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ABSTRACT 

The scaffold protein NifU plays a central role in assembling the precursor [Fe4S4] clusters required for 

nitrogenase to function. The synthesis of these precursors depends on a catalytic [Fe2S2] group within 

NifU core ferredoxin domain. Here, we show that the monothiol glutaredoxin GrxD is one of the 

proteins delivering this cluster to the NifU scaffold protein. Consistently, grxD mutants have reduced 

nitrogenase activity, the result of altered iron allocation to this enzyme due to a suboptimal [Fe2S2] 

cluster occupancy of the core NifU domain in the cell. These results also indicate the existence of 

additional pathways to provide NifU with its core [Fe2S2] group. Biochemical assays show that GrxD 

unidirectionally transfers [Fe2S2] to NifU through protein-protein interaction. This allows GrxD to 

restore apo-NifU functionality, enabling proper [Fe4S4] synthesis, and NifH activation. These findings 

are crucial to understand how iron is allocated to nitrogenase for biological nitrogen fixation. 
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Introduction 

 Biological nitrogen fixation is carried out by the metalloenzyme nitrogenase (1). The 

molybdenum nitrogenases are constituted by three Nif (nitrogen fixation) proteins, NifH, NifD, and 

NifK organized in two Components (2). Component I is a NifD2K2 heterotetramer in which the 

catalysis takes place. Component II is a NifH dimer that provides electrons to NifDK for the catalysis. 

The complex stoichiometry is two NifH dimers per NifDK tetramer. The molybdenum nitrogenases 

require three different iron-sulfur clusters to operate: two [Fe4S4], two P-clusters and two iron-

molybdenum cofactors (FeMo-co) (3, 4). The [Fe4S4] clusters are inserted in each of the two NifH 

dimers, specifically at the interface of the subunits. Component I contains the P-clusters ([Fe8S7]) at 

the interfaces of each of the two NifDK halves, and a FeMoco, [Fe7S9CMo-R-homocitrate]) at the 

active site of each NifD subunit. This arrangement of cofactors allows for electrons to be channeled 

from the [Fe4S4] cluster to FeMo-co through the P-cluster (5, 6). 

 The biosynthesis of the nitrogenase clusters is a complex process, involving several additional 

Nif proteins (7). It is initiated by the assembly of transient [Fe4S4] clusters on the scaffold protein NifU. 

This is a 33 kDa dimer with each monomer comprised of three different domains: an IscU-like N-

terminal domain, a core ferredoxin domain with a permanent catalytical [Fe2S2] cluster, and a C-

terminal Nfu-like region (8, 9). The transient clusters are assembled on the N-terminal domain initially 

as [Fe2S2] groups. Sulfur is provided by cysteine desulfurase NifS, while the iron donor is yet-to-be 

determined (10). The synthesized clusters are condensed into [Fe4S4] and moved to the C-domain.  

Subsequently, these groups are transferred to NifH, to NifB to produce the NifB-cofactor precursor of 

FeMoco, and to NifQ to integrate Mo into FeMo-co synthesis (8, 11, 12), among other candidate 

acceptor proteins.  

 In addition to the iron-donor for the synthesis of the transient [Fe2S2] groups, NifU requires a 

second iron source to donate the catalytic [Fe2S2] cluster. This group must be synthesized by a 

“housekeeping” scaffold protein, responsible for providing the [FeS] clusters to enzymes not involved 

in diazotrophy, since the nif genes are repressed when sufficient fixed nitrogen is available (13). In 

model diazotroph Azotobacter vinelandii, IscU would be the source of these groups, as it is the one 

scaffold protein produced under non-diazotrophic conditions (14). From this protein, the clusters will 

be transferred to carrier proteins that will dock with specific acceptors and deliver the metal clusters 

to them. The monothiol glutaredoxin GrxD (Avin 14040, also known as Grx5) is one of these carriers 

able to accept a [Fe2S2] cluster from IscU (15). This class of glutaredoxins typically delivers a [Fe2S2] 

group coordinated by a Grx homodimer, or a Grx-BolA heterodimer (16, 17). Interestingly, grxD is 

among the first up-regulated genes as A. vinelandii transitions into a diazotrophic metabolism (18, 19). 

This expression profile indicates a role in early delivery of [Fe2S2] clusters to nascent [FeS] proteins 
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involved in biological nitrogen fixation. Consequently, NifU could be among the GrxD acceptors, as 

it plays a central role in nitrogenase cofactor synthesis, and it requires a catalytic [Fe2S2] cluster to 

operate (8, 20). Supporting this hypothesis, here we report how optimal nitrogenase activity relies on 

grxD expression, and how GrxD transfer of a [Fe2S2] cluster to the core domain of NifU is essential 

for NifU activity. 

 

Results 

GrxD is required for optimal nitrogen fixation in Azotobacter vinelandii 

To determine the role of GrxD in biological nitrogen fixation, an in-frame deletion was 

generated in the Avin14040 gene of the A. vinelandii DJ (wild-type) chromosome. The resulting strain, 

DJ3045 (Table 1), presented slower diazotrophic growth than the DJ strain (Fig. 1A). This mutation 

also resulted in DJ3045 cells having 50 % less iron than the DJ strain (Fig. 1B). In contrast, no 

significant differences were observed when fixed nitrogen (ammonium) was present in the medium 

(Fig. 1C), even with low iron in the growth medium (Fig. S1). Consistent with a role of GrxD in 

diazotrophy, DJ3045 had lower nitrogenase activity than the controls (Fig. 1D). The diazotrophic 

growth, iron content and nitrogenase activity were restored when a wild-type copy of grxD was 

reintroduced into DJ3045 (strain DC47, Figure 1 and Table 1). 

 

GrxD interacts with NifU 

The phenotype of DJ3045 suggested impaired iron metabolism during diazotrophic growth. 

Considering the important role that NifU plays in iron allocation to Nif proteins and its reliance on its 

catalytic [Fe2S2] cluster, such as those provided by monothiol glutaredoxins (8, 21), the direct 

interaction between these two proteins was tested. To this end, a C-terminal Strep-tagged A. vinelandii 

GrxD (GrxDS) was produced and purified with a 1.25:1 iron:GrxD ratio (Table 2), indicative of a 

[Fe2S2] cluster coordinated by two GrxDs. This protein was incubated with a purified N-terminal His-

tagged A. vinelandii NifU (HNifU), containing the two iron per monomer characteristic of the core 

[Fe2S2] (Table 2), under anaerobic conditions and subsequently loaded onto a Strep-tactin column. In 

the elutions, HNifU was detected together with GrxDS (Fig. 2A, Fig. S2). HNifU presence in the elution 

fractions was dependent of interaction with GrxDS; when GrxDS was not present, no NifU could be 

detected in the elutions (Fig. S3). Similarly, N-terminal His-tagged GrxD could be co-purified with a 

C-terminal Strep-tagged NifU (Fig. S4, Table 2). The interaction between GrxDS and HNifU was also 

observed in size exclusion chromatography assays (Fig. S5). 

To determine which domain is necessary for the interaction with GrxD, two NifU deletion 

mutants were produced: one without its N-domain (ΔN-NifU, containing amino acids 126-312, Table 
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2) and another without its C-domain (ΔC-NifU, containing amino acids 1-202, Table 2). Both proteins 

were fused to a N-terminal His-tag. Incubation of either protein with GrxDS, resulted in co-elution 

(Fig. 2B,C, Fig. S6). As for wild type NifU, N-HNifU, and C-HNifU presence in the elution fraction 

was the result of their interaction with GrxDS and not by any interaction with the resin on their own 

(Fig. S7). These interaction assays hint at NifU core domain as the main site interacting with GrxD, 

and likely acceptor of the [Fe2S2] cluster provided. 

 

GrxD transfers a [Fe2S2] cluster to NifU 

To rule out that GrxD could transfer [Fe2S2] groups to any of the transient sites in N- or C-

domains, GrxDS was incubated with HNifU in a 5:1 ratio, passed through a Strep-column, and iron and 

protein content determined in the flowthrough fraction. As shown in Fig. S8, no additional iron was 

observed in this fraction, indicating that no iron was transferred from GrxDS to HNifU. Alternatively, 

iron could be transferred to the NifU core domain. This was explored by producing a N-terminal His-

tagged NifU in which cysteines 35, 62, 106, 272, and 275 involved in the assembly of the [FeS] clusters 

at the N- and C- terminal domains were mutated to alanine (CA-HNifU; Table 2). The core [Fe2S2] 

group was initially removed with EDTA, but only 50 % of the iron was removed (Fig. S9). A better 

removal was achieved by incubating the protein with urea and gently diluting it out to produce apo-

CA-HNifU (Table 2). Incubating this protein with GrxDS, followed by separation in a Strep-column, 

resulted in one iron being transferred to the EDTA-treated NifU and 1.8 irons to the urea-treated NifU 

(Fig. 3A, Fig. S9, Fig. S10). This was not simply the result of having a [Fe2S2] donor in the proximity, 

as no iron transfer could be observed when IscU was used instead fo GrxD (Fig. S11). GrxD-NifU 

metal exchange was unidirectional, as reconstituted (R) NifUS (Table 2) did not transfer any iron to 

apo-HGrxD (Fig. S12). Additionally, protein-protein interaction was required for metal transfer, since 

no iron was exchanged when the two proteins were separated by a dialysis membrane that only allowed 

for small molecule diffusion (Fig. 3B). This iron transfer was not due to dithiothreitol (DTT) being 

present in the buffer, as similar results were obtained when glutathione (GSH) was used instead (Fig. 

S13). Furthermore, the use of the dialysis membrane as a control of iron transfer rules out a role of low 

molecular weight thiols such as DTT, in dissociating the cluster from GrxD to mediate its transfer to 

apo-NifU. UV-visible spectra of the resulting NifU were compatible with the transfer of the [Fe2S2] 

cluster (Fig. 3C). To confirm it, continuous-wave electron paramagnetic resonance (CW-EPR) 

spectroscopy was performed on the flow-through proteins (Figure 3D, Fig. S14), CA-HNifU showed a 

typical EPR signal for [Fe2-S2] (g = [2.02, 1.93, 1.89]) while GrxDS did not exhibit an observable EPR 

signal, likely due to the presence of a diamagnetic [Fe2S2]2+ group, as previously reported (22, 23). 
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Similarly, no cluster was observed in apo-CA-HNifU unless it was previously incubated with GrxDS, 

when a [Fe2-S2] group was detected.  

 

GrxD delivers the [Fe2S2] catalytical cluster required for NifU activity 

The previous results indicated that GrxD transfers a [Fe2S2] group to apo-CA-HNifU. However, 

they did not address whether CA-HNifU was properly refolded, kept the catalytic cluster, and re-gained 

the native NifU activity. In vitro NifU reconstitution and nitrogenase assays were used to validate the 

production of a functional NifU through GrxD-mediated [Fe2S2] transfer to apo- HNifU. NifU and NifS 

use free iron and cysteine to assemble the transient [Fe4S4] groups on NifU, resulting of approximately 

6 Fe:NifU monomer (Fig. 4A) (9, 10). In contrast, when, apo-HNifU is combined with NifS, no 

additional irons were found on NifU, as it lacked the catalytic core cluster. However, should apo-

HNifU be previously incubated with [Fe2S2]-containing GrxDS, repurified, and then combined with 

NifS, iron, and cysteine, the reconstitution of NifU is partially recovered. GrxD-mediated apo-NifU 

reactivation was also verified in in vitro acetylene reduction assays to determine nitrogenase activity. 

Maximal activity was achieved when using holo-NifH and holo-NifDK (Fig. 4B, Table 2). As expected, 

the activity was lost when holo-NifH was substituted by apo-NifH (Table 2), as electrons would not 

reach the catalytic site of NifDK. However, when R-HNifU (Table 2) was added to the mix, nitrogenase 

activity was restored to optimal levels, an activity that was not regained again if apo-HNifU was used 

instead. Validating the role of GrxD as provider of the NifU catalytic cluster, prior incubation of GrxDS 

with apo- HNifU allowed the latter to synthesize and transfer [Fe4S4] clusters to apo-NifH leading to 

an active nitrogenase (Fig. 4B). No GrxDS carry-over was observed after NifU repurification following 

the HNifU-GrxDS incubation step (Fig. S15).  

Consistent with a role on providing catalytic iron to NifU in vivo, NifUS produced in a grxD 

A.vinelandii background had significant lower iron content that when produced in a wild type strain 

(6.07 vs 3.89; Fig. S16A, B, Table 2). This seemed to be linked to the lower iron occupancy of the 

core-domain, as CA-NifUS contained 1.28 iron when purified from grxD while it had 1.98 iron when 

obtained from wild type. This would indicate that around 40% of the core [Fe2S2] sites are vacant in 

the absence of GrxD, and it highlights the existence of additional systems to allocate the catalytic 

cluster to NifU. UV-vis spectra of these proteins also reflected lower [FeS] cluster occupancy of NifUS 

produced in strains lacking GrxD (Fig. S16C).  
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Discussion 

 Glutaredoxins are a functionally diverse group of proteins participating in multiple cellular 

processes such as antioxidant defense, intracellular signaling and iron homeostasis (21, 24–26). In 

bacteria, they can be divided in two main groups: dithiol (Class I) and monothiol (Class II) Grx (21). 

Class I can catalyze reversible thiol oxidation using glutathione as substrate (21). Monothiol Grxs do 

not have an enzymatic activity per se and act as [FeS] carriers (16, 17). These clusters are transferred 

to downstream [FeS] proteins such as IscA, ErpA, and enzymes involved in the membrane electron 

transport chain (27, 28). Our results extend the role of monothiol Grxs to delivering the catalytic [Fe2S2] 

cluster required by NifU to assemble the [Fe4S4] groups used to synthesize nitrogenase cofactors. 

 Among the three A. vinelandii Grx proteins, two of them belong to Class II: GrxD and Grxnif 

(Avin51060). Both are up-regulated in the early stages of diazotrophy de-repression, when fixed 

nitrogen is depleted and A. vinelandii must start synthesizing nitrogenase. However, although Grxnif is 

part of a nif cluster, no growth phenotype associated with nitrogen fixation has been reported to date 

(29), although its mutation has been reported to lead to lower nitrogenase activity (30). In contrast, 

GrxD presented a severe reduction of growth under diazotrophic conditions, nitrogenase activity, and 

overall iron content. No significant differences were observed during non-diazotrophic growth in the 

conditions tested, even when iron was limiting in the medium. This contrasts with E. coli GrxD, that 

is required for adaptation to a low iron environment (27). Therefore, some other mechanisms must be 

in place to accommodate the loss of GrxD function in A. vinelandii in non-diazotrophic conditions. 

The existence of functional alternatives to GrxD is also evidenced by the nitrogenase activity not being 

completely lost in grxD mutants, as well as by CA-NifU still containing iron when produced in a 

grxD strain. Grxnif could be this alternative. Therefore, GrxD is an accessory factor to achieve optimal 

capacity of nitrogen fixation. 

 While there are three [FeS] cluster binding sites in NifU, one in each of the three domains (8, 

10), GrxD delivers exclusively a [Fe2S2] group to the core region. No iron transfer was observed from 

GrxD to core [Fe2S2]-containing NifU; only when this cluster was removed, iron could be moved from 

GrxD to apo-NifU or to apo-CA-NifU. Furthermore, this transfer was unidirectional, since apo-GrxD 

did not accept any iron from R-NifU. The polarity of metal cofactor donation seems to be a 

characteristic of many metal delivery systems as it prevents recovering essential, limiting, cofactors 

from metalloproteins. Such is the case of NifU and NifQ for [Fe4S4] (11), or CopZ and CopA for Cu+ 

(31), among others. Furthermore, iron delivery requires the docking of GrxD with NifU, as indicated 

by the lack of transfer when the two proteins are separated by a dialysis membrane that allows for 

diffusion of small molecules such as [Fe2S2] clusters, but not proteins. As a result, as in the case of 
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other metallochaperones (32–34), metal delivery from GrxD to NifU is targeted, specific, and probably 

facilitated by the compatibility of the docking interfaces.  

 This biochemical data supports the phenotype observed in grxD mutants. Its reduced growth 

under diazotrophic conditions is the consequence of the lower nitrogenase activity of this strain. In 

turn, the lower performance of nitrogenase would stem from an altered NifU activity caused by GrxD 

deficiency. In this scenario, around 40 % NifU lack the core [Fe2S2] group, hampering [Fe4S4] 

synthesis and transfer to Nif proteins as important as NifH, NifDK, NifB, and NifQ (8, 10–12). 

Consequently, nitrogenase would not receive its essential iron cofactors at the same rates, being less 

active overall. Considering that Nif proteins are a large part of A. vinelandii proteome during 

diazotrophy (18, 19, 29), many of them using iron cofactors (7), a reduction of [FeS] synthesis for 

these proteins could explain the lower iron concentration in grxD mutants. Removing the 

[Fe2S2] cluster from NifU core domain required protein unfolding due to the high binding affinity of 

this region (35). However, addition of holo-GrxD allowed for proper refolding, as indicated by the 

recovery of the two irons lost during denaturing, as well as for the recovery of the [Fe4S4] synthesizing 

capability. The latter is surprising as previous studies showed that the isolated domains of apo-NifU 

could be reconstituted in vitro (10), while the full protein cannot. Not only [Fe2S2] and [Fe4S4] clusters 

could be produced on the IscU-like N-NifU domain, but they could also be used to reconstitute NifH. 

This discrepancy could hint at an interaction between N- and C-domains blocking each other [FeS] 

cluster sites unless the core-domain is fully reconstituted.  

Finally, GrxD capability of functionally folding NifU could have a biotechnological role in 

current efforts to engineer nitrogen fixation capabilities in crop plants (36, 37). NifU has been shown 

to be an essential element for eukaryotes to produce NifH or NifB, as without it, the synthesis of the 

latter two proteins and their functionality in vivo are severely compromised (39, 40). However, NifU 

synthesis in plants seems to be limited by iron availability and, at most, NifU purified from plants 

contain one iron per monomer (41). Co-expression with GrxD could be an efficient way to optimize 

iron content in plant-produced NifU or to reduce the iron requirements in the nutrient solutions, in a 

similar way as it assists in NifU renaturing in vitro. 

 

Experimental procedures 

Escherichia coli and Azotobacter vinelandii strains and plasmids  

E. coli strain BL21 (DE3) was used to express the proteins in this study. To produce GrxDS, 

grxD was amplified from A. vinelandii DNA using the primers 5NcoIGdxC-Strep and 3NdeIGdxC-

Strep (Table S1), digested with NcoI and NdeI restriction enzymes and cloned in pET16bStrep to 

produce pERN1 (Table S2). HGrxD was generated by amplifying GrxD with primers 5NdeIGdxN-His 
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and 3BamHIGdxN-His digested with NdeI and BamHI (Table S1) and ligated in pET16bHis, to 

assemble pERN2 (Table S2). N-HNifUdomain, C-HNifU, CA-HNifU encoding DNA were 

synthesized by GenScript (Piscataway, NJ, USA), flanked by NdeI and SexAI restriction enzymes that 

were used to digest and ligate in pRHB612, originating plasmid pERN3, pERN4 and pERN5, 

respectively (Table S2). 

 To generate A. vinelandii strains, vector pDB2678 (Table S2) was produced by cloning a 

fragment comprising from -700 bp before grxD to 700bp after the stop codon. This fragment was 

amplifed by PCR using primers FW-NotI-700UpGrx5 and 700DownGrx5EcoRI-RV (Table S1), 

digested with NotI and EcoRI and ligated in pUC18. The in-frame grxD deletion mutant strain DJ3045 

was produced by exchanging the wild type gene with an in-frame deletion of amino acids 2-50. This 

construction, pDB2679 (Table S2) was obtained by digesting and re-ligating the pDB2678 plasmid 

with EcoRV. Strain DC47 was obtained by exchanging this mutation with the wild type grxD clones 

in pDB2678. Transformation of A. vinelandii was carried out as described (42, 43). To select for the 

transformants, the strains were co-transformed with pDB303 (to select with 10 μg/mL Rifampicin for 

DJ3045) and pDB1416 (to select with 0.05 μg/mL Gentamycin for DC47) provided by Dr. Dennis 

Dean (Virginia Tech, Blacksburg, USA).  

Protein purification  

Protein synthesis in E. coli was induced by adding 1 mM isopropyl -D-thiogalactoside (IPTG) 

to cells growing in LB media supplemented with 100 mg/ml ampicillin at OD600 ≈ 0.6. After 6 h of 

induction at 30 ºC, cells were collected by centrifugation at 4000 g for 7 min and stored at -80 ºC. 

Cells producing tagged NifU or GrxD were further supplemented with 0.2 mM ferric ammonium 

citrate and 2 mM L-cysteine. In the case of cells synthesizing SNifS, the medium was supplemented 

with 2 mM L-cysteine. Strep-tagged proteins were purified by Strep-Tactin XT affinity 

chromatography. Approximately 15 to 20 g of cells were resuspended for 30 min in 60 ml of Buffer 

W (100 mM Tris-HCl pH 8.0, 150 mM NaCl) containing 1 mM phenyl- methylsulfonyl fluoride 

(PMSF) and 3 mg of DNAse I. Cells were lysed in a French Press cell at 1500 lb per square inch. The 

cell-free extract (CFE) was obtained after removing cell debris by centrifugation at 63,000 g for 1 h 

at 4 ºC.  CFE was loaded onto a 3 ml Gravity flow Streptactin-XT high-capacity column (IBA, 

Göttingen, Germany), previously equilibrated with buffer W. The column was then washed 5 times 

with two column-volumes (CV) of buffer W per wash. The bound proteins were eluted with 5 CV of 

50 mM biotin in buffer W.  

His-tagged proteins were purified by Ni-NTA affinity chromatography. Approximately 20 to 
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25 g of E. coli BL21(DE3) cells were resuspended for 30 min in 100 ml of buffer A (100 mM 

Tris-HCl pH 8.0, 250 mM NaCl, and 20 mM imidazole) supplemented with 1 mM PMSF and 3 mg 

DNAse I. Cells were lysed and CFE was obtained as described above. CFE was loaded onto a 5 ml 

Ni-NTA Agarose column (Qiagen, Hilden, Germany) previously equilibrated with buffer A. The 

column was washed with 10 CV of 20 mM imidazole in buffer A with and with 10 CV of 40 mM 

imidazole in buffer A.  In the case of CA-NifU, a third wash was performed with 90 mM of imidazole 

in buffer A. Elutions were performed with 300 mM imidazole in buffer A. 

NifH and NifDK were produced and purified from A. vinelandii DJ (NifDK) and DJ33 (NifH) 

as described by Shah VK et al. (43) 

Elution fractions were concentrated with centrifugal membrane devices (Amicon Ultra, 

Millipore, Burlington, MA, USA). The proteins were desalted using a PD-10 column previously 

equilibrated in Buffer W. All purifications were carried out under anaerobic conditions (<5.0 ppm O2) 

inside a glovebox (COY Laboratories, Grass Lake, MI, USA) using buffers previously made anaerobic 

by sparging with N2 overnight. Purification fractions were analyzed by electrophoresis. Purified 

proteins were frozen and stored in liquid N2. Protein and iron content was determined using BCA 

(Pierce, IL, USA) and bipyridyl method (44), respectively. 

 

In vitro [FeS] cluster reconstitution 

[FeS] cluster reconstitution on NifU was carried out as described (11). Briefly, 20 μM of NifU 

dimer was prepared in 100 mM MOPS (pH 7.5) buffer containing 8 mM 1,4-dithiothreitol (DTT) and 

incubated at room temperature for 30 min. To this solution, 1 mM L- cysteine, 1 mM DTT, 225 nM 

NifS, and 0.3 mM (NH4)2Fe(SO4)2 were added. Iron additions were divided in three steps of 15 min 

each until reaching the final concentration of 0.3 mM. This solution was maintained in ice for 3 h. 

To remove unbound iron, R-NifU was desalted by dilution and concentrated with a 10-kDa cutoff pore 

size centrifugal membrane device (Millipore, Burlington, MA, USA) in 5 mM DTT in 100 mM MOPS 

(pH 7.4). R-NifU protein was stored in liquid N2 until use. This work was carried out under anaerobic 

conditions (<5.0 ppm O2) inside a glovebox using buffers previously made anaerobic by sparging with 

N2 overnight. Protein and iron content was determined using Bradford (Pierce) and bipyridyl method 

(44), respectively. 

 

[FeS] cluster removal 

To remove all the [FeS] clusters from CA-HNifU and HNifU, 100 M of these proteins were 

incubated at room temperature for 4 h in 100 mM Tris (pH 8.0), 150 mM NaCl, 8 M Urea, 100 mM 
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EDTA, and 5 mM DTT. The protein was desalted in decreasing Urea solutions (6 M, 4 M, 2 M and 

0.5 M) in Buffer W using a 10-kDa cutoff pore size centrifugal membrane device. Finally, it was 

passed through a PD-10 previously equilibrated in Buffer EPR (100 mM Tris-HCl pH 8.0, 350 mM 

NaCl, 10% glycerol). The proteins were stored in liquid N2 until use.  

The clusters from HGrxD were eliminated by incubating 50 μM of this protein in 50 μM of 

EDTA in Buffer W for 1 h at room temperature. The solution was concentrated using a 3-kDa cutoff 

pore size centrifugal membrane devices (Millipore). Finally, it was passed through a PD-10 for 

desalting in Buffer W. Apo-HGrxD was stored in liquid N2 until use. 

Apo-NifH was prepared by incubated 30 min at room temperature in 22 mM Tris-HCl pH 7.4, 

2 mM DTH, 2.5 mM ATP, 2.5 mM MgCl2 and 40 mM 2,2’ Bipyridine. The protein mix was desalting 

using a PD-10 column previously equilibrated in 100 mM Tris-HCl pH 8.0, 200 mM NaCl, 10% 

glycerol and 2 mM DTH, the elution was concentrated using a 10 kDa cutoff pore size centrifugal 

membrane devices (Millipore). Apo-NifH was stored in liquid N2 until use. 

 

Co-purification assays 

Prior to interaction assays, proteins were treated with DNAse I for 30 min at room temperature and 

then desalted using a PD-10 column previously equilibrated in Buffer W. All interaction assays 

between GrxD and NifU were carried out for 5 min using 20 μM of each protein in a final volume of 

200 μl of Buffer W inside a glovebox under anaerobic conditions. The proteins were separated using 

a 200 μl of Gravity flow Streptactin-XT high-capacity (IBA) column. The column was washed seven 

times with 3 CV of Buffer W. The elution was carried out in 4 steps using 2 CV of 50 mM biotin in 

Buffer W.  

 

[FeS] cluster transfer assays 

To determine iron transfer between apo-CA-HNifU or apo-HNifU and GrxDS, a combination 

of 50 μM of the NifU partner and 250 μM of the GrxD pair were incubated in a glovebox for 15 min 

at room temperature in EPR buffer. Proteins were separated by passing them through a column of 5 

ml Strep-tactin XT 4Flow High-capacity column (IBA) previously equilibrated in buffer W. The 

column was washed with seven CVs of buffer W, and the proteins were eluted with 50 mM biotin in 

Buffer W. To test the diffusion of free iron from reconstituted proteins to apo-protein, the two proteins 

were incubated for 15 min inside an anaerobic glovebox, separated by a dialysis membrane. Samples 

from both sides of the membrane were collected to determine the protein and iron concentration at 

time 0 and after 15 min incubation. To prepare EPR samples, the flowthrough fraction was concentrated 

using 30 kDa cutoff pore size centrifugal membrane devices (Millipore) and stored in liquid N2 
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Protein content in all selected fractions was analyzed by SDS-PAGE using 15% 

acrylamide/bisacrylamide (37.5:1) gels and visualized by Coomassie Brilliant Blue staining (45). For 

immunoblot analysis, proteins were transferred to nitrocellulose membranes for 30 min at 20 V using 

a Transfer-Blot Semi Dry system (Bio-Rad, Hercules, CA, USA). Immunoblot analyses were carried 

out with primary mouse antibodies raised against Strep tag (1:2,500 dilution Strep-MAB) (IBA) or 

against (His)6 tag (1:2,000 dilution α-His primary monoclonal antibody) (Sigma-Aldrich, St Louis, 

MO, USA), and a secondary anti-mouse antibody conjugated to peroxidase (1:10,000 dilution, Goat 

anti-Mouse IgG) (Agrisera, Vännäs, Sweden). In the case of NifU, a primary specific anti-NifU rabbit 

antibody was used at 1:2,500 dilution (46) in combination with a secondary horseradish peroxidase-

conjugated anti-rabbit antibody (IBA) diluted 1:15,000. Chemiluminescent detection was carried out 

according to Pierce ECL Western Blotting Substrate kit’s instructions (ThermoFisher Scientific, 

Waltham, MA, USA) and developed in an iBright FL1000 Imaging System (ThermoFisher 

Scientific). Protein content was determined using BCA (Pierce, IL, USA) and iron content with 

Atomic Absorption Spectroscopy.  

 

Iron determinations with atomic absorption spectroscopy 

Protein samples were mineralized in 37.5 % analytic grade nitric acid for 10 min at 80 ºC. 

Samples were then diluted to a total concentration of 2 % nitric acid with ultrapure water. To determine 

iron content in cellular samples, 1 ml of the cultures was pelleted and digested in 50 μl 6 N HCl 

overnight. Samples were diluted 10-fold to reduce acid concentrations. Iron concentrations were 

determined in an Atomic Absorption Spectrometer ContrAA 800G (AnalytikJena, Jena, Germany) 

using commercially available analytic grade metal standards (Inorganic Ventures, Christianburg, VA, 

USA). 

 

Ultraviolet-visible spectroscopy 

UV-visible absorption spectra were collected under anaerobic conditions (<0.1 ppm O2) inside 

a glovebox (MBraun, München, Germany) in septum-sealed cuvettes to avoid the O2 contamination 

during the measurements in the Shimadzu UV-2600 spectrophotometer. Absorption (225 nm to 800 

nm) was recorded. 

 

Electron paramagnetic resonance (EPR) spectroscopy 

Protein samples were prepared in EPR buffer supplemented with 1 mM dithionite (DTH). X-

band (9.64 GHz) cw-EPR spectra were recorded on a Bruker Elexsys spectrometer equipped with an 

Oxford ESR 910 cryostat and a Bruker cavity. The microwave frequency was calibrated with a 
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frequency counter and the magnetic field with an NMR gauss meter. The temperature was calibrated 

with a carbon-glass resistor temperature probe (CGR-1-1000; Lake- Shore Cryotronics) located into 

an EPR tube. For all EPR spectra, a modulation frequency and amplitude of 100 kHz and 1 mT were 

used. The first-derivative spectra were recorded at 1024 points with an integration time of 150 

milliseconds. EPR spectral simulations were performed using the simulation software SpinCount (47). 

The spin was quantified by relative to a 1.2 mM Cu(II)ethylenediaminetetraacetic solution with 10 % 

glycerol (v/v). Two EPR samples, independently prepared from two different GrxDs and CA-HNifU 

interaction assays, were measured. 

 

Nitrogenase activity assays 

Prior to culture, all flasks and vials were acid-washed overnight in 0.2 M HCl to remove iron 

contaminations, followed by thoroughly rinsing in deionized water. 250 ml cultures of each A. 

vinelandii strain were grown overnight at 30ºC 200 rpm in 250 ml of Burk medium (42). On the 

following day, these cultures were centrifuged at 1400 g 10 minutes and resuspended with a OD600 0.3 

in 250 ml of Burk medium for 2 hours at 30ºC with 200 rpm agitation. To de-repress nitrogenase, the 

cells were washed with Burk Medium without any nitrogen source by centrifugation and resuspended 

again in 50 ml of the same medium and grown for 4 h at 30 ºC with 200 rpm agitation. Nitrogenase 

activity was determined with the acetylene reduction assay (48). One milliliter of culture was incubated 

with 0.5 ml of acetylene for 15 minutes at 30 ºC in 9 ml vials closed with rubber caps. Reaction was 

stopped using 0.1 ml 8 M NaOH. Two samples of 50 μl were analyzed in gas chromatographer GC-

8A (Shimadzu, Kyoto, Japan) using a Porapak N 80/100 column. The ethylene production rates were 

normalized to the OD600 of the cultures after 4 hours of diazotrophic growth. 

In vitro reconstitution of apo-NifH by NifU was determined as described (41, 49). Reactions 

were prepared inside anaerobic chambers. 4 μM of apo-NifH was incubated with 0.1 μM of NifDK, 

40 μM NifU and ATP-regenerating mixture (1.23 mM ATP, 18 mM phosphocreatine, 2.2 mM MgCl2, 

3 mM DTH, 5 mM DTT, 46 μg/ml of creatine phosphokinase, 100 mM MOPS pH 7.4) in a final 

volume of 600 l inside 9 ml serum vials under argon atmosphere containing 500 l acetylene (1 atm). 

The reaction was carried out at 30 °C in a shaking water bath for 15 min. Reactions were stopped by 

adding 100 μl of 8 M NaOH. Ethylene formed was measured in 50 μl gas phase samples as previously 

indicated. 

 

Statistical methods 

GraphPad Prism software was used for statistical analysis. The data were compared using un-
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paired t test with Welch’s correction (p <0.05) 
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FIGURE LEGENDS 

 

Figure 1. Mutation in grxD alters diazotrophic growth. A. Growth under diazotrophic conditions 

of wild type A. vinelandii strain (DJ), grxD in-frame mutant (DJ3045), and DJ3045 transformed with 

a wild-type copy of grxD (DC47). B. Iron content of DJ, DJ3045, and DC47 strains grown in 

diazotrophic conditions. C. Growth under non-diazotrophic conditions of wild type DJ, DJ3045, and 

DC47. D. Nitrogenase activity assay of DJ, DJ3045, and DC47 cells 4 h after de-repression. Bars 

represent the average ± SD (n=3). * Indicates statistically significant difference (p <0.01).  

 

Figure 2. GrxDS interacts with HNifU. A. Top panel shows the immunodetection with an anti-Strep 

antibody of Strep-tagged GrxD in load controls (LD), flowthough (FT), washes (W1, W6, and W7), 

and elution (E1 and E2) fractions after being incubated with a histidine-tagged NifU and passed 

through a Strep-column. Bottom panel shows the immunoblot of the same fractions developed with an 

anti-NifU antibody. Images show a representative assay (n=3). Full length immunoblots are shown in 

Supplementary Figure S2. B. Top panel shows the immunodetection with an anti-Strep antibody of 

Strep-tagged GrxD in load controls (LD), flowthough (FT), washes (W1, W6, and W7), and elution 

(E1-E4) fractions after being incubated with a histidine-tagged ∆N-NifU and passed through a Strep-

column. Bottom panel shows the immunoblot of the same fractions developed with an anti-His 

antibody. C. Top panel shows the immunodetection with an anti-Strep antibody of Strep-tagged GrxD 

in flowthough (FT), washes (W1, W6, and W7), and elution (E1-E4) fractions after being incubated 

with a histidine-tagged ∆C-NifU and passed through a Strep-column. Bottom panel shows the 

immunoblot of the same fractions developed with an anti-His antibody. Images show a representative 

assay (n=3). Full length immunoblots are shown in Supplementary Figure S6. 

 

Figure 3. Apo-CA-HNifU receives a [Fe2S2] cluster from GrxDS. A. Top panel shows iron content 

of GrxDS and apo-CA-HNifU prior to interaction, and in the flowthrough fraction (FT CA-HNifU) 

obtained from passing through a Strep-tactin-column a solution in which apo-CA-HNifU was incubated 

for 15 min with GrxDS. Bars represent the average ± SD (n=3). * Indicates statistically significant 

difference (p <0.01). Bottom panel shows the immunoblots of flowthrough (FT), wash (W1-W7) and 

elution (E) fraction of the previous solution performed with anti-NifU and anti-Strep antibodies to 

confirm that not GrxDS contamination was detected in the FT fraction. Images show a representative 

assay (n=3). Full length immunoblots are shown in Supplementary Figure S10. B. Iron content per 

monomer from proteins separated by a 3-kDa pore-size cutoff dialysis membrane before and after 15 

min incubation. Bars represent the average ± SD (n=3). C. Molar extinction coefficients in UV-Visible 
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spectra of the proteins in panel A. D. X-band cw-EPR spectra in the field range of 300-400 mT at 15 

K under power-unsaturated conditions of the following samples: CA-HNifU (A) GrxD
S
 (B), 

flowthrough fraction after 15 min interaction of apo-CA-HNifU and AS-GrxD
S
 (C), and apo-CA-HNifU 

(D). A single S = ½ species with g = [2.02, 1.93, 1.89] is observed. The spin concentration of this 

species is 0.78 mM (A), 0 mM (B), 0.96 mM (C), and <5 µM (D). A second biological replicate is 

shown in Supplementary Figure S14B.  

 

Figure 4. GrxDS transfers the catalytic [Fe2S2] cluster to HNifU . A. Three forms of HNifU were 

subjected to [FeS] cluster reconstitution: as isolated HNifU (containing the catalytic [Fe2S2] in the core 

domain), apo- HNifU (lacking this cluster), and apo- HNifU that was previously incubated with GrxDS. 

In vitro synthesis of [FeS] clusters on each of these forms of HNifU was performed by adding the 

reconstitution mix of 40 M apo-HNifU (1 mM L-cysteine, 1 mM DTT, 225 nM NifS, and 0.3 mM 

(NH4)2Fe(SO4)2) for three hours, desalted by dilution and concentrated. * Indicates statistically 

significant difference (p <0.01).  B. Acetylene reduction assay using purified NifDK in combination 

with: holo-NifH, apo-NifH, apo-NifH combined with R-HNifU, apo-NifH combined with apo- HNifU 

previously incubated with GrxDS, and apo-NifH combined with apo- HNifU. HNifU forms were 

obtained as indicated in section (A).  Bars represent the average ± SD (n=3). 
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Table 1. Azotobacter vinelandii strains used in this work 

Strain Characteristic Source 

DJ Highly transformable variant of OP 30 

DJ3045 
ΔgrxD mutant in frame from amino acid 2 to 

50 
This work 

DC47 
GrxD complementation of DJ3045 by 

reintroducing a wild-type copy of grxD 
This work 

DJ33 ΔnifDK 48 

DC214 
Strep-tagged NifU produced in DJ3045 

background 
This work 

DC215 
Strep-tagged CA-NifU produced in DJ3045 

background  
This work 

DC216 Strep-tagged NifU produced in DJ background This work 

DC219 
Strep-tagged CA-NifU produced in DJ 

background 
This work 
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Table 2. Proteins used in this study. 

Protein Name Tag/Position Organism Fe/monomer Source 

GrxD 

apo-HGrxD 6xHis/C-t E. coli BL21 0.04 ± 0.00 This work 

GrxDs Strep/c-t E. coli BL21 1.25 ± 0.32 This work 

HGrxD 6xHis/C-t E. coli BL21 0.77 ± 0.38 This work 

NifU 

NifUS Strep/C-t E. coli BL21 1.8 ± 0.59 11 

HNifU 6xHis/N-t E. coli BL21 1.89 ± 0.04 40 

R-NifUS Strep/C-t E. coli BL21 5.54 ± 0.45 11 

R-HNifU 6xHis/N-t E. coli BL21 6.8± 0.93 11 

CA-HNifU 6xHis/N-t E. coli BL21 0.98 ± 0.74 This work 

Apo-CA-HNifU 6xHis/N-t E. coli BL21 0.14 ± 0.02 This work 

∆C -HNifU 6xHis/N-t E. coli BL21 1.94 ± 0.07 This work 

∆N -HNifU 6xHis/N-t E. coli BL21 1.81 ± 0.07 This work 

NifUS Strep/C-t A. vinelandii DC216 6.07 ± 0.45 This work 

NifUS Strep/C-t A. vinelandii DC214 3.87 ± 0.48 This work 

CA-NifUS Strep/C-t A.vinelandii DC219 1.98 ± 0.1 This work 

CA-NifUS Strep/C-t A.vinelandii DC215 1.28 ± 0.03 This work 

NifS SNifS Strep/N-t E. coli BL21 - 11 

IscU IscUs Strep/C-t E. coli BL21 0.62 ± 0.06 This work 

NifH 

Apo-NifH No tagged A. vinelandii DJ33 0.34 ± 0.11 43,48 

Holo-NifH No tagged A. vinelandii DJ33 1.83 ± 0.01 43,48 

NifDK Holo-NifDK No tagged A. vinelandii DJ 23.70 ± 1.24* 43,48 

 

Data are the average iron content per protein monomer ± SD calculated (n=3). S indicates 

Strep-tagged protein; H indicates 6xHis-tagged protein; R indicates proteins 

with in vitro reconstituted [Fe-S] clusters. *The NifD2K2 heterotetramer was considered 

instead of a monomer of either protein. 
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FIGURE 4
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