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Abstract: The Fe protein of nitrogenase plays multiple roles in substrate reduction and metalloclus-
ter assembly. Best known for its function to transfer electrons to its catalytic partner during nitro-
genase catalysis, the Fe protein is also a key player in the biosynthesis of the complex metalloclusters
of nitrogenase. In addition, it can function as a reductase on its own and effect ambient reduction of
CO2 or CO to hydrocarbons. This review will provide an overview of the properties and functions
of the Fe protein, highlighting the relevance of this unique FeS enzyme to areas related to the catal-
ysis, biosynthesis and applications of the fascinating nitrogenase system.
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1. Introduction

Nitrogen is an essential element for all living organisms, being a constituent of amino
acids, nucleic acids and other indispensable organic molecules. Constituting 78% of the
atmosphere, the dinitrogen (N2) gas is by far the most abundant source of nitrogen on
Earth; however, N2 is not directly accessible to most living organisms and must undergo
transformation into a reduced, bioaccessible form, ammonia (NHs). Industrially, such a
transformation is enabled by the Haber-Bosch process, which is achieved at high temper-
atures and pressures due to the energetically demanding reaction to break the N=N triple
bond. In nature, however, the reduction of N2 to NHs can be accomplished by a select
group of microbes called diazotrophs under ambient conditions. Designated the biologi-
cal nitrogen fixation, this process is facilitated by nitrogenase [1-4], a metalloenzyme ex-
pressed by diazotrophic microbes, in a reaction typically depicted as follows:

N2+8e +16 MgATP + 8 H* — 2 NHs + H2 + 16 MgADP + 16 P

where ATP and ADP refer to adenosine tri- and diphosphate, respectively; and Pi refers
to the inorganic phosphate.

Three homologous nitrogenases, designated the Mo-, V- and Fe-only nitrogenases
[5,6], have been identified to date, which are mainly distinguished by the presence or ab-
sence of a heterometal at their respective cofactor sites. Encoded by nif genes, the ‘conven-
tional” Mo-nitrogenase from Azotobacter vinelandii is the best characterized member of this
enzyme family, which consists of two components. One of them, designated the Fe pro-
tein, is a y2-homodimer of ~60 kDa that contains a subunit-bridging [FesS4] cluster and a
MgATP-binding site per subunit (Figure 1a) [7,8]. The other, designated the MoFe protein,
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Figure 1. The Mo-nitrogenase of Azotobacter vinelandii. Crystal structures of (a) the nucleotide-free, y2-dimeric Fe
protein (PDB entry 2nip); (b) the aBe-tetrameric MoFe protein (PDB entry 3u7q); and (c) one half of the
MgADPe AlFs—-stabilized Mo-nitrogenase complex comprising one y2-dimeric Fe protein and one af3-dimer of
the tetrameric MoFe protein (PDB entry 1n2c), which permits ATP-dependent, interprotein electron transfer
from the [FesS4] cluster of the Fe protein, via the P-cluster ([FesSr]), to the M-cluster ([(R-homocitrate)MoFe7SsC])
of the MoFe protein during catalysis. The two component proteins of the Mo-nitrogenase are shown as ribbons,
with the two subunits of the Fe protein colored light yellow and light gray, respectively (a), and the a-and f3-
subunits of the MoFe protein colored blue and red, respectively (b). The [FesS4] cluster of the Fe protein (a, c),
the P- and M-clusters of the MoFe protein (b, c), and the MgADPe AlFs entity (c) are shown in ball-and-stick
presentation, with the atoms colored as follows: Fe, orange; S, yellow; Mo, cyan; C, light gray; Mg, green; O, red;
Al, dark gray; F, light blue; P, dark orange.

is an azB2 heterotetramer of ~230 kDa that contains a pair of complex metalloclusters
within each af-dimer: a P-cluster ([FesS7]) that is situated at the a/p-subunit interface; and
an M-cluster (or cofactor; [(R-homocitrate)MoFerSoC]) that is located within the a-subunit
(Figure 1b) [9,10]. During catalysis, the two component proteins form a functional com-
plex, wherein electrons are transferred concomitantly with ATP hydrolysis from the
[FesS4] cluster of the Fe protein, via the P-cluster, to the M-cluster of the MoFe protein,
where substate reduction takes place (Figure 1c) [1-4,11]. The ‘alternative’ V- and Fe-only
nitrogenases, like their Mo-counterpart, use two-component systems to effect substrate
reduction. Encoded by vnf and anf genes, respectively, the component proteins of the V-
and Fe-only nitrogenases share a good degree of sequence and structural homology with
their respective counterparts in the Mo-nitrogenase; in particular, the Fe protein compo-
nents of the three nitrogenases, encoded by nifH, vnfH and anfH, respectively, are highly
similar in structure and function despite displaying distinct features on their own [5,6].

Historically, much of the attention has been focused on the catalytic component of
nitrogenase because of its remarkable feat to catalyze some of the most challenging chem-
ical transformations at its active-site cofactor under ambient conditions. However, studies
in the last decade have revealed that other than functioning as the obligate electron donor
for the MoFe protein during nitrogenase catalysis (Figure 2a), the Fe protein of the Mo-
nitrogenase also plays a key role in the assembly of both complex metalloclusters of its
catalytic partner, serving as a Mo/homocitrate insertase for the maturation of the M-clus-
ter (Figure 2b) [12-14] as well as an ATP-dependent reductase for the maturation of the P-
cluster (Figure 2c) [14-18]. Moreover, the homologous Fe proteins of both bacterial and
archaeal origins were shown to act as a reductase on their own and catalyze the reduction
of CO2 and/or CO to hydrocarbons (Figure 2d) [19-24] These findings not only establish
the Fe protein as a crucial multi-tasking player in nitrogenase catalysis and assembly, but
also point to the utility of this protein as a simple FeS template for the future development
of biotechnological applications that recycle CO2 (a greenhouse gas) and CO (a carbon
waste) into the useful hydrocarbon products.
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Figure 2. The many roles of the Fe protein (NifH) in substrate reduction and metallocluster assembly. Shown 85
are the functions of NifH as (a) an electron donor for its catalytic partner, MoFe protein (NifDK), in nitrogenase 86
catalysis; (b) a Mo/homocitrate (hc) insertase for the maturation of an L-cluster ([FesSoC]) into a fully assembled 87
M-cluster ([(R-homocitrate)MoFe7S9C]) on a biosynthetic scaffold, NifEN; (c) a reductase for the reductive cou- 88
pling of a P*-cluster (a [FesS4]-like cluster pair) into a P-cluster ([FesS7]); and (d) an independent reductase for ~ 89
the reduction of CO and/or CO: into hydrocarbons (HCs). All functions of Fe protein require an electron source ~ 90
(a-d), with its functions in nitrogenase catalysis (a) and biosynthesis (b, c) also rely on ATP hydrolysis. In com- 91
parison, the function of Fe protein as a reductase on its own requires an electron source, but it can be accom- 92
plished with or without MgATP (d). For the purpose of simplicity, only one ap-dimer is shown for the tetrameric ~ 93
NifDK (a), its cofactor-deficient variant (c) and NifEN (b), with each ap-dimer interacting with one NifH dimer. 94
The subunits, clusters and MgADP ¢ AlFs- are presented and colored as those in Fig. 1. 95
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This review will provide a brief overview of the structural and redox properties of 97
the Fe protein, followed by a detailed discussion of the multiple roles of this unique FeS 98

enzyme in substrate reduction and metallocluster biosynthesis. 99

2. Structural and redox properties of the Fe protein 100
2.1. The Fe protein of the ‘conventional’” Mo-nitrogenase 101
2.1.1. Structural features 102

The first crystal structure was reported for the nifH-encoded Fe protein (designated 103
NifH) from A. vinelandii in 1992 [7] and, since then, this protein has been crystallized in 104
several oxidation states, with or without nucleotide, in complex with its catalytic partner, 105
or with its substrate CO:z[8,11,20,21,25-27]. The crystal structure of the nucleotide-free, 106
dithionite-reduced NifH (Figure 3a) reveals the location of a [FesS4] cluster on a two-fold 107
rotation axis at the subunit interface, with the cluster coordinated by two cysteines (Cys97 108
and Cys132) from each subunit. The cluster is nearly surface exposed, a feature that facil- 109
itates its function both as an electron donor to its catalytic NifDK partner and as a reduc- 110
tase on its own to enable substrate reduction (see below). Other than the cluster-binding 111
site, there is a Walker A motif between residues 9-16 of NifH, which signifies a nucleotide 112
binding site within each subunit. Interestingly, the crystal structures of NifH with and 113
without MgADP [8] overlay nearly completely with each other (Figure 3b), indicating mi- 114
nor conformational changes of this protein upon nucleotide binding. However, spectro- 115



Molecules 2022, 27, x FOR PEER REVIEW 4 of 18

cys®?
N Cys13?
[Fe,Sal
4
Cyst32 cysY?

MgADP MgADP

116
Figure 3. The structural impact of MgADP binding on NifH. Crystal structures of (a) nucleotide-free (PDB entry =~ 117

2nip) and (b) MgADP-bound forms of NifH (PDB entry 6n4l); and (c) an overlay of the structures of nucleotide- 118
free and MgADP-bound NifH, showing little change in the overall conformation of NifH upon nucleotide bind- 119
ing. The ligands coordinating the [FesSs] cluster of NifH are shown as sticks in the inset (a). The subunits, clusters 120

and MgADP are presented and colored as those in Fig. 1. 121

122
scopic and biochemical studies point to a conformational flexibility of this protein upon 123
nucleotide binding in solution that often escapes observation in the crystalline state. 124

Consistent with a conformational change upon nucleotide binding, there is a change 125

in the lineshape of the EPR signals of the MgADP- and MgATP-bound forms of NifH 126
(Figure 4) [1,28], indicating a long-distance signal transduction upon binding of the nu- 127
cleotide at a location within the protein that is ~20 A away from the [FesSi] cluster near 128
the protein surface. The spectroscopic changes of NifH are accompanied by a decrease in 129
the reduction potential of its [FesS4] cluster by ~100 mV upon binding of either MgADP or 130
MgATP [29]. Chelation assays further demonstrate a limited or lack of ability for chelating 131
agents, such as bathophenanthrolinedisulfonate or 2,2-bipyridine, to chelate the Fe atoms 132
from the [FesS4] cluster of NifH in the absence of MgATP, but a full capacity of the same 133
chelating agents to rapidly remove the Fe atoms from the NifH-associated [FesS4] cluster 134
in the presence of MgATP [30-32]. These observations suggest that binding of MgATP 135
renders the [FesS4] cluster of NifH more surface exposed and, consequently, better posi- 136
tioned for the inter-protein electron transfer between NifH and NifDK within the nitro- 137
genase complex, which agree with the general function proposed for the interaction be- 138
tween MgATP and NifH during catalysis. 139
140
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Figure 4. The nucleotide-free and bound states of NifH. Shown are the perpendicular-mode EPR spectra of the =~ 143
nucleotide-free (black), MgADP-bound (red) and MgATP-bound (blue) forms of NifH in the dithionite-reduced, = 144
[FesS4]™* state. The g values are indicated. 145
146

Importantly, there is a difference in the behaviors of NifH upon binding of MgADP 147
and MgATP. Chelation experiments indicate that the [FesSs4] cluster of NifH remains pro- 148
tected from chelating agents in the presence of MgADDP [33,34], contrary to the substan- 149
tially increased accessibility of the NifH-associated cluster to chelating agents in the 150
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presence of MgATP. SAXS analysis further reveals a substantial conformational rear- 151
rangement of NifH upon binding of MgATP that contrasts a lack of conformational 152
change upon binding of MgADP [35]. These findings align well with previous results that 153
indicate a milder structural impact of MgADP than MgATP of NifH [1] as well as a tighter 154
binding of Mg ADP than MgATP to NifH [1] that is consistent with the fact that MgADP— 155
the product of MgATP hydrolysis during catalysis—also serves as an inhibitor to regulate 156
the activity of nitrogenase. Taken together, these results indicate a nucleotide-induced 157
conformational change of NifH that is particularly relevant to the function of NifH as an 158
ATP-dependent electron donor to NifDK within the nitrogenase complex (see section 3.1 = 159
below). Interestingly, NifH is believed to interact analogously with a NifDK variant in- 160
volved in P-cluster assembly, and with a biosynthetic scaffold that is structurally homol- 161
ogous to NifDK to facilitate M-cluster maturation. Both of these events are ATP-depend- 162
ent, pointing to a relevance of the nucleotide-induced conformational change of NifH to 163
its functions in nitrogenase biosynthesis (see section 3.2 below). 164

2.1.2. Redox properties 165

NifH can adopt three oxidation states: the oxidized, [FesSi]** state; the reduced, 166
[FesSs]' state; and the super-reduced, all-ferrous [FesSs]° state. Generated in vitro by an 167
oxidant (e.g., IDS) and a reductant (e.g., dithionite), respectively, the oxidized [FesS4]** clus- 168
ter is a diamagnetic species with a S=0 spin state [36], whereas the reduced [FesS4]'* cluster ~ 169
is a mixture of S =3/2 and S = 1/2 species (Figure 5a, b) that can undergo interconversion 170
upon treatment with chemical additives like glycerol or urea [36]. Under in vivo condi- 171
tions, the [FesS4] cluster of NifH is believed to cycle between the [FesSs]>* and [FesS4]'* states 172
to enable a one-electron transfer event during nitrogenase catalysis, using flavodoxins or 173
ferrodoxins as the physiological electron donors to access the [FesSi]'* state [37-39]. 174

[FesS,P*
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Magnetic Field (Gauss)

2.05 1.94
Ly 1.88
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c 16.4

[F e454]‘:‘
L
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176
Figure 5. The three oxidation states of NifH. Shown are the perpendicular-mode EPR spectra of (a) the oxidized, 177
[FesSa]?* state and (b) the reduced, [FesS4]'* state of NifH; and (c) the parallel-mode EPR spectrum of the super- 178
reduced, all-ferrous [FesS4]° state of NifH. The g values are indicated. 179

180
Such an interconversion between the [FesSi]** and [FesS4]™* states of NifH, depicted as the 181
‘Fe protein cycle’, is one key component of the mechanistic model of nitrogenase that fo- 182
cuses on the interprotein electron transfer from NifH to NifDK (see section 3.1 below). 183
However, the question as to whether NifH can facilitate a two-electron transfer event 184
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during catalysis was raised upon discovery of the super-reduced, all-ferrous [FesS:]° state 185
of NifH [40-43]. Accessed under in vitro conditions upon treatment of NifH with a strong 186
reductant like Ti-citrate [40] or Eu-DTPA [20,28], the [FesSs]° cluster displays a 187
characteristic, parallel-mode EPR signal at g = 16.4 (Figure 5c) [40] that is associated with 188
a distinctive pink hue [43]. Assigned as an S = 4 ground state spin state by combined 189
Mossbauer, EPR and DFT studies [44,45], this super-reduced [FesS4]° species is quite rare 190
in nature, with the only other known example being the 2-hydroxyglutaryl-coenzyme A 191
dehydratase of Acidaminococcus fermentans, which catalyzes the reversible syn-elimination 192
of water from (R)-2-hydroxyglutaryl-coenzyme A [46]. While coupling such a ‘doubly 193
reduced’ [FesSs]° cluster (instead of the 'singly reduced’ [FesS4]'* cluster) with the oxidized 194
[FesSa]?* cluster would reduce the expenditure of MgATP by half and is therefore highly 195
beneficial from the perspective of cellular energy conservation, the low reduction 19
potential required to generate the "pink all-ferrous state’ of NifH [43] has cast doubt on 197
whether such a state can be achieved under in vivo conditions. 198

Progress has been made, however, toward establishing the potential physiological 199
relevance of the all-ferrous state of the Fe protein. A recent study demonstrated that, con- 200
trary to its native counterpart, a variant of the A. vinelandii NifH protein containing a 201
[FesSe4] cluster in place of the [FesS4] cluster readily displayed the all-ferrous specific, g= 202
16.4 EPR signal in the presence of dithionite (Ei2 = -0.47 at 2 mM), a solution potential 203
where the native [FesS4] cluster was only capable of adopting the reduced [FesSs]'* state 204
[47]. This observation implies that the Fe protein could potentially access the all-ferrous 205
state under certain physiological conditions. Consistent with this suggestion, it was re- 206
ported that the vnfH-encoded Fe protein (VnfH) from Methanosarcina acetivorans displayed 207
50% of maximum intensity of the all-ferrous specific EPR signal at -0.59 V, a potential well ~ 208
within the range of the physiological reduction potentials within the cell [19]. The ‘pink 209
all-ferrous state’ of the Fe protein was further correlated with the ability of this proteinto 210
catalyze the reduction of Ci substrates (see section 3.3 below); however, experimental ev- 211
idence is yet to be acquired to address whether this all-ferrous state could be used to drive 212
nitrogenase catalysis under in vivo conditions. In this context, it should be noted that an- 213
other [FesS54]0 species—generated with an in vivo electron donor, flavodoxin—has been re- 214
ported previously. Characterized by biochemical, NMR and EPR analyses, this all-ferrous 215
species is brown in color and proposed to adopt an S = 0 spin state [42]. This observation 216
is important, as the proposed all-ferrous species was obtained with a physiologically rel- 217
evant reductant. However, given the EPR-silent nature of the S = 0 spin state, more sensi- 218
tive magnetic measurements, such as those by Mossbauer spectroscopy, are required to 219
verify the spin state of this ‘brown all-ferrous state’, along with further experiments that 220
probe its physiological relevance to nitrogenase catalysis. 221

2.2. The Fe proteins of the ‘alternative’ V- and Fe-only nitrogenases 222
The vnfH- and anf-encoded Fe proteins (designated VnfH and AnfH) from A. vine- 223
landii share a good degree of sequence homology with their nifH-encoded counterpart; 224
however, the sequence identity between VnfH and NifH (~90%) is much higher than that 225
between AnfH and NifH (~60%), pointing to a more distant relationship between AnfH 226
and its VnfH and NifH homologs [48]. Interestingly, such a difference in sequence is not 227
reflected in the crystal structures of these related Fe proteins, as a structural comparison 228
of NifH, VnfH and AnfH in the MgADP-bound state reveals that they adopt nearly iden- 229
tical conformations (Figure 6) [8,49,50]. All three Fe proteins are homodimers of ~60 kDa, 230
with their subunits having the same Rossmann-type paf-fold. Additionally, all three pro- 231
teins have a subunit-bridging [FesS:] cluster that is ligated by a pair of cysteines from each 232
subunit (Cys98 and Cys 133 in VnfH; Cys97 and Cys131 in AnfH), as well as a nucleotide- 233
binding site within each subunit that consists of a Walker A motif [49,50]. 234
235
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Figure 6. The homologous Fe proteins from Mo-, V- and Fe-only nitrogenases. Crystal structures of the MgADP- 238
bound forms of (a) NifH (PDB entry 6n4l), (b) VnfH (PDB entry 6q93) and (c) AnfH from A. vinelandii (PDB entry =~ 239
7qqa). The subunits, clusters and MgADP are presented and colored as those in Fig. 1. 240
241

Consistent with the observation of a structural conservation among NifH, VnfH and 242
AnfH, all three Fe proteins display a mixture of S =3/2 and S = 1/2 EPR resonances in the 243
dithionite-reduced state [51], indicating that they contain highly similar [FesS4] clusters. 244
XAS/EXAFS analysis provide further support for this argument, showing nearly indistin- 245
guishable conformations adopted by the [FesS4]'* clusters in all three Fe proteins, except 246
for a greater out-of-plane bend of the two NifH-associated [Fe2S:2] rhomboids than those 247
of their counterparts in VnfH and AnfH [51]. The similarity among the homologous Fe 248
proteins extends further to their redox behaviors. Like NifH, VnfH can adopt three oxida- 249
tion states, namely, the oxidized [FeS4]** state, the reduced [FesS4]™* state, and the super- 250
reduced, all-ferrous [FesS4]? state [28]. Such an ability to adopt the same charge states are 251
also conserved among the homologous Fe proteins of bacterial (e.g., NifH and VnfH from 252
A. vinelandii) and archaeal (e.g., NifH and VnfH from M. acetivorans) origins [28]. In the 253
case of AnfH, however, it is not known whether this Fe protein can adopt the same oxida- 254
tion states as its NifH and VnfH counterparts, although a similar redox behavior is ex- 255
pected given the similar structural and electronic properties among the three homologous 256
Fe proteins. 257
As is the case with NifH, both VnfH and AnfH likely utilize the [FesS4]2/1* couple to 258
facilitate a one-electron transfer event to their respective catalytic partners during nitro- 259
genase catalysis; whereas the super-reduced [FesS4]° state of VnfH, like that of NifH, is 260
associated with the ability of Fe protein to perform Ci substrate reduction. It is interesting 261
to note that, while VnfH displays strong cross-reactivity with NifDK—the catalytic com- 262
ponent of Mo-nitrogenase —in substrate reduction, AnfH appears to interact poorly with 263
NifDK in such a ‘hybrid” nitrogenase system, which could originate from the relatively 264
lower sequence identity between AnfH and its VnfH and NifH homologs [48]. Moreover, 265
when compared in the context of the complete nitrogenase, the AnfH-supported nitrogen- 266
ase system is also the least active in substrate reduction, with an average activity of ~65% 267
and 40%, respectively, relative to those of the VnfH- and NifH-supported nitrogenase sys- 268
tems [3]. However, comparable activities of all three Fe proteins with NifDK have also 269
been reported [51], suggesting that further studies are required to unveil the functional 270
similarities and distinctions among these homologous members of the Fe protein family. 271

3. The multi-tasking roles of Fe protein in catalysis and biosynthesis 272

The Fe protein plays a multitude of functions in substrate reduction and metalloclus- 273
ter assembly. To date, most of the studies concerning the functions of Fe protein have been 274
conducted on NifH, leading to the recognition of its functions as (1) an obligate electron 275
donor to its catalytic partner, NifDK, during nitrogenase catalysis (Figure 2a) [1-4]; (2) an 276
Mo/homocitrate insertase to enable M-cluster maturation (Figure 2b) [12-15]; and (3) are- 277
ductase to facilitate P-cluster formation (Figure 2c) [15-18]. Additionally, the NifH and 278
VnfH proteins from A. vinelandii and M. acetivorans have been characterized for their func- 279
tions as independent reductases to effect ambient conversion of Ci substrates, including 280
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COz and CO, to hydrocarbons (Figure 2d) [19-24]. The multi-tasking functions of the Fe 281
protein will be discussed in detail below. 282

3.1. The role of Fe protein in nitrogenase catalysis 283

NifH is best known for its role as an obligate electron donor to its catalytic partner, 284
NifDK, during nitrogenase catalysis. The catalytic behavior of NifH is depicted by a so- 285
called ‘Fe protein cycle’ (Figure 7) [1], which begins with binding of the reduced, MgATP- 286
bound NifH with NifDK, which facilitates the inter-protein electron transfer from NifH to 287
NifDK concomitant with the hydrolysis of MgATP. Subsequently, the oxidized, 288
MgADP/Pi-bound NifH is dissociated from the reduced NifDK, and MgADP and P: are 289
released from NifH. This event is followed by a re-reduction of NifH and a ‘reloading” of =~ 290
MgATP on this protein, which initiates the next cycle of complex formation and electron 291
transfer between NifH and NifDK. The ‘Fe protein cycle’ must repeat multiple times be- 292
fore substrate reduction by NifDK can take place through a so-called ‘MoFe protein cycle’ 293
[1,3,52,53] , which involves a stepwise intra-protein delivery of protons and electrons to 294

the M-cluster of NifDK for the binding, activation and reduction of substrates. 295
296
o NifHR(MgATP),NifDK e transfer
Ass% delysts
NifHR(MgATP), + NifDK NifHOX(MgADP, P),NifDKR
2 MaADP + 2 P %ociaﬁon
g i NifHO*(MgADP,P,), + NifDKR

2 MgATP + e- 297
298

Figure 7. The Fe protein cycle. This cycle depicts the function of NifH as a reductase component of nitrogenase 299
to facilitate the interprotein electron transfer, concomitant with ATP hydrolysis, to its catalytic partner NifDK 300
via repeated association and dissociation. NifHR, reduced NifH; NifHO%, oxidized NifH; NifDKR, reduced NifDK 301

302

The interaction between NifH and NifDK was initially explored by docking analysis 303

and cross-linking between NifH and NifDK [54,55] that led to the identification of the 304
Glul12 residue of NifH as a potential docking site. Subsequent mutagenic analyses re- 305
vealed potential involvement of several surface residues of NifH, including Argl00, 306
Arg140 and Lys143, in the interprotein transfer of electrons from NifH to NifDK [56-59]. 307
These earlier findings were validated in 1997 by the crystal structure of a ‘transition state’ 308
complex of A. vinelandii Mo-nitrogenase, which was stabilized with MgADP-AlFs, anon- 309
hydrolyzable MgATP analog (Figure 8a) [11]. Interestingly, while the overall confor- 310
mation of NifH in this complex is similar to that of the non-complexed NifH, there is a 311
clear movement of its [FesS4] cluster toward the protein surface (Figure 8b), which places 312
this cluster more closely to the P-cluster in NifDK. Subsequent crystallographic attempts 313
led to the observation of a number of complexes between NifH and NifDK, with NifH 314
present in the nucleotide-free, MgADP-bound, and MgAMPPCP (another non-hydrolyz- 315
able MgATP analog)-bound states (Figure 8d-f) [27]. A comparison of these complexes 316
reveals a 'rolling’ movement of NifH across the surface of NifDK that presumably occurs 317
concomitantly with MgATP hydrolysis and electron transfer (Figure 8d-f). 318
Notably, the Mo-nitrogenase complexes crystallized with MgADP and non-hydro- 319
lyzable MgATP analogs (i.e., MgADP-AlFs+ and MgAMPPCP) all consist of NifH and 320
NifDK at a molar ratio of 2:1. In contrast, a recent cryo-EM study of the A. vinenaldii Mo- 321
nitrogenase complex, which was generated with MgATP under turnover conditions, re- 322
vealed a molar ratio of 1:1 between NifH and NifDK (Figure 8c) [60] Consistent with this 323
finding, crystallographic analyses of an N2-bound NifDK from A. vinelandii demonstrated 324
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Figure 8. The various Mo-nitrogenase complexes from A. vinelandii. (a, b) Crystal structures of the MgADPe AlFs- 326
stabilized complex (a) alone (PDB entry 1n2c), and (b) overlaid with the nucleotide-free NifH (PDB entry 2nip), = 327
showing a movement of the [FesS4] cluster of NifH by ~3 A (indicated by a red arrow) toward the P-cluster of 328
NifDK upon complex formation. (c) Cryo-EM structure of turnover (TO) complex I, showing a molar ratioof 1:1 329
between NifH and NifDK (PDB entry 7ut8). (d-f) Crystal structures of complexes generated (d) without nucleo- 330
tide (PDB entry 2afh); (e) with MgADP (PDB entry 2afi); and (f) with MgAMPPCP (PDB entry 2afk), showinga 331
plausible 'rolling’ movement of NifH across the surface of NifDK upon hydrolysis of MgATP. Note that the =~ 332
molar ratio between NifH and NifDK is 2:1 within the complexes generated with non-hydrolyzable MgATP 333
analogs, MgADPe AlFs (a) and MgAMPPCP (f), and with MgADP (e), contrary to the molar ratio of 1:1 between 334
NifH and NifDK within the complexes generated with MgATP under turnover conditions (c), and without nu- 335
cleotide (d). The subunits, clusters, MgADP ¢ AlFs, MgADP and MgAMPPCP are presented and colored as those 336
in Fig. 1. 337

338

an asymmetric binding of N2 to the two cofactors, leading to the hypothesis of an alternat- 339
ing docking of NifH on the two af3-dimers of NifDK that results in an asynchronous se- 340
quence of events of N2 reduction in the two cofactors [61]. While further evidence is re- 341
quired to substantiate this hypothesis, these recent structural observations illustrate a 342
highly dynamic interaction between NifH and NifDK during substrate turnover that un- 343
derlies the intricate substrate reduction mechanism of nitrogenase. 344

3.2. The role of Fe protein in nitrogenase biosynthesis 345

The role of NifH in nitrogenase biosynthesis was first recognized from the observa- 346
tion that deletion of nifH resulted in a NifDK species that was not only M-cluster-deficient, 347
but also contained a precursor in place of a mature P-cluster [16]. Combined biochemical, 348
spectroscopic and structural analyses have established NifH as a Mo/homocitrate in- 349
sertase for M-cluster maturation (section 3.2.1) [12-15], and as a reductase for P-cluster 350
formation (section 3.2.2) [15-18]. Strikingly, the actions of NifH in nitrogenase catalysis 351
(see above) and metallocluster biosynthesis (see below) are analogous to each other in that 352
both involve electron transfer in an ATP-dependent manner. However, there are clear 353
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distinctions between the functionality of NifH in catalysis and assembly. Apart from the
distinctive nature of substrate reduction and cluster assembly that underlies the differ-
ences between these processes, a recent study has demonstrated the requirement of a more
negative reduction potential for NifH to fulfill its function in nitrogenase catalysis than
those for the same protein to carry out its functions in nitrogenase assembly [47]. Moreo-
ver, while formation of the P-cluster involves interactions between NifH and a NifDK
variant that are analogous to those between NifH and NifDK during catalysis, maturation
of the M-cluster occurs on a biosynthetic scaffold that is homologous to, but clearly dis-
tinct from NifDK, and involves more chemical transformations than those occurring dur-
ing the process of P-cluster maturation. The distinct functions of NifH in these biosyn-
thetic processes will be discussed in detail below.

3.2.1. M-cluster maturation

Biosynthesis of the M-cluster (Figure 9a) occurs outside its destined binding site in
NifDK (‘ex situ’) and involves a series of nif-encoded assembly scaffolds [14,15]. This pro-
cess begins with the actions of NifS and NifU, with NifS serving as a pyridoxal phosphate-
dependent cysteine desulfurase for the formation of a protein-bound cysteine persulfide
that is subsequently donated to NifU for the sequential formation of [Fe2Sz] and [FesSa]
clusters [62-65]. Subsequently, a pair of [FesS4] clusters (designated the K-cluster) is trans-
ferred to a radical SAM enzyme, NifB, and undergoes radical SAM-dependent transfor-
mation into an [FesSoC] precursor (designated the L-cluster) that is indistinguishable in
structure to the fully assembled M-cluster except for the absence of Mo and homocitrate
(Figure 9a) [66-73]. Subsequently, the L-cluster is transferred to the next biosynthetic scaf-
fold, NifEN, where it is matured into an M-cluster upon insertion of Mo and homocitrate
(Figure 9a) [12,13, 74-82] prior to transfer of the matured M-cluster to its target location
within NifDK (Figure 9a) [83].
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Figure 9. Biosynthesis of the complex metalloclusters of Mo-nitrogenase. Shown are (a) the ‘ex situ” assembly of
the M-cluster, where NifH serves as a Mo/homocitrate (hc) insertase to mature the L-cluster ([FesSoC]) into a
fully assembled M-cluster ([(R-homocitrate)MoFe7SsC]) on NifEN; and (b) the ‘in situ” assembly of the P-cluster,
where NifH serves as a reductase to facilitate the reductive coupling of a P*-cluster (a [FesS4]-like cluster pair)
into a fully assembled P-cluster ([FesS7]) on NifDK. Note that the assembly pathways of M- and P-clusters share
the early steps that involve the sequential formation of [Fe2Sz2] and [FesS4] clusters by the concerted actions of
NifS and NifU. The two pathways branch after these early events, with a pair of [FesS4] clusters (K-cluster) de-
livered to NifB for the formation of an M-cluster, and a pair of [FesS4] clusters (P*-cluster) delivered to NifDK
for the formation of a P-cluster. The biosynthetic events on NifB involve radical SAM-dependent coupling of the
two 4Fe units of the K-cluster (designated K1 and K2) into an 8Fe L-cluster concomitant with the insertion of a
‘9th sulfur’ (a); whereas the biosynthetic events on NifDK involve the stepwise formation of the two P-clusters in
the two ap-halves of NifDK via reduction coupling of the two 4Fe units of the P*-cluster into an [FesSr] P-cluster
concomitant with the removal of an ‘8t sulfur” (b).

Although an involvement of NifH in M-cluster maturation was implicated by the
observation that deletion of nifH resulted in a cofactor-deficient from NifDK [16], the
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specific function of NifH in this process had remained elusive until a NifEN protein was 398
purified from a nifHDK-deletion strain of A. vinelandii and shown to be bound with an 399
[FesSeS] precursor to the M-cluster (i.e., the L-cluster) [81,82]. Subsequent biochemical and 400
EPR studies demonstrated that the L-cluster on NifEN could be converted to a fully com- 401
plemented M-cluster upon incubation with NifH, MgATP, molybdate, homocitrate and 402
dithionite [12,13,79]. Fe and Mo K-edge XAS analyses provided further validation that the 403
NifEN-associated M-cluster was structurally nearly identical to its NifDK-associated 404
counterpart except for an asymmetric ligation of Mo that likely originated from a different 405
protein environment in NifEN than that in NifDK [13]. Re-isolation of NifH following 406
incubation with molybdate, homocitrate, MgATP and dithionite revealed that this protein 407
was ‘loaded” with Mo and homocitrate and that this ‘loaded” form of NifH could be di- 408
rectly used as a Mo/homocitrate source to convert the L-cluster to an M-cluster on NifEN 409
[12]. Together, these results have firmly established NifH as an ATP-dependent Mo/ho- 410
mocitrate insertase that plays a key role in M-cluster maturation. 411

The requirement of MgATP and reductant for NifH to carry out its function in M- 412
cluster maturation points to a certain analogy between the functions of NifH in cofactor 413
assembly and substrate catalysis. Such an analogy is not surprising given the homology 414
in the overall structure and cluster composition of NifEN and NifDK. An azf hetero- 415
tetramer, NifEN houses a [FesS4] cluster in place of the P-cluster ([FesSy]) at the o/3-subunit 416
interface, and an L-cluster ([FesSeC]) in place of an M-cluster ([(R-homocitrate)MoFe7SoC]) 417
within the a-subunit [78]. It is likely, therefore, that the MgATP-dependent interaction 418
between NifH and NifEN during M-cluster maturation resembles that between NifH and 419
NifDK during substrate reduction. Adding to the similarity between the biosynthetic com- 420
plex (NifH/NifEN) and the catalytic complex (NifH/NifDK) is the function of NifH as an 421
ATP-dependent reductase during these processes. Only in the case of M-cluster matura- 422
tion, the reducing equivalent is, at least in part, used for the reduction of molybdate, as 423
the Mo K-edge XAS spectrum of the ‘loaded” NifH revealed a decreased number of Mo=O 424
bonds (2-3 instead of 4 in molybdate) and reduction in the effective nuclear charge of Mo 425
due to a change in the formal oxidation state or the ligation of Mo [12]. Along this line of 426
observation, a nucleotide-dependent reduction of orthovanadate by NifH was also re- 427
ported [84], pointing to a general role of this type of reaction in facilitating the activation 428
and reduction of transition metals. It is also possible that additional reduction events oc- 429
cur through the nucleotide-dependent, interprotein transfer of electrons between NifH 430
and NifEN to facilitate M-cluster maturation on NifEN, much like that between NifH and 431
NifDK during catalysis. However, further experiments are required to test this hypothe- 432
sis. . 433

Consistent with binding of the metal alongside the organic compound, the EPR spec- 434
trum of the Mo- and homocitrate-'loaded” NifH adopts a line-shape between those of the 435
MgADP- and MgATP-bound states of NifH [12]. This observation coincides with that de- 436
rived from the first crystal structure of an ADP-bound form of NifH, wherein Mo occupies 437
a position that corresponds to the y-phosphate of ATP [7]. Given the structural analogy 438
between phosphate and molybdate, such an ADP-Mo binding mode could represent the 439
initial attachment of Mo to NifH, a concept supported by similar nucleotide-assisted pro- 440
cesses proposed for the insertion of Mo into the pterin-based cofactors [85]. The delivery 441
of Mo and homocitrate appears to be concerted, as maturation of the L-cluster on NifEN 442
can only occur when Mo and homocitrate are supplied simultaneously. The reason behind 443
this effect, however, requires further investigation. 444

3.2.2. P-cluster formation 445

Biosynthesis of the P-cluster (Figure 9b) [16-18,86-92], like that of the M-cluster, be- 446
gins with the sequential formation of [Fe2S2] and [FesS4] units by NifS and NifU [15]. How- 447
ever, further maturation of small FeS units into a mature P-cluster takes place at its target 448
location within NifDK (‘in situ”), with NifH playing a key role in this process [15,93]. 449
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Earlier attempts to extract P-clusters from NifDK have resulted in the recovery of 450
[FesS4] clusters, pointing to the possibility that the P-cluster is generated from [FesSs] mod- 451
ules. Consistent with this suggestion, biochemical, EPR and XAS studies of a NifDK vari- 452
ant isolated from a nifH-deletion strain of A. vinelandii revealed that this variant (desig- 453
nated AnifH NifDK) was not only cofactor-deficient, but also contained a pair of [FesSs]- 454
like clusters in place of the [FesS7] P-cluster [16,17]. VIVH-MCD analysis demonstrated 455
that each [FesSs] pair in AnifH NifDK comprised a [FesSs]™* cluster and a diamagnetic 456
[FesSa4]-like cluster, which became paramagnetic upon oxidation by IDS [94]. Biochemical 457
experiments further established the [FesSi]-like cluster pair (designated the P*-cluster) as 458
a physiologically relevant precursor to the P-cluster, as AnifH NifDK could be fully acti- 459
vated upon incubation with NifH, MgATP, dithionite, and solvent-extracted M-clusters 460
[18]. Interestingly, monitoring of the real-time P-cluster maturation by Fe K-edge XAS ex- 461
periments led to the observation of a stepwise formation of the two P-clusters in AnifH 462
NifDK; in other words, the two P-clusters are matured, one at a time, in the two ap-halves 463
of AnifH NifDK [90]. Interestingly, such a sequential assembly of the two P-clusters in 464
NifDK was also captured in three cofactor-deficient NifDK variants generated upon stra- 465
tegic deletions of genes encoding biosynthetic proteins, with (i) AnifH NifDK (containing 466
two P*-clusters) representing the starting conformation; (i) AnifBAnifZ NifDK (containing 467
one P*-cluster and one P-cluster) representing the intermediary conformation; and (iii) 468
AnifB NifDK (containing two P-clusters) representing the end conformation of the step- 469
wise assembly of P-clusters in NifDK [15]. Importantly, the asymmetry in P-cluster as- 470
sembly parallels that proposed for substrate reduction on the basis of the recent observa- 471
tion of asymmetric N2-bound conformations in the two cofactors of NifDK [61], whichis 472
not particularly surprising as both processes likely involve an alternating docking of NifH 473
on the two af-halves of its respective NifDK partner. 474

The strict dependence of P-cluster maturation on the concentration of reductant and 475
hydrolysis of ATP [90] points to a crucial role of NifH in supplying electrons for the re- 476
ductive coupling of two 4Fe subclusters (P*-cluster) into an 8Fe cluster (P-cluster). This 477
argument was supported by Fe K-edge XAS experiments that demonstrated a successive 478
reduction of the Fe atoms of the P*-cluster during the maturation process until they even- 479
tually stabilized at a near all-ferrous oxidation state in the matured P-cluster [90]. SAXS 480
analyses further revealed a 6 A gap at the o/p-dimeric interface of AnifH NifDK (contain- 481
ing the P*-cluster) that was not observed in AnifB NifDK (containing the P-cluster), sug- 482
gesting a role of NifH in holding the a- and 3-subunits of NifDK together while donating 483
electrons for the reductive coupling of two 4Fe units into an 8Fe entity [92]. A dual role of 484
NifH in facilitating electron transfer while providing structural aid for P-cluster matura- 485
tion was also supported by the observation of a sole requirement of NifH for the assembly 486
of the ‘first’ P-cluster, but a requirement of both NifH and NifZ for the assembly of the 487
‘second’ P-cluster in AnifBAnifZ NifDK [86,90,91,95]. This observation was rationalized by =~ 488
the ‘second’ [FesSs]-like cluster pair being forced apart upon fusion of the ‘first’ pair of 489
[FesSa]-like clusters and, consequently, a need to have NifH stabilizing the ‘second” a/p- 490
subunit interface—along with NifZ in a chaperone-like function—while facilitating elec- 491
tron transfer for the coupling of the ‘second’ [FesS4] cluster pair into an [FesSy] P-cluster. 492
However, the exact function of the small, metal-free NifZ in this process remains elusive. 493

3.3. The role of Fe protein in C1 substrate reduction 494

The ability of the Fe protein to reduce Ci substrates was initially observed for the 495
NifH and VnfH proteins from A. vinelandii under both in vitro and in vivo conditions. Both 496
A. vinelandii Fe proteins can reduce CO:z to CO (Figure 10a) [24], with or without ATP, in 497
the presence of dithionite; however, the yields of CO are higher in both cases in the pres- 498
ence of ATP, likely due to a decrease in the reduction potentials of their associated [FesSs] 499
clusters by ~100 mV upon ATP binding [24]. Substitution of dithionite (E’=-0.47 V at2 500
mM) with Eu'-DTPA (E’=-1.14 V vs. SHE at pH 8) in the in vitro assays led to a dramatic 501
increase in the yields of CO by both proteins, and repeated addition of Eu'-DTPA resulted 502
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in a total turnover number of 8 for both NifH and VnfH [24]. A substantial increase in 503
activity could also be accomplished by both NifH and VnfH in the whole cells of A. vine- 504

landii, a trait attributed to the reducing intracellular environment that protects the Fe 505
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Figure 10. Differential reactivities of the Fe proteins with C1 substrates. (a-c) Schematic presentations showing 507

the abilities of (a) the A. vinelandii NifH and VnfH proteins to reduce CO:2 to CO; (b) the M. acetivorans NifH 508
protein to reduce CO:2 to CO and hydrocarbons (HCs), and CO to hydrocarbons (HCs); and (c) the M. acetivorans 509
VnfH protein to reduce CO to hydrocarbons (HCs). (d-f) Crystal structures of (d) the reduced AvNifH (PDB 510
entry 2nip) that is free of substrate and (e) the reduced MaNifH with CO2 bound in an unactivated, linear con- 511
formation (PDB entry 6nzj); and (f) DFT-optimized structure of the super-reduced AuvNifH (PDB entry 600b) 512
with CO2 bound in an activated, bent conformation. 513

514

protein from Oz damage, and the assortment of ferredoxins and/or flavodoxins that serve 515
as the “correct’ electron donors to the Fe protein to effect in vivo reduction of CO2 [24]. EPR 516
analysis revealed a decrease in the intensities of the characteristic signals of the [FesSs]'* 517
and [FesS4]0 clusters, respectively, in the reactions driven by dithionite and Eu-DTPA, 518
consistent with oxidation of both clusters to an EPR-silent [FesS4]?* state upon donation of 519
electrons to CO2. Additionally, such a change in the oxidation state of the [FesSs] cluster 520
was accompanied by the appearance of a new EPR feature at g = 1.99 in both dithionite- 521
and Eu™-DTPA-driven reactions, which likely resulted from an interaction between the 522
[FesS4] cluster and the substrate, CO:2 [24] These observations collectively point to the re- 523
dox-active [FesS4] cluster of Fe protein as the active-site cofactor for CO2 reduction. 524
Interestingly, the two Fe proteins from A. vinelandii cannot reduce CO: past CO to 525
hydrocarbons; instead, they are capable of oxidizing CO to CO:z at a much higher effi- 526
ciency than CO: reduction, making them functionally resemblant to the Ni-containing CO 527
dehydrogenase [96-98]. In comparison, the NifH and VnfH proteins from M. acetivorans 528
cannot oxidize CO to COz; yet, both proteins can reduce Ci substrates to hydrocarbons 529
(Figure 10b, c) despite a difference in their reactivities with CO or CO2 [23]. Specifically, 530
MaNifH can reduce CO: to CO and Ci-Cs hydrocarbons, and CO to Ci-Cs4 hydrocarbons, 531
in the presence of Eu"-DTPA; whereas MaVnfH is incapable of reducing COz but can re- 532
duce CO to Ci-Cs hydrocarbons with a product yield that is one magnitude lower than 533
that of MaNifH under the same reaction conditions. The differential Ci substrate reactivi- 534
ties of MaNifH and MaVnfH have been shown to be associated with the strengths (i.e., 535
reduction potentials) of their respective all-ferrous states in Ci substrate reduction, with 536
MaVnfH having a weaker all-ferrous state at a more positive reduction potential than the 537
stronger all-ferrous state adopted by its MaNifH counterpart at a more negative reduction 538
potential [19]. Consistent with this observation, a variant of AvNifH containing a [FesSes] 539
cluster in place of the [FesS4] cluster was shown to adopt the all-ferrous state at a more 540
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positive potential than its native AuNifH counterpart and, consequently, reduce CO2to 541
CO at a reduced efficiency than the latter in the presence of Eu™-DTPA, where both Fe 542
proteins exist fully in the super reduced, all ferrous sate [47]. 543

The mechanism of the Fe protein-facilitated reduction of CO2 to CO was probed by 544
structural, mutagenic, and theoretical studies of AuNifH and MaNifH (Figure 10d-f) 545
[20,21], leading to the proposal of an asymmetric utilization of the seemingly symmetrical 546
elements of the Fe protein and its associated [FesS4] cluster for the binding, activation and 547
reduction of CO2. The proposed pathway of CO2 reduction begins with formation of a 548
cage-like configuration by a conserved Arg pair at the protein surface, which traps the 549
unactivated, linear CO2 molecule near the [FesS4] cluster at a distance of ~4 A between the 550
C atom of CO2 and one of the Fe atoms (designated Fe3) of the [FesS:] cluster (Figure 10e). 551
Subsequently, the CO: moiety is activated into a bent, carboxylate-like conformation by 552
an asymmetric movement of one Arg residue (designated proximal Arg) toward one O 553
atom of CO», which allows hydrogen-bonding interactions between them, as well as an 554
asymmetric coordination of the C atom of CO:z by the unique Fe3 atom of the cluster (Fig- 555
ure 10f). Reduction of CO: then proceeds asymmetrically, with the proximal Arg serving 556
as the proton donor that facilitates proton-coupled electron transfer to COz, leading to 557
scission of a C-O bond concomitant with removal of O as water, followed by release of 558
CO as the product of the reaction [20,21]. 559

The mechanism of the FeS-based reduction of CO: to hydrocarbons was further ex- 560
amined by DFT calculations of the reaction catalyzed by the synthetic [FesS4] cluster in the 561
presence of a strong reductant, Smlz (E?” = -1.55 V vs. SCE in tetrahydrofuran) [23]. One 562
energetically plausible pathway derived from these calculations begins with binding of 563
CO: to the all-ferrous [FesS4]° cluster (S = 0), followed by protonation and proton-coupled 564
electron transfer to the CO2 moiety that results in the scission of one C-O bond concomi- 565
tant with the removal of O as water, similar to that proposed for the protein-facilitated 566
reduction of COz to CO. Subsequently, CO is either released or transformed into a cluster- 567
bound, Fe-formyl intermediate, which undergoes further reduction to yield a reactive Fe- 568
methyl species. Such a species is either reduced and released as CHa or proceeds to C-C 569
coupling via migratory insertion of CO into the Fe-methyl bond. The resulting Fe-acetyl 570
intermediate then undergoes a series of reduction steps to yield an Fe-ethyl intermediate, 571
followed by further reduction of this intermediate and release of C2Hs as the product of 572
the first C-C coupling reaction. The proposal of an aldehyde-like, Fe-formyl intermediate 573
was validated by the experimentally observed reduction of formaldehyde (CH20) to CHs 574
by the free [FesS4] cluster in solutions [23]; whereas the proposal of C-C coupling via mi- 575
gratory insertion of CO into a metal-alkyl bond is consistent with that proposed for the 576
chemical Fischer-Tropsch process, highlighting a broad similarity between the FeS-cata- 577
lyzed Fischer-Tropsch-like reaction and its chemical counterpart while pointing to the 578
possibility of developing enzymatic FeS catalysts for the ambient recycling of the green- 579
house gas (CO2) and carbon waste (CO) into hydrocarbons in the future. 580

4. Conclusion 581

The Fe protein is a versatile FeS enzyme that have multiple roles in substrate reduc- 582
tion and metallocluster assembly. Other than serving as the canonical redox partner to 583
NifDK during catalysis, NifH also plays a key role in the assembly of both M- and P- 584
clusters of NifDK, interacting with its respective biosynthetic partners in a manner analo- 585
gous to, yet distinct from its interaction with NifDK during substrate reduction. Im- 586
portantly, all these processes have a common denominator in ATP hydrolysis and electron 587
transfer, the quintessential function of NifH as an ATP-dependent reductase. Moreover, 588
the recent discovery that the Fe protein can effect ambient reduction of CO2 and CO to 589
hydrocarbons adds another function to the catalytic repertoire of this unique FeS protein, 590
making it a potential template for future development of FeS catalysts for the carbon-neu- 591
tral production of hydrocarbon products. The many functions of the Fe protein await 592
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further exploration to provide answers related to the catalysis, biosynthesis and applica-
tions of the fascinating nitrogenase enzyme.
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