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ABSTRACT OF THE DISSERTATION
The Diverse Roles of [4Fe-4S] Clusters in Nitrogenase Iron-Sulfur Cluster Assembly and Catalysis
By
Lee Alexander Rettberg
Doctor of Philosophy in Biological Sciences
University of California, Irvine, 2020

Professor Markus Walter Ribbe, Chair

Nitrogenase catalyzes the enzymatic reduction of dinitrogen (N2) into ammonia (NH3) at
ambient temperatures and pressures. N, reduction by molybdenum (Mo) nitrogenase requires
the catalytic molybdenume-iron protein (NifDK) and its reductase, the iron protein (NifH). In
addition to its role in N2 reduction, NifH proteins can independently reduce carbon dioxide
(CO;) to carbon monoxide (CO) and short-chain hydrocarbons. Nitrogenase proteins contain
iron-sulfur cluster cofactors that are crucial to these activities. NifH uses a [FeS4] cluster for
transferring electrons to NifDK and for independently reducing C1, whereas the site of N2
reduction on NifDK is the complex [MoFe;S¢C-homocitrate] M-cluster. M-cluster, however, is
synthesized ex-situ by other proteins from [FesSa] cluster precursors. The radical S-
adenosylmethionine enzyme NifB uses [FesSa] cluster units for the biosynthesis of the [FesgSoC]
L-cluster, the immediate precursor to M-cluster. NifH and NifB rely on [FesSa] clusters to
perform very different functions, mediated by their protein environments in ways that aren’t
well understood. The focus of this dissertation is on how the distinct protein environments of

NifH and NifB proteins modulate the reactivity of their [FesS4] clusters.

XX



Three [FesS4] cluster modules, and their amino acid ligands, were identified on NifB by
spectroscopic and biochemical characterization of mutant proteins. Interestingly, a histidine
residue that serves as a transient nitrogen ligand to a [FeSa] precursor cluster was crucial for L-
cluster assembly. Mutation of this ligand was found to interfere with the structural

transformations of iron-sulfur clusters of NifB.

To understand how the [FeS4] cluster at the active site of NifH catalyzes C; substrate
reductions, | solved the structures of two NifH proteins by X-ray crystallography. The first was
NifH in the all-ferrous [FesS4]° state from Azotobacter vinelandii (AvNifH). This form, produced
by treating the protein with a strong reductant, is the most active in substrate reduction. The
structure solved from a crystal in this form revealed two arginine residues that have an
asymmetric arrangement that can serve to capture and protonate substrates. Another NifH
protein, Methanosarcina acetivorans (MaNifH), can reduce CO; and CO to short-chain
hydrocarbons. MaNifH in the [FesS4]'* state, produced by the presence of dithionite,
demonstrates a similar asymmetric arrangement of a pair of arginines. These crystallization
solution also contained bicarbonate, an alternative CO; source. Excitingly, additional density,
potentially a captured substrate, was observed near the [FesSa] cluster. These structures
provided parameters for density functional theory (DFT) calculations provided details that

enabled propose mechanisms for CO2 and CO reduction by [FesSa] clusters.

Together, these results contribute towards building a mechanistic model of a novel [FesS4]-
based system for converting greenhouse gases into hydrocarbon fuels, and for understanding

how [FesS4] clusters are used to synthesize more complex metallocofactors.
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Chapter 1: Introduction to Nitrogenase



1.1 Overview of Nitrogenase

Nitrogenase is an enzyme that catalyzes the reduction of dinitrogen (N2) into ammonia (NH3);
this reduced form of nitrogen can then be incorporated into various biomolecules. Nitrogenase
is found in diazotrophic bacteria and archaea and is a critical part of the global nitrogen cycle
(1). Diazotrophs reduce N by nitrogenase under ambient conditions. In contrast, the industrial
Haber-Bosch process requires high temperatures and pressures, and consumes large amounts
of energy from fossil fuels, to carry out the same reduction. The advantages of the enzymatic

system motivates research into how nitrogenase proteins perform this challenging reaction.

The best-characterized nitrogenase system is the molybdenum-dependent Mo-nitrogenase
from the free-living soil bacterium, Azotobacter vinelandii (Av). Mo-nitrogenase requires two
protein components: the molybdenum- and iron-containing MoFe protein (also called NifDK),
and the iron-containing Fe protein (also called NifH)(2). N2 reduction also requires a reductant,
MgATP, and strictly anaerobic conditions to occur in vitro. Our current understanding of
nitrogenase, as outlined in this chapter, is built on decades of biochemical, spectroscopic,

genetic, and structural studies of this system (3, 4).
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Figure 1.1 Models of nitrogenase protein and metallocluster structures. a Ribbons of NifH shown as orange
ribbons; one ap half of NiDK is depicted as blue ribbons. Electron transfer between clusters indicated by the
dashed arrow. b [FesS4] (top), P-cluster (center), and M-cluster (bottom) models with amino acid ligands
labeled. Atoms are colored as follows: Fe, rust; S, gold; Mo, cyan; C, light gray; O, red; N, blue; Mg, green.
Created from the structure of the NifH-NifDK complex with MgADP bound; PDB 2AFI (5).

Nitrogenase proteins contain complex metallocofactors that are key to their functions. In Mo-

nitrogenase, N reduction occurs at a [MoFe7SsC-(R-homocitrate)] M-cluster within the azf32

heterotetrameric NifDK protein (nifD and nifK gene products) (Fig. 1.1 a) (6-8). His**4* and

Cys®?75 |igate M-cluster within the o subunits of NifDK, 10 A from the protein surface. The

structure of M-cluster is of [Mo-FesSs3] and [FesS4] sub-cubanes bridged by three W, sulfides and

a Us central carbide (Fig. 1.1 b, bottom)(6, 9, 10). NifDK also contains two [FesSe] P-clusters that

shuttle electrons to M-cluster. The arrangement of P-clusters is two [FesS4] cubanes with a

bridging ps-sulfide and six coordinating cysteine residues at the o/ interfaces (Fig. 1.1 b,

center)(6, 8). The reductase for NifDK is NifH: a homodimer of nifH gene products that has a

MgATP binding site within each subunit and a [FesS4] cubane cluster at the subunit interface

(Fig. 1.1 b, top) (11).



During N; reduction, NifH containing two MgATP molecules and a reduced [FesS4] cluster binds
to NifDK (Fig. 1.1 a) (5, 7, 12, 13). Subsequently, the [FesS4] cluster of NifH transfers an electron
to a P-cluster of NifDK (14). The two MgATP molecules on NifH are hydrolyzed to two MgADP
and two inorganic phosphates (Pi), causing conformational changes of NifH, which result in its
dissociation from NifDK (15, 16). P-cluster transfers electrons to M-cluster, the site of substrate
reduction. This electron transfer cycle is repeated eight times for reduction of N, to NH3, and

obligate H; production, according to the scheme (4, 7):

N2 +8 e +8H"+ 16 MgATP - 2 NH3 + Hy + 16 MgADP + 16 P;

The central feature of nitrogenase that underlies this reaction is the M-cluster, one of the most
complex metallocofactors found in Nature (17, 18). M-cluster is assembled ex-situ by several
additional nif (nitrogen fixation)-proteins before being delivered to NifDK. One of these cofactor
biosynthesis proteins, NifB, is responsible for supplying perhaps the most interesting features
of M-cluster, the interstitial carbide. Insertion of the interstitial carbide, a ps-coordinated
carbon within the cluster, occurs via a novel radical S-adenosylmethionine (SAM)-dependent
mechanism on NifB (19, 20). This process fuses two [FesSa] clusters, with the concomitant
insertion of the carbide and a 9t sulfur atom, to form the [FesSoC] L-cluster (20, 21). Other
proteins further mature L-cluster into M-cluster (22). A better understanding of nitrogenase M-
cluster biosynthesis could lead to more efficient NHsz production by informing the design of a
better industrial catalyst or revealing how functional nitrogenase genes can be incorporated

into crop plants.



M-cluster is not the only nitrogenase FeS cluster that can directly reduce substrates. The [FesSa]
cluster of NifH can also independently interconvert CO, and CO (23). Some NifH proteins can
also reduce CO and perform C-C coupling to produce small hydrocarbons (23, 24). CO; and CO
activation by NifH resembles the activity of carbon monoxide dehydrogenase (CODH) enzymes,
however, NifH and its heterometallic iron-sulfur cofactor do not resemble characterized CODH
proteins. This implies that NifH has a novel mechanism for C; substrate activation that is not
well-understood. Unraveling this mechanism could lead to exciting new technologies for carbon

capture and fossil fuels synthesis.

Clearly, [FeasSa] clusters on NifB and NifH proteins have multiple important functions that
demand further investigation. The following sections will review the current understanding of

the role of [FesSa4] clusters on NifB and NifH.

1.2 Assembly of Nitrogenase Iron-Sulfur Clusters

1.2.1 Iron-Sulfur Cluster Overview

Iron-sulfur clusters, consisting of one or more iron ions bridged by sulfides (S*), are among the
most common cofactors found in proteins (18, 25). Simple [Fe2S:], [FesSa], and [FesSa] clusters
are ubiquitous across all domains in life. Some enzymes also use more specialized and complex
iron-sulfur cofactors: including the H-clusters of [FeFe] hydrogenases, the C-cluster of Ni,Fe-
carbon monoxide dehydrogenase (CODH), and P-cluster and M-cluster of nitrogenase (17). The
diversity of cluster compositions and the protein scaffolds that hold them allow for the tuning

of the cluster reduction potentials to span a wide range, from roughly -700 mV to +500 mV,
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making them especially useful for electron transfer reactions (26—28). FeS clusters are also used
by enzymes for substrate binding, catalyzing substrate dehydrogenations and transformations,
redox sensing, iron and sulfide storage, and regulation of gene expression (18, 29-33).
Nitrogenase proteins use various types of FeS clusters to carry out many of the functions just

mentioned.

1.2.2 [FesSa] Cluster Assembly

All organisms have at least one system for assembling the [Fe2S;] and [FeaS4] clusters found as
cofactors in enzymes (33). The synthesis of small FeS clusters for nitrogenase proteins is carried
out by a dedicated system consisting of NifU and NifS (Fig. 1.2). Bacterial strains with nifU or
nifS genes knocked out results in strains that have a much lower diazotrophic growth rate (34,
35). NifU serves as a scaffold for assembling [Fe2S,] and [FeaSa] clusters from iron and sulfur
mobilized by the cysteine desulfurase NifS (36—39). [FesS4] clusters assembled on NifU can then

be transferred to NifH and NifB proteins (Fig. 1.2) (40).
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Figure 1.2 Iron-sulfur cluster assembly pathways catalyzed by Nif proteins. Schematic representation of Nif
proteins and FeS clusters that are transformed. Solid lines represent a transfer of clusters between proteins,

and dashed lines represent cluster transformations within a protein. Atoms of clusters are colored as follows:
Fe, rust; S, gold; Mo, cyan; C, light gray; O, red.

NifH contains a single [FeaSa] cluster supplied by NifU. NifH isolated from NifU/NifS knockout
strains lack the cluster, but it can be reconstituted in vitro in a reaction containing NifU, NifS,

iron, and cysteine(37).

NifU can also provide the three [FesS4] clusters that are thought to reside on NifB (21, 41). Two
of them collectively termed the K-cluster, become fused into the L-cluster shown in Fig 1.2. The
third [FesS4] cluster, called the SAM-cluster, binds to and reductively cleaves S-

adenosylmethionine to effect K- to L-cluster conversion.

1.2.3 L-cluster Assembly

NifB transforms the two putative [FesS4] units of the K-cluster into the [FegSsC] L-cluster.
Forming this all-iron precursor to M-cluster on NifB requires two equivalents of SAM to

generate the interstitial carbide (Fig. 1.3) (20). The role of the carbide is unknown but has been



proposed to stabilize M-cluster during catalysis (9, 10, 42, 43). The first step of cluster
transformation on NifB is the transfer of a methyl group from SAM (S-adenosyl methionine) to a
bridging sulfide of the K-cluster (Fig. 1.3, (1)) (20, 44). Then, a second SAM molecule, bound to
the SAM-cluster of NifB, undergoes reductive homolytic cleavage that produces methionine and
a 5'-deoxyadenosyl radical (5'-dAe) (Fig. 1.3, (2)) (20). 5'-dAe abstracts a hydrogen atom from
the cluster-bound methyl group, creating a methylene radical. The subsequent loss of two
more protons by an unknown process (Fig. 1.3, (3)) and cluster rearrangements result in an 8Fe
core containing an interstitial carbide with a us coordination called the L* cluster (21).
Incorporation of a ninth sulfur atom, supplied in vitro in the form of sulfite (S0s%), (Fig. 1.3, (4))
in the presence of a reductant, completes L-cluster formation. L* and L-cluster are nearly
indistinguishable by EPR and EXAFS spectroscopies, indicating a similar structure and electronic

properties (21, 45).

5’-dAs 5’-dAH

wuxuf

K-cluster L*-cluster L-cluster

Figure 1.3 Biosynthesis of L-cluster by NifB. Proposed pathway for K- to L-cluster conversion. 1) First, a methyl
group is transferred from SAM to a sulfide of the K-cluster; 2) then 5'-dAe radical produced from another
equivalent of SAM abstracts a hydrogen from the cluster-bound methyl; 3) cluster rearrangement and loss of
remaining hydrogen atoms generate L*-cluster; 4) sulfite provides the final sulfur required to form L-cluster.
Atom colors are Fe, rust; S, gold; Mo, cyan; C, dark gray.



1.2.4 M-cluster Maturation and Delivery

NifB then transfers L-cluster to NifEN (Fig. 1.2) (19). NifEN is an azB2 heterotetramer that is
homologous to NifDK (46). NifEN works in concert with NifH, acting in its capacity as a
Mo/homocitrate insertase, to convert the iron-only precursor to the matured form of M-cluster
(Fig. 1.4) (47-50). NifH binds to NifEN in a similar mode as NifH binds to NifDK during catalysis.
(5, 13, 51) NifEN isolated from a AnifHDK strain accumulates L-cluster on the surface of the
protein that can be matured to M-cluster in vitro (47, 48, 52). The M-cluster resembles L-cluster
that has had one terminal Fe replaced with Mo that is coordinated by (R)-homocitrate (Fig. 1.4)

(6, 8, 49).

M-cluster is then delivered from NifEN to apoNifDK (NifDK protein containing two P-clusters but
no M-clusters) to generate the active holoenzyme (3). M-cluster deficient NifDK can be isolated

from AnifB knockout strains (53). NifDK has a positively Mo/Hc

charged insertion funnel that the cofactor traverses to
get to its binding site, and bulky amino acids sterically

enclose it (54, 55). M-cluster binds within the alpha

a275

subunit of the protein, where the thiolate of Cys

L-cluster M-cluster

thiolate ligates to the terminal Fe and the imidazole
& Figure 1.4 Maturation of L- to M-cluster.

NifEN and NifH work together to convert

group of His***? ligates to Mo (6, 8). The fully active the 8 Fe core of L-cluster into the
heterometallic M-cluster by
form of NifDK contains two P-clusters and two M- incorporation of Mo and homocitrate.

Atom colors are Fe, rust; S, gold; Mo,

cyan; C, dark gray.
clusters.



1.3 NifB is a Unique Radical SAM Enzyme

NifB is a member of the large and functionally diverse radical S-adenosylmethionine (RS)
enzyme superfamily (56). NifB is unique among RS enzymes for its role in inserting a carbide
into an iron-sulfur cluster, even so, comparison to other RS enzymes can be useful for
identifying mechanistic similarities. Proteins in this family use SAM to initiate a wide array of
radical initiated reactions, including glycyl radical formation, antibiotic biosynthesis, post-
translational modification, rRNA/tRNA modifications, and cofactor biosynthesis (57). Starting in
1970, researchers began finding enzymes that required iron(ll), SAM, a reductant, and strictly
anaerobic reaction conditions for activity (58—65). Some of these systems, including pyruvate-
formate lyase (PFL)/PFL activating enzyme (PFL-AE), anaerobic ribonucleotide reductase
(aRNR)/aRNR activating enzyme, and lysine 2,3-aminomutase (LAM), were associated with the
formation of catalytically important organic radicals that could be observed by EPR (61, 62, 66—
68). Comparisons of the sequences of several of these proteins found that they shared a
CXXXCXXC motif, recognized as a potential metal cofactor binding site (69). In combination,
these results hinted that an iron-sulfur cluster ligated by a conserved motif was involved in
organic radical formation. The similarity between SAM and the catalytic 5'-dA radical formed by
coenzyme B1, (adenosylcobalamin) dependent enzymes, which catalyze bond rearrangements
via substrate H-atom abstraction by the 5'-dA radical, did not escape the notice of researchers
(59). Moss and Frey used tritium labeled SAM to demonstrate that the 5' position of the
adenosyl moiety is involved in hydrogen transfer in the substrate of LAM. These results
provided strong evidence for substrate H-atom abstraction by a 5'-dA radical generated from

SAM. Finally, the same group used an allylically stabilized SAM analog, anSAM, to observe the
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formation of a radical on anSAM under turnover conditions (70). A bioinformatic analysis by
Sofia and colleagues in 2001 formally united these enzymes as members of the radical SAM (RS)
superfamily (56). This seminal study identified the defining CXXXCXXC motif, and NifB was later

experimentally confirmed to use an FeS cluster for cleavage of SAM (19, 20).

Crystal structures of RS enzymes have a full (Ba)s or partial (Ba)s (71) TIM barrel protein fold.
This fold consists of alternative beta strands that form a barrel, where the FeS cluster and
substrates bind, and alpha helices that surround the exterior of the barrel. The conserved
CXXXCXXC motif binds to three irons of a [FesSa4] cluster, and the remaining site-differentiated
iron has an open coordination site that can form a chelate with the carboxyl and amino
moieties of SAM (Fig. 1.5, left) (71). The cluster is reduced from the 2+ resting state to the
catalytically active 1+ state (67) when treated with a reductant, such as dithionite (5204%) in
vitro or flavodoxin in vivo (72). One-electron reduction of SAM causes homolytic cleavage of the
S-5'C bond, generating a 5'-deoxyadenosyl radical and methionine (Fig. 1.5, center). Then, 5'-
dA typically abstracts hydrogen from an unactivated C-H bond to form a substrate radical (Fig.
1.5, right). This reactive substrate radical can then initiate diverse reactions that are under the
control of the protein matrix. The 5'-deoxyadenosyl radical has only recently been observed
experimentally (73, 74). The structure of NifB has not been determined, but it is assumed to
have the same TIM barrel fold that houses the SAM cluster and to initiate radical chemistry by a

similar mechanism.
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Figure 1.5 Radical chemistry initiation by radical S-adenosylmethionine enzymes. S-adenosyl methionine
binds to the unique iron of the [FeaS4] cluster. Electron transfer from [FeaS4]** cluster to SAM triggers reductive
homolytic cleavage. The resulting 5'-deoxyadenosyl radical abstracts a hydrogen from the substrate (depicted
as R-H) to create a substrate radical. 5'-deoxyadenosyl is abbreviated as 5'-dA.

NifB is part of a subset of RS enzymes that have additional domains that contain auxiliary iron-
sulfur clusters (75, 76). Auxiliary clusters can bind substrates or serve as a source of sulfur that
is insertion into unactivated C-H bonds (75—78).NifB is most functionally similar to RS-
dependent methyltransferases and methylthiotransferases. These enzymes are a subset of
enzymes that use SAM both as a methyl donor and a radical generator (81). In RS-dependent
methyltransferases, one SAM molecule transfers a methyl group (-CHs) to a methyl carrierin a
polar nucleophilic substitution Sn2 reaction. A second SAM molecule undergoes homolytic
cleavage to create the 5'-dA radical, which abstracts a hydrogen from the transferred methyl to
create a methylene radical that attacks a substrate carbon. Bond rearrangements result in a
methylated product. The methyl transfer to a carrier, followed by radical dependent transfer to

a substrate, has been described as a ping-pong mechanism (82).

RS methylthiotransferases catalyze the attachment of a methylthio group (-SCHs) to a substrate
in a similar manner, except the initial polar methyl transfer is not to a cysteine thiol but a

persulfide or cluster-bound bridging sulfide. This cluster is sacrificed during the reaction. The
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subsequently generated substrate radical forms a new C-S bond, giving a new thioether group
on the product (83). The mechanism of NifB is distinctive because methylated [FesSa4] cluster is
the target of the radical attack, and the product, a FeS cluster with an interstitial carbide, is not

found in any other enzyme.

1.4 Reductase Activities of NifH

NifH is a multifunctional reductase. Best known as the obligate electron donor for N; reduction
by NifDK, NifH also has roles in the maturation of the P-cluster and M-clusters (45). Moreover,
NifH was recently discovered to reduce CO; to CO and hydrocarbons (23, 24). These reactivities
all depend on the subunit bridging [FeaSa4] cluster. NifH is unusual among [FeS4] binding
proteins because its cluster can access three different oxidation states: the oxidized 2+ state
can be generated upon treatment with IDS, the reduced 1+ state can be generated upon
treatment with dithionite, and the "super-reduced" all-ferrous 0 state can be generated by
treatment with a strong reductant, such as Ti" citrate or Eu"-diethylenetriaminepentaacetic
acid (DTPA) (84). The 1+/2+ pair is thought to be used in the reduction of N, by nitrogenase, but
the 0/1+ pair could be biologically relevant as well (84—86). When AvNifH or the homologous
reductase for V-nitrogenase (AvVnfH) were treated with dithionite to generate the 1+ state,
they could reduce CO; to CO (23). Addition of ATP, known to induce conformational changes in
NifH, causes a decrease in the redox potential of ~100mV, and 30% increase in CO; reduction
rate. When treated with Eu'-DTPA, the reduction of CO, became catalytic and ATP-

independent. Both dithionite and Eu"-DTPA treated AvNifH display a g = 1.99 signal in
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perpendicular-mode EPR in the presence of CO,, indicating an interaction between CO; and the
cluster. These proteins were also found to be operative in CO; to CO conversion in vivo (23).
Further, the reverse process, oxidation of CO to CO,, was accomplished by using IDS in reactions
to oxidize the cluster. These results demonstrated the ability of NifH and homologs to

interconvert CO; and CO under ambient conditions.

This process catalyzed by NifH recalls the reversible interconversion of CO; and CO by CODH.
Carboxydotrophs use CODH to obtain energy from CO or for fixing carbon into organic
molecules (87). Two types of CODH exist, the oxygen-tolerant Mo/CU and anaerobic Ni-FeS.
NifH is not homologous or structurally like either of these. The Ni-FeS CODH does contain an
iron-sulfur cluster, but its binding of substrates within an open heterometallic site is not

possible within NifH, so a distinct mechanism must be at play.

The unique mechanism used by NifH is further supported by the fact that it can, amazingly,
reduce CO; beyond CO to hydrocarbons. NifH from Methanosarcina acetivorans was found to
reduce CO; to small hydrocarbons in the presence of Eu"-DTPA. MaNifH can produce small
amounts of hydrocarbons in the presence of dithionite, or larger quantities with a stronger
reductant such as Eu'-DTPA. MaNifH has a lower redox potential ([FesSs]**/2*: E® = -395 mv)
than AvNifH ([FesS4]1*/2*: E® = -301 mv) (24). Synthetic 4Fe-4S clusters can also reduce CO; and
CO to hydrocarbons in a solvent with strong reductants. This result indicates that C; substrate
reduction is inherent to [FesS4] clusters (23). The better reducing abilities of MaNifH compared

to AvNifH could be useful for understanding this process.
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The biological relevance of hydrocarbon production is known, but some organisms can break

down methane and/or ethene to supply energy and carbon (88—90).

1.5 Aims of Dissertation

The goal of this dissertation is to investigate how NifB and NifH proteins use [FesS4] clusters for
diverse functions. Many steps of L-cluster formation by NifB have been determined
biochemically (19-21, 42, 44). It has been assumed that NifB contains a [FesS4] cluster cofactor,
and two additional [FeaSa] clusters that are cosubstrates for L-cluster formation, but this has
not been proven. Without this information, it has been impossible to answer questions about
the specific role of each putative [FesSs] cluster. Additionally, no amino acid residues involved in
the carbide insertion pathway have been identified. We set out to determine the amino acid
and iron-sulfur cluster components of NifB and their contribution to the M-cluster maturation

pathway.

NifH uses a single [FeaS4] cluster cofactor to reduce substrates. NifH has several reductase
activities, but perhaps the most interesting is the reduction of C1 substrates (23, 24). The
specific activity of these reductions depends on the NifH homolog being investigated and the
redox state of the cluster. C; substrate reductions by NifH were only recently, and no structural
analyses have been performed on NifH proteins to understand these reactions. We
endeavored to solve structures of NifH proteins under varying reaction conditions to develop a

mechanistic understanding of this process.
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1.5.1 Specific Aim 1: Characterization of the Iron-Sulfur Clusters of NifB

NifB contains a [FeaS4] cluster binding motif that is conserved in radical SAM enzymes. Genetic
and biochemical evidence also suggests that NifB contains additional FeS cluster precursors
used to generate the 8 Fe L-cluster. Based on this, it has been assumed that NifB contains three
[FeasS4] clusters. Targeted mutations of putative cluster binding motifs could unveil the precise
location of each FeS module, and functional assays can determine the function of each.
Identifying the cluster species and their ligands on NifB will give us a new framework for
studying nitrogenase cofactor assembly and mechanism. Spectroscopic and biochemical

characterization of NifB cluster-binding mutants are presented in Chapter 2 (91).

1.5.2 Specific Aim 2: Investigation of an Essential Nitrogen Ligand on NifB

In our investigation of the amino acids that ligate FeS cluster modules of NifB, we found that
one of the [FesS4] clusters, called K1, also has a nitrogen ligand donated by a conserved
histidine. The presence of this histidine suggests that it might have a unique role in the process
of L-cluster formation. Moreover, mutation of a functionally important ligand can enable
trapping of intermediates that can be very instructive for refining the mechanism of an enzyme.
In Chapter 3, the histidine is identified, and functional and structural perturbations caused by

mutation of this residue are reported (92).
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1.5.3 Specific Aim 3: Structure of NifH from Azotobacter vinelandii in the All-Ferrous State

NifH from Azotobacter vinelandii interconverts CO; and CO. Reversibility depends on the redox
state of the [FeaS4] cluster on NifH. NifH is unusual for having a cluster that can populate 0, 1+,
or 2+ states. The most active form for CO; reduction is in the "super-reduced" all-ferrous
[FesS4]° state produced by a strong reductant such as Ti'"-citrate or Eu"-DTPA. A high-resolution
crystal structure of NifH in the all-ferrous form could give insights into how the cluster and
protein reduce CO.. In Chapter 4, a crystal structure of NifH from Azotobacter vinelandii is
presented, the highest resolution NifH protein to date, revealing asymmetric Arg!® positions at
the putative active site. A model for CO; binding and activation by NifH proteins is proposed

based on the asymmetric functionality of these conserved Arg residues (93).

1.5.4 Specific Aim 4: Structure of NifH from Methanosarcina acetivorans

NifH from Methanosarcina acetivorans can reduce CO; to CO, and also reduce CO and perform
C-C coupling to make small hydrocarbons. This process presents a novel way to produce
hydrocarbon fuels. Although all NifH proteins are highly homologous and predicted to have the
same overall structure, the observed differences in reactivity point to protein structural factors
that control substrate reduction. A crystal structure could reveal the structural factors that give
Methanosarcina acetivorans NifH an extended substrate and product profile. In Chapter 5, a
crystal structure of NifH from Methanosarcina acetivorans obtained in the presence of
dithionite and bicarbonate is presented and analyzed to understand the beginning of the

substrate reduction process: capture of CO; (94).
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2.1 Introduction

The structure-function relationships of nitrogenase, especially relating to the M-cluster, are

crucial to understanding the mechanism of N; reduction. However, despite decades of research
into nitrogenase, it was not until 2011 that the complete structure of M-cluster was determined
(1, 2). In that year, X-ray crystallography and X-ray emission spectroscopy studies identified a s

carbide in the center of M-cluster. Soon after, the source of this carbide was traced to NifB (3).

NifB plays a crucial role in M-cluster biosynthesis by transforming small, putative 4Fe units (K-
cluster) into an 8Fe entity (L-cluster) that has the complete FeS core structure in place, as well
as the interstitial carbide. NifB carries the signature CXXXCXXC radical SAM motif that ligates a
[FesSa4] cluster in members of the radical S-adenosyl-L-methionine (SAM) enzyme family (4, 5).
NifB also contains additional amino acids that could potentially coordinate Fe atoms of the L-
cluster precursor (6-9). NifB from the nitrogenase model organism, Azotobacter vinelandii (Av),
proved to be unstable and difficult to isolate, a problem that was overcome by fusing AvNifB to
AVNIfEN, to form a NifEN-B chimera, a naturally occurring protein architecture in some
diazotrophs (10) n. Experiments with NifEN-B demonstrated many of the fundamental
biochemical functionalities of NifB, including proving that NifB was a radical SAM enzyme and
that the interstitial carbide originates from a SAM-derived methyl group. A limitation of the
NifEN-B fusion protein is that it contains a multitude of FeS clusters, complicating
determination of the spectroscopic and functional contribution of each. Furthermore, AvNifB
has an additional domain that is not essential for function but contributes to instability and

could potentially bind to extra clusters (6, 10). NifB proteins from methanogenic archaea,
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including Methanosarcina acetivorans (Ma), lack the extra domain and can be expressed
heterologously from E. coli (6, 11), overcoming the limitations of NifEN-B. NifB heterologously
expressed in E. coli does not contain the requisite FeS clusters needed to function, so it must be

reconstituted with FeS clusters, a process recently perfected (12).

Characterization of the NifB proteins from Azotobacter vinelandii (3, 10, 13) and
Methanosarcina acetivorans (6) has unveiled a radical SAM-dependent mechanism employed
by NifB for carbide insertion, which begins with methyl transfer in an SN»- type mechanism
from SAM to a putative [FesSa4] cluster (13). Subsequently, the methyl group undergoes
hydrogen abstraction by a SAM-derived 5’-deoxyadenosyl (5'-dAe) radical. Further
deprotonation and/or dehydrogenation of the resultant carbon radical occurs concomitantly

with the coupling of the putative [FeaSa] clusters pair and rearrangement into an [FesSqC] core.

Previous studies suggest that NifB contains three [FesSa] clusters modules: two that form the
[FesSa] modules (designated K1 and K2) that become coupled into the [FesSoC] cofactor
precursor and a third that binds to SAM and triggers radical SAM-dependent carbide insertion.
However, despite progress in elucidating the mechanism of NifB (3, 8, 11, 13—16), questions
remain as to the 4Fe nature of the building blocks used to generate the 8Fe core, the identity of
coordinating ligands of the cluster modules, and the biosynthetic events that occur on each of

these NifB-associated cluster modules.

Here, we used continuous-wave electron paramagnetic resonance spectroscopy to show that
K1- and K2-modules are 3-cysteine-coordinated [FeaS4] clusters (17). Further, we demonstrate

that the coexistence of SAM and K2-modules are a prerequisite for methyl transfer to K2 and
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hydrogen abstraction from the K2-associated methyl by a 5'-deoxyadenosyl radical. These
results establish an important framework for mechanistic explorations of NifB while highlighting
the utility of a synthetic-cluster-based reconstitution approach employed herein in functional

analyses of iron-sulfur (FeS) enzymes.

Here, we demonstrate that NifB variants carrying the individual K1-, K2-and SAM-modules can
be reconstituted with synthetic [FesS4] clusters, thereby providing conclusive evidence that NifB
consists of three distinct 4Fe modules. Continuous-wave electron paramagnetic resonance
(CW-EPR) analysis reveals that 3 Cys ligands coordinate both the K1- and K2- modules.
Biochemical experiments further demonstrate that coexistence of the SAM- and K2-modules is
a prerequisite for methylation of the K2-derived sulfide atom and the subsequent hydrogen
abstraction from the K2-associated methyl group by a 5’-dAe radical. These results not only lay
a necessary foundation for further mechanistic investigations of the NifB-catalyzed reactions
but also point to the utility of the synthetic-cluster-based reconstitution protocol in functional

analyses of other FeS systems.

Together, these results suggest the presence and concerted action of three 4Fe modules,
namely, the two 4Fe modules (designated the K1- and K2-modules) that give rise to the K-
cluster and a third 4Fe module that is ligated by the radical SAM motif (designated the SAM-
module), on NifB. Knowledge of the biosynthetic mechanism of M-cluster could facilitate the
development of biomimetic catalysts for ambient conversion of N; into valuable chemical

commodities.
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2.2 Materials and Methods

2.2.1 General Information

Unless otherwise specified, all chemicals were purchased from Sigma-Aldrich (St. Louis, MO)

and Thermo-Fisher Scientific (Waltham, MA).

2.2.2 Cell Growth and Protein Purification

E. coli strains expressing His-tagged MaNifB"t (strain YM114EE), MaNifB>*M (strain YM163EE),
MaNifB*! (strain YM165EE), MaNifB*? (strain YM166EE), MaNifB>*M*! (strain YM180EE), and
MaNifB>AM*2 (strain YM181EE) were grown in Difco LB medium containing 100 mg L™ ampicillin
(BD Biosciences) in a BIOFLO 415 fermenter (New Brunswick Scientific) at a temperature of 37
°C, an agitation of 200 rpm and an airflow of 10 L min~t. When the cell density (measured at
ODeoo) reached 0.5, 25 uM IPTG was added to the cell culture to induce protein expression at 25
°C for 16 h. Subsequently, cells were harvested by centrifugation and stored at -79°C until the
day of purification. His-tagged MaNifB proteins were purified using previously published

methods (6, 10).

2.2.3 Cluster Reconstitution and Maturation

As-isolated MaNifB contains some FeS-cluster species that are removed before reconstitution
with synthetic [FesSa] clusters. The as-isolated wild-type or variant MaNifB protein was treated
with 20 mM bathophenanthroline disulfonate, an iron chelator, in a buffer containing 5 mM
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MgATP, 2 mM sodium dithionite (DT; Na25204), 50 mM Tris—HCI (pH 8) and 500 mM Nacl,
followed by incubation at room temperature for 1 h to remove the endogenous FeS clusters
associated with the protein. Subsequently, this mixture was diluted with a buffer containing 50
mM Tris—HCI (pH 8) and loaded on a Q Sepharose column (GE Healthcare). The column was
then washed with a buffer containing 2 mM DT, 50 mM Tris—HCI (pH 8) and 100 mM NaCl prior
to elution of the MaNifB protein with a buffer containing 50 mM Tris—HCI (pH 8). Reconstitution
of the wild-type or variant MaNifB protein with synthetic [FesS4] clusters (designated [FesS4]>'")
(12) was carried out by adding a dimethylformamide (DMF) solution of [FesS4]*¥" dropwise at a
molar ratio of 5:1 to the MaNifB protein in a buffer containing 2 mM DT, 20 mM -
mercaptoethanol, 50 mM Tris—HCI (pH 8), and 500 mM NaCl, with continuous stirring on ice.
After incubation on ice for 1 h, the reaction mixture was diluted with a buffer containing 2 mM
DT and 50 mM Tris—HCI (pH 8) and loaded onto a Q Sepharose column. The column was then
washed with a buffer containing 2 mM DT, 50 mM Tris—HCI, and 100 mM NacCl before elution of
the reconstituted MaNifB with a buffer containing 2 mM DT, 50 mM Tris—HCI (pH 8), and 500
mM NaCl. The MaNifB**M, MaNifB*!, MaNifB*2, MaNifB>*M*K1 and MaNifB**M %2 yariants were
used as they were for EPR analysis. In contrast, MaNifB"* was incubated with SAM using an
established protocol (6), which process its K-cluster was matured into an L-cluster, prior to EPR

analysis of the resultant protein species (designated MaNifB').
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2.2.4 Iron Determination

Each protein sample was mixed with 100 pL concentrated sulfuric acid (H2SO4) and 100 pL
concentrated nitric acid (HNOs), and the mixture was heated at 250 °C for 30 min. This
procedure was repeated until the mixture became colorless, followed by cooling of the mixture
to room temperature and dilution of the mixture to a total volume of 10 mL with 2% HNO3
before sample analysis. The iron concentrations of the wild-type and variant MaNifB proteins
were determined by inductively coupled plasma optical emission spectroscopy (ICP-OES)
analysis using a Thermo Scientific iCAP7000. Calibration curves were created by making
standard solutions from dilutions of a 1 mg mL™* stock solution of elemental iron (Inorganic

Ventures, Christiansburg, VA).

2.2.5 Electron Paramagnetic Resonance (EPR) Analysis

Samples were prepared in a Vacuum Atmospheres glove box with < 1 ppm O; and flash-frozen
in liquid nitrogen before analysis. Reduced samples contained 50 mM Tris—HCI (pH 8), 500 mM
NaCl, and 2 mM DT. CW EPR spectra were recorded by an ESP 300 E, spectrophotometer
(Bruker) interfaced with an ESR-9002 liquid-helium continuous-flow cryostat (Oxford
Instruments) using a microwave power of 5 mW, a gain of 5 x 104, a modulation frequency of
100 kHz, and a modulation amplitude of 5 G. Five scans of perpendicular-mode EPR were

recorded at 20 K using a microwave frequency of 9.62 GHz.
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2.2.6 SAM Cleavage Assay

Each SAM cleavage reaction contained 25 mM Tris—HCI (pH 8), 5% glycerol (v/v), 40 uM MaN:ifB,
and 0.3 uM SAM in a total volume of 0.3 mL. The reaction mixture was incubated at 25 °C for 60
min with intermittent mixing and terminated by filtration through Amicon Ultra 30,000 MWCO
centrifugal filters. Subsequently, trifluoroacetic acid (TFA) was added to the reaction mixture at
a concentration of 0.14%, followed by an analysis of the resultant sample by a Thermo Scientific
Dionex Ultimate 3000 UHPLC system, equipped with an Acclaim 120 C18 column (4.6 x 100 mm,
5-um particle size). The column was equilibrated with 98% buffer A (50 mM KH,POa, pH 6.6)
and 2% buffer B (100% methanol) before each sample injection (100 pL per sample) for at least
5 min. Following sample injection, a linear gradient of 2-60% buffer B was applied to the
column for 20 min, followed by an isocratic flow with 60% buffer B for 8 min, and a linear
gradient of 60—2% buffer B for 4 min. Throughout the run, the flow rate of buffer was kept at
0.5 mL min~%, and the column was kept at 30 °C. The elution of products was monitored by

absorption of 254 nm wavelength light.

2.2.7 Methanethiol Assay

A published method was adapted for the MaNifB dependent production of methanethiol (13,
18). The procedure involved the removal of excess DT from MaNifB via gel filtration with
Sephadex G-25 fine resin that was equilibrated with a buffer containing 25 mM Tris—HCI (pH 8).
Subsequently, 40 nmol of MaNifB was mixed with 400 nmol SAM in a total volume of 100 pL in

a sealed 300-puL glass vial, incubated for 30 min at 25 °C, and quenched by 25 pL of 1 M HCI.
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Acid-quenched samples were then incubated at 60 °C for 15 min to release the volatile
methanethiol into the headspace, followed by equilibration of the sample to room temperature
for 10 min, and injection of the entire headspace by a gas-tight syringe onto a Restek Rxi-1ms
column (30 m, 0.32 mm ID, 4 um df) (Restek, Bellefonte, PA) for analysis by GC—MS (Thermo-
Fisher Scientific Trace 1300 GC connected to a Thermo-Fisher Scientific ISQ QD single
guadrupole mass spectrometry). During each GC—MS run, the GC inlet, and oven temperatures
were kept at 30 °C, and the mass spectrometry transfer line and ion source were held at 250 °C.
Using SIM conditions in electron ionization mode, methanethiol was detected at an m/z ratio of

47.

2.3 Results and Discussion

2.3.1 Establishing the 4Fe Nature of Modules on NifB

NifB from Methanosarcina acetivorans (MaNifB) was previously expressed in E.coli and was
active after reconstitution with FeS clusters (6). Functional and spectroscopic evidence is
consistent with NifB containing three [FesS4] clusters initially, but they have not been directly
observed or characterized (6, 10, 11). To investigate the individual cluster-binding modules of
MaNifB, a series of variants—each carrying one of the three proposed 4Fe modules—were
generated. Sequence analysis of MaNifB reveals the presence of three groups of highly
conserved Cys residues—three Cys residues per group—that could potentially serve as ligands
for the SAM-, K1-, and K2-modules of NifB (Fig. 2.1 a, b). Specifically, Cys>°, Cys>*, and Cys®’,

which form the canonical CxxxCxxC radical SAM motif, are assigned to the SAM-module; Cys*,
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Cys®3, and Cys'??

, which are located toward the N terminus of the primary sequence, are
assigned to the K1 module; and Cys?%4, Cys?’4, and Cys?’’, which are positioned toward the C
terminus of the primary sequence, are assigned to the K2 module (Fig. 2.1 a, b). Based on the
tentative assignment of the Cys residues, each cluster-binding module of MaNifB can be
studied independently by mutating the Cys ligands of the other two modules to Ala. This

approach was used to generate three constructs, each encoding a MaNifB variant with either a

SAM (designated MaNifB>*M)-, K1 (designated MaNifB*!)-, or K2 (designated MaNifB¥?)-module.

However, the as-isolated proteins do not contain FeS clusters in full occupancy. This problem
was overcome by using a recently developed protocol (12) first to remove the endogenous FeS
clusters of the MaNifB variants and then reconstitute these proteins with a synthetic [FesSa]
compound. Such a reconstitution approach has been successfully applied to identify the source
of the 9th sulfur during the cofactor maturation process on MaNifB (12) without the
interference of Fe/S impurities that are often introduced by the traditional FeCl3/Na,S-based
reconstitution methods. Here this method was used to conclusively determine the [FesSa)

identity of the individual modules in MaNifB.
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Figure 2.1 Assignment of three [FesSs] cluster modules in MaNifB. a MaNifB primary sequence with conserved
Cys residues (6) highlighted. b Schematic presentations of the SAM-, K1-, and K2-modules in MaNifB. A 3-Cys
ligation pattern is proposed for all three modules, with the proposed ligands indicated in each module. ¢ EPR
spectra of the synthetic [FesSa] cluster-reconstituted wild-type MaNifB (MaNifB"t, black) and MaNifB variants
carrying the SAM (MaNifB>*M, brown), K1 (MaNifB¥%, blue), and K2 (MaNifB*?, orange) modules, respectively.
The spectra were collected as described in Section 2.2.5, and the g values of each spectrum are indicated. The
CW EPR experiment was performed four times. Representative results are shown in c. See Table 2.1 for Fe
contents.

Indeed, analysis of the Fe content of each protein after in vitro reconstitution indicated
successful incorporation of clusters (Table 2.1). Moreover, upon reduction with dithionite, each
of the three MaNifB variants has an S = 1/2 electron paramagnetic resonance (EPR) signal that

is characteristic of a [FeaSa]* cluster (Fig. 2.1 c).
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The spectra of each variant have distinct g values (MaNifB>*M: g = [2.017 1.924 1.910];
MaNifBX!: g = [2.050 1.905 1.900]; MaNifB¥?: g = [2.044 1.933 1.886]) and most of the EPR
features of the individual modules are identifiable in the spectrum of the wild-type MaNifB (Fig.
2.1 c). These observations are exciting, as they provide strong support for the assignment of the
respective Cys residues as the ligands of the three modules in MaNifB while supplying direct

proof for the [FeaS4] identity of the K1- and K2-modules.

Protein Fe Content
(mol Fe mol protein?) (% Occupancy)
MaNifB"t 119+1.1 929
MaNifB5AM 3.1x04 78
MaNifB¥! 3.9%0.1 98
MaNifB*? 26104 64

Table 2.1 Iron content of wild-type MaNifB and single module variants. The amount of protein-bound iron
present on MaNifB*t, MaNifB>*™ MaNifBX!, MaNifB¥? was quantified by digestion of protein in acid and analysis
by ICP-OES, as described in Section 2.2.4.

2.3.2 Defining the Functions of NifB-Associated Modules.

Having established the presence of three distinct [FesS4] modules in MaNifB, the next question
to answer is which biosynthetic event occurs on each module. Because our primary interest is
in how the SAM-module works with the K1- and K2-modules during the cluster maturation
process, two additional MaNifB variants were first created: one containing the SAM- and K1-
modules (designated MaNifB>*M*1) and the other harboring the SAM- and K2-modules
(designated MaNifB*AM*K2) These variants were expressed in E. coli, followed by purification

and reconstitution with the synthetic [FesS4] compound (Table 2.2).
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Protein Fe Content

(mol Fe mol protein) (% Occupancy)
MaNifBSAM+K1 6.5+0.7 81
MaNifBSAM+K2 6.310.6 78

Table 2.2 Iron content of MaNifB double module variants. The amount of protein-bound iron present on
MaNifB>*M*1 and MaNifBS*M*? was quantified by digestion of protein in acid and analysis by ICP-OES, as
described in Section 2.2.4.

Interestingly, the EPR spectra of neither MaNifB>*M*K! nor MaNifB>AM **2is 3 simple summation
of the individual spectra of the respective cluster modules. In essence, the MaNifB> M2
spectrum resembles the MaNifB>*M spectrum in line-shape but is somewhat broadened and

displayed a new gapp = 1.92 feature (Fig. 2.2 a, green trace). Whereas the MaNifBSAM+K1
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Figure 2.2 Spectroscopic and functional properties of dual cluster MaNifB variants. a EPR spectra of the
synthetic [FesSa] cluster-reconstituted wild-type MaNifB (MaNifB"!, black) and MaNifB variants carrying SAM
plus K2 (MaNifB*"M*K2 green) and SAM plus K1 (MaNifBS*M*K1 dark blue) modules, respectively. b, ¢ HPLC
elution profiles of SAH (b) and 5'-dAH (c) standards (gray), and those of SAM incubated with MaNifB variants
carrying K1 (MaNifB¥%, light blue), K2 (MaNifB*?, orange), SAM (MaNifB>*M, brown), SAM plus K1 (MaNifBSAM#1
dark blue), and SAM plus K2 (MaNifBS"M*2 green) modules, respectively. d GC analyses of the methanethiol
(MT) standard (gray) and acid-quenched incubation mixtures containing SAM and MaNifB variants carrying K1
(MaNifB, light blue) and K2 (MaNifB*?, orange), SAM (MaNifB>*™, brown), SAM plus K1 (MaNifBSAM*! dark
blue), and SAM plus K2 (MaNifB**M*2 green) modules, respectively. The CW EPR (a), HPLC (b, c), and GC (d)
experiments were performed three times each. Representative results are shown in the figure. See Table 2.2
for Fe contents of samples.
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spectrum resembles the MaNifB¥! spectrum in line-shape but is broadened and also displays a

distinct gapp = 1.95 feature(Fig. 2.2 a, blue trace).

For wild-type MaNifB"!, incubation of with S-adenosyl-L-methionine gives two products that
can be detected by HPLC: S-adenosyl-L-homocysteine (SAH) )from the methyl transfer step and
5'-deoxyadenosine (5'-dAH) from reductive homolytic cleavage. The transferred methyl is
released as methanethiol (MT) when acid-quenched and can be detected by GC-MS. HPLC of
the variants revealed that, like the wild-type MaNifB, MaNifB>*M*?is capable of cleaving SAM
into S-adenosyl-L-homocysteine (SAH) and 5’-deoxyadenosine (5'-dAH); in contrast,
MaNifB>*M+! did not produce either product (Fig. 2.2 b, c). Methanethiol is also only detected
upon acid quenching an incubation mixture of MaNifB>*M*2 and SAM, but not with
MaNifB>*M+*1 and SAM. (Fig. 2.2 d). The single cluster mutants did not show activity in either
assay (Fig. 2.2, b,c,d). These observations suggest that the K2-module serves at the location for
methyl attachment. Furthermore, the results indicate that the presence of both SAM- and K2-
modules is the prerequisite for both SAM-related reactions to occur. The K2-module serves as
the final location for methyl attachment and the SAM-module supplying a 5'-dAe radical for

hydrogen abstraction of the K2-associated methyl group.

2.4 Summary and Conclusion

While details of the various biosynthetic events on NifB await further investigation, the current
study conclusively establishes the presence of three [FesSa] units on NifB. It also provides useful

insights into the coordination and function of each module in the process of K- to L-cluster
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transformation, taking advantage of the synthetic [FesS4]-cluster-based reconstitution approach
that can be applied to the functional analyses of a wide range of other FeS enzymes. The series
of variants carrying different combinations of the three modules of NifB could also be used to

uncouple the various steps of the cluster transformation process.

Another interesting point to note is the absence of SAH formation in the presence of the K2
module alone. This observation could be accounted for by the lack of a nearby SAM-module
that renders the K2-cluster in the correct oxidation state for methyl attachment. There is also
no 5'-dAH formation in the presence of only the SAM-module. This could be explained by a lack
of a K2-bound methyl group that can undergo hydrogen atom abstraction by a 5’-dAe radical. A
previous study has shown that methyl transfer does not occur when NifB is oxidized or reduced
by a weak reductant, suggesting that the K-cluster needs to be poised in a particular redox state
that renders its associated sulfides more nucleophilic for methyl transfer via an SN»-type
nucleophilic substitution (13). It is possible, therefore, that the K2 module needs the presence
of at least the SAM-module to be able to accept the methyl group, a scenario highlighting the
importance of cross-talk between the cluster modules during the cluster transformation
process. Additionally, because the amounts of SAH and 5’-dAH formed in the absence of the K1
module are much lower than those in the presence of the K1 module, further coordination
between all three cluster modules must be necessary to maximize the efficiency of cluster

transformation.

The cluster transformation process requires structural rearrangements to allow the formation
of an L-cluster and the subsequent transfer of the L-cluster from NifB onto the next biosynthetic

apparatus, NifEN, along the cofactor assembly pathway. The structural rearrangement likely
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requires the loss of Cys ligands to the K1- and K2-modules to facilitate L-cluster transfer to
NifEN. Advanced spectroscopic and structural investigations are underway to reveal the unique
radical SAM chemistry underscoring the complex biosynthetic mechanism of the nitrogenase

cofactor.
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Chapter 3: Investigation of an Essential Nitrogen Ligand on NifB
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3.1 Introduction

In the previous chapter, three sets of Cys ligands—three Cys per set—for the three [FesS4]
clusters in Methanosarcina acetivorans NifB (designated MaNifB) were identified, namely, the
SAM- cluster (Cys®°, Cys>*, and Cys®’), the K1-cluster (Cys3°, Cys®3, and Cys'?®) and the K2-cluster
(Cys?%*, Cys?’4, and Cys?’’)(1). Further, the coexistence of SAM- and K2-clusters was established
as a prerequisite for methyl transfer and hydrogen abstraction to occur and pinpointed the K2-
cluster as the site for methyl attachment and the subsequent hydrogen abstraction from the
methyl group by a 5’-dAe radical (1). Cysteine thiolates are The most common ligands to FeS
clusters are cysteine thiolates, but some proteins use N or O ligands from amino acids (2). Pulse

EPR techniques can probe these ligands to EPR active centers.

Here, we used pulse EPR techniques to detect a nitrogen atom that is the fourth ligand for the
K1-cluster. This ligand is lost upon coupling between the K1- and K2-clusters into an L-cluster
(1). This observation suggests an important role of the His/nitrogen ligand in generating the L-
cluster, by either providing a release mechanism for the L-cluster onto the next biosynthetic
apparatus or participating in the further deprotonation/dehydrogenation of the carbon radical

to give rise to a central carbide.

We followed up with a combination of targeted mutagenesis of conserved His residues and
pulse EPR spectroscopy to show that His*? is the specific nitrogen ligand for the K1-cluster of
MaNifB. The biochemical and EPR analyses demonstrate the essential role of His*? in the

formation of the nitrogenase cofactor core structure, although substitution of this residue with
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Ala does not impact early steps of carbide insertion leading to the initial hydrogen atom

abstraction of the K2-associated methyl group.

Moreover, XAS and EXAFS analyses reveal a shortened distance between the K1- and K2-
clusters upon substitution of His*® with Ala, and further processing of these clusters into an
intermediate between the K- and L-clusters upon incubation with SAM. These results point a
role of histidine-43 in structurally assisting the correct coupling between K1 and K2 and

concurrently facilitating carbide formation via deprotonation of the initial carbon radical.

3.2 Materials and Methods

3.2.1 General Information

Unless otherwise specified, all chemicals were purchased from Sigma-Aldrich (St. Louis, MO)
and Thermo-Fisher Scientific (Waltham, MA), and all experiments with proteins were
performed under an Ar atmosphere using Schlenk techniques and/or in a glove box operating at

<3 ppm O,.

3.2.2 Cell Growth and Protein Purification

E. coli strains expressing His-tagged MaNifB"! (strain YM114EE), MaNifB"28A (strain YM242EE),
MaNifBH43A (strain YM244EE), MaNifB"2%°A (strain YM246EE), MaNifBX! (strain YM165EE) and
MaNifBX-H43A (strain YM307EE) were grown in 10-L batches in Difco LB medium containing 100
mg L't ampicillin (BD Biosciences) in a BIOFLO 415 fermenter (New Brunswick Scientific) at 37
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°C, with 200 rpm agitation and 10 L min* airflow. When ODeoo reached 0.5, the temperature
was lowered to 25 °C before the expression of the wildtype and variant MaNifB proteins was
induced by the addition of 25 uM IPTG. Protein was expressed for 16 h before cells were
harvested by centrifugation using a Thermo Fisher Scientific Legend XTR centrifuge.
Subsequently, His-tagged MaNifB proteins were purified by immobilized metal affinity

chromatography (IMAC) (3, 4).

3.2.3 Iron-Sulfur Cluster Reconstitution

As-isolated MaNifB contains some FeS-cluster species which must first be removed before
reconstitution with synthetic [FesSa4] clusters. The purified wildtype or variant MaNifB was
treated with 20 mM bathophenanthroline disulfonate, an iron chelator, in a buffer containing 2
mM sodium dithionite (DT; Na2S,04), 50 mM Tris-HCI (pH 8.0) and 500 mM Nacl, followed by
incubation at room temperature for 1 h to remove the endogenous FeS clusters associated with
the protein. Subsequently, this mixture was diluted with a buffer containing 50 mM Tris-HCI (pH
8.0) and loaded on a Q Sepharose column (GE Healthcare). The column was then washed with a
buffer containing 2 mM DT, 50 mM Tris-HCI (pH 8.0) and 50 mM NacCl prior to elution of the
MaNifB protein with a buffer containing 50 mM Tris-HCI (pH 8.0) and 500 mM NaCl. Dithionite
was removed by running protein through a Sephadex G-25 (GE Healthcare) column equilibrated
with 50 mM Tris-HCl (pH 8.0) and 10% glycerol. Reconstitution of the wildtype or variant
MaNifB protein with synthetic [FesSa] clusters (designated [FesS4]*'"] (5) was carried out by

adding a dimethylformamide (DMF) solution of synthetic [FesSa] cluster dropwise at a molar
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ratio of 5:1 to the MaNifB protein in a buffer containing 20 mM B-mercaptoethanol and 50 mM
Tris-HCI (pH 8.0), with continuous stirring on ice. After incubation on ice for 1 h, the reaction
mixture was diluted with a buffer containing 2 mM DT and 50 mM Tris-HCI (pH 8.0) and loaded
on a Q Sepharose column. The column was then washed with a buffer containing 2 mM DT, 50
mM Tris-HCl, and 50 mM NaCl prior to elution of the reconstituted MaNifB with a buffer
containing 2 mM DT, 50 mM Tris-HCI (pH 8.0) and 500 mM NaCl. Reconstituted wildtype and
variant MaNifB proteins were used in the iron determination, activity assays, EPR analysis, and

XAS experiments described below.

3.2.4 Iron Determination

Each protein sample was mixed with 100 uL concentrated sulfuric acid (H2S04), and 100 pL
concentrated nitric acid (HNOs), and the mixture was heated at 250 °C for 30 min. This
procedure was repeated until the mixture became colorless, followed by cooling of the mixture
to room temperature and dilution of the mixture to a total volume of 10 mL with 2% HNO3 prior
to sample analysis. The iron concentrations of the wild-type and variant MaNifB proteins were
determined by inductively coupled plasma optical emission spectroscopy (ICP-OES) analysis
using a Thermo Scientific iCAP7000. Calibration curves were created by making standard
solutions from dilutions of a 1 mg mL™* stock solution of elemental iron (Inorganic Ventures,

Christiansburg, VA).
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3.2.5 M-Cluster Maturation Assay

The cofactor maturation assay contained, in a total volume of 1.0 mL, 25 mM Tris-HCl (pH 8.0),
20 mM DT, 3.5 mg FeS-reconstituted wildtype or variant MaNifB, 10 mM SAM, 2 mg AnifB
Azotobacter vinelandii (Av) NifEN, 1.4 mg NifH, 0.8 mM ATP, 1.6 mM MgCl,, 10 mM creatine
phosphate, 8 units creatine phosphokinase, 0.3 mM homocitrate, 0.3 mM Na;MoQOs and 0.5 mg
AnifB AvNifDK. This mixture was incubated at 30 °C for 30 min before it was examined for C;H;

reduction activity (3, 4).

3.2.6 SAM Cleavage Assay

The SAM cleavage assay contained, in a total volume of 0.3 mL, 25 mM Tris-HCI (pH 8.0), 5%
glycerol (v/v), 40 uM wildtype or variant MaNifB, and 0.3 mM SAM. Assays were incubated at
25 °C for 60 min with intermittent mixing before they were terminated by filtration through
Amicon Ultra 30,000 MWCO centrifugal filters. Samples were then supplemented by
trifluoroacetic acid (TFA) to a concentration of 0.14% before being analyzed by a Thermo
Scientific Dionex Ultimate 3000 UHPLC system equipped with an Acclaim 120 C18 column (4.6 x
100 mm, 5-um particle size). The flow rate of buffer was 0.5 mL min-, and the column was kept
at 30 °C. The column was equilibrated with 98% buffer A (50 mM KH;POa, pH 6.6) and 2% buffer
B (100% methanol) before each injection of a 100-pL sample. After sample injection, a linear
gradient of 2-60% buffer B was applied over 20 min, followed by 8 min of isocratic flow with

60% buffer B and a linear gradient of 60—2% buffer B over 4 min. The elution of products was
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monitored at a UV wavelength of 254 nm. After each run, the column was equilibrated for 5

min with 2% buffer B before the injection of the next sample.

3.2.7 Methanethiol Assay

Detection of MaNifB-dependent production of methanethiol was performed (4). First, excess
DT was removed from wildtype and variant MaNifB via gel filtration with Sephadex G-25 fine
resin that was equilibrated with a buffer containing 25 mM Tris-HCI (pH 8.0). Immediately
following the removal of excess reductant, 40 nmol of MaNifB was added to a sealed 300-uL
glass vial that contained 400 nmol SAM in a total volume of 100 pL. These 100-pL reactions
were then incubated for 30 min at 25 °C before being quenched by 25 uL of 1 M HCI. To
observe the formation of the volatile methanethiol, the acid-quenched samples were incubated
at 60 °C for 15 min and equilibrated to room temperature for 10 min before the entire
headspace was injected by a gas-tight syringe onto a GC—MS (Thermo-Fisher Scientific Trace
1300 GC connected to a Thermo-Fisher Scientific ISQ QD single quadrupole mass spectrometry)
with a Restek Rxi-1ms column (30 m, 0.32 mm ID, 4.0 um df). The GC inlet and oven
temperatures were maintained at 30 °C, while the mass spectrometry transfer line and ion
source were maintained at 250 °C. Total ion chromatograms were generated under SIM
conditions in electron ionization mode, and methanethiol was detected at an m/z ratio of 47.
The base peaks were selected based on the characterization of standard samples (Sigma-
Aldrich) under full scan conditions and comparison to those reported in the National Institute of

Standards and Technology database.
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3.2.8 Continuous-Wave Electron Paramagnetic Resonance (CW-EPR) Analysis

Sample preparation was carried out in a Vacuum Atmospheres glove box with less than 1 ppm
03 and flash-frozen in liquid nitrogen before analysis. The dithionite-reduced samples were
prepared by incubating 50 uM wildtype or variant MaNifB with 40 mM SAM for 15 min,
followed by re-isolation of MaNifB into a buffer containing 50 mM Tris-HCI (pH 8.0), 500 mM
NaCl, and 2 mM sodium dithionite (DT). The indigo disulfonate (IDS)-oxidized samples were
prepared by incubating the re-isolated MaNifB with excess IDS for 5 min, followed by removal
of excess IDS was using a Sephadex G-25 desalting column. The DT-reduced or IDS-oxidized
MaNifB sample was then concentrated to 15 mg mL™%, followed by the transfer of the sample
into EPR tubes. The samples were then flash-frozen and stored in liquid nitrogen. CW-EPR
spectra were recorded by an ESP 300 E, spectrophotometer (Bruker) interfaced with an ESR-
9002 liquid-helium continuous-flow cryostat (Oxford Instruments) using a microwave power of
5 mW (IDS-oxidized samples) or 50 mW (IDT-reduced samples), a gain of 5 x 104, a modulation
frequency of 100 kHz, and a modulation amplitude of 5 G. Five scans were recorded for each
sample in perpendicular mode at 20 K (IDS-oxidized samples) or 10 K (DT-reduced samples)

using a microwave frequency of 9.62 GHz.

3.2.9 Pulse EPR Analysis

For pulse EPR analysis, reaction mixtures were transferred into 4 mm (X-band)- or 2 mm (Q-
band)-diameter tubes, flash-frozen as above, and stored in liquid nitrogen after freezing. All

pulse EPR studies were carried out at the UC Davis CalEPR center, using a Bruker EleXsys E580
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pulse EPR spectrometer equipped with an Oxford-CF935 liquid-helium cryostat and an ITC-503
temperature controller. Pulse data were collected using a Bruker MS5 probe (X-band) or an R.A.
Isaacson-designed cylindrical TEO11 resonator (Q-band) (6) adapted for pulse EPR in an Oxford
Instruments CF935 cryostat. Two-pulse field swept (2PFS) EPR spectra were collected using the
sequence 1t/2-t-ri-t-echo, stepping the field after each point. Three-pulse ESEEM spectra were
collected using the pulse sequence n/ 2-t-1t/2-T-i/2-t-echo, where the delay time, T, was
increased by 16 ns steps. ESEEM spectra were recorded at 10 K, T = 128—-144 ns (values chosen
to minimize proton modulations to the spectra), n/2 = 12 ns, and a microwave frequency of
9.2465 GHz (MaNifB') or 9.3366 GHz (all other samples). Spectra were collected near the g,
value (spectra maxima) for each of the samples (MaNifB*': 343 mT; MaNifB¥': 343 mT, and
MaNifB¥?: 344 mT, and MaNifB‘: 340 mT). Hyperfine sub-level-correlation (HYSCORE)
spectroscopy was performed using the pulse sequence: 1/2-t1-1/2-T1-n-T2-1/2-t-echo48. In the
HYSCORE experiment, T1 and T2 were incremented by 20 ns steps to produce a two-
dimensional spectrum. HYSCORE spectra were recorded at 10 K, t=128-132 ns, and /2 = 12
ns. Spectral processing and simulations were performed using the EasySpin 4.0 toolbox or
EasySpin 5.2.27 toolbox in Matlab R2017b49, or R2019a, respectively. All spin quantification
was carried out using the program SpinCount50. Variable power EPR spectra were collected for
MaNifBSAM, MaNifBXY and MaNifBX? at 20 K to determine the extent of saturation. All MaNifB
samples were found to have a linear response to the microwave power across all values tested.
Samples of Cu(ll) EDTA between 0.1 mM and 0.5 mM were used as standards for the S = 1/2
signals observed for MaNifB variants, at microwave powers between 0.5 and 1 mW. The slope

of each spectrum was baseline corrected using the program tools in SpinCount. The double
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integral was measured across the S = 1/2 signal for each spectrum. The integrations were
compared between the Cu(ll)EDTA standard and the MaNifB samples to determine the spin

concentration.

3.2.10 X-ray Absorption Spectroscopy (XAS) Analysis

The XAS samples were prepared the same way as the EPR samples (see above). The sample
concentrations were 50 mg mL™. Fe K-edge X-ray absorption spectra were collected on SSRL
beamline 7-3 using a 30-element solid-state Ge detector (Canberra) with a SPEAR3 storage ring
current of ~500 mA at an energy of 3.0 GeV. The BL7-3 optics consists of a flat, bent, harmonic
rejection vertically collimating Rh-coated Si MO mirror and liquid nitrogen cooled double crystal
Si(220) monochromator. A total of 7 and 6 scans, respectively, were collected for MaNifBH43A
before and after incubation with SAM (designated MaNifB"*3A and MaNifB"43A/SAM). All scans
were taken between 6882 and 8000 eV at ~10 K using an Oxford Instruments CF1208
continuous flow liquid-helium cryostat using a closed-cycle cooled He gas loop. An iron foil was
placed in the beam pathway prior to the ionization chamber o and scanned concomitantly for
energy calibration, with the first inflection point of the edge assigned to 7112.0 eV. A Soller slit
with a 3 um Mn filter was used to increase the signal-to-noise ratio of the spectra.
Photoreduction was monitored by scanning the same spot on the sample twice and comparing
the first derivative peaks associated with the edge energy during data collection. The detector
channels from the scans were examined, calibrated, and averaged using EXAFSPAK (7) and then

processed for EXAFS analysis using PYSPLINE (8) to extract x(k). PYSPLINE was used to subtract a

53



second-order background from the entire range of data and subsequently generate a spline
function to model background absorption through the EXAFS region. A four-region spline was
chosen with 2, 3, 3 order polynomials over the post edge region, and the data were normalized
to have an edge jump of 1.0 at 7130 eV. Following a modified data analysis protocol (9), the Fe
K-edge EXAFS data for the clusters associated with MaNifB"3A and MaNifB"43A/SAM were
generated by subtracting the k-weighted EXAFS data, x(k), of MaNifB>*M (an MaNifB variant
carrying only the SAM-cluster (1)) from the x(k) of the samples in a 1:2 ratio on the basis of the
proportionate iron quantity for each cluster species (i.e., 4 Fe for the SAM-cluster and 8 Fe for
the K-clusters). Theoretical phase and amplitude parameters for a given absorber—scatterer pair
were calculated using FEFF 8.40 (10) and subsequently applied to the nonlinear least-squares
Opt fitting program of the EXAFSPAK package during curve fitting. Parameters for each species
were calculated using an appropriate model derived from either the crystal structure of the M-
cluster in NifDK (PDB code 3U7Q) (11), where the Mo atom was exchanged for an Fe atom or
from the [FesSa] cluster in NifH (PDB code 1G5P) (12) because there are no available crystal
structures of MaNifB. In all analyses, the coordination number of a given shell (N) was a fixed
parameter and was varied iteratively in integer steps, whereas the bond lengths (R) and mean-
square deviation (02) could freely float. The estimated uncertainties in R, 02, and N are 0.02 A,
0.1 x 10-3 A2, and 20%, respectively. The amplitude reduction factor So was fixed at 1.0 for the
Fe K-edge data, whereas the edge-shift parameter AEo could float as a single value for all shells.
Thus, in any given fit, the number of floating parameters was typically equal to 2 x the number

of shells + 1. The goodness of fit (GOF) parameters were calculated as follows:
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F= \/Zk6(Xexp - Xexp)z (1)

F= \/Zk6(Xexp - Xexp)2/2k6(Xexp)2 (2)

The Fe K-edge data were analyzed with a k range of 2-11.2 A1 (AR = 0.17 A) to allow
comparison between previously reported data (13), although the data could be analyzed with
higher resolution with a k range of 2-14 A-1 for MaNifB"43* and MaNifB"43A/SAM. The pre-edge
analysis was performed on the Fe K-edge fluorescence data normalized to have an edge jump
of 1.0 at 7130 eV in PYSPLINE. The pre-edge features were fit as described elsewhere (14)
between 7108 and 7117 eV using the Fityk (15) program with pseudo-Voigt functions composed

of 50:50 Gaussian/ Lorentzian functions.

3.3 Results and Discussion

3.3.1 Observation of N Coordination to K1-Cluster

Additional ligands were probed by pulse EPR. The ligation patterns of the K1- and K2-modules
were further explored by pulse EPR spectroscopy, using the one-dimensional electron spin echo
envelope modulation (ESEEM) and two-dimensional hyperfine sub-level correlation (HYSCORE)
pulse EPR techniques. The presence of nitrogen coupling—previously reported for a NifB
homolog from a different methanogenic organism (16)—was examined in MaNifB*! and

MaNifB*? to assign the nitrogen ligand to a specific cluster module. Interestingly, the three-
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pulse ESEEM data of MaNifB¥' and MaNifB*! reveal modulations from nitrogen coupled to the
K1-cluster (Fig. 3.1 a, blue trace). HYSCORE spectra were collected at each of the principal g
values for the K1 module to enable reliable interpretation of the *N hyperfine and quadruple
couplings (Fig. 3.1 b). The experimental data are simulated exceedingly well with a *N
hyperfine coupling tensor (in MHz) of A =[2.9 2.9 5.6] and a nuclear quadrupole coupling of

e’Qq/h = -2.1 MHz and n = 0.4 (Fig. 3.1 c).

For a nitrogen directly coordinated to a FeS cluster, an isotopic hyperfine of Aisc = 3—7 MHz and
a dipolar coupling of T = 0.9-1 MHz are expected. In contrast, a nitrogen that is near but not
coordinated to the cluster, such as a backbone amide, would have an Aisc ~¥1 MHz. The data
suggest the nitrogen measured (Aiso*! = 3.8 MHz, TK1 = 0.9 MHz) is directly coordinated to the
K1 module (17-26). Next, the nuclear quadrupole coupling (€?Qq/h) values of 1*N nuclei were
compared, which report on the electric field gradient of the *N nucleus and are sensitive to the
environment of the nitrogen that is directly bound to an Fe center. While there are numerous
EPR measured hyperfine, and quadrupole couplings from nitrogenous ligands to Fe sites, a
majority of them are from histidine ligated sites, including those found in the various Rieske-
type [Fe»S;] clusters (e?Qqg/h = 1.9-3.5 MHz) where the cluster contains two His ligands, in the
mitoNEET [FeS;] clusters (e2Qq/h = —2.47 MHz) which contain only a single His ligand, and in
myoglobin (e?Qq/h = -2.24 MHz) where the His ligand is axial to the porphyrin-bound Fe center
(18, 19, 21-23, 23-25, 27). The only reported hyperfine, and quadrupole coupling from a non-
histidine ligand is found in the radical SAM enzyme BioB, where Arg?® is coordinated to a
[Fe,S;] cluster (e?Qq/h = 2.6-2.8 MHz)29. The quadrupole coupling that was measured (e’Qqg/h

=-2.1 MHz) is lower than the reported value for Arg and is in the range of values for a His
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coordinated cluster; therefore, the fourth ligand was assigned to the K1 module as histidine.
14N coupling to the K2-cluster (in MaNifBX?) and the L-cluster (in MaNifBt, or SAM-treated
MaNifB"!, wherein the K1- and K2-modules are fused into an 8Fe L-cluster upon addition of
SAM) was not detected by the same EPR techniques (Fig. 3.1 a, red and green traces). However,
the observed absence of nitrogen coupling to the K2 module cannot be used to determine if the
fourth Fe site of this cluster is open, is occupied by a coordinated water, or is ligated by an
amino acid such as Asp or Glu. The absence of nitrogen ligation to the L-cluster, on the other
hand, is particularly interesting, as it suggests a conformational rearrangement upon coupling

of the K1- and K2-modules into an 8Fe L-cluster.
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Figure 3.1 Pulse EPR analysis of MaNifB. a Three-pulse ESEEM spectra of dithionite-reduced MaNifB* (black),
MaNifB¥! (blue), MaNifB*? (red), and MaNifB' (green). The time-domain spectra of MaNifB*t and MaNifB*!
have modulations from *N that appear as peaks in the fast Fourier transformed (FFT) spectra between 1 and 8
MHz. The sharp modulations between 250 and 500 ns in the time domain and the resulting broad peak near 14
MHz in the FFT are from nearby weakly coupled protons. b HYSCORE spectra of the dithionite-reduced
MaNifB¥! taken at 328, 348, and 353 mT. ¢ The HYSCORE data (blue) can be simulated (red) with a single N
nucleus, with a hyperfine coupling tensor A (in MHz) = [2.9 2.9 5.6] and a quadrupole coupling of e?Qg/h =-2.1
MHz and n = 0.4. Three-pulse ESEEM spectra were recorded at 10 K, T = 128-144 ns (values chosen to minimize
proton modulations to the spectra), /2 = 12 ns, and a microwave frequency of 9.3366 GHz (MaNifB“*,
MaNifB¥t, MaNifB*?) or 9.2465 GHz (MaNifB'). Spectra were collected near the g2 value (spectra maxima) for
each of the samples (MaNifB": 343 mT; MaNifB*': 343 mT, and MaNifB*?: 344 mT, and MaNifB': 340 mT).
MaNifB! HYSCORE spectra were recorded at 10 K, t=128-132 ns, and r7/2 = 12 ns.

3.3.2 Identification of an Essential Nitrogen Ligand

Sequence analysis of MaNifB revealed the presence of three highly conserved His residues,
His?8, His** and His?'%, which could potentially serve as the nitrogen ligand for the K1-cluster on
MaNifB ((Fig. 3.2). Based on this analysis, three MaNifB variants were heterologously expressed
in Escherichia coli, designated MaNifBH?84, MaNifB"*3* and MaNifB"?1%4, respectively, each

variant has one of the conserved His residues substituted with Ala.
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1 MPEENQP IKEKNNGPILGEELLRKISEHP[YDKNAOHKYG  Eigyre 3.2 The primary

sequence of MaNifB.
Conserved His residues from
45 diazotrophic organisms (4)
are highlighted in gray. The
121 NEFPEITIEMSTNGLMLPEKLPEILRTGVSTLTVTVNAID Cys residues that ligate to the

K1- (blue), K2- (orange), and
161 PEIQAKIVDHIFYHGKVYKGVEAAKIQIKNQLDGIKAAID SAM-modules (red) are also
highlighted.

41 RTHLAVAPANTQENFEVREFDVNESRPGVTSKVLT PEE

81 ALEKTKQILAEYPFIKVVAIAGPGDPLANDETFETFELIR

201 AGIVVKVNTVLIPGINDKHITIEIAKKLNELGVYIMNVMPL
241 INQGAFADLEPPTPEERKAVQEASEPYVMOMRHEROSRAD
281 AYGLLAQDMSQOMSEERRKVIKIQTKEDMEKARAVLEKNGK

321 KEA

Upon FeS reconstitution, MaNifBH?84, MaNifBH43A, and MaNifB"?1% have Fe contents
comparable to that of MaNifB"!, indicating that each contains three [FesSa] clusters (i.e., the
SAM-, K1- and K2-clusters) per protein (Fig. 3.3 a). Each variant also has a composite S = %2 CW-
EPR signal in perpendicular mode when treated with dithionite (Fig. 3.3 b). Thus, a loss of the
His ligand does not seem to impact the ability of MaNifB to ligate any of the three [FesS4]
clusters, likely due to the 3-Cys coordination of these clusters that is sufficient to secure them

in place.
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Figure 3.3 Iron content and EPR spectra of dithionite-reduced MaNifB proteins. a

The Fe contents of MaNifBwt (11.9 + 1.1 mol Fe/mol protein) and MaNifBK1 (3.9 + 0.1 mol Fe/mol protein) are
set to 100% and compared with the Fe contents of their respective variant forms The metal analysis was perfo
rmed five times independently (n=5 independent samples), and data are shown as mean + S.D. Experimental
details for iron determination are described in Section 3.2.4. b Shown are the CW-EPR spectra of MaNifB“* (1),
MaNifB"28A (2), MaNifB"21°A (3), MaNifBH43A (4), MaNifB*! (5) and MaNifBX:H43A (6) in the dithionite-reduced
state. The EPR analysis was performed three times independently (n=3 independent samples), and
representative results are shown. All protein samples have a concentration of 15 m mL™. The spectra were
recorded at 50 mW and 10 K. The g values are indicated (dashed vertical lines)

Three-pulse electron spin echo envelope modulation (3P-ESEEM) was again used to assess
whether a nitrogen ligand is still present in these MaNifB variants. MaNifB"t shows deep
modulations in the time domain of the ESEEM spectrum (Fig. 3.4 a, trace 1) and corresponding
intensity between 0 and 6 MHz in the FFT (Fig. 3.4 b, trace 1), which were previously assigned
to the hyperfine and quadrupole couplings of a cluster-ligated N nucleus (1). Similar
modulations and intensities are present in the ESEEM spectrum and FFT of MaNifBX!, a variant
carrying only the K1-cluster but no SAM- and K2-clusters (because of substitutions of the Cys
ligands of the SAM- and K2-clusters with Ala (1)), affirming the previous assignment of the
nitrogen ligand to the K1-cluster (Fig. 3.4 a, b, trace 5). While similarly deep modulations and

intensities are observed in the ESEEM spectra and FFTs of MaNifB"?8* and MaNifB"?1°A (Fig. 3.4
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a, b, traces 2, 3), these features are clearly absent from the ESEEM spectrum and FFT of
MaNifBH3A (Fig. 3.4 a, b, trace 4), suggesting His*? as the nitrogen ligand for the K1-cluster. To
seek further support for this assignment, MaNifB*H43A— another MaNifB variant carrying only
the Cys ligands of K1 along with the substitution of His** with Ala—was heterologously
expressed in E. coli. The purified MaNifBX:"43A demonstrates the same subunit composition as
MaNifB¥, as well as the same Fe content that is consistent with the presence of one [FesSq]
cluster (i.e., the K1-cluster) per protein upon FeS reconstitution (Fig. 3.3 a). However, contrary
to MaNifB¥! (Fig. 3.4 a, b, trace 5), MaNifBX""43A does not show deep modulations and
intensities in its ESEEM spectrum and FFT (Fig. 3.4 a, b, trace 6), firmly establishing His* as the

nitrogen ligand that specifically coordinates the K1- cluster.
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Figure 3.4 Three-pulse ESEEM spectra of dithionite-reduced MaNifB proteins. a Time-domain and (b) fast
Fourier transformed (FFT) spectra of MaNifB"t (1), MaNifB"28A (2), MaNifB"2%°A (3), MaNifB"*3* (4), MaNifB*! (5)
and MaNifB¥H43A (6). The time-domain spectra of the His-ligand containing samples (i.e., 1, 2, 3, and 5) have
modulations from *N that appear as peaks in the fast Fourier transformed (FFT) spectra between 1 and 6 MHz.
The sharp modulations between 250 and 500 ns in the time domain and the resulting broad peak near 14 MHz
in the FFT are from nearby weakly coupled protons. The ESEEM spectra were recorded at 10 K, 7= 128-144 ns,
/2 =12 ns, and 9.3366 GHz. The experiment was performed three times independently (n = 3 independent
samples), and representative results are shown in the figure. All protein samples have a concentration of
15mgmL™t.
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3.3.3 Function of His*? in L-Cluster Maturation

Continuous-wave (CW) EPR analysis provided the first insights into the function of His*? in the
cofactor core assembly process. Consistent with the coupling and rearrangement of the K1- and
K2-clusters into an L-cluster, the L-cluster-specific, g = 1.94 signal (3-5) is observed in the
spectra of MaNifB"!, MaNifB"?®*, and MaNifB"?1°* upon incubation of these proteins with SAM
(Fig. 3.5 a, traces 1-3). In contrast, the g = 1.94 signal is absent from the spectrum of
MaNifBH*3A following the same treatment, suggesting a lack of K- to L-cluster transformation on
this protein after incubation with SAM (Fig. 3.5 a, trace 4). In support of this assignment, the
SAM-treated MaNifB"t, MaNifB"?®A, and MaNifB"?1°A can be used as M-cluster sources for the
subsequent reconstitution and activation of apo-NifDK in an in vitro assay. In contrast, the SAM-
treated MaNifB"43*A cannot support the reconstitution and activation of apo-NifDK in the same
assay (Fig. 3.5 b). Interestingly, the activity of MaNifB"2#A in this assay is ~41% less than
MaNifB"t, suggesting a possible involvement of His28 in the K- to L-cluster conversion. H?8 is
close to one of the Cys ligands (Cys3°) of the K1-cluster in the primary sequence (Fig. 3.2) and,
consequently, the tertiary structure of NifB. More importantly, the abolished activity of
MaNifBH*3A in the K- to L-cluster transformation points to a critical role of His*? in coupling the

K1- and K2- clusters into an 8Fe L-cluster.
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To further explore the role of His*® in this process, high-performance liquid chromatography

(HPLC) was performed to examine the products generated upon incubation of MaNifB"43A with

SAM. Like MaNifB"t, MaNifB"?#A and MaNifB"?1°A, and MaNifB"*3A can all cleave SAM into S-

adenosyl-L-homocysteine (SAH) and 5'- deoxyadenosine (5'-dAH) (Fig. 3.6 a,b, traces 1-4). Also,

as observed in the cases of MaNifB"t, MaNifB"28A and MaNifB"H?1°A (Fig. 3.6 c, traces 1-3), the

formation of methanethiol is detected upon acid quench of an incubation mixture of

MaNifBH*3A and SAM (Fig. 3.6 ¢, trace 4). This observation is not particularly surprising because

previous results demonstrated that SAH, 5-dAH, and methanethiol could be generated if both

SAM- and K2-clusters are present,
even in the absence of the K1-
cluster. The fact that substitution
of the K1-specific ligand, His*3,
with Ala does not impact the
reactivities associated with the
SAM- and K2-clusters is
consistent with this observation
and places the perturbation of
the K- to L-cluster conversion by
this substitution after the
hydrogen atom abstraction from

the K2-associated methyl group.
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Figure 3.5 Conversion of L-cluster to M-cluster on MaNifB proteins.
a EPR spectra of IDS-oxidized MaNifB*! (1), MaNifB"2%A (2),
MaNifBH2%%A (3), and MaNifB"*** (4) upon addition of SAM. The
formation of the L-cluster was monitored by the appearance of an L-
cluster-specific S = 1/2 signal at g = 1.94 (dashed vertical line). All
protein samples have a concentration of 15 mg mL™%. The EPR
spectra were recorded at 5 mW and 20 K. b M-cluster maturation
activity of MaNifB"t (1), MaNifB"28A (2), MaNifBH21% (3), and
MaNifBH43A (4). The activity of M-cluster maturation was determined
based on the C2Hz-reducing activity of reconstituted NifDK, using
SAM-treated MaNifB proteins as the M-cluster sources. The EPR
analysis was performed three times independently (n =3
independent samples), and representative results are shown in (a).
The maturation assay was performed five times independently (n =5
independent samples), and data are presented as mean + S.D. (b).
See Section 3.2.5 for the detailed composition of maturation assays.
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Figure 3.6 Functional properties of MaNifB proteins. a, b HPLC elution profiles of SAH (a) and 5'-dAH (b) upon
incubation of SAM with MaNifB“! (1), MaNifB"?8A (2), MaNifB"?1°A (3), and MaNifB"43A (4). ¢ GC analyses of
methanethiol (Me-SH) formation upon acid quenching of incubation mixtures containing SAM and MaNifB"
(1), MaNifB"28A (2), MaNifBH21%A (3), and MaNifB"*3* (4). All products were identified using standards (28, 29).
The HPLC (a, b) and GC (c) experiments were each performed three times independently (n = 3 independent
samples), and representative results are shown in the figure. The protein and SAM concentrations are 0.4 mM
and 4 mM, respectively, in (a, b); and 40 uM and 0.3 mM, respectively, in (c). See Section 3.2.6 and 3.2.7 for
detailed compositions of these assays.

3.3.4 Roles of His*? in Cluster Transformation

X-ray absorption spectroscopy (XAS)/extended x-ray absorption fine structure (EXAFS) analysis
provided further insights into the role of His*? in L-cluster maturation. XAS/EXAFS analysis has
proven to be a valuable tool for obtaining structural information of the cluster species related
to the function and assembly of nitrogenase. Previous studies of the wildtype and variant
MaNifB proteins have established XAS/EXAFS parameters that can be used in combination with
the EPR and biochemical data to conclusively assign cluster species and monitor cluster

transformation in this protein.

The x-ray absorption near-edge structure (XANES) data reveal a K-edge energy for MaNifBH434

similar to that for MaNifB" before or after incubation with SAM (Fig. 3.7 a), suggesting a similar
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sulfur-rich environment in all these protein species (13). The pre-edge feature of MaNifB"43A s
also similar in intensity to that of MaNifB" before incubation with SAM; however, its amplitude
does not increase as much as that of MaNifB"! upon incubation with SAM (Table 3.1),
suggesting that the transition metal center in SAM-treated MaNifB"43A (designated
MaNifBH*3A/SAM) is less distorted away from centrosymmetry (14, 30) than that in SAM-treated
MaNifB"! (designated MaNifB"t/SAM). Consistent with this observation, the smoothed second
derivative of the pre-edge data of MaNifB%!/SAM transitions from a single inverted peak at
~7112.6 eV to two inverted peaks at ~7112.6 eV and ~7114.5 eV, respectively (Fig. 3.7 b). Such a
change has been attributed to the conversion of the K-cluster (with typical tetrahedral Fe-site
geometries (9)) to an L-cluster (with an unusual intermediate geometry between tetrahedral
and trigonal pyramidal (9)) in MaNifB"* upon incubation with SAM (13). In the case of
MaNifBH43A, while a similar peak at ~7112.6 eV is observed in the second derivative before and
after incubation with SAM, the line-shapes of these plots beyond 7113 eV are different than
those of the corresponding MaNifB"! species (Fig. 3.7 b). More importantly, the second peak at
~7114.5 eV is absent from the plot of MaNifB"43#/SAM, although MaNifB"43A/SAM seems to
undergo a transition analogous to that of MaNifB"!/SAM on the basis of the similar line-shapes

of their second derivative plots (Fig. 3.7 b).

Extended X-ray absorption fine structure (EXAFS) analysis of the Fe K-edges of MaNifBH43A
provided important insights into the structural metrics of its associated cluster species. Prior to
SAM treatment, MaNifB"43A and MaNifB* display two similar features at R + A ~1.7 and 2.4 A,
respectively, in the Fourier transforms (FT; Fig. 3.7 c) of their EXAFS data (Fig. 3.7 d), although

the feature of MaNifB"43A at R + A ~2.4 A is much more prominent than that of MaNifB"t. For
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MaNifBH43A these FT features can be best fit with Fe—S and Fe--Fe scatterers at 2.29 and 2.71 A,
respectively; whereas for MaNifB", they are best fit with Fe=S scatterers at 2.29 A and Fe---Fe
scatterers at 2.51 and 2.69 A, respectively (Table 3.1). Upon incubation with SAM,
MaNifBH*3A/SAM and MaNifB¥{/SAM seemingly undergo similar changes, both showing extra FT
features at R + A ~3.0 and ~3.5 A; yet, while MaNifB"t/SAM displays a substantially increased
intensity and a clear shift of its FT feature at R + A ~2.4 A, the corresponding FT feature of
MaNifBH*3A/SAM remains mostly unchanged (Fig. 3.7 c). The differences between the two SAM-
treated MaNifB species are clearly illustrated in the best fits of their EXAFS data:
MaNifBH43A/SAM is best modeled with two types of Fe—=S scatterers at 2.27 and 3.88 A,
respectively, and one type of Fe--Fe scatterers at 2.69 A; whereas MaNifB"t/SAM is best
modeled with one type of Fe—S scatterers at 2.23 A and two types of Fe---Fe scatterers at 2.64
and 3.70 A, respectively (Table 3.1). Most notably, the long-range Fe---Fe distance at 3.70 A,
which originates from the intercubane scattering between the six carbide-coordinated Fe atoms
at the cofactor core (9), is present only in MaNifB"t/SAM but absent from MaNifBH43A/SAM.
This observation suggests that unlike MaNifB*t, MaNifB"**A does not enable the formation of an
L-cluster with a pe-coordinated central carbide in place upon incubation with SAM. In support
of this argument, MaNifB"43A carries clusters with short-range Fe---Fe distances that are
characteristic of the [FesS4] clusters before and after incubation with SAM (Table 3.1). However,
modeling of the cluster species on MaNifB"43A/SAM, contrary to that of the cluster species on
MaNifB"43A requires the inclusion of an extra Fe—S distance at 3.88 A (Table 3.1) that
corresponds to the distance from sulfide to a Fe at the opposite vertex of a [FesSa] cluster. The

appearance of such a distance is consistent with an increased order of the two K-cluster units
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Figure 3.7 Fe K-edge XAS analysis of MaNifB proteins. a Pre-edge regions of the normalized fluorescence
spectra and (b) smoothed second derivatives of the pre-edge regions, (c) Fourier transforms of the EXAFS data
(dotted) and the best fits of data (solid), and (d) k*>-weighted EXAFS data (dotted) and the best fits of data
(solid). Spectra are shown for MaNifB** before (1) and after (2, designated MaNifB*Y/SAM) incubation with
SAM, and MaNifB"*3* before (3) and after (4, designated MaNifB"*3#/SAM) incubation with SAM. Note that
MaNifB"t carries the K-cluster (a [FesSa4] cluster pair), whereas MaNifB*!/ SAM carries the L-cluster ([FesSsC]).
The peaks at ~7112.6 eV and ~7114.5 eV of the pre-edge regions are indicated by dashed vertical lines to
illustrate the transition from a single peak at ~7112.6 eV to two peaks at ~7112.6 eV and ~7114.5 eV in the
spectrum of MaNifB** (b, 1 vs. b, 2), which corresponds to the conversion of the K-cluster to an L-cluster upon
incubation of MaNifB"* with SAM. Such a change is not observed in the case of MaNifB"** following the same
treatment with SAM (b, 3 vs. a, 4). The XAS analysis was performed three times independently (n =3
independent samples), and representative results are shown in the figure. All protein samples have a
concentration of 50 mg mL™. All scans were taken at ~10 K. See Table 3.1 for more details of EXAFS fits.

(i.e., K1 and K2), or further processing of these [FesS4] units into a cluster intermediate between
the K- and L-clusters on MaNifB"43A/SAM; more importantly, it highlights an overall
homogeneity of the cluster species on MaNifB"43A/SAM, as this Fe—=S distance can only be
observed when the clusters are well-ordered and, therefore, uniform in nature. Overall, the
mean squared deviations (02) of the S, and Fe scatterers are rather small (<5 x 10-3 A2; Table
3.1), which further supports the homogeneity of the cluster species in the MaNifB proteins.
Three most likely configurations can be proposed for this cluster intermediate: (i) a partial

[FesSs] cluster pair bridged by two sulfide atoms (S%) and a carbon (CHy) species, (ii) a face-on
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[FeaS4] cluster pair bridged by a CHy species, and (iii) a vertex-on [FeaSa] cluster pair bridged by a
CHy species, all of which lack the characteristic cofactor core structure that is defined by an
interstitial carbide coordinated with six Fe atoms. Given the homogeneity of the cluster species
on MaNifBH*3A/SAM, it is likely that one of these proposed models will be identified through

future structural characterization of this protein.

Protein Fe-S FeeeooFe FeeeooFe

N R(A) o¢2(1073) N R(A) o©2(1073) N R(A) o2(103)

MaNifB"t 3.8 |2.29 8.19 1 2.51 |5.82 15 2.69 4.35
MaNifB¥t/SAM 3.1 | 223 |4.23 35 | 264 |7.87 15 3.70 7.89
MaNifBH434 3 2.29 2.98 2 2.71 | 4.02 - - -

3 2.27 | 4.18 2 2.69 |4.19 - - -
MaNifB"43A/SAM

1 3.88 1.53 - - - - - -

Table 3.1 Best fits of the Fe K-edge EXAFS data. N is the coordination number of neighboring scattering atoms,
R is distance from absorbing to scattering atoms, and o? is the mean-square disorder of distance. Data is fit
between k=2-11.2 A™!. Data for MaNifB* and MaNifB*/SAM are taken from a previous study (13).

3.4 Summary and Conclusion

We have identified His*® as the source of a nitrogen ligand to the K1-cluster of MaNifB that is
essential for K- to L-cluster transformation. [FesS4] clusters can be sensitive to degradation,
especially when there is a non-Cys-ligated, open Fe site. Therefore, it is advantageous to have a
ligand (like the histidine ligand for the K1-cluster), which releases from the [FesSa4] cluster

module to facilitate the formation of the more stable [FegSoC] L-cluster.
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Formation of a cluster intermediate on the SAM-treated MaNifB"43A that is distinct from both
the K- and L-clusters implies that His*? serves as a critical structural element and possibly a
reaction component during the process of cofactor core formation on MaNifB. The increased
intensity of the FT feature of MaNifB"43 at R + A ~2.4 A relative to that in MaNifB“ before
incubation with SAM points to a stronger Fe:--Fe scattering that results from a closer distance
between the two [FesS4] units of the K-cluster in MaNifB"43A than those in MaNifB"t. Such a
change in either the distance, orientation, or both, of the K1-cluster relative to the K2-cluster,
apparently prevents MaNifB"43A from initiating proper coupling between the two K-cluster
units. The His*? ligand, therefore, could play a steric role in keeping the two K-cluster units at
the correct distance and orientation to each other by either pulling the K1-cluster away from
the K2-cluster via its ligand capacity or directly separating the K1- and K2-clusters with its bulky
imidazole ring. Additionally, given the observation of a loss of the nitrogen ligand upon
conversion of the K-cluster to an L-cluster on MaNifB, His** may lose its coordination to the K1-
cluster via protonation, thereby freeing up K1 for the subsequent coupling with K2 into an L-
cluster, and facilitating the release of the completed L-cluster to the next biosynthetic
apparatus for further maturation. As such, His*? likely functions as a molecular switch via
reversible protonation and deprotonation events, securing the cluster in place in its
deprotonated state while giving the cluster certain structural flexibility in its protonated state
to accommodate the different states required for cluster conversion. A similarly labile nitrogen
ligand is also found in mitoNEET, where protonation of a His ligand to a [Fe;S:] cluster permits

the transfer of the cluster to downstream acceptor proteins (16, 31).
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In light of this proposal, it is interesting to consider a coupling of the function of His*? as a
molecular switch with another role of this residue in cofactor core formation, one that is
involved in the further deprotonation/dehydrogenation of the initial methylene radical to yield
the interstitial carbide at the center of the L-cluster. The observation that the two K-cluster
units in SAM-treated MaNifB"43* become more aligned with each other but remain largely
separate FeS cubanes in character is consistent with an interruption of the carbide
formation/insertion process that is required for the coupling/rearrangement of K1 and K2 into
the geometry of a cofactor core. Consequently, the cluster is rendered in an unfinished state
with the carbon intermediate (CHx) not fully deprotonated or dehydrogenated and attached to
one or both of the K-cluster units. It is important to note that, other than His*3, additional
residues may also be involved in processing the carbon intermediate to an interstitial carbide,
as substitution of His?® with Ala apparently reduces the efficiency of L-cluster formation on NifB
by 41%. A proton relay mechanism involving multiple histidine (or equivalent) residues may be
employed in this case to facilitate efficient deprotonation/dehydrogenation of the initial
methylene radical to eventually yield a carbide in the center of the L-cluster. While the role of
His*? and other relevant players in the cofactor core formation process is yet to be elucidated,
the results of this study provide an important framework for further investigations into the
unique radical chemistry underlying the formation of the core structure of the nitrogenase
cofactor. Knowledge obtained from these studies will contribute to a better understanding of
the mechanism of nitrogenase and shed important light on the mechanisms of analogous

biological systems.
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Chapter 4: Structure of NifH from Azotobacter vinelandii in the

All-Ferrous State
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4.1 Introduction

The Fe protein of nitrogenase catalyzes the ambient reduction of CO, when its cluster is present
in the all-ferrous, [FesS4]° oxidation state. Designated AvNifH, the Fe protein of the Mo-
nitrogenase from a soil bacterium, Azotobacter vinelandii, is a =60 kDa homodimer that carries
a subunit-bridging [FesSa] cluster and a nucleotide-binding site within each subunit. The [FesS4]
cluster of AvNifH can assume three oxidation states: 0, +1 and +2;(1-7) however, it is believed
that AvNifH undergoes a one-electron reduction cycle between the [FesS4]* and

[FeaS4]?* oxidation states to transfer electrons to its catalytic partner during catalysis.

Recently, AvNifH was shown to act as an independent reductase and catalyze the ambient
reduction of CO; to CO either in an in vitro assay where an artificial electron source is supplied,
or in an AvNifH-expressing cell culture where an in vivo electron donor(s) is present

(1). Interestingly, AvNifH is only capable of catalytic turnover of CO, when a strong reductant,
europium(ll) diethylenetriaminepentaacetic acid (Eu'-DTPA; E¥=-1.14 V at pH 8), renders its
cluster in the all-ferrous, [FesS4]° state (1). Likewise, the Fe protein from Methanosarcina
acetivorans (designated MaNifH), which shares 72 % sequence identity with AvNifH, also
reduces CO; catalytically when its [FesSa4] cluster is present in the all-ferrous state; only in this
case, NifH reduces CO; past CO into hydrocarbons (2). Structural analysis of the catalytically
competent, all-ferrous state of the Fe protein, therefore, is crucial for understanding the unique

reactivity of this FeS enzyme toward CO5;.

In this chapter, we probe the unique reactivity of the all-ferrous Fe protein toward CO; by a

combined structural and theoretical approach (3). Structural comparisons of the Azotobacter
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vinelandii Fe protein in the [FesS4]° and [FesSa]* states point to a possible asymmetric
functionality of a highly conserved Arg pair in CO2 binding and reduction. Density functional
theory (DFT) calculations provide further support for the asymmetric coordination of O by the
“proximal” Arg and binding of C to a unique Fe atom of the all-ferrous cluster, followed by the
donation of protons by the proximate guanidinium group of Arg that eventually results in the
scission of a C-0 bond. These results provide essential mechanistic and structural insights into
CO; activation by a surface-exposed, scaffold-held [FesS4] cluster, which may facilitate future

development of FeS catalysts for ambient conversion of CO; into useful chemical commodities.

4.2 Materials and methods

4.2.1 General Information

Unless otherwise specified, all chemicals were purchased from Sigma-Aldrich (St. Louis, MO)
and Thermo-Fisher Scientific (Waltham, MA). Reagents for protein crystallization were
purchased from Hampton Research (Aliso Viejo, CA). All experiments with proteins were
performed under an Ar atmosphere using Schlenk techniques or in a glove box operating at <3

ppm Oa.

4.2.2 Protein Purification and Crystallization

Azotobacter vinelandii strain DJ1141 was grown in a fermenter in 180 L batches, and non-

tagged was purified according to published protocols (4, 5). Reagents for protein crystallization
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were purchased from Hampton Research and were thoroughly de-aerated by vacuum/Ar-fill
cycling before use. All crystals were generated at room temperature in an anaerobic chamber
(Coy Laboratory Products), coated with Parabar 10312 oil (Hampton Research) as a
cryoprotectant, and flash-frozen in liquid N for data collection. AvNifH was crystallized using a
protocol adapted from a previously described procedure (6). Briefly, the purified AvNifH protein
was passed through a prepacked Sephadex G25 fine column (GE Healthcare) equilibrated with
buffer A [50 mM Tris-HCI (pH 8.0), 450 mM NaCl, and 20% (v/v) glycerol] to remove excess
dithionite, and then spin concentrated to 25 mg/mL using Amicon Ultra-4 30 kDa centrifugal
filter units (Merck Millipore). Following the addition of a Eu'-DTPA solution at a final
concentration of 10 mM, the protein solution instantly turned from brown to pink, indicating
the reduction of the protein-bound cluster from the +1 state to the all-ferrous, 0 state (7).
AvNifH was crystallized using the liquid-liquid diffusion method in glass capillaries by layering 20
uL protein solution and 10 pl precipitant solution (100 mM Tris (pH 8.0), 900 mM NaCl, and
27% (w/v) PEG 4000). Pink crystals grew within one day and were flash-cooled in liquid nitrogen

for data collection.

4.2.3 Data Collection and Structure Determination

The diffraction data of AvNifH crystals were collected at 100 K on beamline 9-2 of Stanford
Synchrotron Radiation Lightsource using a wavelength of 0.9856 and a Dectris PILATUS 6M
detector. A total of 1600 images were recorded at a distance of 450 mm with an oscillation

angle of 0.25° and an exposure time of 0.25 s. The raw data were indexed and processed using
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iMosflm and Scala from the CCP4 package (8). Molecular replacement was performed with
Phaser in PHENIX (9) using AvNifH (PDB ID: 1G1M) (6) as a search model. The initial model was
further improved by cycles of manual building and refinement using Coot and PHENIX (9—-11).
The stereochemical quality of the final structure was evaluated by MolProbity (12). All
molecular graphics were prepared using PyMol (13). Data collection and refinement statistics
are summarized in Table 4.1. The structure of Eull-reduced AvNifH (designated AvNifH®, PDB ID:

600B) was deposited in the Protein Data Bank (https://www.wwpdb.org).

4.2.4 CO; Reduction Activity Analyses

The in vitro CO,-reduction assays were carried out in 9.4 mL assay vial. Each assay reaction
contained, in a total volume of 1.0 mL, 500 mM Tris-HCI (pH 10.0), 0.5 mg AvNifH), and 50 mM
Ti"citrate or Eu"-DTPA. The headspace of each assay contained 100% CO, (reactions) or 100%
Ar (controls). The assays were assembled without the protein and the reductant, repeatedly
flushed and exchanged with CO,, followed by equilibration for 30 min until pH stabilized at
~8.0. The reaction was initiated upon the addition of AvNifH, followed immediately by the
addition of Ti"-citrate or Eu"-DTPA and incubation with continuous shaking at 30°C for 300 min
until the reaction was complete. Following quenching of each assay by 100 uL of 30%
trichloroacetic acid, the headspace sample was examined for the production of CO as described

previously (2).
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4.2.5 Density Functional Theory (DFT) Calculations

The mechanism of CO; coordination and reduction was studied with the DFT programs in the
Turbomole package, version 7.0 (14). Atomistic models of the [FesS4] cluster and its immediate
protein environment were generated from the AvNifH structure in the all-ferrous, [FeaS4] O
state (PDB ID: 600B; this work) or the dithionite-reduced, [FesS4] 1+ state (PDB ID: 1G5P) (15).
The coordination of CO; was exhaustively screened in various orientations and for a multitude
of different oxidation and spin states of the cluster, and no affinity was detected of the Fe
atoms of the cluster for the O atoms of CO;, as structural optimization inevitably resulted in the
dissociation of CO; from the cluster. The models were selected as described previously (1) and
contained the [FesS4] cluster of AvNifH, as well as C974, C978, C132#, C1328, R100*, R1008,
F135%, F1358 and the main chain atoms of the residues A98#, A988, G99*, G998, G133 and
G133B to account for all interactions of the cluster with the protein backbone. N-termini were
saturated with acetyl groups according to the crystallographic atom positions. Hydrogen atoms
were added to the model with Open Babel (16), assuming protonation of the Arg residues.
During structural optimizations, the atoms of the cluster, the side-chain atoms of the cluster-
coordinating Cys residues (including Ca.), the side-chain atoms of the Arg residues (starting from
Cy), the benzene groups of the Phe residues and all hydrogen atoms were allowed to relax
spatially. All other atoms were kept structurally frozen. The models were treated as open-shell
systems in the unrestricted Kohn-Sham framework. Solvent effects were treated implicitly by
the conductor-like solvent screening model (COSMO) (17), assuming a dielectric constant of
€=40. All structures were optimized with the TPSS functional (18). A def2-TZVP basis set (19, 20)

was used for the [FesS4] cluster, the side chain atoms of the Cys residues (including Ca atoms),

80



the atoms of the guanidinium groups and the cluster-bound CO, moiety. A def2-SVP basis set
was assigned to all remaining atoms to accelerate the calculations. Computational time was
further reduced by utilizing the resolution-of-the-identity approximation (20, 21).
Antiferromagnetic coupling in the FeS cluster was accounted for by the broken symmetry
approach (22—-24). Reduction energies were first calculated by assuming the transfer of a free
electron with zero kinetic energy. The resulting energies were then corrected with the reported
experimental electrode potential of Eu"-DTPA (E%= -1.14 V vs. SHE) following a previously
described procedure to obtain approximate redox free energies that better represent the
energetics of the system (25, 26). This value was corrected (27) with respect to the Standard
Hydrogen Electrode (SHE) by using AE (SHE)=—4.34 V. The initially obtained reduction energies
were transformed into redox free energies by adding the redox free energy of the reductant
half-reaction: AG? = —n F (E-AE (SHE)) (n, the number of electrons; F, Faraday constant) (26,
27). For EU"-DTPA, this value is —73.8 kcal/mol. Protonation energies were calculated by taking
the deprotonation energy of Tris-H* into account (calculated with TPSS/def2-TZVP, COSMO,

£=80).
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4.3 Results and discussion

4.3.1 The Structure of AvNifH in the All-Ferrous State

Crystal structures of the all-ferrous AvNifH have been determined previously at resolutions of

2.25 A (PDB ID: 1G1M) (6) and 1.95 A (PDB ID: 6N4J) (28), from protein treated with titanium(lll)

citrate (Ti"-citrate; E”=-0.79 V at pH 8), followed by removal of excess Ti"-citrate before

crystallization (6). Interestingly, in an in vitro assay of

CO; reduction by Fe proteins conducted in the presence of
Ti"-citrate shows no activity, contrary to the reactions using
Eu"-DTPA (Fig. 4.1), likely due to the interaction between
CO; and Ti-derived species (29). To mimic the conditions
that enabled CO; reduction by the all-ferrous protein (1,

2) AvNifH was crystallized in the presence of excess Eu'-
DTPA and crystals with a characteristic pink color of the all-
ferrous, [FesSa]° state were obtained. The crystals remained
pink during the process of data collection and diffracted to

a resolution of 1.6 A (Table 4.1).
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Overall, the Eu'-reduced, [FesS4]°-state AvNifH (designated AvNifH?, PDB ID: 600B adopts a

conformation typical of an Fe protein (Fig. 4.2 a). Each subunit of AvNifH° folds as a single a/B-
type domain and, together, the two subunits bridge a [FesS4] cluster at the subunit interface by
four Cys ligands: two (Cys974, Cys1324) from subunit A and two (Cys978, Cys1328) from subunit

B (Fig. 4.2 b).

Figure 4.2 Overall structure of AvNifH®and close-up view of the active site. The Cys ligands and the
conserved Arg residues are shown as sticks. The [FesSa] clusters are shown in ball-and-stick representations.
The main chain backbonds are shown as cartoons (subunit A, light orange; subunit B, light blue). The atoms
are colored as follows: Fe, orange; S, yellow; C, gray; N, dark blue. The electron density (2Fo-Fc) of the
conserved Arg pair (blue meshes) is contoured at 2.0 o.

Despite overall conservation in structure, there are variations between the Eu'"-reduced, all-
ferrous AvNifH® (Fig. 4.3), and the dithionite-reduced, [Fe4S4]*-state AvNifH

(designated AvNifH?, PDB ID: 1G5P (15)) (Fig. 4.3). Notably, there is a considerably more linear
alignment of a pair of helices (C* and CB) in AvNifH® than their counterparts in AvNifH* (Fig. 4.3)
and, concomitantly, a significant movement of a highly conserved Arg pair (R100* and R1008)-
located at the tips of helices C* and CB-toward the center of the surface cavity that houses the
[FeaSa] cluster. Strikingly, while R100* seems to swing laterally on the surface of the protein and
remains distant to the [FesS4] cluster, R1008 moves significantly closer to the cluster in the Eu'-

reduced protein.
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PDB ID 600B

Data Collection

Space group P2;
Cell dimensions

A, b, c (A) 57.05, 93.04, 60.79

a, 6, y(9 90.00, 98.87, 90.00
Wavelength (A) 0.97557
Number of reflections measured 492,239
Number of unique reflections 81,373
Resolution (A) 38.27-1.60(1.69 — 1.60)
Rpim 0.046 (1.321)
CCi2 0.995 (0.452)
I/o(1) 8.0(1.3)
Completeness (% 98.6 (98.8)
Multiplicity 6.0 (6.1)

Refinement

Resolution (A) 38.27 -1.60 (1.64 — 1.60)
No. of reflections 81,050
Rwork /Rfree 0.2062 /0.2185 (0.3054 / 0.2921)
No. of atoms

Protein 4128

Ligand 8

Solvent 252
B factors (A?)

Overall 33.48

Protein 33.31

Ligand 19.79

Water 36.58
Ramachandran plot

Favored (%) 97.36

Allowed (%) 2.64
R.M.S. deviations

Bond lengths (A) 0.007

Bond angles (2) 0.81

Table 4.1 Data collection and refinement statistics for AvNifHC. Values in parentheses represent the highest
resolution shell. Rfee Was calculated for a test set comprising 2.45 % of all the reflections.
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AvNifH?

AvNifH!

Figure 4.3 Structural comparison between AvNifH® and AvNifH!. Top views of AvNifH® (top left)

and AvNifH! (bottom left), with the alignments of helices CB and C* and the positions of the Arg pairs (located
at the tips of helices C® and C*), highlighted (right). Dashed red arrows indicate the movements of Arg
residues in AvNifHC (top right) relative to those in AvNifH (bottom right). Subunits are shown as ribbons (side
view) or cylinders (top view) and colored light orange (subunit A) and light blue (subunit B), respectively. The
[FeaSa4] cluster is shown in ball-and-stick presentation and colored as follows: Fe, orange; S, yellow. The
conserved Arg pair (R100*, R1008) are shown as sticks.

A closer examination reveals that the distance between the side-chain C¢ of R1008 and Fe3 of
the cluster is substantially shortened from 10.5 A (in AvNifH?) to 6.3 A (in AVNifHO); in contrast,
R100* and Fe2 remain relatively far apart in both structures (Fig. 4.3). It should be noted that
the same asymmetric positioning of the Arg pair and the linearized alignment of the C® and

C* helices are also observed in the case of the Ti"-citrate-reduced AvNifH® (28). The observation

of disparate movements of the seemingly equivalent pair of Arg suggests a possible asymmetric
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functionality of these residues and suggests the proximal R1008 in may have a role CO3 binding

and activation.

CO; binding an activation was examined further by DFT calculations performed by Dr. Martin
Stiebritz. Consistent with the catalytic competence of the all-ferrous AvNifH, when CO; was
modeled into the structure of the Eu'-reduced AvNifH?, the CO, moiety was observed to adopt
a bent, carboxylate-like conformation at an O-C-0 angle of 127° (Fig. 4.4 c). Compared to its
counterpart in the CO>-free structure of AvNifH® (Fig. 4.4 a), the [FesS4] cluster in the CO»-
activated model of AvNifH? (designated AvNifH; Fig. 4.4 c) has its Fe3 atom “lifted” out of the
plane and bound to the C atom of CO; at a distance of 2.1 A. Binding of an O atom of CO; to the
Fe atom of the cluster was excluded by the DFT-based structural optimization that inevitably
resulted in the dissociation of CO; from the cluster, as well as previous experimental
observations that formate was not generated as a product of this reaction (1). The positions of
the conserved Arg residues do not significantly change when AvNifH® is compared

with AvNifHC: the “distal” R100* remains distant from both CO- and the cluster; whereas the
“proximal” R1008 interacts with one O atom of the CO, moiety via hydrogen bonding (Fig.

4.4 c). This observation provides strong theoretical support for an asymmetric functionality of
the conserved Arg pair in CO; activation. CO; capture by a cluster in the 1+ state (Fig. 4.4 b) is

explored in Chapter 5.
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Figure 4.4 CO: capture and activation by NifH proteins. Shown are the active sites of the CO»-free (a), CO»-
captured (b), and COz-activated (c) conformations of the Fe protein, which are represented

by AvNifH!, MaNifH¢ (see Chapter 5 for more information), and AvNifH%, respectively. This series of
conformations suggest a possible asymmetric movement of the conserved Arg residues that potentially
captures CO2 near the [FesS4] cluster for the subsequent activation of CO2 via coordination of one O by the
“proximal” Arg and binding of C to the Fe3 atom of the all-ferrous cluster. The movement of the “proximal”
Arg (R1008 in AvNifH and R988 in MaNifH) and the “distal” Arg (R100* in AvNifH and R98” in MaNifH), as well
as the activation of CO; from a linear conformation to a bent, carboxylate-like one, are shown from two
angles. The COz-free (a) and COz-captured (b) conformations are derived from crystal structures, whereas the
COz-activated conformation (c) is derived from DFT modeling of CO; into the crystal structure.

4.3.2 Mechanism of from CO; Activation from Density Functional Theory Calculations

To tackle events following the binding and activation of CO,, we performed DFT calculations to

examine the reduction of CO; to CO by the all-ferrous AvNifH in the presence of excess

reductant (Fig. 4.5). Binding of COz to the [FesS4]° cluster of AvNifH, which renders the
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CO2 moiety in an activated carboxylate-like conformation concomitant with a charge
redistribution to the O atoms, is weak yet energetically feasible at —3.4 kcal mol™ (Fig. 4.5 a, b,
step 1). Subsequently, a proton is transferred from the proximate guanidinium group of R1008-
positioned at a calculated R-NHy*---CO; distance of 1.64 A-to an oxygen of CO,, although the
reaction is slightly endothermic due to the basicity of this residue (Fig. 4.5 a, b, step 2). This
event is followed by an exothermic re-protonation step of the proximal R1008 by Tris-H* (Fig.
4.5 3, b, step 3), leading to the formation of a cluster-bound CO2H intermediate in a series of
events that is exothermic overall (Fig. 4.5 a, b, steps 1-3). Endothermic electron transfer (Fig.
4.5 a, b, step 4), facilitated by an excess of reductant, then triggers proton transfer from the
proximal R1008 to the bound CO;H intermediate, resulting in the exothermic cleavage C-O(H)
bond and dissociation of a water molecule (Fig. 4.5 a, b, step 5). Subsequent re-protonation of
the proximal R1008 is exothermic (Fig. 4.5 a, b, step 6), and this step is followed by endothermic
dissociation of CO (Fig. 4.5 a, b, step 7) and regeneration of the all-ferrous cluster in the
presence of an excess of reductant. It should be noted that the first protonation event could
also occur via direct proton transfer from the buffer (i.e., Tris-H*; Fig. 4.5 a, b, step 2); however,
this Arg-independent route may not be favored due to a lack of protein-facilitated stabilization
of the substrate. Moreover, the proposed role of Arg in proton donation is supported by the
site-directed mutagenetic studies of MaNifH, (see Chapter 5, or Ref. (30)) which demonstrate a
largely intact or significantly decreased CO-reducing activity upon an R->H or R->G mutation
that corresponds to the preservation or elimination of the hydrogen bonding ability at the

position of the conserved Arg.
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4.4 Summary and Conclusions

The combined structural and theoretical studies presented herein provide plausible answers to
qguestions such as why the Fe protein is substantially more active in CO; reduction in the all-
ferrous, [FesSa]° state than the dithionite-reduced, [FesS4]* state and why this reaction has a
low efficiency overall from an energetic perspective (Fig. 4.5). Interestingly, the movement of

Arg pair toward the [FesSa4] cluster upon reduction to the all-ferrous state parallels the
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Figure 4.5 Proposed mechanism of CO2 mechanism by AvNifHC. (a) An energetically plausible pathway
derived from DFT calculations (TPSS/def2-SVP/def2-TZVP, COSMO €=40). (b) Cumulative reaction energies of
the proposed pathway of CO; activation by AvNifH?, with the initial protonation facilitated by R100 (/eft) or
achieved directly via Tris-H* in the buffer (right).
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movement of a flexible Arg pair in the ADP-bound form of the activator of 2-hydroxyglutaryl-
CoA dehydratase upon reduction (31, 32). This parallelism is particularly striking given that the
hydratase activator (a ASKHA class ATPase) is the only known example other than the Fe
protein (a SIMIBI class ATPase) that has a [FesS4] cluster capable of adopting the “super-
reduced,” all-ferrous state (33). In the case of the all-ferrous Fe protein, while the proposed
asymmetric activation of CO; via a “proximal” Arg and a single Fe3 site requires further
experimental support, a disparate functionality of the conserved Arg pair was observed in the
regulation of nitrogenase activity via the ADP ribosylation of only one Arg residue (34), whereas
a distinctive Fe site of the all-ferrous [FesS4]° cluster was identified earlier by Mdssbauer
spectroscopy (35). Such a distinction of the apparently equivalent elements in the Fe protein
structure seems to be crucial for the activation and reduction of CO.. It may also account for the
substantially lower activity of the Fe protein than the Ni-containing carbon monoxide
dehydrogenase (Ni-CODH) in CO; reduction, as the latter enzyme uses a real “asymmetric”
His/Lys pair (for O coordination) and a real “asymmetric” Fe/Ni pair (as Lewis acid/base) at its
active C-cluster site to facilitate the cleavage of a C-O bond (36—39). Further investigations of
the mechanism of CO; activation by Fe proteins, combined with comparisons with analogous
systems, could shed additional light on the unique reactivity of scaffold held FeS clusters
toward CO; and facilitate future development of efficient FeS catalysts for ambient

CO3 conversion.
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Chapter 5: Structure of NifH from Methanosarcina acetivorans
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5.1 Introduction

Iron-sulfur (FeS) proteins utilize a wide array of FeS clusters to play key roles that range from
electron transfer and catalysis to structural and regulatory functions in biological systems (1-7).
The NifH of nitrogenase is homodimer carrying a subunit-bridging [FesSa] cluster at the protein
surface, and is best known for its function as an obligate electron donor for its catalytic partner
during substrate turnover (8, 9). Recently, the NifH protein from a diazotrophic

microbe, Azotobacter vinelandii (designated AvNifH), was shown to act as a reductase on its
own and catalyze the ambient reduction of CO; to CO via redox changes of its [FesSa4] cluster
(20). Interestingly, while the cluster of AvNifH is believed to cycle between the

[FesSs]** (reduced) and [FesS4]?* (oxidized) states (11-15) for its function as an electron donor in
nitrogenase catalysis, catalytic turnover of CO; by AvNifH on its own was observed when a
strong reductant, europium(ll) diethylenetriaminepentaacetic acid (Eu"-DTPA; E% = 1.14 V at pH
8.0), poised its cluster in the all-ferrous, [FesS4]° state under in vitro conditions (10). Perhaps
more interestingly, the Fe protein from a methanogenic microorganism, Methanosarcina
acetivorans (designated MaNifH), was capable of reducing Oz past CO into hydrocarbons under
ambient conditions in the presence of Eu'-DTPA, further illustrating the unique reactivity of the
[FeaS4] cluster toward CO; (16, 17). Together, these observations point to the nitrogenase Fe
protein as a simple model system for mechanistic investigations of FeS-based CO; activation
and reduction.

Of the Fe protein species that have been investigated for their reactivity toward CO,, MaNifH is
particularly interesting given its ability to convert CO; to CO and hydrocarbons. Despite its
archaeal origin, MaNifH shares a sequence identity of 59% and a sequence similarity of 72%
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with AvNifH. Like AvNifH, MaNifH is a ~60 kDa homodimer containing an [FesS4] cluster that
can adopt three oxidation states: (i) the oxidized state ([FesS4]?*), which is generated upon
treatment by indigodisulfonate; (ii) the reduced state ([FesS4]**), which is generated upon
treatment by dithionite (DT); and (iii) the “super-reduced,” all-ferrous state ([FesS4]°), which is
generated upon treatment by Eu"-DTPA (17). There are differences, however, in the electronic
properties of MaNifH and AvNifH, which are reflected by a stronger S = 3/2 contribution to the
electron paramagnetic resonance (EPR) spectrum of the reduced MaNifH and a decreased
intensity of the parallel mode, g = 16.4 signal in the EPR spectrum of the super-reduced MaNifH
(17). These differences, along with the lower reduction potential of the [FesS4]**/2* pair

of MaNifH (E° = =395 mV) than that of AvNifH ([FesSa]**/2*: E° = =301 mV) (16), may contribute
to the difference in the reactivities of MaNifH and AvNifH toward CO>. The redox dependence
of this reaction is further illustrated by a substantially decreased CO;-reducing activity of

both MaNifH and AvNifH in the presence of dithionite, a weaker reductant than Eu'-DTPA,
which renders the clusters of these Fe proteins in the catalytically inefficient [FesSa4]** state (10,
16). The significantly decreased activity of Fe protein in a dithionite-driven reaction could prove

advantageous for capturing CO; in an early stage of CO; reduction.

Here, a 2.4-A crystal structure of the Fe protein from Methanosarcina acetivorans (MaNifH)
(18) is reported, which is generated in the presence of a reductant, dithionite, and an
alternative CO; source, bicarbonate. Structural analysis of this methanogen Fe protein species
suggests that CO; is possibly captured in an unactivated, linear conformation near the [FesS4]
cluster of MaNifH by a conserved arginine (Arg) pair in a concerted and asymmetric manner.

Density functional theory calculations and mutational analyses provide further support for the
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capture of CO, on MaNifH while suggesting a possible role of Arg in the initial coordination of
CO; via hydrogen bonding and electrostatic interactions. These results provide a useful
framework for further mechanistic investigations of CO; activation by a surface-exposed [FesS4]
cluster, which may facilitate future development of FeS catalysts for ambient conversion of

CO; into valuable chemical commodities.

This work reports the crystal structure of a previously uncharacterized NifH protein from a
methanogenic organism, which provides important insights into the structural properties of the
less characterized, yet highly interesting archaeal nitrogenase enzymes. Moreover, the
structure-derived implications for CO; capture by a surface-exposed [FesSa] cluster point to the
possibility of developing novel strategies for CO; sequestration while providing the initial

insights into the unique mechanism of FeS-based CO; activation.

5.2 Materials and Methods

5.2.1 General Information

Unless otherwise specified, all chemicals were purchased from Sigma-Aldrich (St. Louis, MO)
and Thermo-Fisher Scientific (Waltham, MA). Reagents for protein crystallization were
purchased from Hampton Research (Aliso Viejo, CA). All experiments with proteins were
performed under an Ar atmosphere using Schlenk techniques or in a glove box operating at <3

ppm Oa.
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5.2.2 Protein Purification and Crystallization

All protein purification steps were carried out anaerobically using Schlenk techniques. His-
tagged MaNifH was purified by immobilized metal affinity as described elsewhere (17, 19).
Reagents for protein crystallization were purchased from Hampton Research and were
thoroughly deaerated by vacuum/Ar-fill cycling before use. All crystals were generated at room
temperature in an anaerobic chamber (Coy Laboratory Products), coated with Parabar 10312 oil
(Hampton Research) as a cryo-protectant, and flash-frozen in liquid nitrogen for data collection.
MaNifH was crystallized at room temperature by a microbatch-under-oil method. The

purified MaNifH protein was desalted on a G-25 fine column equilibrated with buffer M (10 mM
EPPS [pH 8.0], 100 mM NaCl, 10% [vol/vol] glycerol, and 2 mM sodium dithionite [DT]) and then
concentrated to 10 mg/ml by Amicon Ultra-4 30-kDa centrifugal filter units. The crystals were
grown by combining a mixture of 1 ul protein solution and 3 ul precipitant solution (2.3 M
ammonium sulfate, 7% [w/v] polyethylene glycol 3350 [PEG 3350], 12 mM sodium carbonate,
and 2 mM DT) under Al’s oil (Hampton Research). The protein solution was brown, indicating
that the protein-bound cluster was present in the reduced, +1 state. Brown crystals grew after

2 weeks and were flash-frozen in liquid nitrogen for data collection.

5.2.3 Data Collection and Structure Determination

The diffraction data of MaNifH crystals were collected at 100 K on beamline 8.2.1 of Advanced
Light Source using a wavelength of 0.9774 A and an ADSC Q315r charge-coupled device (CCD)
detector. A total of 501 images were recorded for MaNifH at a distance of 450 mm, with an

oscillation angle of 0.25° and an exposure time of 0.25 s. The raw data were indexed and
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processed using iMosflm and Scala in the CCP4 package (20). Molecular replacement was
performed with Phaser in PHENIX (21) using the structure of the Clostridium pasteurianum NifH
protein (PDB ID 1CP2) (22) as a search model. The initial model was improved by cycles of
manual building and refinement using Coot and PHENIX (21, 23, 24). At the end of the
refinement cycle, water, carbonate, glycerol, or CO; was manually put into the model

of MaNifH and further refined for 3 cycles using PHENIX. The stereochemical quality of the final
structures was evaluated by MolProbity (25). All molecular graphics were prepared using PyMol
(26). Data collection and statistics for refinement and ligand modeling are summarized

in Table 5.1.

5.2.4 Mutant Strain Construction and Activity Analyses

Strains expressing R98H and R98G MaNifH variants were constructed via site-directed
mutagenesis of the wild-type Methanosarcina acetivorans nifH sequence carried on a pET14b
vector (17), followed by transformation of the resultant plasmids into Escherichia coli strain
BL21(DE3). The in vitro COz-reduction assays were carried out in 9.4-ml assay vials. Each assay
contained, in a total volume of 1.0 ml, 500 mM Tris-HCI (pH 10.0), 0.5 mg Fe protein (wild-type
or R98H or R98G variant MaNifH), and 100 mM Eu'-DTPA. In addition, the headspace of each
assay contained 100% CO; (for reactions) or 100% Ar (for controls). The assays were assembled
without protein and Eu"-DTPA and repeatedly flushed and exchanged with CO,, followed by
equilibration for 30 min until pH stabilized at ~8.0. The reaction was initiated by addition

of MaNifH, followed immediately by addition of Eu'-DTPA and incubation with continuous

shaking at 30°C for 300 min until the reaction was complete. Following the quenching of each
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assay by 100 pl of 30% trichloroacetic acid, the headspace sample was examined for the

production of CO and hydrocarbons as described previously (16).

5.2.5 EPR Spectroscopy Analyses

The EPR samples were prepared in a Vacuum Atmospheres glove box and flash-frozen in liquid
nitrogen before analysis. The DT-reduced samples contained 2 mM DT, 50 mM Tris-HCl (pH 8.0),
500 mM NaCl, and 10% (v/v) glycerol. EPR spectra were recorded by an ESP 300 E,
spectrophotometer (Bruker) interfaced with an ESR-9002 liquid-helium continuous-flow
cryostat (Oxford Instruments) using a microwave power of 50 mW, a gain of 5x 104, a
modulation frequency of 100 kHz, and a modulation amplitude of 5 G. Five scans were recorded

for each EPR sample at a temperature of 10 K and a microwave frequency of 9.62 GHz.

5.2.6 Density Functional Theory Calculations

The mechanism of CO,, carbonate, and bicarbonate coordination was studied with the DFT
programs in the Turbomole package, version 7.0 (27). Atomistic models of the [FesSa] cluster
and its immediate protein environment were generated from the structure of MaNifH (PDB ID
6NZJ [this work]) in the DT-reduced, [FesS4]** state.

The models were selected as described previously (10) and contained the [FesS4] cluster and
C954, C958, C130%, C1308, R98*, R988, F133*, F1338, and the main-chain atoms of the residues
A96”*, A96B, A97A, G978, G131A, G1318, G132#, and G132® of MaNifH to account for all
interactions of the cluster with the protein backbone. N termini were saturated with acetyl
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groups according to the crystallographic atom positions. Hydrogen atoms were added to the
model with Open Babel (28), assuming protonation of the Arg residues. During structural
optimizations, the atoms of the cluster, the side-chain atoms of the cluster-coordinating Cys
residues (including Ca), the side-chain atoms of the Arg residues (starting from Cy), the benzene
groups of the Phe residues, and all hydrogen atoms were allowed to relax spatially. All other
atoms were kept structurally frozen. The models were treated as open-shell systems in the
unrestricted Kohn-Sham framework. Solvent effects were treated implicitly by the conductor-
like solvent screening model (COSMO) (29), assuming a dielectric constant of € = 40. The
structures were optimized with the TPSS (Tao-Perdew-Staroverov-Scuseria) functional (30). A
def2-TZVP basis set (31, 32) was used for the [FesS4] cluster, the side-chain atoms of the Cys
residues (including Ca atoms), the atoms of the guanidinium groups, and the cluster-bound
CO,, carbonate, and bicarbonate moieties. A def2-SVP basis set was assigned to all remaining
atoms to accelerate the calculations. Computational time was further reduced by utilizing the
resolution-of-the-identity approximation (33, 34). Antiferromagnetic coupling in the FeS cluster

was accounted for by the broken symmetry approach (35-37).

5.3 Results and discussion

5.3.1 Analysis of the Dithionite-Reduced MaNifH Structure

MaNifH crystallized in the presence of dithionite had a characteristic brown color, consistent
with the presence of its [FesSa] cluster in the +1 oxidation state. The ~2.4-A structure of the

dithionite-reduced MaNifH (PDB ID 6NZJ) adopts the same overall conformation as all Fe
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protein structures reported to date (9, 22, 38, 39), with each of its subunits folded as a single
o/B-type domain and its [FeaSa4] cluster situated in a surface cavity between the two subunits
(Fig. 5.1 A, B). A closer examination of the region surrounding the active site of MaNifH (Fig. 5.1
C) reveals the ligation of the [FesS4] cluster by four Cys residues: two from subunit A (Cys954,
Cys130%) and two from subunit B (Cys958, Cys1308). Interestingly, the electron density omit
map (Fo — Fc) contoured at 3 o (Fig. 5.1 C, green mesh) indicates the presence of additional
electron density that lies immediately next to the crystallographic symmetry axis, seemingly
held by two pairs of conserved Arg residues (R98* and R988)—one from each of the two

adjacent MaNifH subunit dimers.

Figure 5.1 Structure of MaNifH and visualization of additional density. Side (A) and top (B) views of the 2.4-A
crystal structure of MaNifH. The subunits are shown as ribbons (subunit A, light orange; subunit B, light blue).
The a-helices (AA-JA) and B-sheets (1A-7A) of subunit A are indicated. The [FesS4] cluster is shown in ball-and-
stick presentation (Fe, orange; S, yellow). (C) The electron density (2Fo - Fc) of the active site of MaNifH was
contoured at 1.5-0 level for the conserved Arg pair (blue meshes), and the omit map (Fo - Fc) of the additional
electron density (green mesh) that is unaccounted for in the structure was contoured at 3.0-c level. The four
Cys ligands (C95%, C1304, C958, C1308) and the conserved Arg pair (R98*, R98B) are shown as sticks.
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PDB ID 6NZJ

Data Collection
Space group P6s522
Cell dimensions

A, b, c(A)
a,6,v(9
Wavelength (A)
Number of reflections measured

96.16, 96.16, 320.24
90.0, 90.0, 120.0
0.97741

419.306 (35,917)
35,959 (3,432)
83.3-2.4 (2.5-2.4)

Number of unique reflections
Resolution (A)

Rmeas (%) 11.1(78.1)
CCi2 0.999 (0.810)
1/a(l) 5.4 (1.0)
Completeness (% 100.0 (99.9)
Multiplicity 11.9(11.2)
Refinement
Resolution (A) 83.3-2.4
No. of reflections 35,369
Rwork /Rfree 18.31/21.80
No. of atoms
Protein 3,952
Ligand 23
Solvent 172
B factors (A?)
Overall 49.01
Protein 48.95
Ligand 42.46
Water 51.34
Ramachandran plot
Favored (%) 96.49
Allowed (%) 3.51
R.M.S. deviations
Bond lengths (A) 0.008
Bond angles (2) 0.90
Statistics for the plausible ligands
Rwork % Rtree % Ligand Ligand B factor RSCC
Occupancy (A?)
No ligand 18.31 21.80 - - -
CO2 18.27 21.78 1.00 50.69 0.89
Glycerol 18.22 21.78 0.46 41.82 0.95
Carbonate 18.23 21.84 0.51 45.27 0.095

Table 5.1 Data collection and refinement statistics for MaNifH. Values in parentheses represent the highest
resolution shell. Rfree was calculated for a test set comprising 5 % of all reflections.
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5.3.2 Modeling of Extra Electron Density in the Structure of the Dithionite-Reduced MaNifH

Given that the additional electron density may originate from the small molecules in the
protein preparations or crystallographic solutions, several possible candidates were considered
and modeled into this density: water, carbonate, glycerol, and CO,, respectively, were modeled
into this density. Water is an unlikely contributor to this density, as modeling of one water
molecule in the asymmetric unit and another in its symmetry mate results in substantial
“leftover” electron density in the F, — Fc omit map. Carbonate and glycerol, on the other hand,
could be modeled as two molecules—each at ~50% occupancy—at the crystallographic
symmetry axis with reasonable R factor values (see Table 5.1). Similarly, CO2 could be modeled
with reasonable R factor values at the crystallographic symmetry axis; only, in this case, two
molecules of CO,—each at 100% occupancy—could be assigned to the asymmetric unit and its
symmetry mate, respectively (Table 5.1). It should be noted that the modeling of two

CO; moieties results in some negative electron density; however, the overall crystallographic
statistics are reasonable to support this model (Table 5.1) despite the difficulty to conclusively

assign this ligand near the crystallographic symmetry axis.

5.3.3 DFT Calculations of CO; Capture by Dithionite-Reduced MaNifH

To seek support for the assignment of CO; as the extra electron density in the crystal structure
of MaNifH, density functional theory (DFT) calculations were then used to analyze the
CO; affinity of the [FesS4]** cluster in MaNifH. Consistent with previous findings for

both AvNifH-bound and synthetic [FesS4] clusters (10, 16), CO, does not interact well with the
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[FeaSa]** cluster of MaNifH and tends to dissociate from the cluster during the course of
structural optimization; however, the two highly conserved Arg residues in MaNifH (R98%, R988)
form a cage-like configuration around the CO, molecule that assists in trapping it in close
proximity to the cluster. Interestingly, the location of the CO; moiety in the DFT-optimized
model is in good agreement with half of the electron density pattern in the structure

of MaNifH, except for a slight reorientation of CO;. In comparison, DFT optimization reveals
protonation of carbonate by R988, followed by coordination of the resulting bicarbonate in a
position parallel to the upper surface of the [FesSa] cluster, which is rather distinct from the
perpendicular position modeled for carbonate in the crystal structure of MaNifH. This
observation is important, as it provides theoretical support for the assignment of CO; as a
potential ligand in the structure of the dithionite-reduced MaNifH protein. The fact that

the MaNifH crystals were generated at a bicarbonate concentration in the same order of
magnitude as that used to generate a CO,-bound conformation of CO dehydrogenase (40)
provides further support for the assignment of CO; in the MaNifH structure. In this scenario,
the CO, moiety has its C atom placed at a distance of ~4 A from the nearest Fe atom (Fe-3) of
the [FesS4] cluster, with the NH,* groups of R98” and R988 assuming the “distal” and “proximal”
positions, respectively, to Fe-3 (Fig. 5.2). This observation suggests a possible role of the
conserved Arg pair in capturing CO; via hydrogen bonding or electrostatic interactions, or a

combination of the two, as well as a potentially asymmetric functionality of the two Arg

residues in this process.
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Figure 5.2 Comparison of MaNifH crystal structure and DFT model Crystal (A) and DFT-optimized (B)
structures of MaNifH with the extra electron density modeled as CO2 and (C) an overlay of the two structures.
The conserved pair of Arg residues assume “proximal” (R988) and “distal” (R98") positions, respectively, to the
CO2 moiety and the Fe-3 atom of the cluster (A and B), and COz occupies a highly similar position in the crystal
structure and the DFT model (C). The [FesS4] cluster and CO2 moiety are shown in ball-and-stick presentation
and colored as follows: Fe, orange; S, yellow; C, gray; O, red. The Cys ligands and the conserved Arg residues
are shown as sticks.

5.3.4 Examining the Role of the Conserved Arg Pair of MaNifH in CO; Capture

To test the proposed role of conserved Arg residues in CO3 capture, site-directed mutagenic
analysis was performed and mutated R98 of MaNifH to either a His or a Gly. Both R98H and
R98G MaNifH variants display the same S =1/2 EPR signal as the wild-type protein, which is
indicative of an unperturbed [FesS4] center in the +1 oxidation state (Fig. 5.3 A). However, the
R98H variant of MaNifH retains ~80% CO,-reducing activity, whereas the R98G variant loses
~85% of this activity (Fig. 5.3 B), consistent with the preservation (i.e., the R->H mutation) or
elimination (i.e., the R->G mutation) of the hydrogen bonding ability at the position of R98. The
somewhat decreased activity of the R98H variant could be explained by a shorter side chain of
His and, consequently, reduced efficiency of this residue in hydrogen bonding/proton donation
than Arg. Reduced proton donation by His would also account for a shift of the product profile

of the R98H variant (hydrocarbon/CO ratio of 1.9) from hydrocarbon formation to CO formation
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compared to that of the wild-type MaNifH (hydrocarbon/CO ratio of 2.7), as the formation of

CO requires fewer protons than that of hydrocarbons.
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Figure 5.3 Spectroscopic and catalytic
features of the wild-type and variant
MaNifH. A EPR spectra and (B) CO2-
reducing activities of wild-type and variant
MaNifH. EPR spectra were collected at 10
K. The wild-type and R98H and R98G
variant MaNifH are dimers of ~60 kDa and
contain 3.7+0.1,3.9+0.4, and

3.8 £ 0.2 nmol Fe per nmol protein,
respectively. Like the wild-type MaNifH, the
R98H and R98G variants display the same
[FeaSa]* characteristic, S =1/2 EPR signal in
the dithionite-reduced state A, yet they
display disparate activities in CO2 reduction
B. The hydrocarbon/CO ratios (calculated
based on total nmol of reduced carbons) of
the wild-type MaNifH and R98H variant are
2.7 and 1.9, respectively, suggesting a shift
from hydrocarbon formation to CO
formation in the latter case.

5.3.5 Proposal of a Plausible Mechanism for the Initial Capture of CO, by MaNifH

To obtain further insights into the mechanism of CO, capture by nitrogenase Fe proteins, the

dithionite-reduced MaNifH structure (PDB ID 6NZJ) that is potentially bound with CO; (Fig 5.4 B)

was compared with a previously reported, dithionite-reduced AvNifH structure (PDB ID 1G5P)

that is free of CO; (22) (Fig 5.4 A). Consistent with a high degree of sequence homology

between MaNifH and AvNifH, the subunits A and B in MaNifH show Ca deviations of only 0.599

and 0.616 A, respectively, relative to those in AvNifH. Yet, the two subunit chains in MaNifH are

more similar to each other in terms of secondary structural elements, particularly for the

structurally less conserved a-helical regions. More strikingly, compared to their counterparts

in AvNifH, there is a distinct difference in the position of the two subunits of MaNifH with
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respect to each other, which flattens the surface cavity and consequently “pushes” the [FesSa]
cluster further toward the surface. A top-view comparison between the two structures also
reveals a “linearization” of helices CA and C® in MaNifH relative to those in AvNifH. There is also
a substantial swing of the Arg pair, R98* and R98® (located at the tips of helices C* and CB),
toward the center of the surface cavity. Such a movement of the conserved Arg pair could
reflect a concerted action of the “distal” R98* and the “proximal” R988 in the initial capture of
CO; in an unactivated, linear conformation near the Fe-3 atom of the [FesS4] cluster (Fig. 5.4 B).
Further activation of CO; into a bent, carboxylate-like conformation may continue to employ an
asymmetric mechanism (see Chapter 4). Previous DFT calculations of CO; activation by the
catalytically competent, all-ferrous AvNifH (10) led to the proposal of binding of an activated
CO; moiety via coordination of C with Fe-3 of the cluster and coordination of O with the
guanidinium group of the “proximal” R1008 (corresponding to the “proximal” R988 in MaNifH),

with the latter potentially donating protons for the subsequent C-O bond cleavage.
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Figure 5.4 Model for CO: capture. Comparison of the CO>-free (A) and CO2-captured (B) conformations of Fe
protein, showing concerted yet asymmetric movement of a pair of conserved Arg residues that potentially
capture CO2 near the [FesS4] cluster. The CO2-free and CO2-captured conformations are represented by the
homologous AvNifH and MaNifH, respectively. The movement of the “proximal” Arg (R1008 in AvNifH and the
corresponding R98B in MaNifH) and the “distal” Arg (R100* in AvNifH and the corresponding R98" in MaNifH) is
shown from two angles

5.4 Summary and Conclusion

In light of a plausible asymmetric mechanism of CO; activation by Fe protein, it is interesting to
consider the mechanism proposed for the Ni-dependent CO dehydrogenase in CO; activation,

which involves the action of the Fe/Ni atoms of its heterometallic C-cluster ([NiFesS4]) as a pair
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of Lewis acid/base to facilitate scission of a C-O bond (40-43). In the absence of such a
heterometal-based asymmetry, it is plausible that activation of CO2 by the homometallic [FesSa]
cluster would resort to a structure-based asymmetry that enables interactions between O and
the guanidinium group of the proximal Arg, as well as binding of C to the nearest Fe-3 atom. It is
worth noting that the proposed asymmetric functionality of the conserved Arg pair in

CO; activation is consistent with the previously established regulatory mechanism of
nitrogenase activity through ADP-ribosylation of only one of these conserved Arg residues (44).
In contrast, the structure-based suggestion of a single reactive Fe (Fe-3) site for CO; activation
may have relevance to the unique Fe site that was identified by earlier Mossbauer studies of
the all-ferrous Fe protein (45). While the functions of these asymmetric elements await further
elucidation, the current study provides a useful framework for investigating the structural basis
of Fe protein-based CO; capture and activation. Moreover, trapping of CO; by a pair of surface-
located arginines loosely resembles approaches that employ nitrogen-based ligands, such as
metal-organic frameworks (MOFs) with amine or amide groups (46) or protein amyloid fibers
comprising lysines in stacked sheets (47), for CO; capture and sequestration. The fact that the
arginine residues of the Fe protein trap CO; in close proximity to the [FeS4] cluster for further
processing may provide a conceptual basis for the future development of MOF- or protein-
based FeS catalysts that couple the capture of CO, with the recycling of this greenhouse gas

into useful chemical commodities.
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