe, 8 = α-C45S MoFe + 

L127Δ Fe (1:1), 9 = α-C45S MoFe + L127Δ Fe (1:2), 10 = α-C45S MoFe + L127Δ Fe (1:5), 

12 = Strep-inhibited α-C45S MoFe, 13 = Strep-inhibited α-C45S MoFe + L127Δ Fe (1:1), 14 

= Strep-inhibited α-C45S MoFe + L127Δ Fe (1:2), 15 = Strep-inhibited α-C45S MoFe + 

L127Δ Fe (1:5). 
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Figure S22: Specific activity for H2 evolution under 1 atm Ar atmosphere. Red is the standard 

α-C45S MoFe purified in the absence of DT. Light grey represents the flow-through 

(uninhibited) MoFe proteins from functionalization reaction, grey cross-hatched bars 

represent the strep-inhibited α-C45S MoFe. Percentage value in white square corresponds to 

the remaining specific activity of strep-inhibited MoFe divided in relation to its unreacted 

MoFe (flow-through) fraction. All activity assays were performed for 8 minutes at 30 °C with 

0.1 mg mL−1 MoFe protein and 16.6 molar equivalents of Fe protein (0.48 mg). n = 3 and 

error bars report standard deviation (propagated where necessary). 
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CHAPTER 7: Discussion 
 

At the start of my thesis, the available structural insights on archaeal nitrogenases were 

limited to a single structure of recombinantly expressed NifH from M. acetivorans (152). In 

contrast, there was an extensive data collection of structural information on bacterial 

nitrogenases encompassing various turnover states and their complexes with different 

partners, ligands and inhibitors. In the meantime, this knowledge base has expanded to 

include a comprehensive characterisation of all three isoforms of bacterial nitrogenases (58, 

59, 68, 69). 

The primary goal of this thesis was to address the existing knowledge gap by utilising 

(hyper)thermophilic members of Methanococcales as model organisms. This approach 

unveiled the first-ever structure of an archaeal nitrogenase (Chapter 3, Chapter 4). These 

insights were placed in a physiological context and complemented by in-depth transcriptomic 

analyses (Chapter 2) with a specific emphasis on regulatory mechanisms (Chapter 4). 

Additionally, the power of crystallography and structural biology as methods for providing 

crucial information about the intricate details of nitrogenase structural features was 

demonstrated once again. This was accomplished by employing these methods to help answer 

two long-standing questions in the field: the functionality of the mononuclear metal binding 

(MMB) site (Chapter 5) and nitrogenase cooperativity (Chapter 6) using the genetically 

tractable A. vinelandii model. 

In this chapter, I will discuss the outcomes and contributions of the research outlined in this 

thesis, highlighting the significance of the findings and their implications for our 

understanding of N2-fixation in methanogens and mechanistic details of nitrogenases. 

7.1. Seeing the big picture: transcriptomics lessons from an environmental point of view. 

This thesis was initiated by improving the growth conditions of 

several Methanococcales (i.e., M. thermolithotrophicus, M. vulcanius and M. infernus) and 

adapting them to diazotrophic conditions to establish a strong foundation for the overall 

projects. Only then we started our molecular investigation. A deep understanding of M. 

thermolithotrophicus physiology, under diazotrophic conditions, was initiated by 

physiological experiments complemented with the first-ever comparative transcriptomic 

analysis between diazotrophic and non-diazotrophic M. thermolithotrophicus cells (Chapter 

2). 
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The differential transcriptomics revealed the presence of at least three distinct strategies that 

the organism can employ to acquire essential nitrogen: (i) nitrogen fixation by nitrogenase (nif 

operon), (ii) ammonia uptake through amtB2 transporter and assimilation through glutamine 

synthetase (glnA, GS)/glutamate synthase (GOGAT), (iii) nitrate import through narK 

transporter and reduction through narB and F420-dependent sulfite reductase (fsr) (Chapter 2) 

(213). The data mining from this study confirmed the presence of a single molybdenum-

dependent nitrogenase which is highly expressed under diazotrophic conditions, as well as a 

clue why M. thermolithotrophicus has lost its ability to feed on nitrate as the sole nitrogen 

source. Indeed, in contrast to the first report from Belay et al. in 1990, showing that M. 

thermolithotrophicus uses nitrate for nitrogen assimilation (214), nitrate-dependent growth 

could not be achieved under our laboratory conditions, even when reproducing the exact same 

medium (data obtained by Ramona Appel). We found that the encoded putative nitrate 

reductase gene of the nitrate-utilizing operon has an internal stop codon that could have 

disrupted its biological activity, explaining why this archaeon cultivated multiple times under 

laboratory conditions would have lost this ability compared to the wild type organism. 

While laboratory conditions allow for observation of diazotrophic growth under precisely 

controlled, well-defined parameters, as described and discussed in Chapter 2, understanding 

of N2-fixation in natural ecosystems such as deep-sea vents or shallow geothermal sediments 

where M. thermolithotrophicus comes from holds great significance from multiple 

standpoints. Ecologically, mapping the nutrient availability, N2-fixation, and methane-

production rates is crucial to quantify element cycling and budgets. From a bioenergetics 

standpoint, the ability of these organisms to perform one of the most energy-demanding 

catalytic processes under suboptimal conditions is truly remarkable and highlights their 

exceptional adaptation strategies. Nitrate is scarce or completely absent in hydrothermal vent 

fluids, making it an unfavourable nitrogen source (171). Consequently, it is unlikely that 

diazotrophic methanogens can depend on nitrate as a nitrogen source in such environments. 

Ammonium concentrations in vent fluids, deep-sea water and organic-rich anoxic sediments 

are exceedingly low (≤1 μM), making dissolved N2 the predominant reservoir of available 

nitrogen and the most likely nitrogen source for diazotrophic methanogens (171). Typically, 

organisms resort to nitrogen fixation only when reactive nitrogen species are absent. 

However, the occurrence of N2-fixation in the presence of substantial ammonium 

concentrations has been observed in multiple environmental samples (215, 216), possibly due 

to the existence of ammonium depleted microniches within these habitats or other determinant 

factors (217). For example, the availability of carbon and electrons, could play a role in 
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whether organisms can rely on nitrogen fixation, as hypothesised in the case of ANME-2 

isolated from Costa Rican deep-sea methane seep sediments (217). Another reason for N2-

fixation in the presence of ammonium might be that, in specific cases, this metabolic pathway 

fulfils another role, such as hydrogen production (217). 

The availability of trace metals, which are essential components of the nitrogenase enzyme 

cofactors, represents another crucial ecological determinant of nitrogen fixation (39, 67, 218) 

and has played a significant role in driving the evolution of the three isoforms of nitrogenase 

(177-179, 219). In conjunction with this, diazotrophs have developed a sophisticated network 

of trafficking proteins involved to specifically recognize metals, various intermediates during 

synthesis, and the metallocofactors themselves (40). The roles, expression, and regulation of 

Mod, Tup, and Wtp transporters for metal selection during the diazotrophic growth of M. 

thermolithotrophicus are discussed in detail in Chapter 2 (213). However, it can be 

speculated whether nifX, the sole gene in the nif operon of M. thermolithotrophicus, whose 

function remains unknown, might have a similar role. Although MtNifX shares no homology 

with the homonymous proteins from M. maripaludis or A. vinelandii, it has a 37.76% identity 

with one of the two hypothetical proteins present in the nif operon of M. infernus. Based on 

AlphaFold models, MiNifX seems to bind on the nitrogenase close to the FeMoco site and 

might play a role in the cofactor delivery without blocking  NifH and NifI1,2 binding sites 

(information obtained from recent analysis done by Tristan Wagner). 

The transcriptomic analysis also revealed differences in transcript levels of two separate 

regions containing putative virus-like and mobile genetic elements. In Chapter 2, we 

hypothesised that respective upregulation and downregulation (213) of these regions under 

N2-fixation is part of the systemic stress response triggered by energy and nutrient depletion. 

Alternatively, it is conceivable that these two regions might be actively involved in mediating 

environmental stressors and growth promotion and serve as regulatory switches for gene 

expression since prophages have been described to take on all of these roles in bacteria (220, 

221). While partially conversed in other methanogens, further functional characterisation and 

transcriptomic studies can confirm whether they can be considered a part of the global 

transcriptional programme for environmental stress response in Archaea (222) and thus 

crucial for their survival of the N2-fixation imposed stress in nature. 

7.2. Zooming in: Revealing the structural details of nitrogenase from a 

hyperthermophilic methanogen. During diazotrophic growth under laboratory conditions, 

M. thermolithotrophicus fixes N2 via a molybdenum-dependent nitrogenase, which is 
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significantly upregulated based on transcriptomic analysis (Chapter 2) (213). Since M. 

thermolithotrophicus harbours only one nitrogenase copy in its genome, it can be safely 

assumed that the same is happening in nature. Moreover, due to the identical metabolism and 

phylogenetic relation, the closely related M. infernus is supposed to react similarly under N2-

fixation conditions. 

Until this thesis, knowledge regarding hyperthermophilic nitrogenases was predominantly 

derived from in silico analysis. However, extracting definitive conclusions on distinctive 

structural or biochemical characteristics from such analysis proved challenging, as can be 

beautifully illustrated in the example of the three dinitrogenase isoforms from A. vinelandii. 

Indeed, despite the high percentage of sequence similarity and the same physiological 

function of N2-fixation (Chapter 3), they are not completely interchangeable in terms of 

biosynthetic machinery and differ in terms of their catalytic capacity (e.g. generation of 

hydrocarbons) (69). While the dinitrogenase reductase isoforms from A. vinelandii and 

Methanosarcina acetivorans have been shown to cross-react with the different dinitrogenase 

isoforms from A. vinelandii, none of these chimeric associations can match the activity of the 

natural couple, suggesting their co-adaptation during evolution, and raising the question of 

how the phylogenetically distant reductases from Methanococcales would cross-react with the 

bacterial systems.  

Chapter 3 investigated that question by studying the dinitrogenase reductases from M. 

maripaludis, M. thermolithotrophicus, and M. infernus. With a dimer size of approximately 

60 kDa, NifH is larger compared to many other electron transfer proteins that typically consist 

of a single domain (65). NifH is also interesting in terms of reactivity as it is the only electron 

carrier known to reach the [4Fe4S]0 redox state harbouring two electrons at a time (65) and 

differs in terms of reactivity as it has been shown to catalyse the reduction of CO and the 

generation of hydrocarbons (95, 96). The three structures obtained in this work highlight the 

structural conservation observed among nitrogenase reductases, particularly the conformation 

in the MgADP bound state, which holds great importance for studying the turnover state. The 

P-loop, switch I, and switch II motifs, which undergo nucleotide-state-dependent structural 

changes and trigger the necessary structural rearrangements enabling NifH to adopt the 

appropriate conformation and accurately position the [4Fe-4S] cluster for efficient electron 

transfer to the dinitrogenase (51, 60, 62, 63, 65) are conserved in all three examined archaeal 

models. While the recombinant NifH construct from M. maripaludis still contains a tag that 

might interfere with the ATP/ADP binding dynamic, the two native NifH structures from M. 
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thermolithotrophicus and M. infernus (the first ones from archaea) corroborate and confirm 

this structural conservation. 

In order to fully comprehend intramolecular electron transfer in nitrogenase, it is important to 

examine NifH in complex with NifDK. The first reported complex of the two was the 

MgADP-AlF4
- stabilised complex from A. vinelandii (223). Subsequently, additional 

complexes were characterised crystallographically, reflecting the three different docking 

geometries: DG1 (in the absence of ligands), DG2 (in the presence of AMPPCP or MgADP-

AlF4), and DG3 (in the presence of MgADP) (51). Based on the exposure and distance of the 

[4Fe-4S] cluster from the P cluster, only DG2 is considered "active" and relevant for the 

electron transfer to the dinitrogenase. According to the model proposed by Katz et al., the 

NifH-NifDK association occurs initially based on electrostatic compatibility (224). 

Subsequently, a temporal sequence is proposed in which the three docking geometries are 

populated during turnover, corresponding to the different stages of the NifH cycle (225). In 

Chapter 3, we demonstrated that NifHs from methanogens could form a MgADP-AlF4
- 

stabilised complex with AvNifDK by utilising migration profiles on native PAGE. 

Furthermore, our analysis revealed that specific key residues involved in contacting NifDK in 

different docking geometries are conserved among the NifHs from methanogens. Still, some 

substitutions might affect the appropriate binding to the bacterial system (Chapter 3). From 

this analysis, it was evident that binding of all three NifHs from methanogens to AvNifDK is 

possible and the electron transfer should happen, a hypothesis that was not corroborated by 

the cross-compatibility assay, where none of the archaeal NifHs allowed NH3 generation 

when combined with the bacterial dinitrogenase. The observed incompatibility under these 

conditions may be attributed to two potential factors: the assay temperature, since the assay 

temperature does not accurately reflect the physiological temperature at which 

hyperthermophilic nitrogenases operate, or the subtle localised surface charge changes. Small 

variations in local surface charges could lead to repulsive interactions and affect the binding 

affinity and stability of the complex even though the surface residues are mainly conserved. 

However, since the observed (in)activities for mesophilic MmNif did not differ from the 

(hyper)thermophilic MtNifH and MiNifH, it is plausible that there are other factors, most 

likely a combination of them, at play. 

To investigate the association and interaction of NifHs from methanogens with their natural 

partner, we focused on the nitrogenase from M. infernus since the tentative crystallisation of 

nitrogenase from M. thermolithotrophicus did not yield exploitable crystals. While it is 

difficult to speculate why the nitrogenase from M. infernus was successful in crystallising 
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compared to the one from M. thermolithotrophicus, despite a very similar purification 

protocol, one might assume that the robustness conferred by the thermostability of M. 

infernus nitrogenase might have played a favourable role in our crystallisation screenings. 

The obtained MgADP-AlF4
-
 stabilised NifH-NifDK complex (Chapter 4) exhibits a 

conformation that corresponds to the DG2 docking geometry (51), with a distance of 17.6 Å 

between the [4Fe-4S] cluster and the P cluster conducive for electron transfer. Furthermore, 

this structure has provided confirmation of the involvement of conserved residues that were 

predicted to form the binding interface based on the analysis presented in Chapter 3.  

Due to its ATPase function, NifH stands apart from traditional electron shuttles such as 

ferredoxins, flavodoxins, or cytochromes (65). On the other hand, NifDK also transcends the 

conventional role of passive electron acceptor observed in most redox catalytic enzymes. 

Through its intricate surface architecture, NifDK actively dictates the movement and ATPase 

activity of NifH and assumes an effector role. The transitions from DG1 to DG2 and from 

DG2 to DG3 of NifH are hypothesised to happen following its unidirectional motion along 

the asymmetrical NifDK surface, which functions as a guiding scaffold (51, 65). This 

phenomenon also provides a potential explanation for the relatively stable conformation of 

NifDK throughout these events. Rather than undergoing significant overall conformational 

changes, NifDK exhibits localised alterations in residues that connect the three clusters along 

the electron flow pathway, thus representing conformational gating. The same observation 

holds true for MiNifDK, as supported by the root mean square deviation value of 0.299 Å for 

all atoms between the resting state model and the complex formed by MiNifDK with NifH 

(Chapter 4). 

Chapter 4 presents a significant breakthrough as it unveils the first-ever structure of an 

archaeal nitrogenase that expands our knowledge about the architecture of this enzyme into 

the third domain of Life. The (NifD2K2) heterotetrameric organisation mirrors the three 

bacterial isoforms (70, 75). When compared to them, the deviation is in the same range for all 

three of them, thus our structural analysis cannot conclusively state which system would be 

the closest structural homologue. However, the V-nitrogenase is as compact as MiNifDK 

(68). Albeit similar in size, the V-nitrogenase is still different from MiNifDK as it carries the 

additional subunit VnfG and the sulphide-substituted carbonate on its metallocofactor that 

cannot be accommodated due to sterical encumbrance in MiNifDK. The nitrogenase-defining 

metal clusters, the P cluster and FeMoco, occupy positions consistent with the three 

characterised bacterial isoforms, while the MMB site is occupied by Mg2+ (confirmed by the 

absence of an anomalous signal at the Fe K edge). Interestingly, this is the second structural 
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characteristic that bears more resemblance to AvVnfDK (68), where the MMB site is also 

occupied by Mg2+ (Chapter 5).  

An anomalous scattering experiment at the Mo K edge confirmed that the metallocofactor 

present in MiNifDK indeed contains molybdenum, corroborating the physiological results 

from M. thermolithotrophicus from Chapter 2. The snapshot of the archaeal nitrogenase 

obtained with an alternative conformation of the resting and turnover state might be one of the 

most compelling results for the field of N2-fixation. It supports a common mode of reductive 

catalysis for all nitrogenases involving the opening of the binuclear substrate binding site at 

Fe2 and Fe6 upon sulfide S2B removal, regardless of their origin (69), which was still under 

debate for the Mo-nitrogenases (226). First observed in the structure of CO-bound 

molybdenum nitrogenase from A. vinelandii, in which CO replaced the bridging S2B sulfide 

between Fe2 and Fe6 (227), the S2B displacement was subsequently detected during 

SeCN reduction by Mo-nitrogenase (228) and during turnover in both V- (71) and Fe- only 

(69) nitrogenases. In all these examples, a conserved GlnD residue (Gln191D in AvNifD, 

Gln176D in AvVnfD, Gln176D in AvAnfD) can assume two alternative conformations, 

corresponding to the resting and turnover states, respectively. In the resting state 

conformation, this residue points away from sulfide S2B with its side chain pointing towards 

the homocitrate ligand occupying the nearby cavity. In the second conformation, the side 

chain of glutamine is rotated so that S2B can be displaced to the otherwise occupied cavity, 

with the substrate taking its bridging position. These two conformations of MiGln171D are 

captured in the high-resolution model of MiNifDK, with an N modelled as a bridging ligand 

in the turnover state (Chapter 4). The ligand identity must be confirmed by other technics as 

quantum mechanics rather argued for a hydroxyl group (229, 230). 

During the turnover process, the P cluster, as the central electron transfer relay, undergoes 

substantial structural and coordination modifications (65, 78, 79) and oscillates between the 

all ferrous PN resting state and P1+ one electron oxidised state, adding another layer of 

complexity to the nitrogenase catalytic cycle. Until recently, the PN and P2+ oxidised states 

were mostly observed in structural models since the direct electron transfer step from the 

reduced [4Fe-4S] cluster of NifH to the P1+-cluster is extremely fast (78, 79). Only one model 

of the P1+ state was tentatively obtained, but its modelling was difficult due to the low data 

quality (assumption based on the Rfree of 26.3%, the P cluster geometry and a suspicious 

mixture of P1+ and P2+ states (80). In the model of MiNifDK in the mixed state, the P cluster 

exists as a fully occupied P1+ state modelled with two alternative conformations with a 

respective occupancy of 70 and 30% (Chapter 4). An anomalous dataset at the Fe K edge has 
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been measured very recently to confirm the exact location of Fe, which is already in high 

confidence from the anomalous signal extracted in the 12.7 keV dataset. In the first P1+ 

conformation, Fe6 is coordinated by Ser143K but lacks the amide nitrogen coordination of 

Fe5. Conversely, the second form is characterised by breaking the serine coordination at Fe6 

while retaining the amide coordination at Fe5 (Chapter 4). The major populated state fits 

nicely with the bioinformatics prediction, favouring the Ser-bound state rather than amide-

bound (80). In comparison, the full resting state model of MiNifDK (referred to as monoclinic 

form in the manuscript) presents the P2+ state, characteristic for natively isolated nitrogenases, 

in which Fe5 is coordinated by a main chain amide nitrogen of Cys72D and Fe6 is coordinated 

by Ser143K (Chapter 4). 

All mentioned results not only support existing hypotheses regarding the enzyme's 

mechanism but also establish a valuable framework for the future collection and integration of 

spectroscopic experiments. The high-quality electron density maps of our models will be 

particularly valuable for quantum mechanics calculations to depict with an even clearer view 

the states and geometry of nitrogenases´ metallocofactors during catalytic turnover. 

Understanding the electron transfer mechanism between nitrogenase subunits is vital in 

elucidating the overall catalytic process. The structure of the P1+ state holds particular 

significance as it is the link between the observed structural changes of NifH and the 

proposed conformationally gated electron transfer model (65, 79). The transition of NifH 

from DG1 to DG2 could trigger changes within NifDK around the P cluster cofactor, 

“priming” it for accepting electrons during the catalytic cycle. Thus, the capture of the P1+ 

state in the first identified archaeal nitrogenase is of exceptional importance. 

Since both the [4Fe-4S] cluster of MiNifH and the P cluster of MiNifDK can exist as two 

different redox couples (Chapter 4), this raises an intriguing question regarding the 

feasibility of two-electron transfer in vivo. This plausible phenomenon holds particular 

significance, especially in the context of methanogenic diazotrophs, which face severe energy 

limitations. The ability of nitrogenase to facilitate two-electron transfer would be highly 

advantageous for these organisms as it would enhance their energy efficiency and enable them 

to optimise their metabolic processes despite the energy constraints they encounter. 

7.3. Thriving against the odds: Regulation as the key to nitrogen fixation under energy 

limitation. Transcriptomic analysis of diazotrophic M. thermolithotrophicus revealed that its 

main energy-saving strategy during the transition to diazotrophy involves a targeted overall 

reduction of the transcription and translation processes (Chapter 2) (213). This is caused by 
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the downregulation of RNA polymerase subunits, the sigma factor 70, ribosomal proteins, 

rRNA, and genes with a putative function in tRNA/ribosome biogenesis and biosynthesis of 

nucleotide and amino acid precursors (Chapter 2) (213). Given that in growing cells, protein 

synthesis and ribosome production account for most nutrient and energy consumption, it 

becomes evident that these processes are prime targets for energy-saving measures (231). 

Nevertheless, similar changes in transcript levels of transcriptional and translational genes in 

A. vinelandii (138) and M. mazei (232) were not observed, indicating that the energy budget 

in M. thermolithotrophicus and other hyperthermophilic methanogens may be exceptionally 

constrained due to the hydrogenotrophic methanogenesis lifestyle.  

To ensure efficient allocation of resources, prevent wasteful energy expenditure, and 

effectively balance nitrogen acquisition with energy conservation, intricate regulatory 

mechanisms tightly control the expression and activity of nitrogenase. As in many other parts 

of microbial metabolism, the nitrogenase is controlled by various regulatory layers, including 

transcriptional and post-translational regulation (40, 189). A. vinelandii, M. mazei, and M. 

maripaludis all prominently rely on the regulation of nitrogen metabolism at the 

transcriptional level (40, 200-202, 205, 206, 233), as described in detail in Chapters 1 and 2. 

However, the transcriptional regulation of metabolic enzymes is often driven by global 

physiological parameters (for example, the sensing of cellular carbon and oxygen status by 

NifAL in A. vinelandii), and the inherent stochasticity of transcription and translation events 

does not allow for precise fine-tuning of enzymatic activities (234). Consequently, emerging 

evidence suggests that cells do not rely on transcriptional regulation to intricately modulate 

enzymes´ activity but rather (234) use directly post-translational regulation, which offers 

greater flexibility and advantages.  

In the case of M. thermolithotrophicus, the transition to diazotrophy did not show any 

upregulation of nrpA, the nif promotor-specific activator, known to be upregulated upon 

nitrogen limitation in methanogen (Chapter 2) (213). One plausible explanation could be a 

constitutive expression, as proposed in Chapter 2. Alternatively, given the stringent energy 

constraints in these organisms, post-translational mechanisms would offer an immediate 

response to synchronizing nitrogenase activity to the physiological needs, and more 

importantly, a reversible regulation of the existing pool of nitrogenase would provide 

substantial energy savings compared to de novo synthesis of such complex machinery. 

In Chapter 4, a molecular description of the post-translational regulation systems, originally 

proposed by Leigh´s group (189, 197, 198, 206), is presented. The reversible inhibition 
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mechanism builds upon insights derived from the crystallographic analysis of the MiNifDK-

NifI1,2 complex and the structures of MtNifI1,2 complexes in both apo and holo states. The 

high efficiency of nitrogenase inhibition mediated by NifI1,2 is achieved through the formation 

of a circular closed complex in which three NifI1,2 heterohexamers serve as bridging elements 

connecting three molecules of nitrogenase (Chapter 4). The relative simplicity of the circular 

closed complex achieves the inaccessibility of NifH docking surfaces on both sites of the 

dinitrogenase using fewer NifI1,2 complexes. Unlike systems that rely on post-translational 

modifications (e.g. ribosylation), which require multiple enzymes for the addition and 

removal of covalently bound groups (235), here, the presence of activated NifI1,2 alone is 

sufficient to physically block the nitrogenase complex formation. This switch off mechanism 

through NifI1,2, which responds to 2-OG and ATP levels integrating the signals about 

cellular nutrient and energy status is as simple and elegant, as it is efficient. 

Despite the regulatory networks that control cellular responses to nutrient availability being 

extensive and complicated, even in microorganisms with a relatively small genome (e.g., 

below 1.8 megabase pair) (231), the differential transcriptomic did not reveal any other 

potential partners that could take on an additional regulatory role in M. thermolithotrophicus 

(Chapter 2) (213). In addition, the expression levels of other PII proteins, except for GlnK2 

during growth on NH4Cl, remained unchanged. Although an equivalent analysis of M. 

infernus is not available, the archaeon possesses additional genes within its nif operon with 

unknown functions. It is plausible that these proteins may play roles in fine-tuning the 

regulation of nitrogenase activity or other processes, such as the biosynthesis of the MoFe-

cofactor, as nifN is missing.  

7.4. Through the evolutionary lens: hydrogenotrophic methanogens as a window to 

ancestral nitrogenase systems. Considering the compelling evidence supporting the notion 

that nitrogenase evolved in hydrogenotrophic methanogens (137, 178, 179, 219) and that 

these organisms possess the most “primitive” and reduced genetic sets of nif operons (40), 

studying them holds significant value in terms of representing the ancestral system before the 

expansion and diversification of nitrogenase over time. 

A particularly striking observation is the singularity of the known biological fixation pathway 

(236). While at least seven distinct pathways are known for carbon fixation (237), the modern 

nitrogen fixation pathway stands out as the sole recognised mechanism. This discrepancy 

raises intriguing questions regarding the mechanisms underlying the recruitment of structural 
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domains and regulatory networks, the selective pressures that have influenced the metal 

dependence of nitrogenases, and the establishment of the enzymatic mechanism (236, 237). 

The recent study in which ancestral nitrogenase was resurrected within A. vinelandii suggests 

that the core strategy for biological nitrogen fixation was conserved across the investigated 

evolutionary timeline and that life’s available strategies for N2-fixation may be fundamentally 

limited (236). Simultaneously, this constraint imposed by the imperative preservation of the 

nitrogenase mechanism may have served as the primary limitation for the evolution of 

nitrogenase despite varying selective pressures, including environmental factors, ecological 

diversification, and even the occurrence of V- and Fe-only isoforms (236). Alternatively, it is 

plausible to consider that alternative strategies for biological nitrogen fixation may have 

emerged early in the evolutionary history of life but were subsequently outcompeted or 

rendered obsolete, although the evidence for the existence of these hypothetical alternative 

mechanisms is not described in any known microbial genome. Nevertheless, exploring the 

potential existence and subsequent decline of these alternative nitrogen fixation strategies 

could provide valuable insights into the evolutionary dynamics and the factors that lead to the 

dominance and preservation of modern nitrogenase as the prevailing mechanism for 

biological nitrogen fixation. The remarkable conservation of the N2 reduction mechanism 

throughout nitrogenase evolutionary history and diversification of diazotrophs suggests that 

life indeed may have been constrained in optimising the most energetically challenging 

catalysis in nature.  

This diversification was followed by nif's expansion operons to accommodate the increased 

productivity under aerobic conditions (139). The study, which aimed to correlate the different 

metabolic strategies with overall nif gene content and the phylogenetic distribution of 

individual nif genes in different taxa, revealed that the distributions of nifA and nifL genes are 

positively correlated with the ability to use O2 in metabolism. On the other hand, the 

distributions of nifI1 and nifI2 genes were inversely correlated with the ability to use O2 in 

metabolism suggesting a shift in the primary strategies by which Nif is regulated during the 

transition from anaerobic (NifI1,2) to aerobic (NifAL) metabolism (139). This theory is further 

supported by the observation that nearly all organisms that lack nifI1I2 have nifA. However, 

there are examples of taxa in which both (anaerobic Chlorobi) or neither (aerobic 

cyanobacteria and anaerobic Geobacter spp.) nifI1I2 and nifA are found (139). 

Contemporary diazotrophs, however, despite their diverse lifestyles and ecological niches, 

share a fundamental principle of sensing the metabolic state and coordinating their response 
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to nitrogen limitation (187-189). This common framework with the utilisation of 2-

oxoglutarate (2-OG) as a central signalling molecule highlights once more the importance of 

stringent regulation of nitrogenase activity (Chapter 4). Modern nitrogenases have to be 

discussed and studied in a broader context of the co-evolved network of accessory proteins 

responsible for biosynthesis, metal trafficking, and oxygen protection among other things. 

Studies of diazotrophy in hydrogenotrophic methanogens, in which the nitrogenase system 

might have initially evolved, offer a unique perspective that can yield valuable insights into 

ancestral nitrogenase systems.  

M. infernus presents itself as a captivating model from this perspective, as it showcases an 

even further reduction of an already reduced nif operon found in hydrogenotrophic 

methanogens. This reduction, also observed in the genomes of other ancient groups, such as 

basally branching Chloroflexi and Firmicutes, is reflected in the absence of the complete set 

of nifBEN biosynthetic genes and involves the absence of one or both nifEN genes (137). M. 

infernus lacks the nifN gene, which has traditionally been regarded as essential for FeMoco 

synthesis (40), both in vivo and in vitro, leading to questioning its capabilities to express a 

functional nitrogenase (137). However, in this thesis we demonstrated that M. infernus could 

express a functional nitrogenase supporting its growth under diazotrophic condition, breaking 

this dogma and indicating the usage of an alternative and/or simplified pathway for cofactor 

assembly, as proposed by Garcia et al (137). They also argue that it is more probable that the 

organism in which the last common nitrogenase ancestor was present did not possess nifEN 

genes and had such pathway, than nifEN genes being later lost in multiple lineages (137). In 

this case, the ancient nitrogenases might have relied on a FeMoco precursor synthesized only 

by NifB for catalysis. This type of cofactor synthesis pathway, representing a transition to the 

canonical FeMoco biosynthetic pathway may still be present in organisms such as M. 

infernus, offering us a window into the evolutionary past of nitrogenases. Moreover, although 

today all three nitrogenase isoforms are encoded by separate operons (67), it is possible that 

ancient nitrogenases were generalists concerning their metal usage (177), and preliminary 

results point that nitrogenase from M. infernus might behave in the similar way. Namely, 

despite encoding only one molybdenum-dependent nitrogenase, it seems that M. infernus can 

grow diazotrophically in the absence of molybdenum, but with vanadium ad iron in the 

medium (personal communication and preliminary results obtained from Ramona Appel and 

Mustafa Törer). By investigating organisms such as M. infernus, we can gain a better 

understanding of the origins and early evolutionary stages of nitrogenases and better 
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understand the intertwining of nitrogen fixation with energy conservation and environmental 

adaptation. 

In this context, experimental validation of various features described for the bacterial 

molybdenum-nitrogenase in phylogenetically distant archaeal homologues is particularly 

important. For example, while we demonstrated that the MMB site is not involved in the P 

cluster and FeMoco insertion, catalytic turnover or overall stability of A. vinelandii 

molybdenum-nitrogenase (Chapter 5), we hypothesised that it might affect the intracellular 

stability of the nitrogenase under fluctuating conditions. Confirming whether this site has a 

more prominent role in stabilizing nitrogenase in hyperthermophilic Methanococcales with 

different intracellular composition, and thermotolerance would therefore be very interasting in 

the context of their environmental fitness. The MMB site might further affect N2-fixation by 

having a role in subtle structural changes influencing NifH-NifDK dynamics or cooperativity 

between the subunits (Chapter 5, Chapter 6 (238)). In Chapter 6 (238), our study revealed 

the presence of negative cooperativity in N2 fixation by A. vinelandii molybdenum-

nitrogenase. This finding represents a substantial contribution to our understanding of the 

catalytic mechanism of the enzyme. However, as discussed there, further investigations are 

required to determine the significance and extent of this negative cooperativity in vivo, 

particularly in the presence of different NifH/NifDK ratios and interacting partners. 

Additionally, exploring the existence of negative cooperativity in extremely energy-limited 

hyperthermophilic Methanococcales could provide valuable insights into the adaptation 

strategies and energy saving mechanisms of these organisms. 

7.5. The journey does not end here: future directions in the characterisation of archaeal 

nitrogenases. Just as the initial elucidation of nitrogenase structures from A. vinelandii (57, 

75) provided the framework for subsequent investigations of the system (65), a 

comprehensive biochemical and biophysical characterization of the archaeal counterpart, 

requiring multidisciplinary approach, awaits following the structures obtained in this thesis. 

By providing the first-ever structural insights into the fascinating system of archaeal 

nitrogenases (Chapter 3, Chapter 4) and the physiological shifts occurring during 

diazotrophy in thermophilic Methanococcales (Chapter 2), this thesis established foundations 

and paves the road for further advances in understanding different aspects of this system, but 

also raises many questions that appeared over the successive discoveries. 

The transcriptomic analysis conducted in Chapter 2 (213), provided invaluable insights into 

the specific metabolic alterations occurring in M. thermolithotrophicus as a result of change to 
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diazotrophic lifestyle, but did not yield a definitive answer regarding potential candidates for 

an electron donor, thereby leaving this question open for further investigation. In Chapter 2 

(213), we hypothesised that the NifH in M. thermolithotrophicus could be reduced by a 

ferredoxin, and that the ferredoxin itself could be reduced by coupling of  H2 oxidation with 

the sodium ion pumping by Ech complex. The proteomic analysis conducted on nitrogen-

limited M. maripaludis highlighted the disparity between changes observed at the 

transcriptome level and those at the proteome level (239). A similar analysis on diazotrophic 

M. thermolithotrophicus could provide a more comprehensive understanding of the protein-

level changes and has the potential to pinpoint putative electron donors.  

Although all three isoforms of nitrogenase likely share a common mechanism of N2 reduction 

(69), they exhibit varying efficiencies in catalytic turnover for both N2 and other substrates 

(52, 67). The underlying reasons for these differences have not been definitively established. 

Consequently, it is plausible to hypothesize that the thermostable archaeal molybdenum 

nitrogenase may demonstrate different reactivity or utilize different substrates in comparison 

to its bacterial counterpart. Thus, probing the activity, reactivity towards different substrates 

and distribution of reducing equivalents between H2 production and N2 reduction during 

turnover is one of the most exciting future goals in characterization of nitrogenases from 

hyperthemophilic methanogens, as it holds great promise for uncovering new functional 

diversity and potential applications of these enzymes. 

One of the challenges towards this goal would be the setup of a high-temperature activity 

assay that would allow the testing of specific activities for NH3 evolution and electron 

distribution at physiological temperatures of 65°-85°C. The traditional activity assay used for 

testing the activities of nitrogenases uses mesophilic creatine-phosphokinase from rabbit 

muscle for ATP regeneration, which cannot withstand higher temperatures. While a 

preliminary probing of the activity of the three NifH proteins from methanogens was 

conducted through a cross-reactivity assay with A. vinelandii nitrogenase (Chapter 3), the 

measurement of activity rates for the hyperthermophilic nitrogenase reductase and nitrogenase 

proved to be beyond the scope of this thesis, as the establishment of a thermostable ATP 

regeneration system is required as a prerequisite before successful measurement of activity 

rates can be achieved. An alternative thermostable system to regenerate ATP could be: (i) 

pyruvate kinase (phosphoenol-pyruvate + ADP → pyruvate + ATP), (ii) polyphosphate kinase 

(polyphosphate + ADP → polyphosphate-1 + ATP) or (iii) acetate kinase (acetyl-phosphate + 

ADP → acetate + ATP). A thermostable pyruvate kinase could be obtained either from M. 

infernus itself or Aeropyrum pernix (240), which is stable at temperatures as high as 95° C. 
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Polyphosphate kinase from both Thermosynechococcus elongatus BP-1 (241) and Thermus 

thermophiles (242) can be recombinantly expressed and could be used for this purpose 

because they are stable at temperatures up to 70° C. Finally, thermostable acetate kinase from 

Thermotoga maritima was successfully recombinantly purified and showed stable activity for 

one hundred eighty minutes at 80° C (243). Once established, these thermostable ATP 

regeneration systems can be integrated into the already implemented robust protocols for the 

NH3 production and quantification assays (Chapter 3) at increased temperatures suitable for 

probing the activity of Mt/MiNifHDK. 

Undoubtedly, the trapping and characterization of various substrate- and intermediate-bound 

nitrogenase species plays a pivotal role in acquiring further insights. Therefore, having the 

enzyme readily available in both solution and crystal forms (Chapter 3, Chapter 4) proves to 

be of immense value. For instance, employing spectroscopic techniques already used in the 

study of bacterial nitrogenases (such as 57Fe nuclear resonance vibrational spectroscopy, Fe-

edge extended X-ray absorption fine structure spectroscopy, and density functional theory 

calculations) would allow for the assessment of different oxidation states and redox 

thermodynamics of the cofactors (65), while their reduction potential(s) could be determined 

in the electrochemical experiments (244). 

The establishment of robust crystallization protocols for nitrogenase from hyperthermophilic 

methanogens, as detailed in Chapter 3 and Chapter 4 of this thesis, presents a significant 

opportunity for co-crystallization studies. By co-crystallizing nitrogenase with various 

potential substrates and intermediates, valuable insights can be gained regarding their binding 

sites and the underlying catalytic mechanism. Furthermore, soaking the crystals with different 

redox agents allows for the identification and characterization of distinct redox states of the 

enzyme and its cofactors as well as redox-triggered conformational changes, all of which are 

crucial for understanding the electron transfer processes and the catalytic cycle of nitrogenase. 

The rapid advancement of crystallographic techniques also presents unparalleled 

opportunities for further acquirement of structural data. Microcrystals, like ones obtained 

during our crystallization trials, can be exploited by using hard X-ray free-electron lasers 

(XFELs) (245), which facilitate the data collection from a stream of small crystals. This 

approach is particularly promising in the case of large/flexible protein complexes, which tend 

to crystallize poorly yielding small crystals (246, 247) and can be applied for crystals of 

nitrogenase itself or nitrogenase in complex with different partners. Meanwhile, the new 

generation of time-resolved X-ray crystallographic techniques permits measuring the 



 

324 

dynamics of proteins and visualization of conformational changes at high temporal and spatial 

resolutions, adding a temporal dimension to X-ray crystallography experiments (248), a 

prompt particularly attractive for following for example MiNifDK during turnover. 

Furthermore, the high-resolution structure of MiNifDK in mixed state obtained in Chapter 4 

is a promising starting point for the charactization of its FeMoco electronic structure, as 

successfully done for the FeVco through computational modelling starting from the 1.35 Å 

crystal structure (249). 

All structures presented and discussed in this thesis represent the Mo-dependent nitrogenase 

isoform and related partners. There are several archaeal species that harbor two or even all 

three nitrogenase isoforms, yet their three-dimensional structures remain undescribed. The 

crystallisation of the remaining two nitrogenase isoforms holds great interest as the obtained 

structures can reveal additional unexpected differences and surprises like the ones that 

accompanied the structure of bacterial vanadium nitrogenase (68). The pipeline for anaerobic 

native nitrogenase purification and obtaining high-quality samples for crystallisation, 

established here (Chapter 3, Chapter 4), can be readily adapted to other diazotrophic 

archaeal model organisms. Crystallisation of native nitrogenases requires substantial protein 

yield, which in turn calls for large-scale cultivation of the selected organism beforehand. 

However, for certain archaeal diazotrophic model organisms such as Methanosarcina, this 

task is feasible as they are already being successfully cultivated in laboratory settings.  

Having a robust genetic toolbox similar to the ones already available for M. maripaludis and 

Methanosarcinales (191) could have facilitated the previous task, as it would enable not only 

the homologous expression of the required proteins but also provide opportunities for 

metabolic engineering. Limited knowledge about plasmid replication mechanisms and 

endogenous DNA defence systems in thermophilic methanogens poses another barrier to 

progress in this area. However, the already developed methods for genetic manipulation, for 

example in M. jannaschii (250), show promise in their potential translation to closely related 

methanogens.The availability of genetic tool systems for M. jannaschii holds immense 

potential and can be used to open exciting new avenues of investigation. For instance, 

heterologous expression of the nif operon from M. infernus to further validate its sufficiency 

for diazotrophic capabilities. Moreover, the targeted mutagenesis of genes for proteins 

involved in cofactor assembly pathway could shed more light on the potential ancestral 

features of this pathway in M. infernus. 
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Finally, collecting and integrating the environmental data from the natural habitats of 

(hyper)thermophilic methanopgens with available physiological data is essential, since 

although multiple environmental studies have detected nifH from thermophilic methanogens 

in various environments (171-174), indicating their active nitrogen fixation in nature, there is 

a lack of metadata on the different organic and inorganic nitrogen sources available in situ. 

Quantifying the available nutrients that condition the utilisation of different uptake strategies, 

such as ammonia import versus nitrogen fixation, would greatly enhance our understanding of 

the role, activity, and fitness of these methanogens in their respective niches. Despite the 

known presence of methanogens capable of N2 fixation in diverse environments, the 

contribution and ecological significance of methanogenic N2 fixation for the global N cycle is 

not very well characterized and requires further study. 

Understanding the nitrogen-fixing capabilities and determining the nitrogen fixation rates of 

M. infernus and M. thermolithotrophicus within their natural habitats is of utmost importance 

in estimating their contribution to overall nitrogen dynamics in their ecosystems. In this 

thesis, both organisms were cultivated under the conditions favouring high cell yields and 

robust growth under diazotrophic conditions, but not reflecting the environmental conditions. 

A laboratory set up which would mimic these conditions (e.g. in a bioreactor) could allow for 

such measurments and enhance our understanding of their adaptation and survival strategies 

in nature. 

7.6. Concluding remarks. My thesis centred around the structural characterisation of 

nitrogen fixation machinery in (hyper)thermophilic methanogens and their ability to 

seamlessly integrate this highly demanding pathway with the rest of their metabolism under 

laboratory conditions. The transcriptomic analysis of M. thermolithotrophicus revealed 

simple, yet highly effective strategies employed by this organism to cope with energy 

constraints and nutrient limitations during diazotrophy. This analysis also facilitated the 

confirmation of crucial protein players within nitrogen fixation network. I described the first-

ever structure of an archaeal molybdenum-containing nitrogenase, its reductase, and its 

regulatory partner NifI1,2 as stand-alone and as complexes. Their structural examination 

revealed the molecular basis of this peculiar post-translational regulation organized as a 

sequestration mechanism. The atomic resolution structure of the nitrogenase from a 

hyperthermophile and its potential could be a game-changer model to decipher in more details 

how N2-fixation operates. All further information retrieved from this model study could be 

transposed to mimicry biochemistry. While nitrogen was originally named azote, meaning 

“no life” due to its perceived unreactivity, not only is it an indispensable component of all 
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biomolecules, but it also significantly supports modern society through various nitrogen-

based compounds that serve as fertilisers, biofuels, pharmaceuticals, industrial polymers, and 

catalysts, among other applications. As such, it is set to remain a key topic of very much 

lively research in chemistry, biology, ecology, and chemical and environmental engineering 

both in the present day and in the future. 
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