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ABSTRACT 

The Mo-nitrogenase from Azotobacter vinelandii reduces N2 to ammonia in an ATP-
dependent process. It has two-components, the MoFe protein (MoFe) with the active site 
for N2 reduction, and the Fe protein (FeP) that delivers electrons to MoFe. The less 
efficient alternative nitrogenases (Fe- and V-nitrogenases) have FeFe and VFe proteins 
with an additional subunit, termed gamma, whose role is unknown. Electron delivery to 
MoFe occurs through the Fe protein cycle (FeP cycle). This involves association between 
the FeP(MgATP2) and MoFe, followed by electron transfer, ATP hydrolysis, release of 
Pi, and dissociation of the FeP(MgADP2) from MoFe. A study of the Fe protein cycle 
with the physiological electron donor flavodoxin (Fld), changed the rate-limiting step for 
nitrogenase catalysis, highlighting the important role of physiological protein donors in 
nitrogenase catalysis. However, it is unknown if Fld interacts with the MgADP or 
MgATP-bound state of the FeP. Insights from ClusPro 2.0 in silico docking models, 
time-resolved limited proteolysis and chemical cross-linking coupled with LC-MS and 
MALDI-TOF MS analysis show that the FeP(MgADP2) forms a more productive 
complex with Fld, reducing competition between Fld and MoFe for the FeP(MgATP2) to 
drive catalysis. To confirm our model, MicroScale Thermophoresis (MST) was 
developed to measure binding affinity between the FeP and nucleotides which agreed 
with previous measurements from isothermal calorimetry, confirming its application for 
nitrogenase. In silico docking models with ClusPro 2.0 and HADDOCK 2.2 identified 
structural differences between the Mo-nitrogenase and the alternative V- and Fe-
nitrogenases that allow discrimination of protein-protein interactions that enable complex 
formation. The gamma subunit of the V- and Fe-nitrogenases mediates interactions 
between the nitrogenases, preventing competition between the least efficient Fe-
nitrogenase and the Mo-nitrogenase. Finally, a pipeline was developed for homology 
modeling of potential physiological donor ferredoxin proteins (VnfF, FdxN, FixFd) 
associated with expression of the Mo-, V- or Fe-nitrogenases. Insights from in silico 
docking and assessment with the PRODIGY server were used to identify structural 
features that differentiate how these ferredoxins interact with the FePs of the three 
nitrogenases. Ultimately, nucleotide-dependent control of protein-protein interactions is 
necessary to support N2 reduction and funnel electrons to the most efficient Mo-
nitrogenase.   
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CHAPTER ONE 

INTRODUCTION 

 Nitrogenase is the enzyme responsible for performing the difficult reduction of 

inert nitrogen (N2) into bioavailable ammonia in a process known as biological nitrogen 

fixation (BNF) (1–3). BNF is responsible for 60% of the fixed nitrogen input into the 

global nitrogen cycle (4, 5).  

There are three distinct types of nitrogenases named for the identity of the metal 

at their respective active sites: the Mo-nitrogenase, V-nitrogenase and Fe-nitrogenase (2, 

6–11). The V- and Fe-nitrogenases are not as efficient at N2 reduction as they require 

increased amounts of ATP and produce a higher ratio of H2 to fixed N2 (10–16).  

The Mo-nitrogenase is the most well-characterized and has been isolated from 

Azotobacter vinelandii, Klebsiella pneumoniae, and Clostridium pasteurianum (17). The 

Mo-nitrogenase from A. vinelandii and will be the focus of this work (18). The Mo-

nitrogenase reduces N2 to ammonia following a limited stoichiometry of (19, 20): 

 N2 + 8H+  + 16MgATP + 8e-  2NH3 + H2 + 16MgADP + 16Pi                                             eq (1) 

Breaking the triple bond of N2, one of the highest activation barriers in biology, 

requires a complex interplay of protein-protein interactions coupled with ATP hydrolysis 

to facilitate electron transfer (ET), making this an energetically expensive reaction (21).  

 

 



2 
 

Nitrogenase: a two-component enzyme system 

Nitrogenase is made up of the catalytic component, the MoFe protein, encoded by 

nifDK and the reductase component, the Fe protein (FeP) encoded by nifH, which 

transiently associate during catalysis (22). The MoFe protein is an α2β2 heterotetramer 

with two unique metalloclusters in each α/β half: The P-cluster and FeMo-cofactor 

(Figure 1.1A) (23–25). The crystal structure of the MoFe protein has been reported from 

A. vinelandii, revealing important details about the structure of the P-cluster and the 

FeMo-cofactor (24–29). The [7Fe-8S] P-cluster is involved in mediating ET from the FeP 

to the FeMo-cofactor of the MoFe protein (29, 31). The [7Fe-9S-C-Mo-homocitrate] 

FeMo-cofactor, is the site of substrate reduction and therefore must accumulate multiple 

electrons and protons (H+) to enable nitrogen to bind and be converted to ammonia (26, 

27, 29, 32).  

 

Figure 1.1. Crystal structures of the MoFe protein and Fe protein. A) Crystal structure 
showing one α/β half of the MoFe protein (PDB code 2MIN). B) The nucleotide-free 
(PDB code 2NIP) and MgADP-bound (PDB code 1FP6) crystal structures of the Fe 
protein show similar conformations. The FeP subunits are bridged by a single [4Fe-4S] 
cluster with a nucleotide binding site in each subunit.  
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The crystal structure of the nucleotide-free and MgADP-bound states of the FeP 

are nearly identical (Figure 1.1B) (33, 34). The MgADP-bound state of the FeP exists as 

a homodimer, with a single [4Fe-4S] bridging the two subunits and a single nucleotide 

binding site in each subunit. The FeP is the only physiological donor able to couple to the 

MoFe protein and drive nitrogenase catalysis (35). Its main role is to transfer one electron 

at a time to the MoFe protein in an ATP-dependent process called the Fe protein cycle 

(36, 37). The MoFe protein cycle describes the series of single electron/H+ transfer steps 

to accumulate a minimum of 8 electrons required to fully reduce 1 mol of N2 following eq 

(1) (1, 37).  

Many of the principle steps of the MoFe and Fe protein cycles have remained 

unchanged since first proposed by Lowe and Thorneley, however significant progress has 

been made with defining the mechanistic details that couple conformational changes due 

to nucleotide-binding and hydrolysis with protein-protein interactions required to 

promote nitrogenase catalysis (11, 36–41).  

This chapter will review the general requirements for BNF. First, properties of the 

physiological donor to the MoFe protein, the FeP are discussed. Then the events of the Fe 

protein cycle are described including insights into the dissociation step with the 

physiological reductant flavodoxin (Fld), and finally other potential physiological donors 

to nitrogenase, ferredoxins (Fds), are identified that could replace Fld in supporting BNF.  

The FeP: A nucleotide switch protein                                                                                  

The bridging [4Fe-4S] cluster of the FeP cycles through 2+/1+ redox couple (-

290mV) that is physiologically relevant to nitrogenase catalysis (4, 36). FeP binding of 
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MgADP and MgATP, reduces the midpoint potential for the [4Fe-4S] cluster by ~100 

mV, to – 420mV with MgATP and -440mV with MgADP (36). The FeP is an ATPase 

with structural homology to the trimeric G-proteins and myosin in terms of features 

associated with nucleotide binding (42). 

 

Figure 1.2. Nucleotide signal transduction pathway in the Fe protein. A) The MgADP-
bound state (PDB code 1FP6) and B) MgATP-bound mimic (PDB code 4WZB) where 
the P-loop (red), switch I (blue) and switch II regions (orange) facilitate communication 
from the nucleotide binding site to the [4Fe-4S] cluster. 

The FeP is a part of a large P-loop GTPase superclass called the Mrp/MinD 

family which couples nucleotide binding and hydrolysis to conformational changes 

within the dimer interface (43, 44). They are characterized by a N-terminal Walker A 

motif (GXXXXGK(ST)) and Walker B motif (DXXG) (44, 45). The Walker A motif is 

known as the phosphate-binding loop (P-loop), which consists of a flexible loop that 

positions the phosphate moiety of the nucleotide (45). The Walker B motif (DXXG) 

coordinates the bound Mg2+ of the nucleotide (33, 44, 45). In the MgADP-bound structure 
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of the FeP, the region from Asp125 that coordinates the Mg2+ of ADP through Cys132 

which ligates the [4Fe-4S] cluster, facilitates communication from the nucleotide binding 

site to the [4Fe-4S] cluster (33). A second region, from Asp39 which also coordinates the 

bound Mg2+ to amino acids at residues 59-69, facilitates communication from the 

nucleotide binding site to the surface that is known to interact with the MoFe protein (33, 

46). These are called the switch I and switch II regions as they are analogous for ras P21 

binding to GDP and GTP (47).  

Together the P-loop, switch I, and switch II regions form a signal transduction 

pathway that communicates nucleotide binding over an approximately 19Å distance to 

the [4Fe-4S] cluster and the FeP surface (Figure 1.2A) (33, 48). This signal transduction 

pathway has been probed with 1H NMR, EPR, and circular dichroism (CD) studies of the 

nucleotide bound states of the FeP, which observed perturbations of the environment 

around the [4Fe-4S] cluster with MgADP and MgATP (49, 50).                                                                                                                             

Evidence for MgATP-induced conformational 
changes 

To date, a crystal structure of the MgATP-bound state of the FeP has not been 

solved, however several studies have investigated the properties of MgATP binding to 

the FeP in solution. The [4Fe-4S] cluster of the MgATP-bound FeP is more accessible to 

Fe chelators compared to the MgADP-state indicating the [4Fe-4S] cluster is more 

solvent exposed (51). Additionally, small-angle X-ray scattering (SAXS) experiments 

observed a 2Å contraction between the two subunits with MgATP (52).  

The FeP from the crystal structure of the nitrogenase complex stabilized with the 

non-hydrolysable ATP analog, adenosine 5’-(α,β-methylene)diphosphate (MgAMPPCP) 
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shows distinct conformational changes compared to the MgADP-bound FeP crystal 

structure (Figure 1.2B) (53). This includes an extension of the loop region around the 

[4Fe-4S] cluster resulting in a more surface exposed cluster and a more compact dimer 

interface, indicating that these conformational changes could be analogous to the 

conformational changes that occur with MgATP binding (53).  

The Fe protein cycle: Nucleotide-driven conformational gating 

The Fe protein cycle functions to deliver electrons from the FeP to the FeMo-

cofactor of the MoFe protein to support nitrogenase catalysis (4, 30). The Fe protein 

cycle can be described as a series of steps driven by nucleotide binding and hydrolysis 

that dictate interactions between the FeP and the MoFe protein.  

 

Figure 1.3. The deficit spending model. ET transfer is initiated upon binding of the ATP-
bound FeP to the MoFe protein. The first ET step is a slow conformationally, gated ET 
from the P-cluster to the FeMo-cofactor which is backfilled by the [4Fe-4S] cluster of the 
FeP in a second, rapid ET step. 

Conformational gating of ET  

A study of the osmotic pressure effect on ET between the FeP and MoFe protein 

found that an uptake in water molecules corresponded to an 800Å2 change in the buried 
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surface upon complex formation, implying that energy input from conformational 

changes gates ET in the MoFe-FeP(MgATP2) complex (54). 

To initiate nitrogenase catalysis, the MgATP-bound Fe protein binds to the MoFe 

protein, followed by a slow, conformationally gated one-electron transfer from the resting 

state of the P-cluster (PN) to the FeMo-cofactor (41, 53–58). This is followed by a rapid 

one-electron transfer from the [4Fe-4S] cluster of the FeP to the oxidized P1+ state, 

restoring the P-cluster to the PN state (22, 30, 41, 55). This process is termed the “deficit 

spending model” (Figure 1.3) (41). This conformational gating is facilitated by the P-

cluster, which acts as a dynamic electron relay that undergoes subtle changes in ligand 

coordination of its Fe atoms to αCys88 and βSer188 as it cycles from the PN to P1+ states 

(25, 30).  

Decoupling ET, ATP hydrolysis and Pi release  

 ET, ATP hydrolysis, and release of  inorganic phosphate (Pi) must all be 

coordinated in the MoFe-FeP(MgATP2) complex for dissociation to occur between the 

FeP(MgADP2) and the MoFe protein (40). A key question associated with the coupling of 

ATP hydrolysis and ET is: Does the energy for conformational gating of ET come from 

ATP hydrolysis itself, or does ATP induce an “activated” conformation of the complex, 

where protein-protein association drives ET (40). 

A major development was the ability to directly measure ATP hydrolysis over a 

single nitrogenase catalytic cycle and compare this to the rates of the remaining events in 

the FeP cycle under the same conditions (40). A rapid chemical-quench stopped-flow 

UV-Vis approach was used to terminate ATP hydrolysis at specific time points during 
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nitrogenase turnover and quantify the amount of ATP consumed and ADP produced 

using labeled α-phosphate [32P]ATP (40). This determined a rate constant for ATP 

hydrolysis of kATP = 70 ± 7 s-1 (40). The rate for ET between FeP and MoFe protein was 

determined under these conditions to be kET = 140 ± 7 s-1 placing ET before ATP 

hydrolysis in the Fe protein cycle (40).  

Therefore, ATP hydrolysis is decoupled from ET and the free energy of protein-

protein binding between the MoFe protein and FeP(MgATP2) drives ET (40). Duval, et 

al., reported a thermodynamic Fe-protein cycle that proposes that the MoFe-

FeP(MgATP2) complex forms an “ET-activated state” where the midpoint potential of 

the FeP changes by ~-200mV upon binding to the MoFe protein, which provides the 

energy input for ET (Figure 1.3) (40, 59, 60). ATP hydrolysis and the release of Pi relax 

the complex for dissociation (40, 59). Evidence for these “activated” and “relaxed” 

nitrogenase complexes have been reported as crystal structures of the complexes 

stabilized with MgAMPPCP and MgADP (53, 61).  

Dissociation of the FePox(MgADP2)-MoFe 
complex with DT 

 After ATP hydrolysis and release of Pi, the oxidized MgADP-bound FeP (FePox)-

MoFe protein complex is in a relaxed state and ready for dissociation. Dissociation can 

be followed indirectly by stopped-flow UV-Vis spectrophotometry (SF) where the FePox-

MoFe protein preformed complex is mixed against a source of reductant and MgADP 

(36). The dissociation constant with sodium dithionite (DT) has been reported to be 6 s-1 

for nitrogenase catalysis making dissociation between the FePox(MgADP2) and the MoFe 

protein the rate-limiting step for catalysis (19, 36, 40). However, the species that 
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performs the reduction of the FeP is radical anion SO2

•- which dissociates from DT 

(S2O4
2-) according to eq (2) (36, 62): 

 S2O4
2- ↔ 2SO2

•- eq (2) 

 The rate constant for this dissociation is approximately 2 s-1 which is comparable 

to the rate reported for the rate-limiting step of the Fe protein cycle (6 s-1) (19, 40, 63).  

Dissociation of the FePox(MgADP2)-MoFe 
complex: Comparing FldHQ and DT 

Few studies involving nitrogenase and physiological reductants such as 

flavodoxin II have been performed (22, 64–68). Flavodoxin II (Fld or NifF) is located 

upstream of the structural genes for the Mo-nitrogenase in A. vinelandii (69). Fld has a 

flavin mononucleotide cofactor (FMN) capable of three redox states: the two electron 

reduced hydroquinone state (FldHQ), the one electron reduced semiquinone state (FldSQ), 

and the oxidized quinone state (FldQ) (65, 70–73). The midpoint potentials for the FldQ/SQ 

couple is -180 mV and -480 mV for the FldSQ/HQ couple, making this the operative redox 

couple for nitrogenase catalysis (Figure 1.4) (71, 72). Kinetic studies of the Fe protein 

cycle with Fld have produced conclusions that contradict observations with DT: 1. The 

reduction of the FePox(MgADP2) is much faster and may be reduced while bound to the 

MoFe protein, 2. Fld can reduce the FeP by 2 electrons to the “all-ferrous” state (1+/0 

redox couple) and increases the ATP:electron ratio from 2:1 to 1:1 and 3. The 

dissociation rate is faster than 6 s-1 (64, 68, 74–75).  
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Figure 1.4. Crystal structure of A.vinelandii Fld II. The FMN cofactor cycles between      
-180 mV for the FldQ/SQ and -480 mV for the FldSQ/HQ couples (PDB code 5K9B). 

These observations were revisited, and it was found that compared to DT, Fld 

increases the kcat for the FeP 2-fold when monitored using acetylene reduction activity as 

a proxy for nitrogenase activity (36). FeP activities were measured under “low flux” 

conditions or a 1:1 molar ratio of the FeP and MoFe protein. However, under saturating 

or “high flux” conditions (FeP:MoFe protein ratio 16-20:1), the kcat for the MoFe protein 

was unchanged comparing DT and Fld (36). This indicates a faster dissociation rate 

between the FeP and the MoFe protein with Fld as the source of reductant. 

 The apparent dissociation rate was monitored by a decrease in the absorbance at 

426 nm (the determined isosbestic point for Fld) with SF, and compared to DT and 

another chemical reductant methyl viologen (MV) (36). Reduction of the 

FePox(MgADP2) by DT was quite slow at 4 s-1 as expected, however with MV the rate 

increased to 100 s-1 (36). But with Fld approximately 65% of reduction occurred in the 

dead time of the instrument (< 1 ms) leading to a kobs of >760 s-1 (36). This increased rate 
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of reduction has two explanations: 1) The dissociation rate of the FePox(MgADP2) and 

the MoFe protein is no longer rate-limiting with Fld or 2) Fld can reduce the 

FePox(MgADP2) while bound to the MoFe protein (“on-complex” reduction), where 

dissociation would still be the rate-limiting step as proposed by Duyvis, et al. (64). 

To distinguish between these scenarios, the rate of ET (kET) from the FeP to the 

MoFe protein was determined by SF (36). This involved mixing the FePred-MoFe protein 

complex against MgATP and DT or Fld. Oxidation of the FeP was monitored by an 

increase in absorbance until saturation was reached. If Fld can reduce the FeP while 

bound to the MoFe protein, then the absorbance should decrease, signaling reduction of 

the bound FeP. Once saturation was reached, there was no observed decrease in 

absorbance and kET for DT and Fld gave the same rate (kET = 174 s-1) over a 30 ms 

timeframe (36). This confirms that Fld cannot reduce the FeP while it is bound to the 

MoFe protein (36).  

Together, the results indicate that when Fld is the reductant for nitrogenase, the 

catalytic activity increases 2-fold and the dissociation rate is no longer rate-limiting. 

Importantly, Fld cannot perform “on-complex” reduction which confirms that there must 

be a different rate-limiting step. The rates of the Fe protein cycle were revisited, and 

release of two Pi molecules was determined to be the rate-limiting step for nitrogenase 

catalysis (36). This previously cited rate for dissociation (6 s-1) is an artifact of eq (2) 

where the dissociation rate of 2 s-1 to produce the radical anion from DT masks accurate 

determination of the dissociation rate between the FePox(MgADP2) and the MoFe protein.   
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Therefore, Fld is overcoming a kinetic barrier that is not observed with DT. Time-

resolved limited proteolysis and chemical cross-linking experiments were performed to 

determine how Fld interacts with the FeP (36). An in silico docking model in ClusPro 2.0 

found that Fld binds to the same site on the MoFe protein as the Fe protein (36). This was 

confirmed by the mass spectrometry analysis where Fld tryptic peptide Lys15-Lys22 was 

protected from trypsin digestion in the complex (36). Chemical cross-linking with 

glutaraldehyde identified tryptic peptide Phe147-Lys160 as being directly involved in 

binding to the Fe protein and was able to establish a 1:1 stoichiometry for the interaction 

of Fld with the FeP (36). Together these results support the SF data demonstrating that 

Fld cannot reduce the FeP while it is bound to the MoFe protein (36). 

Furthermore, this study did not measure an increase in the ATP:electron ratio of 

1:1 as previously reported with Fld (36, 68, 74). This remained 2:1 and thus the 

implication for two electrons to be transferred per 2 ATP molecules with Fld and the “all-

ferrous” form of the FeP was not observed under these conditions (36).  

The “recharge phase” of the Fe protein cycle 

 The order for the final steps in the Fe protein cycle are unknown. Upon 

dissociation, the FePox(MgADP2) needs to be reduced by a source of reductant and 

2MgADP exchanged for 2MgATP, in order to form the FePred(MgATP2) to begin another 

cycle. This is complicated by the fact that the reduction potentials for FePox(MgADP2) 

and FePred(MgADP2) are identical and MgATP/MgADP exchange is thermoneutral as 

shown in the thermodynamic Fe protein cycle (40, 76). This makes it difficult to assign a 

mechanism for how re-reduction and nucleotide exchange occurs on the FeP.  
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Summary of the Fe protein cycle 

A summary of the Fe protein cycle is shown in Figure 1.5. The reduced, MgATP-

bound state of the FeP binds to the MoFe protein forming an activated state that triggers 

ET (40). The first ET step is a slow, conformationally-gated ET from the resting state of 

the P-cluster (PN) to the FeMo-cofactor followed by a rapid ET from the [4Fe-4S] cluster 

of the FeP to the oxidized P-cluster (P1+) in a process known as the deficit spending 

model (41).  

Exactly how this conformational gating occurs is not clear, as crystal structures in 

the stabilized MoFe-FeP complexes do not show any obvious conformational changes in 

the MoFe protein in response to FeP binding (53, 61). However, the order for the next 

events are clear as nucleotide hydrolysis is decoupled from ET, and Pi release is the rate-

limiting step for catalysis (36, 40). Release of Pi could be gated by conformational 

changes that are as of yet unknown (36).  

ATP hydrolysis and Pi release relax the FePox(MgADP2)-MoFe protein complex 

for dissociation, which is rapid when Fld is the source of reductant (36, 40). Finally, the 

FePox(MgADP2) state must be re-reduced and 2MgADP exchanged for 2MgATP to close 

the Fe protein cycle. The order of these events is unknown, however the rapid ET rate 

between Fld and the FePox suggests that reduction occurs before nucleotide exchange 

(Figure 1.5) (36).  
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Fig 1.5. The Thermodynamic Fe protein cycle. (I) The FePred(ATP) binds to the MoFe 
protein forming the activated-complex that triggers ET. (II) This is followed by 
hydrolysis of ATP and (III) Release of Pi, the rate-limiting step, which may be gated by 
unknown conformational events that relax the FePox(ADP)-MoFe protein complex for 
dissociation, which is fast with FldHQ compared to DT. (IV) The FePox(ADP) is reduced, 
followed by exchange of ADP for ATP. 

Redundancy of the electron transfer network in A. vinelandii  

 The dramatic changes observed in the Fe protein cycle and interactions between 

Fld and the FeP highlight the importance of physiological donors in supporting 

nitrogenase catalysis. This topic is not well-studied, and little is known about potential Fd 

donors to nitrogenase. This is further complicated by the apparent redundancy of electron 

carriers in A. vinelandii (67). Single deletion strains of Fld and ferredoxin I (FdxA) 

behaved like the wild-type strain under nitrogen-fixing growth conditions (67). A double 
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deletion strain of Fld and FdxA grew under nitrogen-fixing growth conditions, although 

3-times slower, indicating a third unidentified electron carrier protein that can take the 

place of Fld and FdxA in supporting nitrogen fixation (67). Other potential Fd donors 

have been identified including A. vinelandii FdxN which is linked to the nitrogenase 

cofactor biosynthesis protein (NifB), VnfF which has been associated with electron 

donation to the V-nitrogenase, and FixFd whose role is unknown but has been proposed 

as a potential donor to nitrogenase (69, 77, 78).  

Conclusions  

A common mechanism utilized by nitrogenase is that nucleotide binding and/or 

protein-protein interactions decrease the thermodynamic driving force for ET. An 

example of this is MgATP binding to the FeP, which reduces the midpoint potential for 

the [4Fe-4S] cluster by ~100 mV and forms the MgATP-bound state that functions in 

forming the “activated” ET-state of the nitrogenase complex (40). Another example is 

FeP binding to the MoFe protein, which induces an 80 mV decrease in the reduction 

potential for the P-cluster, increasing the driving force for ET to the FeMo-cofactor, 

ultimately providing the energy input for conformational gating of ET during catalysis 

(40, 54, 60).  

As the sole physiological donor to the MoFe protein, the FeP plays a critical role 

in ATP-mediated ET to the MoFe protein in the Fe protein cycle. This is particularly true 

when Fld is used to study the Fe protein cycle as the specific interactions between Fld 

and the nucleotide-bound FeP overcomes a kinetic barrier that is hindered with DT. 

Therefore, nitrogenase must coordinate protein-protein interactions between 



16 
 
physiological donors such as Fld, the FeP and MoFe protein coupled with ATP 

hydrolysis and nucleotide exchange, to precisely control electron delivery to the FeMo-

cofactor in such a manner to ensure unidirectional ET to support BNF.  

Research Directions 

In this work, the techniques developed with identifying specific regions of Fld 

that are involved in complex formation with the FeP using in silico docking and mass 

spectrometry were used to determine how Fld interacts with the different nucleotide-

bound states of the FeP. Additionally, structural details of the MgATP-bound state were 

described using these techniques that identified a structural mimic of the MgATP-bound 

state of the FeP. This provides a means to propose a model that closes the Fe protein 

cycle and distinguishes an order for the “recharge” phase of the Fe protein cycle.  

This necessitates a direct method for assigning binding affinities between Fld and 

the different nucleotide-bound redox states of the FeP, which is explored using 

MicroScale Thermophoresis and comparing nucleotide binding affinity values with those 

previously determined by isothermal calorimetry (76).  

Finally, the utility of in silico modeling was explored to identify structural 

determinants that enable discrimination of protein-protein interactions between the Mo-, 

V- and Fe-nitrogenases and a role for the gamma subunit of the VFe and FeFe proteins is 

described.  

 This is expanded to examine the docking modes of Fds whose expression is 

regulated by metal availability and expression of the Mo-, V- and/or Fe-nitrogenases. A 

pipeline for homology modeling outlines the advantages and disadvantages of template-
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based modeling for small Fd proteins and parameters for analyzing in silico docking 

models are discussed. Furthermore, ranking of these complexes using a computational 

algorithm indicates that docking modes are linked to docking specificity and provide the 

basis for additional biochemical and computational work to verify these themes.   
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Abstract 

Nitrogenase reduces dinitrogen (N2) to ammonia in biological nitrogen fixation. The 

nitrogenase Fe protein cycle involves a transient association between the reduced, 

MgATP-bound Fe protein and MoFe protein and includes electron transfer, ATP 

hydrolysis, release of Pi and dissociation of the oxidized, MgADP-bound Fe protein from 

the MoFe protein. The cycle is completed by reduction of oxidized Fe protein and 

nucleotide exchange. Recently, a kinetic study of the nitrogenase Fe protein cycle 

involving the physiological reductant flavodoxin reported a major revision of the rate-

limiting step from MoFe protein and Fe protein dissociation to release of Pi. Because the 

Fe protein cannot interact with flavodoxin and the MoFe protein simultaneously, 

knowledge of the interactions between flavodoxin and the different nucleotide states of 

the Fe protein is critically important for understanding the Fe protein cycle. Here we used 

time-resolved limited proteolysis and chemical cross-linking to examine nucleotide-

induced structural changes in the Fe protein and their effects on interactions with 

flavodoxin. Differences in proteolytic cleavage patterns and chemical cross-linking 

patterns were consistent with known nucleotide-induced structural differences in the Fe 

protein and indicated that the MgATP-bound Fe protein resembles the structure of the Fe 

protein in the stabilized nitrogenase complex structures. Docking models and cross-

linking patterns between the Fe protein and flavodoxin reveal that the MgADP-bound 

state of the Fe protein has the most complementary docking interface with flavodoxin 

compared with the MgATP-bound state. Together, these findings provide new insights 

into the control mechanisms in protein-protein interactions during the Fe protein cycle.  
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Introduction 

Nitrogenase is the enzyme that reduces dinitrogen (N2) to ammonia (NH3) in a 

process known as biological nitrogen fixation (1-3). The MoFe protein and the Fe protein 

are the two catalytic components of the molybdenum-dependent nitrogenase found in 

diazotrophs, such as Azotobacter vinelandii (4). The MoFe protein is a α2β2 

heterotetramer, where each α/β unit contains two unique metal clusters: the [8Fe-7S] P-

cluster, which is involved in electron transfer to the [7Fe-9S-Mo-C-homocitrate] FeMo-

cofactor at the active site (5-9).  

The Fe protein is a member of a large class of proteins that couple nucleoside 

triphosphate (ATP or GTP) binding and hydrolysis to protein conformational changes 

that are transduced within a macromolecular protein complex (10-13). Two sets of 

consensus amino acid sequence motifs called the Walker A (GXXXXGKS) and Walker 

B motifs (DXXG), located along the nucleotide binding regions, are used to identify 

members within this class (10, 11, 14-16). A unique feature that distinguishes the 

nitrogenase Fe protein is that it exists as a homodimer, where a [4Fe-4S] cluster bridges 

the two identical subunits with a Walker A motif (also known as the phosphate-binding 

loop or P-loop) and Walker B motif present in each subunit (10, 11, 13-15, 17, 18).  

The Fe protein cycle involves transient association between the reduced, MgATP-

bound Fe protein with each αβ half of the MoFe protein to deliver one electron to the 

MoFe protein (19-21). Complex formation between the MoFe protein and the Fe protein 

is followed by a conformationally gated one-electron transfer from the P-cluster to the 

FeMo-cofactor (22, 23). The reduced Fe protein then transfers one electron from its [4Fe-



30 
 
4S] cluster to the oxidized P-cluster (P+1) in what has been described as a “deficit-

spending” electron transfer process (5). Hydrolysis of MgATP to MgADP and Pi occurs 

after the electron transfer, and the dissociation of the oxidized, MgADP-bound Fe protein 

from the MoFe protein occurs after the release of two Pi molecules (24). Nucleotide 

exchange and re-reduction of the oxidized nucleotide-bound Fe protein must occur before 

another cycle of catalysis can begin. The order of events for re-reduction of the oxidized 

nucleotide-bound Fe protein and nucleotide exchange of MgADP for MgATP has not 

been established (24-27).  

 

Figure 2.1. Structures of the Fe protein show conformational differences during relevant 
stages of nitrogenase catalysis. A) The crystal structure of the MgADP-bound Fe protein 
(tan, PDB code 1FP6). B) The Fe protein structure stabilized with an MgATP analog, 
MgAMPPCP, in the nitrogenase complex (tan, PDB code 4WZB), which displays a rigid 
body movement of the subunits with respect to one another that closes the dimer interface 
and poises the region around the active site to promote interactions with the MoFe 
protein. The MoFe protein is not shown. C) Key regions in the Fe protein that transduce 
conformational changes between the nucleotide-binding site and the MoFe protein 
docking interface: part of switch I that interacts with the MoFe protein (green), part of 
switch I that binds Mg2+ (black), and the P-loop, which interacts with the phosphates of 
the nucleotides (red). 

Recently, it was determined that, with the physiological reductant flavodoxin 

(Fld), the rate-limiting step in the Fe protein cycle is actually the release of the two Pi 
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molecules and not the dissociation of the MoFe protein from the Fe protein, as shown 

previously using the chemical reductant DT (25). It was implicated that Fld binds to the 

same face of the Fe protein that interacts with the MoFe protein and verified that Fld 

cannot reduce the Fe protein while it is in complex with the MoFe protein (25). 

 The conformation of the Fe protein is modulated by nucleotide-dependent 

conformational differences in the MgATP- and MgADP-bound states (28-31). The 

structures of the nucleotide-free and MgADP-bound states of the Fe protein are known 

(13, 15), but the structure of the MgATP state has remained elusive. CD, 1H NMR and 

EPR spectroscopic studies have shown that regions of the Fe protein undergo significant 

conformational changes during nucleotide binding and that the MgADP and MgATP 

states are conformationally distinct (28-31). Although the structure of the MgATP-bound 

state of the Fe protein is unknown, there are several structures of the Fe protein–MoFe 

protein complex in which the Fe protein structure from these complexes is significantly 

distinct from the structure of the free MgADP-bound state (32). The majority of the 

conformational difference in the Fe protein structures observed in the complexes, relative 

to the MgADP-bound Fe protein conformation, is a rigid body reorientation of the 

subunits with respect to one another (Figure 2.1A and B) (32). The most notable changes 

are associated with alternative sets of inter- and intrasubunit salt bridges and different 

conformation of the nucleotide-dependent switch regions (switch I and II) and the P-loop 

(15, 17, 32). These key regions transduce conformational changes between the 

nucleotide-binding site and both the MoFe protein docking interface (switch I) and the 

[4Fe-4S] cluster (switch II) (Figure 2.1C). It is attractive to consider that the MgATP-
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bound state of the Fe protein resembles the structure of the Fe protein observed in the 

stabilized nitrogenase Fe protein-MoFe protein complex (Figure 2.1). This would 

establish a catalytic cycle in which conformational gating dictates that the MgATP-bound 

Fe protein is more complementary with the MoFe protein docking interface, whereas the 

MgADP-bound Fe protein is more complementary with the Fld docking interface.  

In this work, time-resolved limited proteolysis and chemical cross-linking in 

combination with LC-MS and MALDI-TOF mass spectrometry are used to gain insight 

into differences between the MgADP- and MgATP-bound conformations of the Fe 

protein. This then allows for investigation of protein regions involved in complex 

formation with Fld. Time-resolved limited proteolysis allows the identification of 

proteolytic cleavage sites that become more dynamic because of conformational 

differences and protein-protein interactions (33, 34). Additionally, covalent cross-linking 

followed by mass analysis of proteolyzed peptides allows protein domains in close 

proximity to be identified based on the ability of a short chemical linker to bridge side 

chains.  

Chemical cross-linking and proteolysis patterns are consistent with the 

conformation of the Fe protein observed in the stabilized nitrogenase complex being the 

best structural mimic for the MgATP-bound state of the Fe protein in solution. In silico 

docking models and chemical cross-linking data shows that more complementary 

docking interactions occur between Fld and the MgADP-bound Fe protein compared to 

the MgATP-bound Fe protein conformation. The results reveal that the nucleotide state of 
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the Fe protein influences interactions with Fld and suggest mechanisms for control of 

protein-protein interactions during the Fe protein cycle. 

Methods 

General procedures.  

Argon and dinitrogen gases were passed through an activated copper catalyst to 

remove dioxygen contamination prior to use. Proteins and buffers were handled 

anaerobically in septum-sealed serum vials under an inert atmosphere (argon) on a 

Schlenk vacuum line or in an anaerobic glove box (Teledyne Analytical Instruments, 

MO-10-M, Hudson, NH). The transfer of gases and liquids were done with gastight 

syringes.   

Purification of Fe protein and Fld from 
A.vinelandii  

Growth, expression, and purification for both the Fe protein and Fld were carried 

out as described previously (25, 41). 

Time-resolved limited proteolysis of Fe protein 
and Fld  

Time-resolved limited proteolysis of Fld and Fe protein was carried out as 

described previously using a 1:1 ratio of Fe protein:Fld and a 1:1000 ratio of trypsin 

(Promega) to total protein (25). All reactions were carried out in sealed vials under an 

argon atmosphere to maintain anaerobic conditions. Samples were taken at 0, 5, 10, 20, 

40, 60 and 240 min and quenched with 10% formic acid (Sigma). MgATP and MgADP 

were at final concentrations of 10 mM. Proteolysis reactions with MgATP were quenched 
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by boiling the reactions for 5 min at 95°C to avoid protein precipitation. Proteolysis 

patterns were analyzed by SDS-PAGE (4-20% linear gradient gel, Bio-Rad) and stained 

with Coomassie Brilliant Blue (Thermo Fisher). Tryptic peptides were identified with a 

maXis Impact QTOF instrument (Bruker Daltonics) interfaced with a Dionex 3000 nano-

HPLC (Thermo Fisher) and Autoflex III MALDI-TOF/TOF (Bruker Daltonics) mass 

spectrometers as previously described (25). Identification and mapping of the observed 

proteolytic cleavage sites were carried out using the Protein Analysis Worksheet (PAWS) 

software package (ProteoMetrics, LLC) as previously described (25). Identified limited 

proteolysis tryptic peptides for the Fe protein and Fld are listed in Table A.S.1 in 

Appendix A. Tryptic peptides with a confidence score reported by Peptide Shaker of 

>95% were considered for analysis. Representative MALDI-TOF spectra for Fe protein 

and Fld tryptic peptides are shown in Figures A.S.1 and A.S.2 in Appendix A.  

In silico docking study between Fld and the Fe 
protein in its different nucleotide states 

 In silico protein-protein docking simulations were performed using the 

computational docking program ClusPro 2.0 to derive the structural models as previously 

described (25). Fe protein and Fld (flavodoxin II, PDB code 1YOB) were used in each 

case as the ligand and the Fe protein in three states: nucleotide-free (PDB code 2NIP), 

MgADP-bound (PDB code 1FP6), and nitrogenase complex stabilized with MgAMPPCP 

(PDB code 4WZB) were used as the respective receptors. The difference in molecular 

surface (solvent-excluded surface) between MgATP-/MgADP-bound Fe protein alone 

and in complex with flavodoxin was calculated in Chimera implementing the Lee-
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Richards molecular surface definition (42) using a water molecule as a probe of radius 

1.4 Å.  

Chemical cross-linking  

Chemical cross-linking and LC-MS analysis were performed as described 

previously (25). Briefly, Fe protein at 20 μM concentration was exposed to 10 mM 

MgATP (Sigma) or MgADP (Sigma) then mixed with Fld in 1:1 molar ratio, and 

immediately reacted with 10 mM glutaraldehyde (Sigma). Reactions were quenched with 

100 mM Tris buffer (pH 8) after 10 min. All control reactions were set up in the same 

fashion. Cross-linked Fe protein samples were separated on SDS-PAGE (4-20% linear 

gradient gel, Bio-Rad) and stained with Coomassie Brilliant Blue (Thermo Fisher). 

Protein bands of interest were excised from the gel and digested with a 

trypsin/chymotrypsin (Promega) mixture. Proteolyzed peptides were identified using a 

maXis Impact QTOF instrument (Bruker Daltonics) interfaced with a Dionex 3000 nano-

HPLC (Thermo Fisher) followed by data analysis in Peptide Shaker. Identified cross-

linking tryptic and non-tryptic peptides for the Fe protein and Fld are listed in Table 

A.S.2 in Appendix A. Tryptic peptides with a confidence score reported by Peptide 

Shaker of >95% were considered for analysis. All reactions were carried out under 

strictly anaerobic conditions and in primary amine-free buffer at room temperature.   
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Results and Discussion 

Distinguishing the Fe protein in different 
nucleotide-bound states 

  Time-resolved limited proteolysis and chemical cross-linking experiments were 

used to examine differences in Fe protein nucleotide-dependent conformational states and 

probe the hypothesis that the structural conformation of the MgATP-bound Fe protein 

resembles the Fe protein in the nitrogenase complex structures (32). A series of trypsin 

proteolysis reactions of the Fe protein with and without nucleotides produced a distinct 

banding pattern over the course of a 240-min reaction (Figure 2.2A). The proteolysis 

pattern for the MgADP-bound Fe protein and nucleotide-free Fe protein are similar in 

that there is still some intact Fe protein after 240 min (Figure 2.2A). The main difference 

between these two forms is in the gradual appearance of a band at 20-kDa over the course 

of proteolysis (Figure 2.2A). Mass spectrometry analysis indicates this 20-kDa band is a 

C-terminal fragment arising from cleavage at Arg100 of the Fe protein (Figure 2.2B).   
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Figure 2.2. Chemical cross-linking and proteolysis patterns can be used to distinguish the 
Fe protein in the different nucleotide states. A) Differences in the proteolytic rates of the 
Fe protein band at 32 kDa are seen in the SDS-PAGE gel of the time-resolved limited 
proteolysis reactions and depend on the presence of nucleotide. B) Mapping limited 
proteolysis results on the amino acid sequence display Fe protein tryptic cleavage sites 
(arrows) that are involved in the largest differences because of nucleotide binding. These 
include the P-loop (Gly9-Ser16, boxed in red), the part of the switch I region that 
coordinates the bound Mg2+ of the nucleotide (Cys38-Asp43, boxed in black), the part of 
the switch I region which interacts with the MoFe protein (Glu59-Asp69, boxed in green) 
and Arg100 (arrow). C) In the presence of MgATP, the Fe protein shows a more complex 
cross-linking pattern in comparison to the MgADP-bound state. Several types of dimers 
and higher molecular weight aggregates (arrows) are formed during the same time of 
exposure to glutaraldehyde (GA). In addition, when the Fe protein is separated on a gel, 
two differentially intra-cross-linked monomers are revealed (arrows). D) Proteolysis and 
cross-linking patterns show structural changes in the P-loop region (red) and switch I 
region (green) because of MgATP binding. Rearrangements are consistent with what is 
observed in the Fe protein structure from the MgAMPPCP-stabilized nitrogenase 
complex (PDB code 4WZB). 

Mapping of the tryptic peptides from the digestion of the nucleotide-free and 

MgADP-bound states of Fe protein produced nearly identical patterns, indicating that 

they adopt similar conformations in solution. This is consistent with nucleotide-free and 

MgADP-bound Fe protein crystal structures (13, 15). The proteolysis pattern was 

strikingly different for the MgATP-bound state of the Fe protein compared to the 

MgADP-bound state. The MgATP-bound Fe protein is more susceptible to proteolysis, as 

the intact protein band is no longer present after 60 min of digestion (Figure 2.2A). In 
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addition, the 20-kDa C-terminal Fe protein band appears at a faster rate.  This indicates 

that the region around Arg100, near the [4Fe-4S] cluster, is more exposed, increasing 

susceptibility to proteolysis. Furthermore, cleavage in the switch I region (Glu59-Asp69, 

Figure 2.2B, green) is observed after only 5 min, whereas it does not appear in the 

MgADP-bound state until 20 min. Fe protein tryptic peptides identified in time-resolved 

limited proteolysis experiments with highlighted peptides that change because of the 

presence of nucleotides are listed in Table A.S.1. Furthermore, representative MALDI-

TOF mass spectra for digestion of the Fe protein (Figure A.S.1) are shown to supplement 

peptide identification.  

There are also differences in cross-linking patterns for the nucleotide-bound Fe 

protein (Figure 2.2C). In general, the MgATP-bound Fe protein cross-links more readily 

than the MgADP-bound state. This is evidenced by more extensive band broadening 

because of an increase in both intersubunit cross-links (above 50 kDa) between the Fe 

protein subunits and intrasubunit cross-links (around 32 kDa) within Fe protein 

monomers (Figure 2.2C). Mapping of the peptides that were cross-linked confirm this, 

where cross-linking in the P-loop region only occurs in the MgATP-bound state, and may 

suggest that the Fe protein subunits are in closer proximity, as documented in previous 

reports (32). Fe protein tryptic and non-tryptic peptides observed to appear and disappear 

during the chemical cross-linking experiments with highlighted peptides that change 

because of the presence of nucleotides are listed in Table A.S.2.  

The increased diversity of cross-links together with increased proteolytic 

susceptibility of MgATP-bound Fe protein compared to the MgADP-bound state 
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indicates that the conformations are distinct.  Compared to the MgADP-bound Fe protein 

structure, the Fe protein in the nitrogenase complexes displays a more closed dimer 

interface in which part of the switch I region as well as the protein region around the 

[4Fe-4S] cluster form the docking site for the MoFe protein (Figure 2.1B) (32). The 

increased proteolytic susceptibility of switch I (Figure 2.2D, green) and cleavage of 

Arg100, near the [4Fe-4S] cluster, as well as increased cross-linking in the P-loop region 

(Figure 2.2D, red) all suggest a MgATP-bound state that resembles the conformation of 

the Fe protein observed in the stabilized nitrogenase complex structures (32).   
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Figure 2.3. Interactions between Fld and the Fe protein analyzed in silico docking models 
suggest more complementary docking between the MgADP-bound Fe protein and Fld. A) 
The docking model between the MgADP-bound Fe protein (light blue, PDB code 1FP6) 
and Fld (violet, PDB code 1YOB) displays a distance of 6.4 Å between the [4Fe-4S] 
cluster and the FMN cofactor measured in PyMOL. B) A distance of 9.4 Å between the 
[4Fe-4S] cluster and the FMN cofactor is measured in PyMOL for the docking model 
between the Fe protein from the nitrogenase complexes (tan, PDB code 4WZB) and Fld 
(violet, PDB code 1YOB). C) Interactions for the docking model between the MgADP-
bound Fe protein basic amino acid residues Arg100 and Arg140 and docked Fld acidic 
residues Glu104, Asp154 and Glu59. D) Interactions between Arg100 of the Fe protein 
from the MgAMPPCP-stabilized nitrogenase complex and docked Fld acidic residues 
Glu61,Asp68, and Glu70. Arg140 is positioned so that it can no longer form salt bridge 
interactions with any Fld acidic residues. 
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Defining Fe protein – flavodoxin interactions  

In silico docking studies using ClusPro 2.0 show that the MgADP-bound structure 

of the Fe protein has a more complementary docking interface with Fld compared to the 

MgATP-bound Fe protein (Figure 2.3) (25). A distance of 6.4 Å between the [4Fe-4S] 

cluster of the Fe protein and FMN cofactor of Fld was measured for the docking model 

between the MgADP-bound Fe protein with Fld (Figure 2.3A). For the docking model 

between Fld and the Fe protein from the nitrogenase complexes, the distance between the 

cofactors was determined to be 9.4 Å, a 3 Å larger distance between the [4Fe-4S] cluster 

of the Fe protein and FMN cofactor of Fld (Figure 2.3B) than observed for the MgADP-

bound state docked to Fld. Furthermore, the solvent excluded surface area for the docking 

model between the MgADP-bound Fe protein and Fld was calculated in Chimera to be 

1128 Å2 compared with 456 Å2 for the docking model between the MgATP-bound Fe 

protein and Fld, translating to 2.5 times more buried surface area with the MgADP-bound 

state than the MgATP-bound state.  

Previously, electrostatic interactions were implicated in Fe protein interactions 

with the MoFe protein and Fld (25, 35, 36). Fe protein residues Arg100 and Arg140, 

implicated previously in Fe protein-MoFe protein interactions (35, 36), are also key in Fe 

protein-Fld interactions. In our docking model with the MgADP-bound Fe protein, 

Arg100 from one subunit interacts with the phosphate moiety of the FMN cofactor, and 

the other Arg100 from the second subunit forms a salt bridge with Glu104 (Figure 2.3C).  

Additionally, Arg140 from both subunits forms individual salt bridge interactions with 

Fld acidic residues Asp154 and Glu59 (Figure 2.3C). There are fewer complementary 

electrostatic interactions observed with the MgATP-bound Fe protein and Fld (Figure 
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2.3D). Arg100 interacts with Glu61 of Fld on one subunit and with both Fld acidic 

residues, Asp68 and Glu70, on the other subunit (Figure 2.3D). Arg140, however, is 

positioned so that salt bridge interactions are not observed with any Fld acidic residues 

(Figure 2.3D). Together, the differences in distances between the FeS cluster and the 

FMN cofactor, the buried solvent-excluded surface area, and the extent of electrostatic 

interactions indicate that MgADP-bound Fe protein shows the most complementary 

binding interface with Fld.  

 

Figure 2.4. Time-resolved limited proteolysis reactions display differences in interactions 
between Fld and the Fe protein based on the presence of nucleotide. A) Differences in the 
proteolytic rates of the Fe protein with Fld depend on the presence of nucleotide for the 
proteolysis patterns analyzed by SDS-PAGE. B) Limited proteolysis peptide mapping on 
the amino acid sequence of Fe protein shows tryptic cleavage sites (arrows) that report on 
interactions with Fld and/or nucleotide binding. These are the P-loop (Gly9-Ser16, boxed 
in red), the part of the switch I region that coordinates the bound Mg2+  of the nucleotide 
(Cys38-Asp43, boxed in black), the part of the switch I region that interacts with the 
MoFe protein (Glu59-Asp69, boxed in green) and Arg100 (arrow). These regions are 
mapped onto the Fe protein (tan, PDB code 1FP6) for structural context. C) Fld tryptic 
cleavage sites (arrows) that change because of interactions with both nucleotide-bound 
states of the Fe protein observed in limited proteolysis experiments are placed on the Fld 
amino acid sequence for structural context (tan, PDB code 1YOB); Ala1-Arg15 (boxed in 
orange), Thr90-Arg120 (boxed in cyan), and Phe146-Arg163 (boxed in magenta).    
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Mapping Fe protein-Fld interactions 

The nature of MgATP-bound Fe protein and MgADP-bound Fe protein 

interactions with Fld was further probed using time-resolved limited proteolysis (Figure 

2.4) and chemical cross-linking experiments (Figure 2.5). Interestingly, the MgADP-

bound Fe protein was more susceptible to proteolysis in the presence of Fld than when 

digested alone (Figures 2.4A and 2.2A). This was confirmed by cleavage that mapped to 

part of the switch I region (Figure 2.4B, green) and appeared in the earliest time point for 

the digestion of the MgADP-bound Fe protein with Fld. This region was not observed 

until 20 min in the digestion of the MgADP-bound Fe protein alone (Figure 2.2A). 

However, the significantly higher degree of proteolytic susceptibility of the MgATP-

bound Fe protein relative to the MgADP-bound Fe protein suggests that the MgADP-

bound state forms a more productive complex with Fld (Figure 2.4A). 

This is a key difference and supports the docking models, which suggest the 

MgATP-bound Fe protein docking interface is not as complementary for interactions 

with Fld compared to the MgADP-bound state. The limited proteolysis mapping verify 

this by comparing the digestion of Fld alone versus in the presence of the nucleotide-

bound Fe protein to distinguish different Fe protein-Fld interaction sites.  Digestion of 

purified Fld alone leads to cleavage in regions at the Fe protein-Fld interaction site near 

the FMN cofactor, producing Ala1-Arg15 (Figure 2.4C, orange), Thr90-Arg120 (Figure 

2.4C, cyan), and Phe146-Arg163 (Figure 2.4C, magenta). All three Fld tryptic cleavage 

sites are protected from proteolysis in the MgADP-bound Fe protein, indicating that these 

regions are involved in Fe protein-Fld interactions. The Arg15 cleavage site (Figure 2.4C, 

orange) was not protected in the presence of the MgATP-bound Fe protein, which is 
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consistent with the MgATP-bound Fe protein having a less complementary docking site 

with Fld. Fld and the Fe protein tryptic peptides identified in the time-resolved 

limited proteolysis experiments with highlighted peptides that change because of 

complex formation and/or the presence of nucleotides are listed in Table A.S.1. 

Representative MALDI-TOF mass spectra are also shown for the digestion of Fld 

(Figure A.S.2) to further support peptide identification.  
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Figure 2.5. Differences in cross-linking patterns are observed based on the presence or 
absence of nucleotides. A) Differences in cross-linking patterns based on migration rate 
occur for the Fe protein in complex with Fld (arrows) and depend on the presence or 
absence of nucleotides as analyzed by SDS-PAGE. B and C) Protein regions showing 
differences in the cross-linking pattern were mapped onto docking models between Fld (PDB 
code 1YOB) and the MgADP-bound Fe protein (PDB code 1FP6, B) and the Fe protein from 
the MgAMPPCP-stabilized nitrogenase complex (PDB code 4WZB, C) for structural 
context. Cross-linking occurred in protein regions around the [4Fe-4S] cluster for the Fe 
protein (Tyr80-Arg100, cyan) and the FMN cofactor of Fld (Thr90-Lys123, cyan), around 
residue Lys170 (blue), the P-loop (red), and both switch I regions (green and black) of the 
Fe protein. D) Different orientations of the side chain for Fe protein residue Lys170, 
depending on the type of bound nucleotide presented on superimposed Fe protein structures 
from the nitrogenase complex  stabilized with MgAMPPCP (tan, PDB code 4WZB) and 
MgADP-bound (light blue, PDB code 1FP6). 

A final chemical cross-linking experiment was completed on the Fe protein-Fld 

complex with and without nucleotides. The presence of a sharper band above 50 kDa in 
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the MgADP-bound state relative to the MgATP-bound state suggests that, in the presence 

of MgADP, a complex is formed more effectively (Figure 2.5A) and is consistent with 

the docking studies. For both nucleotide-bound states, the observed cross-linking 

suggests interactions near the [4Fe-4S] cluster of the Fe protein (Figure 2.5B and C, 

cyan) and FMN cofactor of Fld (Thr90-Lys123; Figure 2.5B and C, cyan) consistent with 

the docking models. Mapping shows cross-linking in the P-loops and both switch I 

regions only with MgATP (Figure 2.5C). However, with MgADP, another Fe protein 

domain involved in interactions with Fld, around Lys170 (Figure 2.5B, blue) is observed. 

In the MgADP-bound state, the side chains of Lys170 of both Fe protein subunits interact 

with Fld (Figure 2.5D), whereas, in the MgATP-bound state, only one Lys170 side chain 

interacts with Fld (Figure 2.5D). Therefore, mapping of proteolytic fragments identified 

more protein regions that are cross-linked between the MgADP-bound Fe protein and 

Fld. This is in agreement with the docking models and proteolysis patterns showing that 

the MgADP-bound state has a more complementary docking interface with Fld than the 

MgATP-bound state. Fld and the Fe protein tryptic and non-tryptic peptides observed 

to appear and disappear during chemical cross-linking experiments with highlighted 

peptides that change because of complex formation and/or the presence of 

nucleotides are listed in supplemental Table A.S.2. 

Conclusions 

It has been reported that Fld, as a reductant, stimulates the reaction rate of the Fe 

protein cycle by ~2-fold compared with DT (25). This is consistent with the increased 

dissociation rate between the MgADP-bound Fe protein and MoFe protein (>760 s-1), 
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rapid re-reduction of the nucleotide-bound Fe protein (>1200 s-1) and fast nucleotide 

exchange (70 s-1) compared to the relatively slow rate for release of Pi (25-27 s-1) with 

Fld as the source of reductant (25, 37). However, the rate of reduction for the oxidized Fe 

protein by Fld is fast regardless of which nucleotide is bound, and the oxidized Fe protein 

has similar affinities for both nucleotides (25, 38). These factors make it difficult to 

distinguish between the order of re-reduction for the Fe protein and nucleotide exchange 

for the final steps in the Fe protein cycle. A key result is that reduction of the MgADP-

bound Fe protein, while bound to the MoFe protein, is very slow, indicating that 

dissociation is obligatory for reduction to occur with Fld (25, 39). This is important 

because it indicates that interactions between Fld, the nucleotide-bound Fe protein, and 

the MoFe protein are intrinsically controlled.  Limited proteolysis and cross-linking 

patterns in combination with the docking models, can be used to differentiate further 

patterns of control of interactions between the nucleotide-bound Fe protein and Fld. The 

decrease in observed Fld tryptic cleavage sites (increased protection) and different cross-

linking patterns of Fld and the MgADP-bound Fe protein show that Fld has a more 

complementary docking site with the MgADP-bound state of the Fe protein.  

In contrast, the increase in proteolytic susceptibility (decreased protection) of Fld, 

and absence of cross-links to Fe protein near Lys170, and decrease in salt bridge 

interactions indicate that the Fld docking site is not as complementary to the MgATP-

bound state. This difference in complementarity would result in less competition between 

the MoFe protein and Fld binding to the MgADP-bound Fe protein. An advantage of this 

situation is that the MgATP-bound Fe protein would be free to transiently associate with 
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the MoFe protein, directing the flow of electron transfer towards substrate reduction. 

From this, a rational model of the Fe protein cycle can be proposed, where the MgATP-

bound Fe protein delivers an electron to the MoFe protein, followed by MgATP 

hydrolysis, release of Pi, and complex dissociation between the MgADP-bound Fe 

protein and MoFe protein (Figure 2.6). Fld then delivers an electron to the MgADP-

bound Fe protein followed by nucleotide exchange for MgATP to end the Fe protein 

cycle. This model is consistent with reports that demonstrate that re-reduction of the Fe 

protein should occur before nucleotide exchange due to the rapid re-reduction rate of the 

nucleotide-bound Fe protein by Fld (Figure 2.6) (25, 37, 40). These results provide a 

deeper mechanistic understanding of the Fe protein cycle.   



49 
 

 

Figure 2.6. Model of the Fe Protein cycle with reduction preceding nucleotide exchange. 
1. The MgATP-bound Fe protein (tan, PDB code 4WZB) transiently associates with one-
half of the MoFe protein (orange, PDB code 2MIN). 2. The MgATP-bound Fe protein 
transfers an electron to the MoFe protein upon complex formation. 3. Nucleotide 
hydrolysis of 2MgATP to 2MgADP and 2Pi occurs. 4. Inorganic phosphate is released 
from the Fe protein(MgADP2)-MoFe protein complex. 5. The MoFe protein and 
MgADP-bound Fe protein dissociate. 6. Fld (violet, PDB code 1YOB) delivers an 
electron to the MgADP-bound Fe protein (light blue, PDB code 1FP6). 7. MgADP is 
exchanged for MgATP and this induces structural changes in the MgATP-bound Fe 
protein to promote interactions with the MoFe protein.
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CHAPTER THREE 

DEVELOPING MICROSCALE THERMOPHORESIS TO MEASURE BINDING 

AFFINITY WITH THE NITROGENASE FE PROTEIN AND NUCLEOTIDES 

Introduction 

 Previously, Chapter 1 introduced a detailed biochemical characterization of how 

Fld influences events in the Fe protein cycle when used as the source of reductant. This 

includes changing the rate-limiting step from MoFe protein-FeP dissociation to release of 

Pi compared to previous studies that used DT, and elucidating Fld’s shared binding site 

with the MoFe protein, which prevents it from reducing the FeP while in complex with 

the MoFe protein (1).  

Chapter 2 included the use of in silico docking models, time-resolved limited 

proteolysis and chemical cross-linking experiments that provided insight into the final 

steps of the Fe protein cycle or the “recharge” phase, where the FeP must proceed from 

an oxidized MgADP-bound state to a reduced MgATP-bound state. It was determined 

that Fld forms a more productive complex with the MgADP-bound state thus leaving the 

MgATP-bound state free to interact with the MoFe protein revealing a mechanism for 

control of protein-protein interactions during catalysis. There is a need to confirm this 

model with direct methods such as measuring binding affinities between Fld and the 

different nucleotide-bound states of the reduced and oxidized FeP (2).  
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MicroScale Thermophoresis to measure 
anaerobic binding affinities 

The extreme sensitivity to even low levels of oxygen due to the relatively surface 

exposed [4Fe-4S] cluster of the Fe protein makes finding a suitable method to measure 

binding affinity challenging (3). This is especially true for the oxidized state in the 

absence of DT (4). Classic techniques that use surface plasmon resonance (SPR) or 

isothermal titration calorimetry (ITC) are not usually set up for anaerobic work unless 

they are placed inside an anaerobic chamber. This was done to assess binding affinities 

between the oxygen sensitive pyruvate-formate lyase activating enzyme and pyruvate-

formate lyase (5).  This was also done to measure nucleotide binding to the different 

redox states of the nitrogenase FeP from A. vinelandii (6).  

An attractive alternative is the use of MicroScale Thermophoresis (MST) 

developed by NanoTemper Technologies to assess binding affinity for oxygen sensitive 

enzymes. Anaerobic MST experiments have been performed by analyzing the redox 

dependency of the interaction for the protein machinery involved in Fe/S protein 

maturation, where samples were set up in an anaerobic Coy chamber, sealed with wax 

and then inserted into the instrument installed outside of the Coy chamber (7).  

The NanoTemper Monolith NT.115, shown in Figure 3.1A, combines the 

sensitivity of thermophoresis with the quantitation of fluorescence detection to measure 

binding affinity for a broad range of biomolecular interactions (8). Its relatively small 

footprint enables easy installation inside an anaerobic glove box without taking up 

valuable space.  
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Thermophoresis is the directed motion of molecules through a temperature 

gradient and MST monitors the movement of fluorescently labeled molecules through 

microscopic (Δ10K) temperature gradients (8). Advantages of this technique are that it 

requires very little sample volume while avoiding issues associated with optimization and 

immobilization as seen with SPR and high sample consumption associated with ITC (8).  

 

Figure 3.1. General scheme for an MST experiment. A) NanoTemper Monolith NT.115 
B) Filled MST capillaries in the mBraun glovebox (left) and filled MST capillaries in the 
sample tray ready to be placed in the instrument (right). C) Example of MST traces in a 
binding affinity experiment with chosen initial F0 and final fluorescence F1 time points 
used for Kd analysis. D) Example of an MST binding affinity curve. E) Cartoon of the 
FeP with the imidazole groups of its N-terminal hexahistidine tag coordinating the Ni(II) 
(blue spheres) of the RED-tris-NTA dye (not to scale). 

MST requires that one protein binding partner be labeled with a fluorescent dye. 

Labeling kits are available for purchase from a wide range of suppliers that cut down on 

time spent with optimization. In general, methods of fluorescent labeling include covalent 

labeling where fluorescent molecules target free amine or cysteine residues or 
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noncovalent labeling that take advantage of the hexahistidine tag that is commonly used 

to purify protein targets of interest.  

A derivative of nitrilotriacetic acid (NTA) or tris-NTA is known to modify His-

tagged proteins with affinities in the low nanomolar range (9). Coupling tris-NTA to a 

fluorophore enables site-specific and stable labeling of His-tagged proteins through 

coordination of the three Ni(II) ions to the 6 imidazole groups of the hexahistidine tag 

enabling a 1:1 stoichiometric interaction (10–12). Furthermore, this has minimal effects 

on the biochemical properties of the protein due to its small size (10–12). Tris-NTA 

conjugated to a NT-647 dye, known as RED-tris-NTA, has increased thermal sensitivity 

making it optimal for MST experiments (12).  

General scheme for MST experiments  

During a typical anaerobic MST experiment, one protein binding partner is 

labeled with the fluorescent dye and the unlabeled ligand is serially diluted in a 1:1 ratio 

in PCR tubes using approximately 20 µl final volume. A glass capillary is placed in each 

tube, which fills by capillary action (Figure 3.1B). They are then placed inside the sample 

holder and inserted into the instrument (Figure 3.1B). Upon initiation of the instrument, 

an LED excitation light will scan each capillary and excite the fluorophore generating an 

initial fluorescence signal that is constant for each capillary denoted as “F0” (Figure 3.1C) 

(8). A focused IR-laser will turn on and generate a thermal gradient for approximately 20 

seconds, causing a rapid change in temperature and thus a rapid change in the fluorescent 

properties of the fluorophore (8). As the laser scans each capillary, this generates 

thermophoretic movement of the molecules away from the heat source and this rate will 
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change based on the ratio of bound and unbound molecules in the capillaries (Figure 

3.1C) (8). The change in thermophoresis is defined as the change in normalized 

fluorescence eq (1): 

 ΔFnorm = 𝐹𝐹1
𝐹𝐹0

 eq (1) 

where F1 can vary based on the signal-to-noise ratio at different time points on the 

MST trace (Figure 3.1C) (8). Plotting the ΔFnorm against the ligand concentration results 

in a binding affinity curve (Figure 3.1D) (8).  

Developing MST for use with the nitrogenase 
FeP 

 In this work, we sought to develop MST as a technique to measure binding 

affinity between the different redox states of the nucleotide-bound FeP and Fld. Known 

steps of the Fe protein cycle provide a useful series of interactions to test with MST, 

including protein-protein and protein-ligand affinities, that can be explored first, to see if 

MST can be used to successfully assess the interactions between the oxygen sensitive 

FeP and FldHQ.  

 As mentioned previously, anaerobic ITC experiments were performed that 

determined the affinity of the FeP for MgATP and MgADP in both its reduced and 

oxidized states (Table 3.1) (5, 13). Important features were determined that are consistent 

with previous measurements of nucleotide affinities for the different redox states of the 

FeP (4, 5, 14–17). The first is that the binding of both MgATP and MgADP demonstrates 

positive cooperativity regardless of oxidation state of the FeP (5, 14, 15). Affinity 

measurements were determined for each binding event which showed tighter binding for 
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the second nucleotide binding event compared to the first, consistent with positive 

cooperativity (Table 3.1) (5). The second is that binding of both MgATP and MgADP is 

an order of magnitude weaker for the reduced state compared to the oxidized state of the 

FeP (5, 15).  

Table 3.1. Binding affinities of the reduced and oxidized FeP for nucleotides. Affinities 
were measured by ITC and calculated based on ΔG’º = -RTln[K’a] = ΔH’º - T ΔS’º and 
K’d = 1/K’a (5).  

 
 

 

 

 

 

 As our first test case, we decided to repeat the nucleotide binding affinity 

measurements for the FeP in the reduced and oxidized states to determine if we can 

repeat what was observed by ITC and thus confirm that MST can be reliably used to 

measure binding affinities with the nitrogenase FeP. An N-terminal His-tagged Fe protein 

(His-FeP) was purified from A. vinelandii and the His-tag labeling method was chosen to 

ensure that the fluorophore was located away from the nucleotide-binding site on the FeP 

(Figure 3.1E).   

Redox state of FeP K’d1 (MgADP) K’d2 (MgADP) 

FePox 43 ± 9.1 µM 8.1 ± 3.2 µM 

FePred 330 ± 110 µM 130 ± 82 µM 

 K’d1 (MgATP) K’d2 (MgATP) 

FePox 45 ± 5.3 µM 10 ± 2.9 µM 
FePred 500 ± 250 µM 170 ± 113 µM 
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Materials and Methods 

Purification of the His-FeP  

 All buffers were thoroughly degassed on a Schlenk line with 2 mM DT and kept 

under positive Ar pressure to maintain strict anaerobic conditions. Buffer for the HisPur 

Cobalt column contained 0.5 mM DT to prevent cobalt leaching from the resin. Cell lysis 

was carried out in an anerobic Coy chamber with a 95% N2/2-3% H2 atmosphere.  

A large-scale purification protocol was implemented to purify His-FeP from A. 

vinelandii strain DJ1162. 200 grams of cells were resuspended in 50 mM HEPES buffer 

pH=7.5, 38% glycerol with 1X cOmplete protease inhibitor cocktail and incubated for 1 

hour. Then the cell extract was harvested at 8000 rpm for 30 min at 4°C. The supernatant 

was discarded, and the cell pellet was resuspended in 50 mM HEPES buffer pH=7.5 with 

1X cOmplete protease inhibitor cocktail with added DNAse I (Worthington) and allowed 

to incubate for another hour. The cell extract was cleared by centrifugation at 50,000g for 

1 hour at 4°C.  

The resulting cell lysate exhibited a dark brown color and was placed on ice under 

Ar on the lab bench. The lysate was loaded onto a Fast Flow Q Sepharose (GE 

Lifesciences) column pre-equilibrated with 50 mM HEPES buffer pH=7.5 (Buffer A). 

The MoFe and Fe protein components were eluted using a 10-70% NaCl gradient with 50 

mM HEPES buffer pH=7.5, 1 M NaCl (Buffer B) (Figure B.S.1A). The fractions 

containing the Fe protein were then loaded onto a HisPur Cobalt column (Thermo Fisher) 

pre-equilibrated with 50 mM HEPES buffer pH=7.5, 300 mM NaCl (Buffer C). The 

HisPur Cobalt column was washed with 5% Buffer C (50 mM HEPES buffer pH=7.5, 
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300 mM NaCl, 200 mM Imidazole) before starting a 5-100% imidazole gradient to elute 

the His-tagged Fe protein (Figure B.S.1A, inset). The fraction containing the His-FeP was 

concentrated in a mBraun anaerobic glovebox using a 30K Amicon ultra centrifugal filter 

and buffer exchanged using a 25 mL HiPrep Sephadex G-25 column pre-equilibrated 

with 50 mM HEPES pH=7.5, 150 mM NaCl, 2 mM DT buffer and stored in liquid 

nitrogen. The His-FeP (~32 kDa) was determined to be >95% pure by SDS-PAGE and 

the His-tag was intact via Western blot detection (anti-His tag antibodies) (Figure 

B.S.1B). The protein concentration was determined to be 880 µM as determined via 

Pierce BCA Reducing Agent Compatible protein assay kit (Thermo Fisher).   

Acetylene reduction activity assay for the His-
FeP 

Acetylene reduction activity was determined in triplicate for the His-FeP by 

mixing it with MoFe protein in a 1:1 molar ratio in sealed crimp vials with ATP-

regenerating buffer (100 mM MOPS pH=7.3, 5 mM MgCl2, 22 mM phosphocreatine, 3.8 

mM ATP, 0.15 mg/mL creatine phosphokinase, 0.8 mg/mL BSA, 12 mM DT) for 8 min 

at 30°C under 0.1 atm of 99.9% C2H2/0.9 atm Ar. The reaction was quenched with 1 M 

H2SO4. Acetylene and ethylene were separated and analyzed using a TracePLOT TG-

Bond Q+ GC column on a Trace1300 GC (Thermo Fisher). Specific activity for the His-

FeP was calculated to be 2,850.6 ± 231.6 nmol ethylene·min-1·mg-1 Fe protein (Figure 

B.S.2A). Production of ethylene was determined based on a standard curve using 99.5% 

ethylene standard (Figure B.S.2B).  
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Operating procedures during MST experiments 

 The NanoTemper Monolith NT.115 was installed in the mBraun anaerobic glove 

box and sample manipulation for MST experiments were carried out inside the glove box. 

MST Buffer (50 mM HEPES pH=7.5, 150 mM NaCl, 0.05% Tween-20) was treated with 

CHELEX-100 resin, degassed on a Schlenk line and brought into the mBraun anaerobic 

glove box to degas further overnight before being used for MST experiments. RED-tris-

NTA fluorescent dye and 1.5 ml Zeba spin desalting columns (7K MWCO) were brought 

into the mBraun box the day before planned work. The Zeba spin desalting columns were 

washed with MST buffer containing 5 mM DT before being equilibrated with MST 

buffer without DT before use. The dye was stored in the -20°C freezer in the mBraun 

anaerobic glove box. A fresh aliquot of His-FeP was thawed anaerobically before each 

experiment.  

Optimization of labeling for the His-FeP  

His-FeP was fluorescently labeled using the Monolith His-Tag Labeling Kit RED-

tris-NTA 2nd generation (#MO-L018, NanoTemper Technologies) per manufacturer’s 

instructions. Binding affinity between the RED-tris-NTA dye and the His-FeP was 

determined in order to calculate the concentration of His-FeP to mix with the dye to 

ensure >90% of the dye is bound during the labeling reaction. The Kd between the His-

FeP and the RED-tris-NTA dye was determined via MST to be ~30 nM, so a 20:1 molar 

ratio of protein:dye was used for labeling reactions. Therefore, 100 µL 1.2 µM of His-

FeP was mixed with 100 µL 100 nM RED-tris-NTA dye (final concentrations of 600 nM 

for His-FeP and 50 nM for the dye).  
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The dye and protein were incubated for 30 min in a LoBind Eppendorf tube and 

then centrifuged at 15,000g for 10 min to remove large dye aggregates. 180 µL aliquots 

of the labeled 600 nM His-FeP were used for each MST experiment.  

Fluorescent labeling of the oxidized His-FeP. When working with the oxidized 

His-FeP (His-FePox), DT was removed via a Zeba spin desalting column and then 3-fold 

molar excess freshly prepared anaerobic indigo carmine (IDS) was added to the eluted 

protein and incubated for 5 min. Excess IDS was removed via a second Zeba spin 

desalting column and the oxidized state of the His-FeP was confirmed by the appearance 

of a broad band at 400 nm observed on a UV-Vis spectrum (Figure B.S.3). The His-FePox 

was then used for labeling experiments as described above.  

Fluorescent labeling of the reduced His-FeP. During labeling of the reduced His-

FeP (His-FePred), DT was found to quench the fluorescence of the dye in a concentration-

dependent manner, so it was removed from the His-FeP prior to labeling via a Zeba spin 

desalting column. Initial experiments did not include DT in the samples. Later it was 

observed that 1.5 µM DT enables enough fluorescence detection for MST experiments 

(>200 counts) so 1.5 µM DT (5-fold molar excess) was added into the MST samples to 

maintain the His-FeP in a reduced state after labeling.  

MST experiments with the labeled His-FeP and 
nucleotides 

50 mM ATP, ADP and MgCl2 were dissolved in MST buffer, degassed and 

stored as aliquots in the -20ºC freezer in the mBraun anaerobic glove box. An aliquot was 

thawed for each MST experiment. After labeling of the His-FeP, MgCl2 and ATP or 



66 
 
ADP stocks were mixed in a 1:1 molar ratio to make equimolar MgATP or MgADP 

stocks for the ligand. Initial experiments used 20 mM MgATP or MgADP stocks for an 

initial concentration of 10 mM in the MST experiments, but this was decreased to 10 mM 

to follow guidelines for 5 mM maximum ATP or ADP with the RED-tris-NTA dye. 10 

µL aliquots of MST buffer were added to LoBind PCR tubes 2-16 (Eppendorf). 20 µL of 

MgATP or MgADP stock solution (10 or 20 mM) was added to the first PCR tube and 10 

µL was subsequently transferred from tube 1 to tube 2 and mixed thoroughly by pipetting 

up and down. This was repeated for tubes 2-16 to generate a 1:1 serial dilution of the 

ligand (MgATP or MgADP) over the 16 samples. The extra 10 µL from tube 16 was 

discarded.  

Then 10 µL of the labeled 600 nM His-FeP (oxidized or reduced) was added to 

each sample and mixed thoroughly by pipetting up and down (20 µL final volume, 5 or 

10 mM MgATP or MgADP in the first sample, 300 nM final concentration labeled His-

FeP in each sample). When working with the reduced state, 3 µM DT was included in the 

MST buffer in all 16 PCR tubes (1.5 µM final concentration). Finally, the capillaries 

were loaded and placed into the instrument for analysis.  

Instrument settings and data analysis  

The measurements were performed on a NanoTemper Monolith NT.115 

instrument. The Red channel was selected to match the excitation/emission wavelengths 

(650/670 nm) of the RED-647 dye. The samples were measured at 40-50% LED power, 

Medium MST power with an MST laser on-time of 20 seconds at 23°C. The data were 

analyzed using the MO Affinity Analysis software.  
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Results and Discussion 

Initial MST experiments with His-FePred and 
nucleotides  

 Initial MST experiments with the HisFePred and nucleotides started with a range 

of DT from 0.5-2 mM which completely quenched the fluorescence of the labeled His-

FeP. Therefore, experiments were attempted as described by Webert, et al., where DT 

was removed with a Zeba spin column before labeling, and the MST experiments were 

conducted without DT in the hope that the labeled His-FeP would remain in the reduced 

state (7).  

His-FePred and MgADP. Initial MST experiments with the labeled His-FePred 

showed a change in binding affinity with MgADP over time (Figure 3.2A). After removal 

of DT for labeling, initial MST experiments measured a Kd of 744 ± 55 µM that is 

approximately 2-fold weaker than K’d1 reported with ITC (Figure 3.2A, green trace) (5). 

After initial replicates were finished, the remaining samples were measured again to 

check for stability of the MST measurements. The measured Kd changed to 343 ± 79 µM, 

an approximate 2-fold tighter affinity compared to the initial measurements (Figure 3.2A, 

red trace). Capillary scans show similar fluorescence counts for each capillary indicating 

that the fluorescence signal does not seem to be affected with decreasing amounts of 
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MgADP (Figure 3.2B).

 

Figure 3.2. MST experiments of the HisFePred and nucleotides. A) Kd measured with 
MgADP approximately 3.5 hours later (red trace) produced a 2-fold tighter Kd compared 
to initial measurements (green trace). B) Scan of each capillary show that the 
fluorescence signal does not vary greatly with decreasing amounts of MgADP. C) Kd 
measured with MgATP approximately 3.5 hours later (red trace) produced a 1.5-fold 
tighter Kd compared to initial measurements (green trace). D) Scan of each capillary 
shows a gradual decrease in fluorescence signal until capillary 6, when fluorescence 
begins to increase to capillary 11 where it stabilizes. 

His-FePred and MgATP. Initial MST experiments with the reduced state of the 

His-FeP also displayed a change in binding affinity with MgATP over time (Figure 

3.2C). After removal of DT, an initial Kd was calculated to be 103 ± 15 µM which is in 

range of the affinity reported for K’d1 with ITC (Figure 3.2C, green trace) (5). Again, 

after initial replicates, the Kd measurements were repeated with the remaining samples 

and showed a 1.5-fold tighter binding affinity for MgATP of 68 ±11 µM (Figure 3.2C, 

red trace). This value more closely resembles the K’d1 affinity value for oxidized FeP and 
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MgATP (Table 3.1) (5). Furthermore, capillary scans showed changes in the fluorescence 

signal with decreasing concentrations of MgATP until around capillary 11 (9.7 µM 

MgATP) when the signal stabilizes over the remaining capillaries (Figure 3.2D). An 

EDTA/His6 peptide control (ECP) test was performed to make sure the change in 

fluorescence signal was due to MgATP binding and not due to sample loss from 

adsorption or aggregation. The labeled His-FeP was incubated with EDTA to remove the 

dye and the fluorescence was restored indicating that this signal change is due to binding 

of MgATP and not adsorption or aggregation of the labeled His-FeP.  

A His6 control peptide was labeled with the RED-tris-NTA dye. Fluorescence 

scans of the labeled His6 control peptide alone were compared to the labeled His6 control 

peptide mixed with 10 mM MgATP which displayed no differences in fluorescence 

intensity. This indicates that MgATP does not interact with the bound dye. Therefore, the 

change in fluorescence observed with MgATP is specific for binding to the His-FeP and 

can proceed with the MST analysis.  

Comparing MST results of His-FePred with 
MgADP and MgATP  

In general, the MST experiments between the labeled His-FePred with MgATP 

and MgADP have similar themes. The binding affinity values decrease over time 

exhibiting tighter binding for both MgATP and MgADP. An increase in affinity for 

nucleotides is associated with the oxidized state of FeP—this is especially true for the 

MgATP state, whose affinity changes from 103 ± 15 µM to 68 ±11 µM which is close to 

the value reported by ITC for the oxidized FeP affinity with MgATP (5).  
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Figure 3.3. MST experiments of the HisFePred and MgADP with 10-fold excess DT. A) 
Kd measured with MgADP shows a Kd shift to the mM range with large error. B) Scan of 
each capillary show that the fluorescence signal decreases after treatment when 
comparing the fluorescence signal before MST (green) and after MST (blue). 

In order to keep the His-FeP in a reduced state, 10-fold molar excess DT (3 µM) 

was added to the samples and an MST binding affinity experiment was performed 

(Figure 3.3). The addition of excess dithionite although small, greatly impaired the MST 

binding affinity curve where the Kd for MgADP shifted to 3.0 ± 1.5 mM with an increase 

in error across all data points (Figure 3.3A). Additionally, the capillary scans showed a 

decrease in fluorescence intensity of ±13.7% after MST treatment, indicating thermal 

instability of the RED-tris-NTA dye and the protein with 10-fold molar excess DT 

(Figure 3.3B). 

Stability of the FeP dimer during labeling 
experiments  

Stability of the His-FeP homodimer was tested to ensure that the His-FeP remains 

in a dimeric state after labeling. This was done using 1 µM reduced, untagged FeP 

(FePred) as the ligand which should not generate a binding affinity curve. If a binding 



71 
 
affinity curve is generated, then that indicates that the labeled His-FeP is in a mostly 

monomeric state. The results show that an MST binding affinity curve could not be fit to 

the data indicating that the His-FePred remains in its dimeric state after labeling (Figure 

3.4A). Additionally, the thermal instability of the fluorescence signal decreased to ±4.0% 

(Figure 3.4B). Back calculation of the DT concentration in the samples resulted in a 1 

µM DT concentration, which greatly improved the thermal instability. Therefore, the 

thermal instability observed with DT seems to be concentration dependent. 

 

Figure 3.4. MST experiments of the His-FePred and reduced untagged FeP. A) A binding 
affinity curve was not observed indicating the untagged FeP ligand does not interact with 
the labeled His-FeP. Therefore, the His-FeP maintains its dimeric state after labeling. B) 
Scan of each capillary show that the fluorescence signal decreases ±4% with 1µM DT 
before MST (green) and after MST (blue). 

Stabilization of the His-FePred 

It has been well-established that the FeP will “self-oxidize” to the 2+ state in the 

presence of DT over the course of 3 hours (18). This is roughly the same time regime 

where we observe binding affinity changes in the MST experiments.  
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This phenomenon has been observed in FeP purified from A. vinelandii, K. 

pneumoniae and C. pasteurianum (18–23). The self-oxidation rate increases with 

increasing protein and DT concentrations, and with the addition of both MgATP and 

MgADP (18–22). Although the exact mechanism is unknown, one hypothesis is that this 

is thought be an intrinsic property of the inherent instability of dithionite in anaerobic 

solutions (22). As described in Ch. 1, the Fe protein with its relatively low redox potential 

(-290 mV), which is even more negative in the presence of nucleotides (-420 mV with 

MgATP and -440 mV with MgADP), catalyzes the decomposition of dithionite to its 

radical anion SO2
•-  and this is the species that performs the reduction of the FeP shown in 

eq (2) (1, 4, 22, 24): 

 S2O4
2- ↔ 2SO2

•- eq (2) 

       This process is catalyzed by the FeP thus consuming the dithionite and 

enabling the FeP to become oxidized. Lanzilotta, et al., reported that treatment of buffers 

with CHELEX-100 resin was able to stabilize the reduced state of the FeP for 48 hours 

(18). When the MST buffer was treated with CHELEX-100 resin, we also observed 

stabilized measurements of the binding affinities for the labeled His-FePred and 

nucleotides. The exact mechanism for why this stabilizes the reduced state of the FeP is 

unknown, however it is thought to be due to removal of trace metals in the buffer (18).  

 Repeating the MST binding affinity measurements for the labeled His-FePred and 

MgADP with 5-fold molar excess DT (1.5 µM) agrees with what was reported (K’d1 = 

330 ± 110 µM) with ITC (Table 3.1) (5). In addition, the results were reproducible and 
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stable over several hours of MST measurements. The data did not fit very well to the Kd 

model for binding affinity and instead fits much better using the Hill model giving an 

EC50 = 285 ± 2.67 µM in the MO Affinity Analysis software (Figure 3.5A). The Hill 

coefficient was calculated to be 4.5, indicating strong positive cooperativity (Figure 

3.5A). The MO Affinity Analysis software uses the Hill fit model based on eq (3): 

 

 𝑓𝑓(𝑐𝑐) = 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 +  
𝐵𝐵𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 − 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈

1 + (𝐸𝐸𝐸𝐸50𝑐𝑐 )𝑛𝑛𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻
 eq (3) 

where f (c) is the fraction bound at a given ligand concentration (c); Unbound is 

the Fnorm signal of the labeled target; Bound is the  Fnorm signal of the complex; EC50 is 

the half-maximal effective concentration and nHill is the Hill coefficient.   

This strong positive cooperativity is indicative of two binding sites with differing 

affinities as observed with ITC.  However, the magnitude between K’d1 and K’d2 

measured by ITC is not large enough to reliably measure the affinity of nucleotide 

binding for the individual FeP binding sites in the MST experiments.     

Repeating the MST binding affinity for the labeled His-FePred and MgATP with 

1.5 µM DT also fit the Hill model with a Hill coefficient of 5.5 indicating strong positive 

cooperativity (Figure 3.5B). However, the EC50 value was shifted to 1.15 ± 0.11 mM 

with large error in the dataset (Figure 3.5B).  

Larger error in the MST data was observed with both MgADP and MgATP at the 

higher nucleotide concentrations (Figure 3.5A and B, red boxes). However, with MgATP 

the error is too large to fit a reliable affinity curve. It is difficult to determine the exact 
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mechanism for this larger error, but this could be due to nonspecific binding of excess 

Mg2+-complexed nucleotide in these samples and/or due to issues with DT at the higher 

nucleotide concentrations.  

 

Figure 3.5. MST experiments of the His-FePred with nucleotides. A) The binding affinity 
curve with MgADP does not fit the Kd model but fits the Hill model instead. An EC50 = 
285±2.67 µM and Hill coefficient of 4.5 was calculated in the MO Affinity Analysis 
software. B) The binding affinity curve with MgATP does not fit the Kd model but fits 
the Hill model instead. An EC50 = 1.15±0.11 mM and Hill coefficient of 5.5 was 
calculated in the MO Affinity Analysis software. Both curves for MgADP and MgATP 
exhibit increased error at the higher nucleotide concentrations (red boxes) however the 
MgATP curve (B) had a much higher error compared to the MgADP curve (A).   
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MST experiments with the His-FePox and 
nucleotides 

 The MST experiments with His-FePox and nucleotides were performed with the 

IDS oxidized His-FeP. Confirmation of the oxidized state by UV-Vis was done to make 

sure the FeP was in an oxidized state before labeling.  

His-FePox and MgADP. MST experiments between the His-FePox and MgADP fit 

both the Kd binding affinity model and the Hill model in the MO Affinity Analysis 

software (Figure 3.6A). The measured binding affinity (Kd = 45 ± 9.6 µM) was almost 

identical to what was reported for K’d1= 43 ± 9.1 µM for binding of the oxidized FeP and 

MgADP (Table 3.1) (5). The MO Affinity Analysis software fits data to the Kd binding 

affinity model based on eq (4):

 𝑓𝑓(𝑐𝑐) = 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 + (𝐵𝐵𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 − 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈) ∙  �
(𝑐𝑐 + 𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 + 𝐾𝐾𝑑𝑑)2 − 4 ∙ 𝑐𝑐 ∙ 𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

2𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
 eq (4) 

where the f(c) is the fraction bound at a given ligand concentration c; Unbound is 

the Fnorm signal of the target alone; Bound is the Fnorm signal of the complex; Kd is the 

dissociation constant or binding affinity; and ctarget is the final concentration of target in 

the assay.  

The EC50 value for binding of His-FePox and MgADP was reported to be 57 ± 

10.6 µM which is still within the range of the reported K’d1 ITC value (Figure 3.6A). The 

Hill coefficient was 1.5 which still indicates positive cooperativity although much weaker 

compared to the reduced state (Figure 3.6A). The capillary scans displayed little change 

in fluorescence signal as observed in the His-FePred data.  
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His-FePox and MgATP. In contrast to the MgADP MST experiments, binding 

affinity data between the His-FePox and MgATP did not fit the Kd model and only fit the 

Hill model using the MO Affinity Analysis software (Figure 3.6B). The measured EC50 

value was calculated as 39 ± 9.6 µM which agrees quite well with K’d1 = 45 ± 5.3 µM 

from ITC (Figure 3.6B) (5). Furthermore, the Hill coefficient exhibits greater positive 

cooperativity compared to MgADP with a Hill coefficient of 3.8 compared to 1.5 

respectively (Figure 3.6A and B). The capillary scans displayed the same changes in 

fluorescence with MgATP as observed in the His-FePred data, indicating that this is again 

specific to MgATP binding to the His-FePox.   
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Figure 3.6. MST experiments of the His-FePox with nucleotides. A) The binding affinity 
curve with MgADP fits the Kd model and the Hill model. A Kd = 45±9.6 µM and EC50 = 
57±10.6 µM with a Hill coefficient of 1.5 was calculated in the MO Affinity Analysis 
software. B) The binding affinity curve with MgATP does not fit the Kd model but fits 
the Hill model instead. An EC50 = 39±9.6 µM and Hill coefficient of 3.8 was calculated 
in the MO Affinity Analysis software. These values agree with ITC (5).  

Comparing MST results of His-FePred and His-
FePox with MgADP and MgATP  

 General themes can be derived from the MST binding affinity experiments that 

depend on the presence of MgADP or MgATP and the redox state of the FeP that agree 

with previous reports (Figure 3.7) (3, 5, 14, 15). First, the His-FeP in the reduced and 

oxidized state exhibit positive cooperativity with binding of MgATP and MgADP (5). 
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The His-FePox binds MgADP an order of magnitude tighter compared to the reduced state 

in agreement with ITC (Figure 3.7A and Table 3.1) (5). The His-FePox binds MgATP and 

MgADP with affinities of equal magnitude which is also in agreement with the ITC 

values (Figure 3.7B and C) (5). 

Major differences with the MST data come from the Hill coefficient 

measurements, which depend on the redox state of the FeP and the presence of MgADP 

or MgATP. The His-FePred exhibits 3-fold greater positive cooperativity with MgADP 

compared to the His-FePox (Figure 3.7A).  

 

Figure 3.7. Comparing MST experiments of the His-FePox/red with MgADP and MgATP. 
A) The His-FePox binds MgADP 6-fold tighter compared to the His-FePred. However, the 
His-FePred has a 3-fold larger Hill coefficient. B) The binding affinity curve of His-FePox 
and MgATP fits the Hill model and binds 1.5-fold tighter compared to MgADP. A 2.5-
fold larger Hill coefficient was calculated for MgATP compared to MgADP (5).   

Due to the extreme oxygen sensitivity of the FeP, only a few studies have been 

able to determine a reliable binding affinity for nucleotides (4, 5, 14). Using an 
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equilibrium column binding technique, binding affinity values were determined for the 

reduced FeP with MgATP and MgADP that also exhibited positive cooperativity (14). 

The binding affinity for MgATP was reported to be Kd = 571 µM and a Hill coefficient of 

2.1. The binding affinity for MgADP was reported to be Kd = 143 µM with a Hill 

coefficient of 2.0. The MST data also show an equal magnitude of cooperativity for 

binding of the His-FePred with MgATP and MgADP.  

Cooperativity can be determined with ITC data by calculating the coefficient of 

cooperativity (α) based on the value of the intrinsic affinity constant (K’a) which is the 

product of the two individual binding constants and K’a2 which is the apparent binding 

affinity for the second binding event based on eq (5): 

 𝐾𝐾𝑡𝑡′ =
2𝐾𝐾𝑡𝑡2′

∝
 eq (5) 

An α value of 6.7 was reported for binding of the reduced FeP and MgATP, 

consistent with other values reported for proteins that exhibit high cooperativity such as 

the binding of two cAMP molecules to cAMP receptor protein (5, 25).  

The Hill coefficients for MgATP binding with the His-FeP were also large 

regardless of oxidation state (Figures 3.5B and 3.6B). The observed MgATP-binding 

specific decrease and then stabilization of the fluorescence signal is an indication of the 

sensitivity of MST to conformational changes (Figure 3.3D). It is known that the Fe 

protein undergoes major conformational changes with binding to MgATP as described in 

Ch.’s 1 and 2 and this could account for the major differences in behavior in the MST 
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experiments (2, 17, 26–28). Therefore, the larger Hill coefficients could be caused by the 

MgATP-induced conformational changes in the FeP that are not observed with MgADP.  

This does not fully explain the larger Hill coefficient observed in the MST affinity 

experiments with MgADP and the HisFePred. This could be due to some unknown effects 

of DT since larger error at higher nucleotide concentrations was not observed in the His-

FePox MST experiments.  

Conclusions and Future Directions 

 MST has proven to be a useful tool to measure binding affinities that are 

reproducible and precise while maintaining anaerobic conditions. Confirmation of results 

of nucleotide binding with the different redox states of the FeP demonstrates that MST 

can reliably be used to measure binding affinities with the nitrogenase FeP and agrees 

with the results of ITC.  

 Challenges exist in reliably measuring the affinity of the His-FePred with MgATP 

in the presence of micromolar amounts of DT which exhibited larger error especially at 

high MgATP concentrations (Figure 3.5B). This error could be due to the presence of 

DT, as it is not observed in the oxidized samples, and loss of fluorescence occurs in a 

concentration-dependent manner. The exact mechanism of this interference by DT is 

unclear but it could be related to the high midpoint potential of DT (-660 mV) that could 

strip an electron from the excited state of the fluorophore as the RED-tris-NTA dye can 

be used with milder reductants such as up to 0.5mM  tris(2-carboxyethyl)phosphine 

(TCEP) and 1mM dithiothreitol (DTT) or β-mercaptoethanol (BME) (12, 29).  
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Finding stable chemical reductants with midpoint potentials capable of enough 

thermodynamic driving force to reduce the FeP is challenging. This will be necessary in 

order to determine binding affinities with Fld as the midpoint potential for the FldSQ/HQ 

redox couple is -480 mV (30). The chemical reductant Ti(III) citrate has a midpoint 

potential of approximately -880 mV and can be synthesized on the benchtop in 

stoichiometric amounts (31–33). Additionally, Ti(III) citrate can support nitrogenase 

catalysis and reduce Fld to the HQ state (33–36). It makes a promising candidate to 

enable future MST experiments to measure the affinity of Fld for the different nucleotide 

and redox states of the FeP needed to finalize the order of events for the “recharge” phase 

of the Fe protein cycle.   
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CHAPTER FOUR 

THE VANADIUM GAMMA SUBUNIT FACILITATES 

INTERACTIONS BETWEEN THE MO- AND 

V-NITROGENASE  

Introduction 

In the previous Chapters, in silico docking models have been used to help 

specifically define structural mechanisms for control of protein-protein interactions when 

exact mechanisms are not clear from experimental data. For example, the docking model 

of Fld and the FeP supported the SF data that implied that the MoFe protein and Fld share 

a binding site with the FeP as described in Ch. 1.   

Docking models also helped to define differences between the binding interfaces 

for the MgADP and the MgATP-structural mimics of the FeP, providing support for the 

mass spectrometry analysis that Fld forms a more productive complex with the MgADP-

state as described in Ch. 2.  

Here, modeling will be used to identify structural differences between the three 

nitrogenase complexes in order to explain their tight regulation by metal availability and 

define interactions that differentiate them for crosstalk (1–3).   

Features of the Mo-, V- and Fe-nitrogenases  

The Mo- ,V- and Fe-nitrogenases are all two component enzyme systems with a 

catalytic component, known as the MoFe, VFe and FeFe protein, and an Fe protein 

component involved in electron delivery, that will be referred to as NifH, VnfH and 
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AnfH respectively. The MoFe, VFe and FeFe proteins have different subunit 

compositions: The MoFe protein is a heterotetramer (α2β2) while the VFe and FeFe 

proteins, are heterohexamers (α2β2γ2) due to their additional subunits, termed gamma (2, 

4, 5). They all contain a P-cluster, but they differ in the identity of the metal at the 

cofactor active site called the: FeMo-cofactor, FeV-cofactor and FeFe-cofactor (4, 6, 7).   

The alternative nitrogenases are less efficient at reducing N2. The V-nitrogenase 

requires 24 ATP and 12 low potential electrons while the Fe-nitrogenase requires 40 ATP 

and 20 low potential electrons to reduce 1 mol of N2 (7–9). In contrast, Mo-nitrogenase 

requires 16 ATP and 8 low potential electrons to reduce 1 mol of N2 (9).  

They also have different limiting stoichiometries for H2 produced per N2 reduced: 

3:1 for the V-nitrogenase and 7:1 for the Fe-nitrogenase compared to 1:1 for the Mo-

nitrogenase (3, 8, 9). Recently, this was hypothesized to be potentially due to differences 

in the reactivity for N2 binding at the active site where Mo > V > Fe (9).  

They are mechanistically similar but genetically distinct as they are encoded by 

separate gene clusters designated nif, vnf, and anf, respectively (Figure 4.1A) (1, 9, 10). 

The Mo-nitrogenase components are in the major nif gene cluster (Figure 4.1A). NifH is 

encoded by nifH and the MoFe protein is encoded by nifD and nifK (Figure 4.1A). The 

V-nitrogenase components are in the vnf gene cluster (Figure 4.1A). VnfH is encoded by 

vnfH and the VFe protein is encoded by vnfD, vnfK, and vnfG. The Fe-nitrogenase 

components are in the anf gene cluster. AnfH is encoded by anfH and the FeFe protein is 

encoded by anfD, anfK and anfG (Figure 4.1A). The MoFe, VFe and FeFe proteins will 
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be referred to after their gene names in the rest of this chapter: NifDK, VnfDGK and 

AnfDGK respectively.  

 

Figure 4.1. Gene context and trends in differential gene expression. A) Gene context for 
Mo-, V- and Fe-nitrogenase structural genes found to be differentially expressed from 
Mo- to alternative diazotrophy in A. vinelandii. B) Heatmap describing the differential 
gene expression comparing changes between Mo conditions to the alternatives (V/Mo 
and Fe/Mo). Structural nitrogenase genes are presented.  

The expression of all three nitrogenase homologs are tightly regulated by metal 

availability in the environment (1). Due to the increase in efficiency while using the Mo-

nitrogenase, the nif genes are always preferred when Mo is present. Under Mo-limited 

growth conditions in the presence of V, expression of vnf genes occur and under Mo- and 

V-limited growth conditions, anf genes are expressed (1). However, it is known that the 
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V-nitrogenase components can support catalysis when mixed with their Mo-nitrogenase 

counterparts (Table 4.1) (2, 11). The Fe-nitrogenase components however show markedly 

reduced activities when complemented with their Mo-nitrogenase counterparts (Table 

4.1) (3). It is unknown if the V-nitrogenase components can support catalysis when 

mixed with their Fe-nitrogenase counterparts. 

 Table 4.1. Comparison of the Mo-, V-, and Fe-nitrogenase component complementation. 
In vitro acetylene reduction assays with proteins purified from A. vinelandii and R. 
capsulatus. Activity assay based on nmol ethylene/min/mg NifDK/VnfDGK/AnfDGK. 

 

 

 

 

 

 

The three nitrogenase systems in A. vinelandii have been characterized to varying 

degrees, and structural information on all three nitrogenases is incomplete. The Mo-

nitrogenase complex is currently the only nitrogenase with complete structural data 

except for the MgATP-bound state (5, 12–15). Recently, structures of VnfDGK and the 

ADP-bound state of VnfH were published providing important structural information 

about the location of gamma subunit (6, 16). To date, the Fe-nitrogenase remains 

structurally uncharacterized, therefore, a homology modeling approach was used here to 

Nitrogenase 
components 

% Activity 
compared to 
NifDK/NifH 

Organism Reference 

NifDK/NifH 100% 
A. vinelandii;  

R. capsulatus 

Sippel, et al., 2017 (2) 

Siemann, et al., 2002 (3) 

NifDK/VnfH 125% A. vinelandii Sippel, et al., 2017 (2) 

NifDK/AnfH 10-15% R. capsulatus Siemann, et al., 2002 (3) 

VnfDGK/NifH 63% A. vinelandii Sippel, et al., 2017 (2) 

AnfDGK/NifH 1-2% R. capsulatus Siemann, et al., 2002 (3) 
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fill these gaps in structural information, allowing for comparison of the structural 

determinants for cross-reactions between the Mo-nitrogenase and V-nitrogenase 

components that deter reactions with the Fe-nitrogenase. 

Key structural differences between the nitrogenases were examined, and 

properties were observed that could functionally differentiate them by comparing the 

interactions mediated by the gamma subunit of AnfDGK and VnfDGK with NifH, AnfH, 

and VnfH. Ultimately the gamma subunit of VnfDGK is unfavorable for docking with 

AnfH while the gamma subunit of the AnfDGK is unfavorable for docking with NifH and 

VnfH, leaving them free to associate with the MoFe protein. This makes sense as A. 

vinelandii needs to finely tune expression of the three forms of nitrogenase due to varying 

metal availabilities, and this provides a mechanism to funnel electrons to the most 

efficient Mo-nitrogenase over the V- and Fe-nitrogenases.  

Methods 

Transcriptomic analysis under different metal-
dependent diazotrophic conditions 

 A previous transcriptomic study published RNA-seq data of A. vinelandii under 

four conditions: 1) Ammonia (Non-diazotrophic) 2) Mo-dependent (nif conditions) 3) V-

dependent (vnf conditions), 4) Fe-dependent (anf conditions) (24). Data from this study 

published the log2 fold change gene expression between non-diazotrophic and the 

different metal-dependent diazotrophic conditions. These values were then compared 

between the different metal-dependent conditions to calculate the differential gene 
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expression. The candidate genes associated with Mo, V- and Fe-dependent diazotrophy 

were then compared with a heat map created in R 3.4 using the heatmap2 package. 

Homology modeling of the FeP(ATP)-bound 
states and the Fe-nitrogenase components  

Homology models were built for the Fe-nitrogenase components (AnfDGK and 

AnfH). SWISS-MODEL was used to generate the AnfD, AnfG, and AnfK subunits using 

their VnfDGK subunits as templates (PDB code 5N6Y) (Table 4.2) (17). They were then 

docked in ClusPro 2.0 and aligned to the structure of the VnfDGK (PDB code 5N6Y). 

The individual subunits of VnfH and AnfH were modeled independently to represent the 

proposed conformational changes involved with the binding of MgATP based on the 

structure of the Fe protein bound to the non-hydrolysable ATP analog, MgAMPPCP 

(Table 4.2). The subunits were then docked in ClusPro 2.0 and aligned to the 

MgAMPPCP-bound Fe protein structure (PDB code 4WZB) (18).  

Table 4.2. Template and PDB information for the homology modeling. 

Docking models of the nitrogenase complexes  

Docking models were performed using the ClusPro 2.0 protein-protein docking 

server (18). Docking models were screened based on salt bridge interactions at the 

Protein Template PDB 
code Template Source 

VnfH 
ATP A. vinelandii MgAMPPCP-bound NifH 4WZB Tezcan, et al., 2005 (15) 

AnfH 
ATP A. vinelandii MgAMPPCP-bound NifH 4WZB Tezcan, et al., 2005 (15) 

AnfD A. vinelandii VnfD 5N6Y Sippel, et al., 2017 (6) 
AnfG A. vinelandii VnfG 5N6Y Sippel, et al., 2017 (6) 
AnfK A. vinelandii VnfK 5N6Y Sippel, et al., 2017 (6) 
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binding interface and with their agreement to the crystal structure of the Mo-nitrogenase 

complex (PDB code 4WZB). Models that were a close match were aligned to the Mo-

nitrogenase crystal structure to ensure identical conformations between NifDK, VnfDGK, 

and AnfDGK with their Fe protein component before further refinement.  The docking 

models were then uploaded to the HADDOCK 2.2 Water Refinement interface for 

optimization of residue interactions at the interface (19). This involves immersing the 

complex in a solvent shell using the TIP3P water model and running a short 300K 

molecular dynamics simulation (MD) to allow all side chains to be optimized and 

improve the energetics of the interaction (19). Salt bridge interactions were measured 

using a <4Å cutoff and surface electrostatic potentials were calculated using the APBS 

plugin in PyMOL version 2.2.3 (The PyMOL Molecular Graphics System, Schrodinger, 

LLC).  

Results and Discussion 

Differential gene expression between all three 
nitrogenases  

Transcriptomic data from A. vinelandii grown under different metal conditions 

were used to study the regulation of alternative nitrogenases (1). Expressed as differential 

gene expression (DGE), patterns can be drawn that explain this tight regulation. In the 

alternative conditions, nif genes are downregulated 5-fold for both V- and Fe-dependent 

growth conditions, showing that the lack of Mo leads to repression of the core Mo-

nitrogenase structural genes (Figure 4.1B). V-dependent growth conditions show the 

upregulation of vnf genes only, indicated by a positive fold change in the structural genes 
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for V-nitrogenase (vnfD, vnfK, vnfG and vnfH) (Figure 4.1B). While in Fe-dependent 

growth conditions, the anf gene cluster and structural genes for the Fe-nitrogenase are the 

most highly upregulated (anfD, anfK, anfG and anfH), however genes from the vnf gene 

cluster are also present, mostly as upregulation of vnfF and vnfH (Figure 4.1B). The 

transcription data shows a clear hierarchy of nitrogenase homolog regulation where Mo-

nitrogenase is repressed under expression of the V-nitrogenase and Fe-nitrogenase. 

Interestingly, the transcriptomic data did show some evidence for crosstalk between the 

anf and vnf gene clusters during Fe-dependent growth.  

Modeling the nitrogenase binding interaction 

The dependence of each nitrogenase system on surface electrostatics and the 

qualities of those interactions are shown in Figure 4.2. Each Fe protein shares 

complementary surface electrostatics with their corresponding catalytic component 

(Figure 4.2). NifH and VnfH both show similarly strong negative regions at their 

peripheries and positive regions surrounding their central [4Fe-4S] clusters (Figure 4.2A 

and B). These electrostatic characteristics are complemented on NifDK and VnfDGK, 

both of which have central negative regions and peripheral positive regions around the P-

cluster (Figure 4.2A and B).  
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Figure 4.2. Electrostatics of each nitrogenase complex interaction. Surface electrostatics 
govern the interaction between each Fe protein and its respective catalytic component. A) 
NifH (green)/NifDK (teal and aqua). B) VnfH (gray)/VnfDGK (orange, yellow, and tan). 
C) AnfH (light green)/AnfDGK (magenta, pink, purple). Negative charge is shown in red, 
neutral in white, and positive in blue. For each system, the ribbon structure of the docked 
complex is shown on the left, and on the right, the Fe protein and its respective catalytic 
component are shown rotated 90 degrees to show the surface involved in the docking 
interaction. 

Interestingly, the Fe-nitrogenase differs in the electrostatic potentials at the 

binding interfaces of its component proteins (Figure 4.2C). The negative regions at the 

peripheries of AnfH are much weaker and the AnfH interface around the [4Fe-4S] cluster 

appears to be more positive (Figure 4.2C). The charge differences identified suggest that 

the nature of the interactions between AnfH and AnfDGK are different from those in the 

Mo- or V-nitrogenase and may function to deter cross-reactions between NifH or VnfH 

with AnfDGK (2, 3).  
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Figure 4.3. Residue differences at the Fe protein binding site. The three nitrogenases 
show key residue differences that change the electrostatics at the Fe protein binding site. 
The Mo-nitrogenase (Nif) and V-nitrogenase (Vnf) have acidic and basic residues on the 
Fe protein that form salt bridges with acidic and basic residues on NifD and VnfD: 
δArg100 and αGlu184 as well as δArg140 and αAsp162 of NifH (green) and NifD (teal). 
δGlu68 of VnfH (gray) and αLys178 of VnfD (yellow). The Fe-nitrogenase (Anf) uses 
basic residues on the Fe protein to form salt bridges to acidic residues on AnfD: δArg100 
and αAsp146 and δLys170 and αGlu112 of AnfH (light green) and AnfD (magenta). 
VnfG and AnfG have residues at their C-termini complementary to their respective Fe 
proteins: γArg106 of VnfG (yellow) and δAsp69 of VnfH (gray) and γGlu126 of AnfG 
(pink) and δLys69 of AnfH (light green).  

Key residue differences allow for selectivity 

Comparing the residues involved in the interactions between each Fe protein and 

its respective catalytic component reveals that key residue substitutions in the Fe proteins 

are responsible for the observed differences in surface electrostatics.  
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Figure 4.3 shows the residues involved in one half of the binding interaction 

between each Fe protein and the α-subunit (NifD/VnfD/AnfD) and/or γ-subunit 

(AnfG/VnfG) of the respective catalytic component (VnfDGK or AnfDGK). The other 

half of each interaction also shows significant salt bridge formation (Figure C.S.1).  

As shown in Figure 4.3, the negative regions at the peripheries of NifH and VnfH 

can be partially attributed to acidic residues between positions 68-69, a region that has 

previously been implicated as important for NifH-NifDK interactions (15, 20, 21).  

AnfH has a key residue substitution in this region that explains the increased 

positive charge on the binding surface.  Key amino acid substitutions are shown in the 

sequence alignment of NifH, VnfH, and AnfH (Figure C.S.2). Negatively charged 

aspartic acid residues in NifH and VnfH are exchanged for positively charged lysine at 

position 69 in AnfH (Figure C.S.2).  

Furthermore, charged residues on the gamma subunits of the VnfDGK and 

AnfDGK are shown to form salt bridge interactions with residues of their respective Fe 

proteins. Positively charged γArg106 on VnfG forms a salt bridge with δAsp69 of VnfH 

(Figure 4.3). Negatively charged γGlu126 of AnfG forms a salt bridge with δLys69 of 

AnfH (Figure 4.3). This implicates a role for the gamma subunit in binding with its 

respective Fe protein partner.  

It is known that the Mo-nitrogenase is sensitive to high concentrations of salt 

indicating the importance of salt-bridge interactions for complex formation, so it makes 

sense that salt-bridge interactions between the gamma subunits and the Fe protein 

components could also be important in the alternative nitrogenases (22). These 
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differences may ultimately function to deter cross-reactions between NifH or VnfH with 

AnfDGK.  

To test this, the VnfDGK  and AnfDGK was docked with NifH, VnfH and AnfH 

and analysis of salt bridge interactions was carried out between AnfG or VnfG and the 

respective Fe proteins (Figure 4.4). The gamma subunits displayed unique specificity for 

interactions with its Fe protein component that solely depended on the nature of the 

charge at the interface. Residues at the C-termini of the gamma subunits both interact 

with residues at position 68 and 69 of the Fe proteins. Sequence alignment of AnfG and 

VnfG have distinct differences at the interface sites (Figure C.S.3). Namely, AnfG has a 

mixture of positively charged γLys130 and γHis131 residues as well as negatively 

charged γGlu125, γGlu126 and γAsp129. These residues make them complementary to 

δGlu68 and δLys69 of AnfH.  

In contrast, VnfG has more positive character at its interface with γArg106 and 

γHis110 in place of the γGlu125 and γAsp129 of AnfG (Figure C.S.3). γGlu107 and 

γGlu126 are conserved between the gamma subunits. This more positively charged 

interface for VnfG makes it complementary for interactions with δGlu68 and δAsp69 of 

VnfH and NifH. 

Indeed, salt bridge interactions were not observed between any of the residues on 

AnfG and NifH or VnfH (Figure 4.4). The negative charge of δGlu68 and δAsp69 

repelled interactions due to the negative charge of γGlu125 and γGlu126 on AnfG 

(Figure 4.4). In contrast, salt bridge interactions were observed between γArg106 of 

VnfG and δAsp69 for both NifH and VnfH (Figure 4.4). No salt bridge interactions were 



98 
 
observed for γArg106 of VnfG and δGlu68 due to the interference by δLys69 of AnfH at 

that position (Figure 4.4). This implies that the gamma subunit could play a role in 

selectivity of VnfDGK and AnfDGK for the respective Fe protein components. 

 

Figure 4.4. Residue differences between AnfG and VnfG play a role in complementation 
with the Fe proteins. (Left): The negative charge of γGlu126 (red) on AnfG (pink) repels 
interactions with negatively charged δAsp69 (red) of VnfH and NifH preventing 
interactions during docking. γGlu126 (red) of AnfG only forms a salt bridge with the 
positively charged δLys69 (blue) when docked with AnfH (light green). (Right): The 
positive charge of γArg106 (blue) on VnfG (yellow) forms salt bridges with the 
negatively charged residues, δAsp69 (red), when docked with NifH and VnfH. γArg106 
(blue) of VnfG is repelled by the positive charge of δLys69 (blue) preventing interactions 
when docked with AnfH. 
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Directed electron transfer to Mo-nitrogenase  

By coupling transcript data to modeling data for the nitrogenase interactions, an 

interesting pathway for electron transfer begins to emerge. Ultimately, the protein-protein 

docking results combined with the transcriptomic analysis build a practical picture for 

regulating electron transfer between the three nitrogenase systems.  

The models of each nitrogenase show that surface electrostatics plays a major role 

in complex formation and that the Fe-nitrogenase shows unique surface electrostatics 

compared to the  Mo- and V-nitrogenases. AnfH has a key residue difference, compared 

to NifH and VnfH, at position 69 that has a major effect on interactions with its docking 

partners. The differences in the electrostatics that govern nitrogenase complex formation 

ultimately seem to reduce the number of efficient electron transfer pathways that lead to 

the Fe-nitrogenase. This seems especially true for VnfDGK and AnfDGK where the 

gamma subunit seems to play a role in recognition of its complementary Fe protein 

partners.  

Despite some evidence of crosstalk between the vnf and anf operons in the 

transcriptomic data, the modeling work was not able to definitively conclude if crosstalk 

could occur between the V- and Fe-nitrogenase components. This is a key biochemical 

element that is missing from the literature that could better define how interactions 

between the Mo-, V- and Fe-nitrogenase components are controlled.  

However, with the modeling data, we can define structural differences at the 

gamma subunit that serve to increase the number of possible pathways of electron 

delivery to the Mo-nitrogenase, effectively funneling electrons to the most efficient 

enzyme. This provides a mechanism to explain the biochemical data that show crosstalk 
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between the Mo- and V-nitrogenase components but not the Fe-nitrogenase.  Structurally 

differentiating the Fe-nitrogenase in this way allows interactions between the more 

efficient Mo- and V-nitrogenases and decreases competition between NifH, VnfH and 

AnfH for NifDK (Figure 4.5).  

This makes sense as A. vinelandii would have to finely tune the expression of 

each nitrogenase in response to varying metal availability in the environment and this 

provides a mechanism that ensures the use of Mo-nitrogenase over the less efficient V- 

and Fe-nitrogenases.  

 

Figure 4.5. Electron transfer network funnels electrons to the Mo-nitrogenase. Docking 
models implicate that complementary residues between VnfG and NifH as well as VnfH 
enable crosstalk between VnfH and NifDK as well as NifH and VnfDGK. The negative 
charge of interacting resides on AnfG on AnfDGK prevent its interaction with NifH and 
VnfH which reduces competition and enables electron transfer to the more efficient Mo- 
and V-nitrogenases over the Fe-nitrogenase.   
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Conclusions and Future Directions 

 In this work, we were able to use homology modeling and in silico docking 

models to gain specific structural information about how the gamma subunits of VnfDGK 

and AnfDGK interact with their Fe protein counterparts. Future mutagenesis studies 

could target the positively charged residues of AnfG making it more like VnfG to see if 

AnfDGK could successfully couple to NifH.  

Key biochemical and structural evidence enabled these results including a crystal 

structure of the stabilized Mo-nitrogenase complex that provided the basis for docking 

the V-nitrogenase and Fe-nitrogenase in the “ET-activated” state with the ATP-bound 

states of VnfH and AnfH (14, 15).  

Importantly, the structures for the VnfDGK and MgADP-bound VnfH had been 

solved (6, 16). The structure of the assembly of the VnfDGK enabled unambiguous 

assignment of the position and structure of AnfG on AnfDGK. This had been impossible 

to do previously, as there are no other structures in the PDB that have enough homology 

to reliably model the structures of AnfG and VnfG.  This is an example of the limits of 

homology modeling and in silico docking, as they are deeply dependent on the 

availability of homologous structures that have been submitted into publicly accessible 

databanks such as the PDB.  

Our results have shown however that the combination of homology modeling 

with biochemical and structural data can be a powerful tool to gain deeper insight into 

how protein-protein interactions are controlled on a relatively faster timescale than 

crystallization of native complexes.   
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CHAPTER FIVE 

SPECIFICITY RELATED TO MODES OF DOCKING:  

MODELING FERREDOXIN DONORS WITH THE  

NITROGENASE FE PROTEINS 

Introduction 

 In the previous Ch’s, in silico docking models have been used in varying degrees 

to identify structural mechanisms of protein-protein interactions. Ch’s 1 and 2 described 

how the docking models of Fld with the different nucleotide-bound states of the FeP 

supports insights from time-resolved limited proteolysis and chemical cross-linking 

analyses. Ch. 4 described how docking models were used to identify structural 

determinants for discrimination of protein-protein interactions between the Mo-, V- and 

Fe-nitrogenases based on several known factors: 1) the crystal structures for VnfDGK 

and VnfH that enabled accurate homology modeling for the Fe-nitrogenase components, 

2) the ATP-induced conformational changes in NifH, 3) the mode of docking between the 

NifDK-NifH(MgATP2) “ET-activated” complex, 4) the dependence on salt-bridge 

interactions between the nitrogenase components that could be extended to define how 

the gamma subunit interacts with each FeP interface, and 5) biochemical data on 

crosstalk between the V- and Mo-nitrogenase components that excludes the Fe-

nitrogenase. 

 In this chapter, we seek to expand the homology modeling and in silico docking 

models to assess how well we can define docking parameters that dictate specificity 
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between the nitrogenase Fe proteins and potential Fd donors whose docking modes and 

structures are unknown. Challenges with generating high quality homology models and 

discriminating between different docking modes are described that help with defining the 

basis for docking modes with protein docking partners where the nature of the 

interactions are unknown.  

Redundancy of electron transfer proteins  

A. vinelandii has 15 ferredoxin-encoding and ferredoxin-like genes annotated in 

its genome (Table 5.1) (1, 2). Fld or NifF is the most well-studied electron donor to Mo-

nitrogenase, and it is in the major nif gene cluster with the structural genes for Mo-

nitrogenase (Figure 5.1A) (3–9). It has a profound effect on nitrogenase catalysis, where 

catalytic activity increases 2-fold, and the rate-limiting step of the Fe protein cycle 

changes from complex dissociation to release of Pi (4). It is also known as the sole 

electron donor to nitrogenase in K. pneumoniae (10). However, strains of A. vinelandii 

with deletions of Fld still have nitrogenase activity and can still grow under diazotrophic 

conditions (9). This indicates that there are redundant sources of low potential electron 

carriers for nitrogenase in A. vinelandii, but many of these that are specific for nitrogen 

fixation have not been characterized, and their roles are unknown (2).  
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Table 5.1. Genes annotated as Fds or ferredoxin-like proteins in A. vinelandii. Fd or Fd-
like genes have varying biochemical characterization (Fd candidates highlighted in bold).  

Gene name 
(Fd) Role 

fdxA (FdI) Not nif-specific (Martin, et al., 1989) (9) 

vnfF (VnfF) Potential donor to V-nitrogenase (Raina, et al., 
1993) (11) 

iscfdx FeS cluster biosynthesis (Zheng, et al., 1998) (12) 

fixX In FixABCX gene cluster; subunit of FixABCX 
complex (Ledbetter, et al., 2017) (13) 

asfB Associated with oxidoreductase flavoprotein 
(GenBank) (1) 

xylT Catechol degradation (Hugo, et al., 2000) (1, 14) 

lapQ Associated with NADPH-reductase (GenBank) (1) 

fesII, 
Shetna II Oxygen protection (Schlesier, et al., 2016) (15) 

Rieske-type Annotated as ethylbenzene dioxygenase 
component (GenBank) (1) 

Avin_01510 Unknown; Annotated as nitrogen fixation [4Fe-4S] 
Fd-like protein next to fesII (1) 

Avin_03470 Unknown; Annotated as [4Fe-4S] ferredoxin (1) 

Avin_10510 
(fixFd, 
FixFd) 

Unknown; potential donor to nitrogenase 
(Reyntjens, et al., 1997) (16) 

Avin_39700 Unknown; Annotated as ferredoxin (1) 

Avin_51020    
(fdxN, FdxN) 

In minor nif gene cluster, role in FeMo-cofactor 
biosynthesis, Potential donor to nitrogenase (Jimenez-

Vicente, et al., 2014) (2) 
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Candidate Fds as potential electron donors to 
nitrogenase  

FixFd is encoded by fixFd in the fix gene cluster upstream of fixABCX and is a 

class of nif-related 2[4Fe-4S]2+/1+ ferredoxins (Figure 5.1A) (16, 17). Its function is 

unknown, however it has been deemed a potential reductant for nitrogenase (16). FdxN, 

encoded by fdxN, is a 2[4Fe-4S]2+/1+ ferredoxin in the nifB fdxN nifOQ rhdN grx5nif 

operon located in the minor nif gene cluster (Figure 5.1A) (2, 16, 18–20). FdxN has been 

shown to donate electrons in vitro to Mo-nitrogenase from R. capsulatus but its role in A. 

vinelandii has been reported to be related to FeMo-cofactor biosynthesis or regulation of 

nitrogenase expression (2, 18, 20). FdxN mutants cannot fix nitrogen in Rhizobium 

meliloti but mutant strains in A. vinelandii can still grow under nitrogen-fixing conditions 

although at a very slow rate (16, 18). Therefore, it is thought that FixFd could act as a 

substitute for FdxN in A. vinelandii (16, 20). VnfF, encoded by vnfF, is located 

downstream of vnfH in the vnf gene cluster and is thought to be an electron donor to V-

nitrogenase (Figure 5.1A) (11, 16, 17). It is essential for V-dependent growth however it 

is not known if VnfF is required for Fe-dependent diazotrophy and little is known about 

its specific role (11).  

DGE of electron carrier Fds under metal-
dependent growth 

Ferredoxins (FdxN, FixFd, VnfF) as well as Fld (NifF) were shown to be up- or 

downregulated under the different metal-dependent diazotrophic conditions in the 

transcriptomic analysis (Figure 5.1B) (17). The genes, nifF and fdxN, in the major and 

minor nif gene clusters are downregulated or neutral under alternative nitrogenase 
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expression, which follows that the nif gene cluster is repressed under Fe- and V-

dependent growth (Figure 5.1B) (17). The genes vnfF, and fixFd are upregulated in both 

V- and Fe-dependent growth conditions. For fixFd this corresponds to the upregulation of 

the FixABCX complex in the alternative growth conditions (Figure 5.1B). Interestingly, 

vnfF is highly upregulated in Fe-dependent growth conditions suggesting crosstalk 

between the vnf and anf gene clusters under these growth conditions (Figure 5.1A and B).  

 

Figure 5.1. Gene context and trends in differential gene expression for candidate electron 
carriers. A) Gene context for electron carrier proteins found to be differentially expressed 
from Mo- to alternative diazotrophy (Fld or NifF, FdxN, VnfF, FixFd) in A. vinelandii. 
B) Heatmap describing the differential gene expression comparing changes between Mo 
conditions to the alternatives (V/Mo and Fe/Mo). Structural nitrogenase and electron 
carrier genes are presented. (Inset) Comparison of just electron carrier genes in V- and 
Fe-dependent growth conditions as compared to Mo-dependent growth conditions.  
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Methods 

Template-based homology modeling of the Fe 
proteins and candidate Fd proteins  

All homology models built for this study are summarized in Table 5.2 including 

the templates used and their respective sources. A homology model for AnfH was built 

using the MgADP-bound structure of VnfH (PDB code 6Q93) with the SWISS-MODEL 

User Template Mode (21). Models for the AnfH and VnfH ATP-bound states of the Fe 

proteins were built as previously described in Ch. 4.  

Amino acid sequences were collected for FdxN (Avin_51020), VnfF 

(Avin_02650) and FixFd (Avin_10510) and homology models were built using several 

modeling programs including Phyre2, SWISS-MODEL, Modeller (ver 9.21), and I-

TASSER (22–25). Models were selected based on structural homology with known Fd 

structures in the PDB as well as the presence of the 2[4Fe-4S] cluster domains, which 

ensured that all templates were 8Fe ferredoxins. After all homology models had been 

built, individual residue clashes and minor structural refinement was performed in 

WinCoot (26). Homology models were uploaded for assessment via the QMEANDisCo 

quality scoring function server as a part of SWISS-MODEL, and homology models that 

scored the highest were selected (23).   
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Table 5.2. Templates and PDB information for the homology modeling. 

Docking models of Fld/Fds with the FeP(ADP) 
states  

First, docking models were performed using the ClusPro 2.0 protein-protein 

docking server with Fld (PDB code 5K9B) and each Fd homology model with each of the 

ADP-bound Fe protein structures (31). This initial docking was used to define the 

docking interface between the Fds and FePs. Each Fd was also docked in HADDOCK 2.2 

and residues that were identified at the interface that could be involved in salt bridges 

(Glu and Asp) were defined as the active residues while remaining residues at the 

interface were passive (polar, hydrophobic, FeS cluster ligating Cys). Active residues on 

the FePs were assigned as conserved Arg100, Arg140 and Lys170 with remaining 

residues assigned as passive at the interface (32). ClusPro 2.0 models that agreed with 

HADDOCK 2.2 models were selected for manual screening and further refinement. 

Docking models of Fld/Fds with the FeP(ATP) 
states  

Docking models were performed using the ClusPro 2.0 protein-protein docking 

server with Fld (PDB code 5K9B) and each Fd homology model with each of the ATP-

bound Fe protein structures. In order to better compare docking with the MgADP-states, 

Protein Template Template 
PDB code Template Source 

FdxN E. coli 2[4Fe-4S] Fd 2ZVS Saridakis, et al., 2009 (27) 
VnfF P. aeruginosa 2[4Fe-4S] Fd 2FGO Giastas, et al., 2006 (28) 
FixFd C. vinosum 2[4Fe-4S] Fd 1BLU Moulis, et al., 1996 (29) 

VnfH-ATP A. vinelandii NifH 4WZB Tezcan, et al., 2005 (30) 
AnfH-ADP A. vinelandii VnfH-ADP 6Q93 Rohde, et al., 2018 (21) 
AnfH-ATP A. vinelandii NifH 4WZB Tezcan, et al., 2005 (30) 
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docking models were chosen where Fld/Fd(s) adopted very close conformations to the 

MgADP-docking models.  

Docking model screening and refinement  

Final ClusPro 2.0 ADP- and ATP-docking models were uploaded into the 

HADDOCK 2.2 Water Refinement interface for further refinement of  interacting amino 

acids at the docking interface. This involves immersing the complex in a solvent shell 

using the TIP3P water model and running a short 300K MD simulation to allow all side 

chains to be optimized and improve the energetics of the interaction (32). Docking 

models were then screened based on salt bridge interactions at the docking interface and 

the measured distance (Å) between the cofactors. PyMOL version 2.2.3 was used for all 

distance measurements, salt-bridge interactions (<4Å cutoff), and surface electrostatic 

calculations which were determined with the APBS plugin (The PyMOL Molecular 

Graphics System, Schrodinger, LLC). 

Assessment of docking with PRODIGY  

The final docking models of Fld and the Fds with the ADP-state of NifH, VnfH 

and AnfH were uploaded into the PROtein binDIng enerGY prediction (PRODIGY) 

server (33). PRODIGY uses an algorithm to assign a binding affinity for the interacting 

partners of the complex based on intermolecular contacts within a 5.5 Å cutoff (33). This 

does not correlate directly to buried surface area, as it includes interactions of the non-

interacting surface, as the percent of charged residues, which aid in long range 

recognition interactions, and polar residues, which have a role in stabilizing protein 

complexes. (34, 35). After running the refinement, HADDOCK 2.2 provides four similar 
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refined structure files for each docking model. These files were uploaded into the 

PRODIGY server to get averages for the PRODIGY affinities in order to rank the 

docking models.  

Results and Discussion 

Homology models of the candidate Fds  

Homology models for FdxN, VnfF and FixFd all returned 2[4Fe-4S] cluster 

containing Fds (Figure 5.2A). The binding interface mainly consisted of polar and 

hydrophobic residues and surface exposed Glu and Asp residues that could play a role in 

salt-bridge formation (Figure 5.2A). FixFd also had surface exposed positive Arg and Lys 

residues on one side, that were not observed in VnfF and FdxN (Figure 5.2A). A BLAST 

search for homologous structures in the PDB revealed just 4 X-ray structures of 

ferredoxins whose sequence identity was approximately 45-50% compared to FdxN, 

VnfF, and FixFd. These include Fds from Escherichia coli (PDB code 2ZVS), Thauera 

aromatica (PDB code 1RGV), Chromatium vinosum (PDB code 1BLU) and 

Pseudomonas aeruginosa (PDB code 2FGO) (Figure 5.2B). Sequence alignment revealed 

that these Fds have a “classical” CXXCXXCXXXCP motif and an unusual CXXCX7-

9CXXXCP motif with a 7-9 residue insertion between the second and third ligating Cys 

residues (Figure 5.3) (16, 36). These represent a second less well-characterized class of 

ferredoxins that are not “classical” clostridial-type ferredoxins (16, 36).    
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Figure 5.2. Fd homology models and crystal structures of Fd templates. A) Homology 
models of FixFd, VnfF and FdxN were all 2[4Fe-4S] Fds with negative Glu and Asp 
residues (red spheres) at their binding interfaces. FixFd has positive Lys and Arg residues 
along one side that are not observed with VnfF or FdxN. Hydrophobic Gly and Ala 
(white spheres), polar Asn and Ser (yellow spheres), and [4Fe-4S] cluster ligating Cys 
(orange spheres) were also at the binding interface. B) X-ray crystal structures of 
template Fd (PDB codes 1BLU, 2FGO, 2ZVS, and 1RGV) with 45-50% sequence 
identity to the candidate Fds. These represent a class of unusual Fds that are unlike the 
“classical” 2[4Fe-4S] Fd from C. acidurici (PDB code 2FDN) as an example.  

QMEANDisCo uses a quality score to define how well a homology model aligns 

to reference structures in the PDB where a score closer to 1 means the homology model 

matches well to other reference structures (37). Quality assessment of the Fd homology 

models in QMEANDisCo gave scores of around 0.6.  

Amino acid regions around the 2[4Fe-4S] cluster motifs score well in the quality 

assessment however, regions of disorder around this 7-9 residue insertion and around the 

N- and C-termini hinder scoring of the Fd homology models. This is especially true for 

FixFd where the last 7 residues of its C-terminus are predicted to be disordered and this 

region negatively impacts the quality assessment scoring.   
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Figure 5.3. Sequence alignment of candidate A. vinelandii Fds with template Fds from the 
PDB. Sequence alignment shows unusual CXXCX7-9CXXXCP motif with a 7-9 residue 
insertion (bold) between the second and third ligating Cys residues (orange), X residues 
are underlined. Charged residues (red and blue) of FdxN, FixFd and VnfF (bold) that 
could participate in salt bridges. Aligned with PDB entries 1BLU, 1RGV, 2FGO, 2ZVS 
and includes 2FDN a “classical” Fd for comparison. * denotes conserved residues.  

Discriminating between docking with the ATP- 
versus ADP-bound FeP states 

Previously, docking models from ClusPro 2.0 were compared, that docked the 

structure of Fld (PDB code 1YOB) with the different nucleotide-bound states of the FeP 

(5). Docking was assessed to be better with the interface for the MgADP-state based on 

the 3Å closer distance between the cofactors, increased buried surface area and more salt-

bridge interactions at the interface compared to the MgATP-state (5). Around the same 

time a docking model was published along with the WT crystal structure of Fld (PDB 

code 5K9B) that did not have the C69A substitution (PDB code 1YOB) (7, 38). Docking 

was only shown between the MgATP-bound state of the FeP and Fld, and based on the 

MgATP-state being the binding partner for the MoFe protein, it was suggested that this is 
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the physiological partner for Fld. The close cluster distance of 5.7 Å was used to support 

this assumption, however this was the only parameter used to assess the quality of the 

docking (7).   

In order to see if we can use docking models to define parameters for 

discriminating between the MgADP- versus MgATP-bound FeP states, docking with Fld 

and the Fds was first performed in ClusPro 2.0 and HADDOCK 2.2 to define the binding 

interface between the docking partners and then refined using the Water Refinement 

interface of HADDOCK 2.2 to refine the residue interactions at the interface and improve 

the energetics of the docking models. 

Docking in HADDOCK 2.2 and ClusPro 2.0 are similar in that they use rigid 

body docking to rotate the docking partners around one another to determine the best 

docking geometries. For docking with ClusPro 2.0, the “receptor” and “ligand” are 

defined in which the ligand is rotated around the receptor to find this optimal geometry 

before proceeding to energy minimization (31, 39). The ClusPro 2.0 docking results 

usually include multiple docking orientations of the ligand around the receptor which can 

be time consuming to manually analyze. HADDOCK 2.2 begins with rigid body docking 

while introducing flexibility into its docking algorithm using a three-step MD-based 

refinement which optimizes residue conformations at the interface before proceeding to 

the refinement as previously described (32). These docking conformations must also be 

manually assessed but it usually displays fewer docking conformations.  

HADDOCK 2.2 requires the input of active and passive residues that define the 

docking interface, so the residues positioned by ClusPro 2.0 for interactions were chosen. 
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These were mainly Glu and Asp residues on the Fd interface that formed salt bridge 

interactions with conserved Arg100, Arg140 and Lys170 on the FePs (Figure 5.2A).  

These residues in NifH are also known to form salt bridges with negatively charged 

residues of the MoFe protein, so it seems reasonable that these interactions could be 

involved in complex formation with Fld and the Fd homology models (30).   

The combination of ClusPro 2.0 ab initio docking with the flexibility components 

of HADDOCK 2.2 enable docking models with conformations that are not solely defined 

by assigning the interacting residues at the interface. This is especially useful for the Fd 

docking as there is no experimental evidence for how these Fds would interact with a 

binding partner.  

After docking with HADDOCK 2.2, final docking models between Fld and the 

Fds were chosen based on agreement with the ClusPro 2.0 models. These final ClusPro 

2.0 models were then submitted to the HADDOCK 2.2 Water Refinement interface for 

further optimization as described in the methods section.  

VnfF and FdxN docked in similar conformations, however some Fds like FixFd 

docked in 2 conformations, a tilted conformation (Figure D.S.1A) and a more central 

conformation (Figure D.S.1B). This tilted docking mode is analogous to what is observed 

with Fld, where positively charged Lys and Arg residues on the side of the protein (Lys64 

and Arg61 for FixFd) can form salt bridge interactions with negatively charged residues 

on either side of the [4Fe-S] cluster region such as Glu111 and Glu/Asp141 of the Fe 

proteins. The more “tilted” conformation is due to these salt bridge interactions which 

seem to bring the distance between the [4Fe-4S] clusters closer together, therefore 
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indicating a functional role for this docking mode (Figure D.S.1 A-C).  

The final docking models between Fld/Fds and the MgADP- and MgATP-states 

of the Fe proteins were assessed based on cluster distance and productive salt bridge 

formation and are summarized in Figure D.S.2. In general, more salt-bridges were 

observed for docking with the MgADP-state over the MgATP-state suggesting that the 

MgADP-state has a more complementary docking interface for interactions with Fld and 

the Fds. This was regardless of closer cofactor distance indicating that cofactor distance 

alone is not a suitable parameter to assess the quality of docking.  

Specificity of Fld/Fd docking modes with 
PRODIGY  

The final docking models placed Fld and the Fds in similar conformations with 

NifH, AnfH and VnfH (Figure 5.4). Refinement from HADDOCK 2.2 produced 4 refined 

replicates of each ClusPro docking model which could be uploaded into PRODIGY to 

calculate an average binding affinity for each docking model. Plotting these as box-and-

whisker plots show trends in specificity based on the docking mode of Fld or the Fds 

(Figure 5.5).   
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Figure 5.4. Final docking models of Fld/Fds with the FeP(ADP) states. Models that 
docked in a similar conformation with each FeP were chosen for refinement and analysis. 

Fld and FixFd dock to the FePs in a tilted conformation (Figure 5.4). These in 

turn show more specificity towards VnfH and NifH compared to AnfH which docks an 

order of magnitude weaker to Fld and FixFd (Figure 5.5A and B). This could be due to 

extra positive charge on the surface of AnfH which repels the positively charged Lys and 

Arg residues of Fld and FixFd that seem to be essential for this docking mode. 
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Figure 5.5. Assessment of docking models with PRODIGY. PRODIGY results show that 
Fld (A) and FixFd (B) dock better with NifH (blue) and VnfH (orange) compared to 
AnfH (gray) which docks an order of magnitude weaker. PRODIGY results also show 
that VnfF (C) and FdxN (D) dock on the same order of magnitude with NifH (blue), 
VnfH (orange) and AnfH (gray). This indicates that the more central docking is less 
specific.  

VnfF and FdxN dock to the FePs in a central conformation where Glu and Asp 

residues form salt bridges with the conserved Arg100 and Arg140, anchoring the Fd over 

the [4Fe-4S] cluster of the FePs (Figure 5.5C and D).  They don’t seem to show any trend 

for specificity and dock on the same order of magnitude for binding with each Fe protein 

(Figure 5.5C and D).  

This provides a preliminary indication that these docking modes could provide a 

structural basis for how Fld and these Fds can interact with their Fe protein binding 

partners, where Fld and FixFd are more likely to interact with NifH and VnfH but VnfF 

and FdxN could play intermediary roles and interact with all three nitrogenase Fe 
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proteins (Figure 5.6). This is not unreasonable, as structural binding modes that dictate 

functional roles for Fds have been observed before (40, 41). Furthermore, the location of 

these Fds in the different gene clusters of the A. vinelandii genome and their tight 

regulation indicates they most likely serve different functions but exhibit redundancy as 

evidenced by the Fld/FdxA deletion strains of A. vinelandii (9).  

 

Figure 5.6. A. vinelandii has a complex ET network to support nitrogen fixation. The 
modeling and docking results suggest that Fld (coral) and FixFd (mauve) are more 
specific for docking with NifH (green) and VnfH (gray) over AnfH (light green) whereas 
FdxN (orange) and VnfF (violet) are intermediary electron donors that can interact with 
all three. It is unknown if the Fe-nitrogenase components can interact with the V-
nitrogenase components.  

Conclusions and Future Directions 

A pipeline for homology and docking model assessment was constructed to 

determine if useful structural information can be derived with binding partners that have 
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very little biochemical and no structural information. A central component was the 

relative difficulty in generating high quality homology models using a template-based 

homology modeling approach.  

This approach relies on X-ray crystallography structures in the PDB with 

structural homology to the amino acid sequence of interest. There does not need to be a 

high level of sequence identity to generate a high quality homology model as this cutoff 

is 30% (42). Ab initio modeling was attempted but reliable structures for all 3 Fds were 

not produced.  

FdxN, FixFd, and VnfF are all part of the second class of Fds that are not as well-

characterized as Fds of the “classical” clostridial type (16). There are only 4 X-ray crystal 

structures in the PDB of these types of Fds, defining a need for more structural 

characterization for Fds in this class. The unusual CXXCX7-9CXXXCP includes this 7-9 

residue insertion, which is difficult for homology modeling as it is viewed as a disordered 

region. The C-termini of the Fds are also particularly poor scoring in the Fd homology 

models, indicating that perhaps NMR would be a useful tool for investigating the 

dynamics of this 5-7 loop insertion and C-termini in response to redox perturbations of 

the [4Fe-4S] clusters (16, 43).  

It was determined that using a combination of rigid-body and flexible-docking 

programs, can aid in ruling out proteins that dock in multiple conformations, and that 

using cluster distance and quantifying productive salt bridge interactions are useful 

parameters for screening different docking modes. These are by no means definitive 

results and more extensive computational analysis would need to be performed on these 
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docking models such as longer MD simulations to determine the stability of these 

complexes. The challenge is that the poor quality of the homology models makes 

justifying a computationally expensive MD simulation difficult. Therefore, biochemical 

and computational analysis will need to be performed such as purification of these Fds to 

test their in vitro ability to support nitrogenase activity and crystallization trials to obtain 

structures of these potential physiological donors. 
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CHAPTER SIX 

CONCLUDING REMARKS 

The Fe protein cycle describes a series of complex steps, where protein-protein 

interactions between Fld, the FeP, and MoFe protein must be choreographed to deliver 

one electron at a time to the FeMo-cofactor in such a way that enough electrons can 

accumulate on the cofactor for N2 to bind and be reduced (1–4). 

This work focuses on how MgATP, the currency of the cell, is used to trigger the 

FeP into conformational changes that dictate its interactions with the MoFe, VFe and 

FeFe proteins as well as with physiological donors, Fld and potential Fd donors, FdxN, 

FixFd, and VnfF.  

Time-resolved limited proteolysis and chemical cross-linking studies determined 

detailed structural analysis of conformational changes that occur in the FeP with MgATP 

that resemble the FeP in the MgAMPPCP-stabilized nitrogenase complex, indicating that 

this could be a structural mimic for the MgATP-bound state (5). Additionally, Fld 

seemed to form a more productive complex with the MgADP-bound state based on the 

time-resolved limited proteolysis and chemical cross-linking mass spectrometry analyses 

(5). This was supported by the in silico docking models based on increased buried surface 

area, more salt bridge interactions at the interface, and closer cluster distance. However, 

measuring direct binding affinities between Fld and the different nucleotide states of the 

FeP will be necessary for confirming this model and MST seems like a promising 

candidate. MST was able to successfully determine binding affinities for the reduced and 
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oxidized FeP with MgADP and the oxidized FeP for MgATP that agreed with previous 

ITC measurements, confirming its use to study nitrogenase (6).  

Challenges easily arise working with the FeP due to its oxygen sensitivity, 

however studies are also limited based on the need for low potential reductant. FldHQ can 

fulfill this requirement, however the low midpoint potential for the FldSQ/HQ couple also 

requires a source of low potential reductant. In order to keep FldHQ in the reduced state 

for MST experiments, a continuous and stable reductant will need to be used.  

Along with Ti(III) citrate, recent developments with viologen derivatives are 

promising as they do not dimerize like methyl viologen at higher concentrations, which 

inhibits nitrogenase catalysis (7). This viologen-derivative enabled sensitive, 

spectrophotometric analysis of nitrogenase catalysis with no inhibition, opening a new 

avenue for stable, low potential reductants that are needed to study nitrogenase 

interactions (7).  

The use of homology modeling and docking models can provide a mechanistic 

basis for biochemical observations. For example, homology models can provide 

mechanistic information about cofactor or substrate binding sites within proteins, as 

motifs that define these sites are usually highly conserved.  

With the nitrogenase modeling, biochemical information such as activity 

measurements and structural data that provide insight into complex formation can lead to 

a deeper interpretation of the docking studies. Advantages of using docking models in 

this study is the relatively short amount of time it takes for data collection and analysis. 
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The advent of free publicly available servers for modeling and docking has also greatly 

increased its utility (8, 9).  

Modeling the Mo- , V- and Fe-nitrogenase complexes enabled identification of  a 

clear structural component, charged residues on the gamma subunit, that could mediate 

interactions between VnfH, NifH and AnfH with NifDK, VnfDGK and AnfDGK, 

however a key question still remains: What is the extent of crosstalk between the V- and 

Fe-nitrogenase?  

This leads to targets for mutagenesis on AnfG, opening a new avenue of 

experiments that can lead to a better understanding of how interactions between the 

alternative nitrogenases are regulated in A. vinelandii, since their study has been limited 

when compared to Mo-nitrogenase.  

The scope of homology modeling and the docking models were tested when 

looking at docking with candidate Fds (FdxN, VnfF, and FixFd) that have no structural 

data and very little biochemical data. Homology modeling was challenged by the fact that 

these Fds belong to a class of relatively uncharacterized Fds that are unlike the classic 

“clostridial” ferredoxins (10). This points out a clear disadvantage of homology modeling 

when it comes to exploring proteins that are less characterized. The improvement and 

availability of ab initio modeling methods will hopefully rise to the challenge (11).  

The combination of rigid body docking (ClusPro 2.0) with flexible docking 

programs such as HADDOCK 2.2 that incorporates short MD simulations for energy 

minimizations, enabled docking modes that gave surprisingly distinct specificities to their 

respective docking partners. These docking modes are by no means definitive, but they 
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provide further experimental lines for characterization of FixFd, VnfF and FdxN 

including targets for mutagenesis that could inhibit or disrupt complex formation with the 

FeP.  

Cluster distance and salt bridge interactions were used as parameters to determine 

that Fld and the Fds dock better with the MgADP-state compared to the MgATP-state of 

AnfH, VnfH and NifH. Specific docking modes were described for FixFd and Fld that 

were distinct from FdxN and VnfF that depend on positively charged Lys and Arg 

residues on the sides of the proteins that can form salt bridges with negatively charged 

Glu/Asp residues around positions 111 and 141 of the Fe proteins. This provides a useful 

tool to streamline potential experiments as it would be interesting to compare the binding 

affinities of FixFd and VnfF with each FeP to see if they exhibit the trends that are 

predicted by the modeling. 

The docking experiments open new avenues to explore as there is little 

information about how interactions between the Fe-nitrogenase and V-nitrogenase are 

controlled. Additionally, there is little to no biochemical information about how these 

unusual Fds are regulated or if they can donate electrons to nitrogenase in vitro. The 

electron transfer network of Fds that support BNF is understudied and has only been 

studied in a few diazotrophs (12, 13). Given the significant insights that Fld has brought 

to the Fe protein cycle, the search for other Fds that can fulfill this role could reveal 

additional mechanistic understanding. Future biochemical and structural characterization 

will shed light on how this complex interplay of protein-protein interactions are 

choreographed with ET and nucleotide hydrolysis in A. vinelandii to support BNF.   
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Nitrogenase reduces dinitrogen (N2) to ammonia 
in biological nitrogen fixation. The nitrogenase Fe 
protein cycle involves a  transient association 
between the reduced, MgATP-bound Fe protein 
and the MoFe protein and includes electron 
transfer, ATP hydrolysis, release of Pi, and 
dissociation of the oxidized, MgADP-bound Fe 
protein from the MoFe protein. The cycle is 
completed by reduction of oxidized Fe protein 
and nucleotide exchange. Recently, a kinetic study 
of the nitrogenase Fe protein cycle involving the 
physiological reductant flavodoxin reported a 
major revision of the rate-limiting step from MoFe 
protein and Fe protein dissociation to release of Pi. 
Because the Fe protein cannot interact with 
flavodoxin and the MoFe protein simultaneously, 
knowledge of the interactions between flavodoxin 
and the different nucleotide states of the Fe 
protein is critically important for understanding 
the Fe protein cycle. Here we used time-resolved 
limited proteolysis and chemical cross-linking to  
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examine nucleotide-induced structural changes in 
the Fe protein and their effects on interactions 
with flavodoxin. Differences in proteolytic 
cleavage patterns and chemical cross-linking 
patterns were consistent with known nucleotide-
induced structural differences in the Fe protein 
and indicated that the MgATP-bound Fe protein 
resembles the structure of the Fe protein in the 
stabilized nitrogenase complex structures. 
Docking models and cross-linking patterns 
between the Fe protein and flavodoxin revealed 
that the MgADP-bound state of the Fe protein has 
the most complementary docking interface with 
flavodoxin compared with the MgATP-bound 
state. Together, these findings provide new 
insights into the control mechanisms in protein–
protein interactions during the Fe protein cycle. 

Nitrogenase is the enzyme that reduces 
dinitrogen (N2) to ammonia (NH3) in a process 
known as biological nitrogen fixation (1–3). The 
MoFe protein and the Fe protein are the two 
catalytic components of the molybdenum-
dependent nitrogenase found in diazotrophs, 
such as Azotobacter vinelandii (4). The MoFe 
protein is a α2β2 heterotetramer, where each α/β 
unit contains two unique metal clusters: the 
[8Fe-7S] P cluster, which is involved in electron 
transfer to the [7Fe-9S-Mo-C- homocitrate] 
FeMo-cofactor at the active site (5–9). 

The Fe protein is a member of a large class of 
proteins that couple nucleoside triphosphate 
(ATP or GTP) binding and hydrolysis to protein 
conformational changes   that are transduced 
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Figure 1. Structures of the Fe protein show conformational differences during relevant stages of nitrogenase 
catalysis. A, the crystal structure of the MgADP-bound Fe protein (tan, PDB code 1FP6). B, the Fe protein structure stabilized with 
an MgATP analog, MgAMPPCP, in the nitrogenase complex (tan, PDB code 4WZB), which displays rigid body movement of the 
subunits with respect to one another that closes the dimer interface and poises the region around the active site to promote 
interactions with the MoFe protein. The MoFe protein is not shown. C, key regions in the Fe protein that transduce 
conformational changes between the nucleotide-binding site and the MoFe protein docking interface: part of switch I that 
interacts with the MoFe protein (green), part of switch I that binds Mg2+ (black), and the P-loop, which interacts with the 
phosphates of the nucleotides (red). 
 
within a macromolecular protein complex (10 –
13). Two sets of consensus amino acid sequence 
motifs, called the Walker A (GXXXXGKS) and 
Walker B motifs (DXXG), located along the 
nucleotide-binding regions, are used to identify 
members within this class (10, 11, 14 –16). A 
unique feature that distinguishes the 
nitrogenase Fe protein is that it exists as a 
homodimer, where a [4Fe-4S] cluster bridges the 
two identical subunits with a Walker A motif 
(also known as the phosphate- binding loop or P-
loop) and Walker B motif present in each 
subunit (10, 11, 13–15, 17, 18). 

The Fe protein cycle involves transient 
association between the reduced, MgATP-bound 
Fe protein with each αβ half of the MoFe protein to 
deliver one electron to the MoFe protein (19 – 21). 
Complex formation between the MoFe protein 
and the Fe protein is followed by a 
conformationally gated one-electron transfer from 
the P cluster to the FeMo cofactor (22, 23). The 
reduced Fe protein then transfers one electron 
from its [4Fe-4S] cluster to the oxidized P cluster 
(P+1) in what has been described as a “deficit-
spending” electron transfer process (5). 
Hydrolysis of MgATP to MgADP and Pi occurs 
after the electron transfer, and the dissociation of 
the oxidized, MgADP-bound Fe protein from 
the MoFe protein occurs after the  release of two 
Pi molecules (24). Nucleotide exchange and re- 
reduction of the oxidized nucleotide-bound Fe 
protein must occur before another cycle of 
catalysis can begin. The order of events for re-
reduction of the oxidized nucleotide-bound Fe 
protein and nucleotide exchange of MgADP for 
MgATP has not been established (24 –27). 

Recently, it was determined that, with the 
physiological reductant flavodoxin (Fld),3 the 
rate-limiting step in the Fe protein cycle is actually 
the release of the two Pi molecules and not the 
dissociation of the MoFe protein from the Fe 
protein, as shown previously using the chemical 
reductant sodium dithionite (25). It was implicated 
that Fld binds to the same face of the Fe protein 
that interacts with the MoFe protein and verified 
that Fld cannot reduce the Fe protein while it is in 
complex with the MoFe protein (25). 

The conformation of the Fe protein is 
modulated by nucleotide-dependent 
conformational differences in the MgATP- and 
MgADP-bound states (28–31). The structures 
of the nucleotide-free and MgADP-bound states 
of the Fe protein are known (13, 15), but the 
structure of the MgATP state has remained 
elusive. Circular dichroism, 1H NMR and EPR 
spectroscopic studies have shown that regions 
of the Fe protein undergo significant 
conformational changes during nucleotide 
binding and that the MgADP and MgATP states 
are conformationally distinct (28–31). 
Although the structure of the MgATP-bound 
state of the Fe protein is unknown, there are 
several structures of the Fe protein–MoFe 
protein complex in which the Fe protein structure 
from these complexes is significantly distinct 
from the structure of the free MgADP-bound 
state (32). The majority of the conformational 
difference in the Fe protein structures observed in 
the complexes, relative to the MgADP-bound Fe 
protein conformation, is a rigid body 
reorientation of the subunits with respect to one 
another (Fig.  1, A and B) (32).
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Figure 2. Chemical cross-linking and proteolysis patterns can be used to distinguish the Fe protein in the different 
nucleotide states. A, differences in the proteolytic rates of the Fe protein band at 32 kDa are seen in the SDS-PAGE gel of the 
time-resolved limited proteolysis reactions and depend on the presence of nucleotide. B, mapping limited proteolysis results on 
the amino acid sequence display Fe protein tryptic cleavage sites (arrows) that are involved in the largest differences because of 
nucleotide binding. These include the P-loop (Gly9-Ser16, boxed in red), the part of the switch I region that coordinates the bound 
Mg2+ of the nucleotide (Cys38-Asp43, boxed in black), the part of the switch I region that interacts with the MoFe protein (Glu59-Asp69, 
boxed in green) and Arg100 (arrow). C, in the presence of MgATP, the Fe protein shows a more complex cross-linking pattern in 
comparison with the MgADP-bound state. Several types of dimers and higher-molecular-weight aggregates (arrows) are formed 
during the same time of exposure to glutaraldehyde (GA). In addition, when the Fe protein is separated on a gel, two differentially 
intra-cross-linked monomers are revealed (arrows). D, proteolysis and cross-linking patterns show structural changes in the P-loop 
region (red) and switch I region (green) because of MgATP binding. Rearrangements are consistent with what is observed in the 
Fe protein structure from the MgAMPPCP-stabilized nitrogenase complex (PDB code 4WZB). 
 
The most notable changes are associated with 
alternative sets of inter- and intrasubunit salt 
bridges and different conformations of the 
nucleotide-dependent switch regions (switch I 
and II) and the P-loop (15, 17, 32). These key 
regions transduce conformational changes 
between the nucleotide- binding site and both 
the MoFe protein docking interface (switch I) 
and the [4Fe-4S] cluster (switch II) (Fig. 1C). It 
is attractive to consider that the MgATP-bound 
state of the Fe protein resembles the structure of 
the Fe protein observed in the stabilized 
nitrogenase Fe protein–MoFe protein complex 
(Fig. 1). This would establish a catalytic cycle in 
which conformational gating dictates that the 
MgATP-bound Fe protein is more 
complementary with the MoFe protein docking 
interface, whereas the MgADP-bound Fe protein 
is more complementary with the Fld docking 
interface. 

In this work, time-resolved limited proteolysis 
and chemical cross-linking in combination with 
LC-MS and MALDI-TOF mass spectrometry are 
used to gain insight into differences between the 
MgADP- and MgATP-bound conformations of 
the Fe protein. This then allows for investigation 
of protein regions involved in complex formation 
with Fld. Time-resolved limited proteolysis 
allows the identification of proteolytic cleavage 
sites that become more dynamic because of 
conformational differences and protein–protein 

interactions (33, 34). Additionally, covalent cross-
linking followed by mass analysis of proteolyzed 
peptides allows protein domains in close 
proximity to be identified based on the ability of a 
short chemical linker to bridge side chains. 
Chemical cross-linking and proteolysis patterns 
are consistent with the conformation of the Fe 
protein observed in the stabilized nitrogenase 
complex being the best structural mimic for the 
MgATP-bound state of the Fe protein in solution. 
In silico docking models and chemical cross-
linking data show that more complementary 
docking interactions occur between Fld and the 
MgADP-bound Fe protein compared with the 
MgATP-bound Fe protein conformation. The 
results reveal that the nucleotide state of the Fe 
protein influences interactions with Fld and 
suggest mechanisms for control of protein–
protein interactions during the Fe protein cycle. 

Results and discussion 
Distinguishing the Fe protein in different 
nucleotide-bound states 

Time-resolved limited proteolysis and 
chemical cross-linking experiments were used to 
examine differences in Fe protein nucleotide-
dependent conformational states and probe the 
hypothesis that the structural conformation of 
the MgATP-bound Fe protein resembles the Fe 
protein in the nitrogenase complex structures 
(32). A series  of trypsin proteolysis reactions 
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Figure 3. Interactions between Fld and the Fe protein analyzed in silico docking models suggest more 
complementary docking between the MgADP-bound Fe protein and Fld. A, the docking model between the MgADP-bound 
Fe protein (light blue, PDB code 1FP6) and Fld (violet, PDB code 1YOB) displays a distance of 6.4 Å between the [4Fe-4S] cluster 
and the FMN cofactor measured in PyMOL. B, a distance of 9.4 Å between the [4Fe-4S] cluster and the FMN cofactor  was  
measured  in PyMOL for the docking model  between the Fe protein from the nitrogenase complexes (tan, PDB code 4WZB) and Fld 
(violet, PDB code 1YOB). C, interactions for the docking model between the MgADP-bound Fe protein basic amino acid residues 
Arg100 and Arg140 and docked Fld acidic residues Glu104, Asp154, and Glu59. D, interactions between Arg100 of the Fe protein from the 
MgAMPPCP-stabilized nitrogenase complex and docked Fld acidic residues Glu61, Asp68, and Glu70. Arg140 is positioned so that it 
can no longer form salt bridge interactions with any Fld acidic residues. 
 
of the Fe protein with and without nucleotides 
produced a distinct banding pattern over the 
course of a 240-min reaction (Fig. 2A). The 
proteolysis pattern for the MgADP-bound Fe 
protein and nucleotide-free Fe protein are 
similar in that there is still some intact Fe protein 
after 240 min (Fig. 2A). The main difference 
between these two forms is in the gradual 
appearance of a band at 20 kDa over the course of 
proteolysis (Fig. 2A). Mass spectrometry 
analysis indicates that this 20-kDa band is a C-
terminal fragment arising from cleavage at 
Arg100 of the Fe protein (Fig. 2B). 

Mapping of the tryptic peptides from the 
digestion of the nucleotide-free and MgADP-
bound states of Fe protein produced nearly 
identical patterns, indicating that they adopt 
similar conformations in solution. This is 
consistent with nucleotide-free and MgADP-

bound Fe protein crystal structures (13, 15). The 
proteolysis pattern was strikingly different for 
the MgATP-bound state of the Fe protein 
compared with the MgADP-bound state. The 
MgATP-bound Fe protein is more susceptible to 
proteolysis, as the intact protein band is no 
longer present after 60 min of digestion (Fig. 
2A). In addition, the 20-kDa C-terminal Fe 
protein band appears at a faster rate. This indicates 
that the region around Arg100, near the [4Fe-4S] 
cluster, is more exposed, increasing 
susceptibility to proteolysis. Furthermore, 
cleavage in the switch I region (Glu59-Asp69, Fig. 
2B, green) is observed after only 5 min, whereas 
it does not appear in the MgADP-bound state 
until 20 min. Fe protein tryptic peptides 
identified in time-resolved limited proteolysis 
experiments with highlighted peptides that 
change because of the presence of nucleotides are 
listed in supplemental Table S1. 
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Figure 4. Time-resolved limited proteolysis reactions display differences in interactions between Fld and the Fe 
protein based on the presence of nucleotide. A, differences in the proteolytic rates of the Fe protein with Fld depend on 
the presence of nucleotide for the proteolysis patterns analyzed by SDS-PAGE. B, limited proteolysis peptide mapping of the 
amino acid sequence of Fe protein shows tryptic cleavage sites (arrows) that report on interactions with Fld and/or nucleotide 
binding. These are the P-loop (Gly9-Ser16, boxed in red), the part of the switch I region that coordinates the bound Mg2+ of the 
nucleotide (Cys38-Asp43, boxed in black), the part of the switch I region that interacts with the MoFe protein (Glu59-Asp69, boxed 
in green), and Arg100 (arrow). These regions are mapped onto the Fe protein (tan, PDB code 1FP6) for structural context. C, Fld 
tryptic cleavage sites (arrows) that change because of interactions with both nucleotide-bound states of the Fe protein 
observed in limited proteolysis experiments are placed on the Fld amino acid sequence for structural context (tan, PDB code 
1YOB; Ala1-Arg15 (boxed in orange), Thr90-Arg120 (boxed in cyan), and Phe146-Arg163 (boxed in magenta). 

 

Furthermore, representative MALDI-TOF mass 
spectra for digestion of the Fe protein 
(supplemental Fig. S1) are shown to supplement 
peptide identification. 

There are also differences in cross-linking 
patterns for the nucleotide-bound Fe protein 
(Fig. 2C). In general, the MgATP-bound Fe 
protein cross-links more readily than the 
MgADP-bound state. This is evidenced by more 
extensive band broadening because of an 
increase in both intersubunit cross-links (above 
50 kDa) between the Fe protein subunits and 
intrasubunit cross-links (around 32 kDa) within 
Fe protein monomers (Fig. 2C). Mapping of the 
peptides that were cross-linked confirm this, 
where cross-linking in the P-loop region only 
occurs in the MgATP-bound state, and may 
suggest that the Fe protein subunits are in closer 
proximity, as documented in previous reports 
(32). Fe protein tryptic and non-tryptic 
peptides observed to appear and disappear 
during the chemical crosslinking experiments 
with highlighted peptides that change because 
of the presence of nucleotides are listed in 
supplemental Table S2. 

The increased diversity of cross-links together 
with increased proteolytic susceptibility of 
MgATP-bound Fe protein compared with the 
MgADP-bound state indicates that the 
conformations are distinct. Compared with the 
MgADP-bound Fe protein structure, the Fe 
protein in the nitrogenase complexes displays a 

more closed dimer interface in which part of the 
switch I region as well as the protein region around 
the [4Fe-4S] cluster form the docking site for the 
MoFe protein (Fig. 1B) (32). The increased 
proteolytic susceptibility of switch I (Fig. 2D, 
green) and cleavage of Arg100, near the [4Fe-4S] 
cluster, as well as increased cross-linking in the 
P-loop region (Fig. 2D,red) all suggest a 
MgATP-bound state that resembles the con- 
formation of the Fe protein observed in the 
stabilized nitrogenase complex structures (32). 

Defining Fe protein–flavodoxin interactions 
In silico docking studies using ClusPro 2.0 

show that the MgADP-bound structure of the Fe 
protein has a more complementary docking 
interface with Fld compared with the MgATP-
bound Fe protein (Fig. 3) (25). A distance of 6.4 
Å between the [4Fe-4S] cluster of the Fe protein 
and FMN cofactor of Fld was measured for the 
docking model between the MgADP-bound Fe 
protein with Fld (Fig. 3A). For the docking model 
between Fld and the Fe protein from the 
nitrogenase complexes, the distance between the 
cofactors was determined to be 9.4 Å,a3 Å larger 
distance between the [4Fe-4S] cluster of the Fe 
protein and FMN cofactor of Fld (Fig. 3B) than 
observed for the MgADP-bound state docked to 
Fld. Furthermore, the solvent-excluded surface 
area for the docking model between the MgADP-
bound Fe protein and Fld was calculated in 
Chimera to be 1128 Å2 compared with 456 Å2 for 
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Figure 5. Differences in cross-linking patterns are observed based on the presence or absence of nucleotides. A, 
differences in cross-linking patterns based on migration rate occur for the Fe protein in complex with Fld (arrows) and depend on 
the presence or absence of nucleotides as analyzed by SDS-PAGE. B and C, protein regions showing differences in the cross-
linking pattern were mapped onto docking models between Fld (PDB code 1YOB) and the MgADP- bound Fe protein (PDB code 
1FP6, B) and the Fe protein from the MgAMPPCP-stabilized nitrogenase complex (PDB code 4WZB, C) for structural context. 
Cross-linking occurred in protein regions around the [4Fe-4S] cluster for the Fe protein (Tyr80-Arg100, cyan) and the FMN 
cofactor of Fld (Thr90-Lys123, cyan), around residue Lys170 (blue), the P-loop (red), and both switch I regions (green and black) of 
the Fe protein. D, different orientations of the side chain for Fe protein residue Lys170, depending on the type of bound nucleotide 
presented on superimposed Fe protein structures from the nitrogenase complex  stabilized with MgAMPPCP (tan, PDB code 
4WZB) and MgADP-bound (light blue, PDB code 1FP6). 
 
the docking model between the MgATP-bound 
Fe protein and Fld, translating to 2.5 times more 
buried surface area with the MgADP-bound state 
than the MgATP-bound state. Previously, 
electrostatic interactions were implicated in Fe 
protein interactions with the MoFe protein and 
Fld (25, 35, 36). Fe protein residues Arg100 and 
Arg140, implicated previously in Fe protein–MoFe 
protein interactions (35, 36), are also key in Fe 
protein–Fld interactions. In our docking model 
with the MgADP-bound Fe protein, Arg100 from 
one subunit interacts with the phosphate moiety 

of the FMN cofactor, and the other Arg100 from 
the second subunit forms a salt bridge with Glu104 

(Fig. 3C). Additionally, Arg140 from both subunits 
forms individual salt bridge interactions with the 
Fld acidic residues Asp154 and Glu59 (Fig. 3C). 
There are fewer complementary electrostatic 
interactions observed with the MgATP-bound Fe 
protein and Fld (Fig. 3D). Arg100 interacts with 
Glu61 of Fld on one subunit and with both Fld 
acidic residues, Asp68 and Glu70, on the other 
subunit (Fig. 3D). Arg140, however, is positioned 
so that salt bridge interactions are not observed 
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Figure 6. Model of the Fe protein cycle with reduction preceding nucleotide exchange. 1, the MgATP-bound Fe 
protein (tan, PDB code 4WZB) transiently associates with one-half of the MoFe protein (orange, PDB code 2NIP). 2, the MgATP-
bound Fe protein transfers an electron to the MoFe protein upon complex formation. 3, nucleotide hydrolysis of 2MgATP to 
2MgADP and 2Pi occurs. 4, inorganic phosphate is released from the Fe protein (MgADP2)–MoFe protein complex. 5, the MoFe 
protein and MgADP-bound Fe protein dissociate. 6, Fld (violet, PDB code 1YOB) delivers an electron to the MgADP-bound Fe protein 
(light blue, PDB code 1FP6). 7, MgADP is exchanged for MgATP, and this induces structural changes in the MgATP-bound Fe protein 
to promote interactions with the MoFe protein. 
 

with any Fld acidic residues (Fig. 3D). Together, 
the differences in distances between the FeS 
cluster and the FMN cofactor, the buried solvent-
excluded surface area, and the extent of 
electrostatic interactions indicate that MgADP-
bound Fe protein shows the most complementary 
binding interface with Fld. 
Mapping Fe protein–Fld interactions 

The nature of MgATP-bound Fe protein and 
MgADP-bound Fe protein interactions with Fld 
was further probed using time-resolved limited 
proteolysis (Fig. 4) and chemical cross-linking 
experiments (Fig. 5). Interestingly, the MgADP-
bound Fe protein was more susceptible to 
proteolysis in the presence of Fld than when 
digested alone (Figs. 2A and 4A). This was 
confirmed by cleavage that mapped to part of the 
switch I region (Fig. 4B, green) and appeared in 
the earliest time point for the digestion of the 
MgADP-bound Fe protein with Fld. This region 
was not observed until 20 min in the digestion 
of the MgADP-bound Fe protein alone (Fig. 
2A). However, the significantly higher degree of 
proteolytic susceptibility of the MgATP-bound 
Fe protein relative to the MgADP-bound Fe 

protein suggests that the MgADP-bound state 
forms a more productive complex with Fld (Fig. 
4A). This is a key difference and supports the 
docking models, which suggest that the MgATP-
bound Fe protein docking interface is not as 
complementary for interactions with Fld 
compared with the MgADP-bound state. The 
limited proteolysis mapping verify this by 
comparing the digestion of Fld alone versus in 
the presence of the nucleotide-bound Fe protein 
to distinguish different Fe protein–Fld 
interaction sites. Digestion of  purified Fld alone 
leads to cleavage in regions at the Fe protein–Fld 
interaction site near the FMN cofactor, producing 
Ala1-Arg15 (Fig. 4C, orange), Thr90-Arg120 (Fig. 
4C, cyan), and Phe146-Arg163 (Fig. 4C, 
magenta). All three Fld tryptic cleavage sites 
are protected from proteolysis in the MgADP-
bound Fe protein, indicating that these regions 
are involved in Fe protein–Fld interactions. The 
Arg15 cleavage site (Fig. 4C, orange) was not 
protected in the presence of the MgATP- bound 
Fe protein, which is consistent with the MgATP-
bound Fe protein having a less complementary 
docking site with Fld. Fld and the Fe protein 
tryptic peptides identified in the time-resolved 
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limited proteolysis experiments with highlighted 
peptides that change because of complex 
formation and/or the presence of nucleotides are 
listed in supplemental Table S1. Representative 
MALDI-TOF mass spectra are also shown for the 
digestion of Fld (supplemental Fig. S2) to further 
support peptide identification. 

A final chemical cross-linking experiment was 
completed on the Fe protein—Fld complex with 
and without nucleotides. The presence of a sharper 
band above 50 kDa in the MgADP-bound state 
relative to the MgATP-bound state suggests that, 
in the presence of MgADP, a  complex is formed 
more effectively (Fig. 5A) and is consistent with 
the docking studies. For both nucleotide-bound 
states, the observed cross-linking suggests 
interactions near the [4Fe-4S] cluster of the Fe 
protein (Fig. 5, B and C, cyan) and FMN cofactor 
of Fld (Thr90-Lys123; Fig. 5, B and C, cyan), 
consistent with the docking models. Mapping 
shows cross-linking in the P-loops and both switch 
I regions only with MgATP (Fig. 5C). However, 
with MgADP, another Fe protein domain involved 
in interactions with Fld around Lys170 (Fig. 5B, 
blue) is observed. In the MgADP-bound state, the 
side chains of Lys170 of both Fe protein subunits 
interact with Fld (Fig. 5D), whereas, in the 
MgATP-bound state, only one Lys170 side chain 
interacts with Fld (Fig. 5D). Therefore, mapping 
of proteolytic fragments identified more protein 
regions that are cross-linked between the MgADP-
bound Fe protein and Fld. This is in agreement 
with the docking models and proteolysis patterns 
showing that the MgADP-bound state has a more 
complementary docking interface with Fld than 
the MgATP-bound state. Fld and the Fe protein 
tryptic and non-tryptic peptides observed to 
appear and disappear during chemical cross-
linking experiments with highlighted peptides that 
change because of complex formation and/or the 
presence of nucleotides are listed in 
supplemental Table S2. 

Conclusions 

It has been reported that Fld, as a reductant, 
stimulates the reaction rate of the Fe protein 
cycle by ~2-fold compared with sodium 
dithionite (25). This is consistent with the 
increased dissociation rate between the 
MgADP-bound Fe protein and MoFe protein 
(>760 s-1), rapid re-reduction of the nucleotide- 
bound Fe protein (>1200 s-1), and fast 

nucleotide exchange (70 s-1) compared with the 
relatively slow rate for release of Pi (25–27 s-1) 
with Fld as the source of reductant (25, 37). 
However, the rate of reduction for the oxidized 
Fe protein by Fld is fast regardless of which 
nucleotide is bound, and the oxidized Fe 
protein has similar affinities for both 
nucleotides (25, 38). These factors make it 
difficult to distinguish between the order of re-
reduction for the Fe protein and nucleotide 
exchange for the final steps in the Fe protein 
cycle. A key result is that reduction of the 
MgADP-bound Fe protein, while bound to the 
MoFe protein, is very slow, indicating that 
dissociation is obligatory for reduction to 
occur with Fld (25, 39). This is important 
because it indicates that interactions between 
Fld, the nucleotide-bound Fe protein, and the 
MoFe protein are intrinsically controlled. 
Limited proteolysis and cross-linking patterns 
in combination with the docking models can be 
used to differentiate further patterns of control 
of interactions between the nucleotide-bound 
Fe protein and Fld. The decrease in observed Fld 
tryptic cleavage sites (increased protection) 
and different cross-linking patterns of Fld and 
the MgADP-bound Fe protein show that Fld has 
a more complementary docking site with the 
MgADP-bound state of the Fe protein. In 
contrast, the increase in proteolytic 
susceptibility (decreased protection) of Fld, 
absence of cross-links to the Fe protein near 
Lys170, and decrease in salt bridge interactions 
indicate that the Fld docking site is not as 
complementary to the MgATP-bound state. 
This difference in complementarity would 
result in less competition between the MoFe 
protein and Fld binding to the MgADP- bound 
Fe protein. An advantage of this situation is 
that the MgATP-bound Fe protein would be free 
to transiently associate with the MoFe protein, 
directing the flow of electron transfer toward 
substrate reduction. From this, a rational model 
of the Fe protein cycle can be proposed, where the 
MgATP-bound Fe protein delivers an electron to 
the MoFe protein, followed by MgATP hydrolysis, 
release of Pi, and complex dissociation between the 
MgADP-bound Fe protein and MoFe protein (Fig. 
6). Fld then delivers an electron to the MgADP-
bound Fe protein, followed by nucleotide exchange 
for MgATP to end the Fe protein cycle. This model 
is consistent with reports that demonstrate that re-
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reduction of the Fe protein should occur before 
nucleotide exchange because of the rapid re-
reduction rate of the nucleotide-bound Fe protein 
by Fld (Fig. 6) (25, 37, 40). These results provide a 
deeper mechanistic understanding of the Fe protein 
cycle. 

Experimental procedures 
General procedures 

Argon and dinitrogen gases were passed through 
an activated copper catalyst to remove dioxygen 
contamination prior to use. Proteins and buffers 
were handled anaerobically in septum-sealed 
serum vials under an inert atmosphere (argon) on a 
Schlenk vacuum line or in an anaerobic glove box 
(Teledyne Analytical Instruments, MO-10-M, 
Hudson, NH). The transfers of gases and liquids 
were done with gastight syringes. 

Purification of Fe protein and Fld from A. 
vinelandii 

Growth, expression, and purification for both 
the Fe protein and Fld were carried out as 
described previously (25, 41). 

Time-resolved limited proteolysis of Fe protein 
and Fld 

Time-resolved limited proteolysis of Fld and 
Fe protein was carried out as described previously 
using a 1:1 ratio of Fe protein:Fld and a 1:1000 
ratio of trypsin (Promega) to total protein (25). 
All reactions were carried out in sealed vials 
under an argon atmosphere to maintain anaerobic 
conditions. Samples were taken at 0, 5, 10, 20, 40, 
60, and 240 min and quenched with 10% formic 
acid (Sigma). MgATP and MgADP were at final 
concentrations of 10 mM. Proteolysis reactions 
with MgATP were quenched by boiling the 
reactions for 5 min at 95 °C to avoid protein 
precipitation. Proteolysis patterns were analyzed 
by SDS-PAGE (4 –20% linear gradient gel, Bio-
Rad) and stained with Coomassie Brilliant Blue 
(Thermo Fisher). Tryptic pep- tides were 
identified with a maXis Impact QTOF instrument 
(Bruker Daltonics) interfaced with Dionex 3000 
nano-HPLC (Thermo Fisher) and Autoflex III 
MALDI-TOF/TOF (Bruker Daltonics) mass 
spectrometers as described previously (25). 
Identification and mapping of the observed 
proteolytic cleavage sites were carried out using 

the Protein Analysis Worksheet (PAWS) 
software package (ProteoMetrics, LLC) and 
Peptide Shaker, as described previously (25). 
Identified limited proteolysis tryptic peptides 
for the Fe protein and Fld are listed in 
supplemental Table S1. Tryptic peptides with a 
confidence score reported by Peptide Shaker of 
>95% were considered for analysis. 
Representative MALDI-TOF spectra for Fe 
protein and Fld tryptic peptides are shown in 
supplemental Figs. S1 and S2. 

In silico docking study between Fld and the Fe 
protein in its different nucleotide states 

In silico protein–protein docking simulations 
were performed using the computational docking 
program ClusPro 2.0 to derive the structural 
models as described previously (25). Fe protein 
and Fld (flavodoxin II, PDB code 1YOB) were 
used in each case as the ligand and the Fe protein 
in three states: nucleotide-free (PDB code 2NIP), 
MgADP-bound (PDB code 1FP6), and 
nitrogenase complex stabilized with MgAMPPCP 
(PDB code 4WZB) were used as the respective 
receptors. The difference in molecular surface 
(solvent-excluded surface) between 
MgATP/MgADP-bound Fe protein alone and in 
complex with flavodoxin was calculated in 
Chimera, implementing the Lee–Richards 
molecular surface definition (42), using a water 
molecule as a probe of a radius of 1.4 Å. 

Chemical cross-linking 
Chemical cross-linking and LC-MS analysis 

were performed as described previously (25). 
Briefly, Fe protein at 20 µM concentration was 
exposed to 10 mM MgATP (Sigma) or MgADP 
(Sigma), mixed with Fld in a 1:1 molar ratio, and 
immediately reacted with 10 mM 
glutaraldehyde (Sigma). Reactions were 
quenched with 100 mM Tris buffer (pH 8) after 
10 min. All control reactions were set up in the 
same fashion. Cross-linked Fe protein samples 
were separated on SDS-PAGE (4 –20% linear 
gradient gel, Bio-Rad) and stained with 
Coomassie Brilliant Blue (Thermo Fisher). 
Protein bands of interest were excised from the 
gel and digested with a trypsin/chymotrypsin 
(Promega) mixture. Proteolyzed peptides were 
identified using a maXis Impact QTOF 
instrument (Bruker Daltonics) interfaced with a 
Dionex 3000 nano-HPLC (Thermo Fisher), 
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followed by data analysis in Peptide Shaker. 
Identified cross-linking tryptic and non-
tryptic peptides for the Fe protein and Fld are 
listed in supplemental Table S2. Tryptic 
peptides with a confidence score reported by 
Peptide Shaker of >95% were considered for 
analysis. All reactions were carried out under 
strictly anaerobic conditions and in primary 
amine-free buffer at room temperature. 
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Table A.S.1. Peptides observed to appear and disappear in time-resolved limited 
proteolysis experiments. Peptides involved in change of proteolysis patterns in different 
nucleotide conditions. Residues highlighted in gray represent amino acids modifications: 
carbamidomethyl (Cys) and oxidation (Met), # peptides identified by MALDI-TOF.  

Time-resolved limited proteolysis experiments: Nitrogenase Fe protein 

Peptide sequence 
Residue 

number 

Expected 

mass 
m/z 

AMRQCAIYGKGGIGK 1-15 1551.80 1551.58# 

GGIGKSTTTQNLVAALAEMGK 11-31 2046.08 683.37 

GGIGKSTTTQNLVAALAEMGKK 

GGIGKSTTTQNLVAALAEMGKK 
11-32 

2174.17 

2190.16 

726.06 

731.40 

STTTQNLVAALAEMGK 

STTTQNLVAALAEMGK 
16-31 

1633.83 

1649.82 

817.92 

825.93 

STTTQNLVAALAEMGKK 

 

STTTQNLVAALAEMGKK 

16-32 

1761.93 

  

 1777.92 

1761.77# 

881.97 

889.98 

VMIVGCDPKADSTR 

VMIVGCDPKADSTR 

VMIVGCDPKADSTR 

33-46 

1490.72 

1547.74 

1563.73 

1490.50# 

773.87 

522.58 

VMIVGCDPKADSTRLILHSK 33-52 2182.16 2182.85# 

ADSTRLILHSK 42-52 1239.69 620.85 

AQNTIMEMAAEAGTVEDLELEDVLK 

 
53-77 

2719.29 

 

2719.29# 

1361.17 
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AQNTIMEMAAEGTVEDLELEDVLK 

AQNTIMEMAAEAGTVEDLELEDVLK 

2735.28 

2751.27 

1369.17 

1377.15 

AQNTIMEMAAEAGTVEDLELEDVLKA

GYGGVK 
53-84 3351.62 3351.73# 

AGYGGVKCVESGGPEPGVGCAGR 78-100 2105.96 2105.63# 

CVESGGPEPGVGCAGR 85-100 1473.63 1473.34# 

GIVKYANSGSVR 

 
167-178 

1249.68 

 

1249.40# 

625.85 

YANSGSVR 

 
171-178 

852.41 

 

852.17# 

428.23 

LGGLICNSR 179-187 931.49 931.24# 

NTDREDELIIALANK 

 
188-202 

1713.89 

 

1713.56# 

857.96 

NTDREDELIIALANKLGTQMIHFVPR 188-213 2993.58 2993.53# 

LGTQMIHFVPR  

 

LGTQMIHFVPR 

203-213 

1297.70 

 

1313.69 

1297.49# 

649.86 

657.85 

LGTQMIHFVPRDNVVQR 

 

LGTQMIHFVPRDNVVQR 

203-219 

2009.06 

 

2025.05 

2009.72# 

1006.05 

676.36 

MIHFVPR 207-213 914.47 458.24 

DNVVQRAEIR 214-223 1198.64 600.32 
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DNVVQRAEIRR 

 
214-224 

1354.74 

 

1354.44# 

452.58 

RMTVIEYDPK 

RMTVIEYDPK 
224-233 

1250.63 

1266.62 

626.33 

634.32 

RMTVIEYDPKAK 

 

RMTVIEYDPKAK 

224-235 

1449.76 

 

1465.75 

1449.46# 

725.89 

489.59 

RMTVIEYDPKAKQADEYR 224-241 2212.09 2212.81# 

RMTVIEYDPKAKQADEYRALAR 224-245 2623.35 2623.10# 

MTVIEYDPK 

MTVIEYDPK 
225-233 

1094.53 

1110.52 

548.27 

556.27 

MTVIEYDPKAK 

 

MTVIEYDPKAK 

225-235 

1293.66 

 

1309.65 

1293.37# 

647.84 

655.84 

MTVIEYDPKAKQADEYR 

 

MTVIEYDPKAKQADEYR 

225-241 

   

2055.99 

 

2071.98 

2055.73# 

1029.51 

1037.50 

MTVIEYDPKAKQADEYRALAR 225-245 2467.25 2467.97# 

AKQADEYR 234-241 979.47 979.22# 

AKQADEYRALAR 234-245 1390.73 696.37 

QADEYRALAR 236-245 1191.60 1191.33# 
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  596.80 

QADEYRALARK  

 
236-246 

1319.69 

 

1319.41# 

440.90 

Time-resolved limited proteolysis experiments: Flavodoxin 

Peptide sequence 
Residue 

number 

Expected 

mass 
m/z 

AKIGLFFGSNTGK 1-13 1338.73 1338.44# 

AKIGLFFGSNTGKTR 1-15 1595.88 1595.55# 

AKIGLFFGSNTGKTRK 1-16 1723.97 1723.65# 

AKIGLFFGSNTGKTRKVAK 1-19 2022.17 2022.66# 

IGLFFGSNTGK 3-13 1139.60 570.80 

KRFDDETMSDALNVNR 23-38 1925.89 642.97 

RFDDETMSDALNVNR 

RFDDETMSDALNVNR 
24-38 

1781.80 

1797.79 

1781.53# 

899.91 

FDDETMSDALNVNR 

 

FDDETMSDALNVNR 

25-38 

1625.70 

 

1641.69 

1625.42# 

813.86 

821.86 

IEGLDFSGK 

 
81-89 

964.49 

 

964.27# 

483.25 

TVALFGLGDQVGYPENYLDALGELYS

FFKDR 
90-120 3496.72 3496.67# 

IVGSWSTDGYEFESSEAVVDGK 124-145 2361.06 1182.05 
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FVGLALDLDNQSGK 146-159 1475.76 738.89 

FVGLALDLDNQSGKTDER 

 
146-163 

1976.98 

 

1976.70# 

660.33 
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Table A.S.2. Peptides observed to appear and disappear in cross-linking experiments. 
Peptides involved in change of cross-linking patterns in different nucleotide conditions. 
Residues highlighted in gray represent amino acid modifications: carbamidomethyl (Cys) 
and oxidation (Met), *single oxidation of multiple methionine residues.  

Cross-linking experiments: Nitrogenase Fe protein 

Peptide sequence 
Residue 

number 

Expected 

mass 
m/z 

QCAIYGK 4-10 838.40 420.21 

GGIGKSTTTQNLVAALAEMGKK 11-32 2190.16 731.40 

STTTQNLVAALAEMGKK 

STTTQNLVAALAEMGKK 
16-32 

1761.93 

1777.92 

882.48 

889.98 

STTTQNLVAALAEMGK 

STTTQNLVAALAEMGK 
16-31 

1633.83 

1649.82 

817.93 

826.43 

KVMIVGCDPKADSTR 32-46 1618.82 811.42 

KVMIVGCDPK 

KVMIVGCDPK 
32-41 

1145.59 

1161.58 

573.81 

581.80 

VMIVGCDPK 

VMIVGCDPK 
33-41 

1017.50 

1033.49 

509.76 

517.76 

LILHSK 47-52 709.45 355.73 

AQNTIMEMAAEAGTVEDLELEDVLK 

AQNTIMEMAAEAGTVEDLELEDVLK 

AQNTIMEMAAEAGTVEDLELEDVLK 

53-77 

2719.29 

2735.28 

2751.27 

1361.17 

1369.17 

1377.17 

AGYGGVKCVESGGPEPGVGCAGR 78-100 2220.00 741.35 

CVESGGPEPGVGCAGR 85-100 1587.67 794.86 
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DVLGDVVCGGFAMPIR 

DVLGDVVCGGFAMPIR 
125-140 

1704.83 

1720.82 

853.43 

861.43 

DVLGDVVCGGFAMPIRENK 

DVLGDVVCGGFAMPIRENK 
125-143 

2076.01 

2092.00 

1039.51 

1047.52 

AQEIYIVCSGEMMAMYAANNISKGIVK 144-170 2990.44 998.50 

AQEIYIVCSGEMMAMYAANNISK 

AQEIYIVCSGEMMAMYAANNISK 

AQEIYIVCSGEMMAMYAANNISK 

144-166 

2593.17 

2609.16 

2641.14 

1298.10 

1306.11* 

1322.09 

AQEIYIVCSGEMMAMY 

AQEIYIVCSGEMMAMY 
144-159 

1894.80 

1942.77 

948.91 

972.90 

IVCSGEMMAMYAANNISK 

IVCSGEMMAMYAANNISK 

IVCSGEMMAMYAANNISK 

149-166 

1988.88 

2020.86 

2036.85 

995.95 

1011.95* 

1019.94 

GIVKYANSGSVR 167-178 1249.68 625.85 

YANSGSVR 171-178 852.41 427.21 

LGGLICNSR 179-187 988.51 495.27 

NTDREDELIIALANK 188-202 1713.89 857.96 

NTDREDELIIALANKLGTQMIHFVPR 

NTDREDELIIALANKLGTQMIHFVPR 
188-213 

2993.58 

3009.57 

749.66 

753.91 

EDELIIALANK 192-202 1227.67 614.85 

LGTQMIHFVPR  

LGTQMIHFVPR 
203-213 

1297.70 

1313.69 

649.85 

657.86 
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RMTVIEYDPK 

RMTVIEYDPK 
224-233 

1250.63 

1266.62 

626.33 

634.33 

MTVIEYDPK 

MTVIEYDPK 
225-233 

1094.53 

1110.52 

548.28 

556.27 

LLVIPNPITMDELEELLMEF 

LLVIPNPITMDELEELLMEF 
252-271 

2358.21 

2390.19 

1180.63 

1196.61 

GIMEVEDESIVGK 

GIMEVEDESIVGK 
272-284 

1404.68 

1420.67 

703.35 

711.35 

Cross-linking experiments: Flavodoxin 

Peptide sequence 
Residue 

number 

Expected 

mass 
m/z 

AKIGLFFGSNTGK 1-13 1338.73 670.38 

IGLFFGSNTGK 3-13 1139.60 570.81 

KRFDDETMSDALNVNR 23-38 1925.89 642.98 

RFDDETMSDALNVNR 

RFDDETMSDALNVNR 
24-38 

1781.80 

1797.79 

891.91 

900.41 

FDDETMSDALNVNR 

FDDETMSDALNVNR 
25-38 

1625.70 

1641.69 

813.86 

821.86 

RFDDETMSDAL 24-34 1314.53 658.28 

VSAEDFAQYQFL 39-50 1416.66 709.34 

ILGTPTLGEGELPGLSSDCENESWEE

FLPK 
51-80 

3303.55 
1653.30 
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GTPTLGEGELPGLSSDCENESWEEF

LPK 
53-80 

3077.38 
1540.21 

IEGLDFSGK 81-89 964.49 483.25 

TVALFGLGDQVGYPENYLDALGELY 90-114 2716.33 1359.68 

GDQVGYPENYLDALGELYSFFK 97-118 2524.18 1348.67 

SFFKDR 115-120 798.40 400.21 

IVGSWSTDGYEFESSEAVVDGK 124-145 2361.06 1182.05 

STDGYEFESSEAVVDGK 129-145 1818.78 910.40 

EFESSEAVVDGK 134-145 1295.59 648.81 

FVGLALDLDNQSGKTDER 146-163 1976.98 990.00 

FVGLALDLDNQSGK 146-159 1475.76 739.90 

VGLALDLDNQSGK 147-159 1328.69 665.36 

ALDLDNQSGK 150-159 1059.52 530.77 

VAAWLAQIAPEFGLSL 164-179 1684.92 843.47 
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Figure A.S.1. Representative MALDI-TOF spectrum of Ion count vs m/z for the Fe 
protein after 10 minutes digestion. A) With labelled ions: 852 (YANSGSVR), 931 
(LGGLICNSR), 979 (AKQADEYR), 1191 (QADEYRALAR), 1249 
(GIVKYANSGSVR), 1319 (QADEYRALARK), 1354 (DNVVQRAEIRR), 1449 
(RMTVIEYDPKAK), 1473 (CVESGGPEPGVGCAGR), 1490 (VMIVGCDPKADSTR), 
1551 (MRQCAIYGKGGIGK), 1713 (NTDREDELIIALANK), 1761 
(STTTQNLVAALAEMGKK), 2009 (LGTQMIHFVPRDNVVQR), 2055 
(MTVIEYDPKAKQADEYR), 2105 (AGYGGVKCVESGGPEPGVGCAGR), 2182 
(VMIVGCDPKADSTRLILHSK), 2212 (RMTVIEYDPKAKQADEYR), 2467 
(MTVIEYDPKAKQADEYRALAR), 2623 (RMTVIEYDPKAKQADEYRALAR). B) 
Representative MALDI-TOF spectrum of Ion count vs m/z for the Fe protein after 240 
minutes digestion with labelled ions: 852 (YANSGSVR), 931 (LGGLICNSR), 1249 
(GIVKYANSGSVR), 1297 (IGTQMIHFVPR), 1319 (QADEYRALARK), 1473 
(CVESGGPEPGVGCAGR), 1490 (VMIVGCDPKADSTR), 1713 
(NTDREDELIIALANK), 2009 (LGTQMIHFVPRDNVVQR), 2105 
(AGYGGVKCVESGGPEPGVGCAGR), 2719 
(AQNTIMEMAAEAGTVEDLELEDVLK), 2993 
(NTDREDELIIALANKLGTQMIHFVPR), 3351 
(AQNTIMEMAAEAGTVEDLELEDVLKAGYGGVK).  
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Figure A.S.2. Representative MALDI-TOF spectrum of Ion count vs m/z for Fld after 20 
minutes digestion. A) With labelled ions: 964 (IEGLDFSGK), 1338 
(AKIGLFFGSNTGK), 1595 (AKIGLFFGSNTGKTR), 1976 
(FVGLALDLDNQSGKTDER), 2022 (AKIGLFFGSNTGKTRKVAK), 3496 
(TVALFGLGDQVGYPENYLDALGELYSFFKDR). B) Representative MALDI-TOF 
spectrum of Ion count vs m/z for Fld after 240 minutes digestion with labelled ions: 1625 
(FDDETMSDALNVNR), 1723 (AKIGLFFGSNTGKTRK), 1781 
(FDDETMSDALNVNR), 1976 (FVGLALDLDNQSGKTDER) and 2022 
(AKIGLFFGSNTGKTRKVAK).  
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APPENDIX B 

 
SUPPLEMENTARY INFORMATION TO CHAPTER 3  
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Figure B.S.1. His-FeP purification chromatograms, SDS-PAGE and Western blot. A) Q-
Sepharose chromatogram for A. vinelandii DJ1162 showing MoFe and His-FeP elution. 
Inset: HisPur cobalt chromatogram showing elution of N-terminal His-tagged FeP. B) 
SDS-PAGE gel and Western blot for purified His-FeP. His-tagged MoFe protein is 
blotted in lane 1 as a control.  

 

Figure B.S.2. His-FeP Acetylene reduction activity assay results. A) His-FeP acetylene 
reduction activity with 1:1 ratio of MoFe protein:His-FeP (Units for specific activity are 
nmol ethylene/min/mg His-FeP). B) Ethylene standard curve.  
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Figure B.S.3. UV-Vis spectrum for IDS-oxidized His-FeP. A broad peak around 400nm 
is characteristic of the oxidized FeP.   
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APPENDIX C 

 
SUPPLEMENTARY INFORMATION TO CHAPTER 4  
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Figure C.S.1. Residue differences at the other side of the Fe protein binding site. The Mo-
nitrogenase (Nif) and V-nitrogenase (Vnf) have acidic and basic residues on their Fe 
proteins that form salt bridges with acidic and basic residues on NifDK and VnfDK: 
δArg100 of NifH (green) forms salt bridges with αGlu104 of NifD (teal) and βGlu156 of 
NifK (aqua). δAsp69 of NifH (green) forms a salt bridge with βLys400 of NifK (aqua). 
Salt bridges are observed between δGlu68 of VnfH (gray) and βLys155 of VnfK (tan) as 
well as δArg100 of VnfH (gray) and αGlu104 of VnfD (orange) and βGlu118 of VnfK 
(tan). The Fe-nitrogenase (Anf) uses basic residues on the Fe protein (AnfH, light green) 
to form salt bridges to acidic residues on AnfK (purple) between: δArg140 and βAsp112, 
δArg100 and βGlu107, δGlu68 and βLys350 as well as δLys69 and βGlu7.  
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Figure C.S.2. Sequence alignment of NifH, VnfH and AnfH. Sequence alignment shows 
a key residue substitution between NifH, VnfH and AnfH that determine interactions 
with VnfG and AnfG. δGlu68 (red) is conserved between all three Fe proteins however 
δAsp69 (red) of NifH and VnfH is substituted for positively charged δLys69 (blue) of 
AnfH. δArg100, δArg140, and δLys170 are conserved between all three Fe proteins 
(*denotes conserved residues).   
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Figure C.S.3. Sequence alignment and structure comparison of AnfG and VnfG. The C-
terminus of AnfG (pink) has both positive (blue) and negative residues (red): γGlu125, 
γGlu126, γAsp129, γHis130 and γHis131 (residues are shown as spheres). The C-
terminus of VnfG (yellow) has more positive residues (blue) where γArg106 is 
substituted for γGlu125 of AnfG and γHis110 is substitued for γAsp129 of AnfG. 
γGlu107 of VnfG and γGlu126 of AnfG are conserved (residues shown as spheres). 
γLeu112 of VnfG is substitued for positively charged γHis131 (blue) of AnfG (*denotes 
conserved residues).  
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APPENDIX D 

 
SUPPLEMENTARY INFORMATION TO CHAPTER 5  
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Figure D.S.1. Functional role for tilted conformation of FixFd. A) ClusPro 2.0 docked 
FixFd at a tilted orientation with the distance between the [4Fe-4S] clusters of 6.8Å. 
HADDOCK 2.2 docked FixFd at a tilted orientation (B) with the distance between the 
FeS clusters of 9.6Å and central orientation (C) with the distance between the [4Fe-4S] 
clusters of 10.25Å. Tilted orientation is chosen between ClusPro 2.0 (A) and HADDOCK 
2.2 (B) due to the salt bridge interactions and closer distance between the [4Fe-4S] 
clusters. 

 



 
 

 

Figure D.S.2. Docking of Fld/Fds with ADP vs ATP Fe protein states. Docking of Fld/Fds with the MgADP-state of the Fe proteins 
had the most salt bridge interactions compared to docking with the MgATP-states for all models except for VnfF which had the same 
amount of salt bridges for each docking scenario. The MgADP-state was chosen for analysis in agreement with the rest of the models. 
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