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Abstract of the Dissertation

Transgenic Expression of Nitrogenase Iron Proteins
By
Caleb J. Hiller
Doctor of Philosophy in Chemistry
University of California, Irvine, 2019

Professor Yilin Hu, Chair

The iron (Fe) protein is one of two components involved in the biological fixation of
dinitrogen (N;) to bioavailable ammonia (NH3) by nitrogenase. The physiological roles of the Fe
protein include transferring electrons to the catalytic component and assisting in the bioassembly
of the two metalloclusters found within the catalytic component. The Fe protein has also been
shown to adventitiously reduce CO,. The goal of this work has been to heterologously express
and characterize Fe protein homologs according to their physiological and adventitious
functions. This dissertation is divided into two sections, comprising multiple chapters, based on
these functions.

Section 1 begins by comparing the molybdenum (Mo-) and vanadium (V-) nitrogenase Fe
proteins from Methanosarcina acetivorans (MaNifH and MaVnfH, respectively) to the Fe
proteins from the model organism Azotobacter vinelandii (AvNifH and AvVnfH, respectively).
Characterization includes comparing the size of the proteins, the behavior of the [FesS4] cluster
of the protein, and the ability of the homologs to assist in the bioassembly of the catalytic
component’s metalloclusters. Next, there is a discussion about a hybrid nitrogenase system,

created by pairing MaVnfH with the catalytic component of A. vinelandii, which resulted in the

XiX



ability to trap the alternate V-nitrogenase substrate, CO, on the catalytic cofactor. Also included
are a brief chapter that reports the MgADP-bound crystal structure of MaVnfH and a
miscellaneous chapter, which contains preliminary results regarding the characterization of five
additional Mo-nitrogenase Fe protein homologs.

The first chapter of Section 2 reports that MaNifH is able to reduce CO, beyond CO and
also generate hydrocarbons, which is further than the 4. vinelandii counterparts. Consequently, a
CO reduction assay was created, and this section focuses on the ability of Fe protein homologs to
reduce both CO; and CO. It was determined that CO, and CO reduction is an intrinsic property
of [FesS4] clusters. The final chapter compares the product profiles of different Fe protein
homologs and compares the crystal structures of these Fe proteins to gain insights into what may

cause these differences.
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Chapter 1 Introduction to Nitrogenase



1.1 General Introduction

Nitrogen (N) is an element found in some of the most fundamental building blocks of life
— including deoxyribonucleic acid (DNA), ribonucleic acid (RNA), and proteins — and is
therefore an essential element of life. Dinitrogen (N,) is the elemental form of nitrogen and
comprises ~78% of the Earth’s atmosphere. It is, however, a relatively stable molecule because
of the strong triple bond (bond dissociation energy of 945 kJ/mol) that binds the two nitrogen
atoms together and most organisms do not have the necessary machinery to convert N, into
usable forms such as ammonia (NHj3), in a process known as nitrogen fixation."! Humans have
developed an industrial method, known as the Haber-Bosch process, that has allowed them to
generate NH; from N», and that NH3 has been used as a N source in fertilizers to increase food
production and support an ever-growing population. The Haber-Bosch process requires high
temperatures (400-500 °C) and pressures (150-250 atm) and a series of transition metal catalysts

so that N can react with dihydrogen (Hz) to form NH; as shown in Equation 1.2

Ny +3H, — 20 o oNH; (g

400-500 °C

A certain class of organisms known as diazotrophs can also carry out nitrogen fixation,
but do so biologically because they contain genes that encode for an enzymatic system called
nitrogenase.>* Nitrogenase can convert N, to NH; under ambient temperatures and pressures as

shown in the following equation (Equation 2):
N, + 8H" + 16MgATP + 8¢ — 2NHj; + H, + I6MgADP + 16P; (2)

where MgATP is magnesium adenosine triphosphate, MgADP is magnesium adenosine
diphosphate, and P; is inorganic phosphate. The ability to perform this reaction under ambient

conditions is one advantage to the method that diazotrophs use over the Haber-Bosch process. A



second advantage is the ability to use water as a proton source, instead of H,, which is often
generated by steam methane reforming — another process that requires high temperatures (700-
1100 °C) and metal-based catalysts. However, the nitrogen fixation method utilized by
diazotrophs also has its disadvantages, e.g. it requires large amounts of cellular energy in the
form of MgATP, which also makes it an energy-intensive method to generate NHs. Despite this
disadvantage, nitrogenase has been studied since at least the early 1900’s in an effort to
understand how nitrogenase carries out the reduction of N, under ambient conditions, with the
hopes that the knowledge gained will be translatable to industrial techniques.

Several forms of nitrogenase have been identified in diazotrophs, and these proteins are
differentially expressed depending on the availability of certain transition metals during
growth.”® The molybdenum-dependent nitrogenase (Mo-nitrogenase) is considered to be the
most efficient at N, reduction and is favorably expressed in the bacteria and archaea that contain
multiple nitrogenase systems when molybdenum (Mo) is present.”> The Mo-nitrogenase from
Azotobacter vinelandii (A. vinelandii) is the most extensively characterized nitrogenase system
and is encoded by the nitrogen fixation (nif) operon.*’ Table 1.1 contains an abbreviated list of
selected “essential” Mo-nitrogenase genes, gene products, and functions of these gene products.
In the absence of Mo, other nitrogenases, termed “alternative nitrogenases” are expressed. These
alternative nitrogenase systems include the vanadium-dependent (V-nitrogenase) and iron-only
nitrogenase (Fe-only nitrogenase) and are encoded by the vnf and anf genes, respectively.”®

These alternative nitrogenase systems are less well characterized than the Mo-nitrogenase.



Table 1.1 Designation and Functions of the nif- Gene Products. This table is adapted from
reference 7.

Gene  Protein Function Reference
Code

nifU NifU  NifU is a scaffold protein involved in the assembly of small 810
FeS clusters.

nifS NifS NifS is involved in sulfur mobilization to NifU for the 813
assembly of small FeS clusters.

nifB NifB  NifB mediates a radical SAM-dependent carbide insertion 14
concomitant to L-cluster formation.

nifE, N NifEN  NifEN is a scaffold protein used for M-cluster maturation. 15-18
nifH NifH  NifH has three physiological roles: it mediates ATP- 3,16,19—
dependent electron transfer to the catalytic component, is 23

involved in P-cluster biosynthesis, and acts as a Mo and
homocitrate insertase in M-cluster maturation.
nifZ NifZ  NifZ is involved in the step-wise maturation of P-cluster. 23,24
nifD, K NifDK  NifDK catalyzes the reduction N,. Hydrocarbon formation 3.4
is likely adventitious.

One major goal of nitrogenase research is to heterologously express nitrogenase genes in
plants so that they have the functional machinery required to produce bioavailable NH3 from N,
thereby generating their own nitrogen-fixed “fertilizer” which would facilitate growth to help
feed the growing population. To date, a functioning nitrogenase system has not been expressed in
a heterologous host; however, efforts have gone into the expression of individual nitrogenase
genes (Table 1.1) in Escherichia coli (E. coli).”> E. coli is not a diazotroph; however, it is a well-
studied organism with a rapid growth phase, therefore providing an excellent system to work
with. Hu and co-workers were able to successfully express a nitrogenase gene product, NifB,
from a methanogenic organism in E. coli in the first step to heterologous nitrogenase
expression.”> Based on that approach, the work outlined is this dissertation is focused on the

expression and characterization of another nitrogenase gene product, NifH, in E. coli.



This chapter will discuss many important aspects about nitrogenase research, including
the techniques used to characterize nitrogenase proteins, protein structure and characterization,
and the assembly and characterization of the metal cofactors found within nitrogenase proteins.
An emphasis will be placed on the role of one these nitrogenase proteins, the Fe protein or NifH,

as it has been the focus of my work.

1.2 Characterization of Nitrogenase — An Introduction of Characterization

Techniques

1.2.1 Anaerobic Techniques

Nitrogenase consists of several metalloproteins, which are sensitive to dioxygen (O,) — a
major component of the atmosphere. While diazotrophs have methods to protect nitrogenase
proteins from O,, care must be taken to prevent this gas from interacting with these proteins
while they are being studied. During the purification process, harvested cells are placed under
vacuum and back-filled with an inert gas like argon (Ar) to remove O, from the buffer-cell
suspension, typically through the use of glass or metal vacuum-gas manifolds, known as Schlenk
lines. Additionally, a sacrificial oxygen scavenger, like sodium dithionite (Na,S,04, DT), is
added to the buffer-cell suspension to further protect the metallocluster from degradation. After
purification, the protein is frozen and stored under liquid nitrogen (LN;) to prevent oxygen
exposure. When it is time to assess the reactivity of nitrogenase proteins, these proteins can be
thawed under anaerobic conditions on a Schlenk line and monitored for their ability to carryout
particular reactions.

Even though nitrogenase is best known for its ability to reduce N, it can also reduce
other substrates, including but not limited to acetylene (C,H,), carbon monoxide (CO), and

protons (H"). A standard nitrogenase assay involves the addition of two nitrogenase gene



products (NifDK and NifH) and a reductant (typically DT) to a gaseous substrate of choice (note
that Ar is used as the headspace gas in the proton reduction assays). Protocols have been
established for the experimental set-up, detection, and analysis of the resulting products.

1.2.2 X-ray Crystallography

Two functioning proteins are required for nitrogenase catalysis, in the case of the Mo-
nitrogenase they are the heterotetrameric opf; catalytic component (NifDK) and the
homodimeric v, reductase component (NifH).>* In addition to these proteins, other nitrogenase
proteins are involved in cofactor synthesis, act as chaperones, and play roles in regulating
nitrogenase activity.” One goal of nitrogenase research is to understand how these proteins
perform their functions and also how they interact with the other nitrogenase proteins. The three-
dimensional protein structures that X-ray crystallography provides bring insights into how these
reactions are performed and how the various components interact by providing a snapshot of the
protein under certain conditions.

As the name implies, crystals of the protein(s) of interest are required to obtain the three-
dimensional structure of the protein(s). This involves use of highly purified protein and often
screening a variety of chemical conditions that range in chemical composition, concentration,
pH, and methods of crystallization. It is not uncommon that years pass before the proper
conditions to crystallize a protein are identified. Once crystals have been obtained, they are
soaked in a cryoprotectant, mounted on a circular holder called a loop, and generally frozen in
LN, to await analysis. For analysis, the crystal-containing loop is mounted on the X-ray
diffractometer, whereupon highly focused X-rays are shot at the crystal while a simultaneous
stream of LN, cools the crystal to prevent it from being destroyed by the high-powered X-rays.

In order to have the possibility to obtain a crystal structure, the crystal needs to diffract the X-



rays. A detector collects this diffraction pattern, and the corresponding intensities. The crystal is
then rotated and another diffraction pattern is obtained. This process is continued until enough
images of the diffraction pattern have been captured so that a three-dimensional representation of
the electron density of the protein can be determined, and is dependent on the symmetry of the
crystal. Next, a computational model of the protein is generated and compared to the electron
density map, and a process of refinement occurs to the end that the model fits the experimental
data, as monitored by statistical parameters to ensure the quality of the refinement.

Commercial diffractometers provide the ability to screen crystals and determine whether
they diffract, but often result in lower-resolution data. To obtain higher-resolution data, crystals
are sent to a synchrotron facility, which has the ability to generate a more intense X-ray beam.
Higher resolution data results in structures represented by more accurate protein folds and amino
acid location, the position of cofactors, and insights into the potentially charged residues on the
surface of the protein. If proteins are not co-crystallized together, the X-ray structures can be
used to model the interactions that may exist between two protein components.

1.2.3 X-ray Absorption (XAS) and Emission (XES) Spectroscopies

X-ray absorption spectroscopy (XAS) is a spectroscopic technique typically carried out at
synchrotron facilities because intense X-ray beams are required to collect data. This technique
targets a particular element, typically Fe in the case of nitrogenase, and can provide precise
bonding metrics between atoms of the complex FeS clusters found within the proteins. This
technique requires concentrated protein solutions that are mixed with a cryoprotectant, to prevent
the formation of ice crystals, prior to freezing the sample and sample holder in in LN,. During
analysis, samples are placed in a cryostat at cryogenic temperatures (usually between 4 and 77

K) where they are irradiated by the X-ray source. Core electrons from the target atom are excited



and ejected because of the high energy X-rays. Absorption also generates a photoelectron, which
subsequently scatters off nearby atoms. During sample collection, the energy of the X-rays is
varied and the absorption/scattering events are detected in a variety of ways depending on the
design of the experiment. The data are then analyzed and processed to provide the bonding
metrics for the target atom. XAS is typically most effective when used in conjunction with other
techniques. For instance, because XAS does not provide information leading to the three-
dimensional structure, the information can be better interpreted if there is a corresponding crystal
structure. Another caveat to XAS is that it only provides average information regarding the
experiment; so pure protein samples and well-designed experiments that take into account the
multiple-cluster proteins are required to yield beneficial results.

Like XAS, X-ray emission spectroscopy (XES) is an element specific technique;
however, it provides information about the electronic configuration of an element rather than the
bonding metrics. In the general sense in XES, a core electron is ionized from a target atom by a
high-energy X-ray source, resulting in a ‘core hole’ where the electron used to be. An electron in
a higher energy level is able to drop down to fill the core hole, and in the process emits light in
the form of fluorescence. Depending on the construction of the experiment and the type of
electron that fills the core hole, the fluorescent emission data can be analyzed and interpreted to
determine the type of bond that the target element makes. Interpretation of XES data typically
relies on creating model systems to compare the experimental data of an unknown system to that
of known systems. This was the first technique used to determine that the interstitial atom in the
nitrogenase cofactor was indeed a carbide (C*) atom and not a nitride (N*) or oxide (O%) as

many predicted.*



1.2.4 Electron Paramagnetic Resonance (EPR) Spectroscopy

Transition metals play important roles in metalloprotein biochemistry.”” > Of particular
relevance to nitrogenase, transition metals can support multiple oxidation states, so they can be
used in electron transfer reactions as well as chemical transformations, that ultimately results in

the reduction of N, to NH;. 32

Electron paramagnetic resonance (EPR) spectroscopy is a
technique used in nitrogenase research to monitor the oxidation states of the FeS cluster-
containing proteins.

EPR spectroscopy detects the presence of unpaired electrons by irradiating a sample with
microwaves and then simultaneously applying and varying the strength of a magnetic field on the
sample. In the absence of a magnetic field, the spin states of electrons orbiting atoms are
degenerate (ms = £1/2). However, when a magnetic field is applied, electrons must either align
themselves parallel or anti-parallel to the field, and as a result the energies are no longer
degenerate. As the strength of the magnetic field increases, the energy difference between the
spin states also increases. Resonance occurs when the energy of the microwaves is equal to the
difference in energy of the two now non-degenerate orbitals, caused by adjusting the strength of
the magnetic field, and the electron will flip its spin to the higher energy state by the absorption
of a photon — resulting in the observance of a signal. Because the measured signal is sensitive to
the electronic and nuclear environment, as the clusters are cycled through different oxidation
states that change the number of unpaired electrons, the different characteristic signals for the
cluster are obtained. Each cluster has a characteristic line-shape and g-values that correspond to a
particular oxidation state. This technique has been used as a diagnostic tool to track the
formation of cluster, monitor cluster transfer, observe changes in the oxidation states of proteins,

. . . 16,18
and in response to substrate binding.



EPR spectroscopy can also be used to more extensively probe the electron-nuclear
interactions in paramagnetic systems and give information regarding the identity of the nuclei
that interact with the unpaired electron. The techniques that provide this information are known
as electron nuclear double resonance (ENDOR) and electron spin echo envelope modulation
(ESEEM), and despite being able to provide similar information, these two techniques are quite
different. In ENDOR experiments, the EPR spectrometer is fitted with a radio frequency
generator and receiver that can interact with the paramagnetic sample and perform a nuclear
magnetic resonance (NMR) experiment. When conventional EPR resonance and the NMR
resonance occur simultaneously, the electron spin flip caused by EPR can be coupled to the
nuclear spin flip of the NMR and can be used to probe the electron-nuclear interactions of nuclei
near the paramagnetic atoms. These types of experiments are useful for substrate-bound
interactions between the substrate and cofactor. In ESEEM experiments, a paramagnetic sample
with magnetic nuclei is placed in an external magnetic field and precisely timed microwave
radiation pulses irradiate the sample and allow for the electron-nuclear interactions to be probed.
ESEEM studies tend to be more effective for samples when the nucleus of interest is weakly
coupled to or more distant from the paramagnetic center.

1.2.5 Mossbauer Spectroscopy

Mossbauer spectroscopy is a technique primarily used in metallobiochemistry to
determine the oxidation state, spin state and local coordination environment of a metallocofactor.
This technique utilizes the recoilless nuclear absorption and emission of gamma rays (y-rays) to
characterize metal complexes. While this technique can be used with a wide variety of elements,
Fe is the most studied element biologically because of the prevalence of Fe-containing proteins,

and is especially useful for nitrogenase research. °’Fe-containg samples are prepared and frozen,
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and later analyzed at cryogenic temperatures in a cryostat. °’Co, used as a radiation source to
irradiate the sample, has a half-life of 270 days and decays to a metastable *'Fe state via electron
capture. y-emissions from the source can be used to excite >'Fe nuclei in the sample, which
ultimately can be used to provide information about the local environment around the Fe in the
sample by providing information known as a chemical shift, quadrupole splitting, and magnetic
hyperfine splitting (if a magnetic field is applied). Computations and simulations often
accompany Mdssbauer experiments as a way to support the data. One of the difficulties in using
this technique is the low natural abundance of *’Fe, often resulting in expensive experiments to
get the needed *'Fe incorporated into the protein of interest.

1.3 The Functional Components of Nitrogenase

Nitrogenase is a two-component system that involves a catalytic component, responsible
for the reduction of N, to NHs, and a reductase component, which delivers electrons to the

catalytic component and is essential for catalysis (Table 1.2).>**

During the span of nitrogenase
research, the terminology used to refer to the two components has evolved. For instance, the
catalytic component from the Mo-nitrogenase of A. vinelandii has been referred to as the
catalytic component, component 1, Avl, dinitrogenase, Mo-nitrogenase, Mo-protein, and the
MoFe protein; while the reductase component, typically referred to as the Fe protein, has also
been referred to as the reductase component, component 2, AvIl, and dinitrogenase reductase.
The naming system has been further complicated because of the “alternative nitrogenase
systems. While the reductase components for the V-nitrogenase and Fe-only nitrogenase are still
generally referred to as Fe proteins, the catalytic components are referred to as V-nitrogenase or

VFe protein and the Fe-only nitrogenase or FeFe-protein, respectively. Most recently, there has

been a transition to designate the proteins as the gene products for clarity, with the nif-, vnf-, and
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anf-genes referring to the Mo-, V-, and Fe-only nitrogenase systems, respectively. This is the
system that I have chosen as the primary method to refer to specific proteins throughout this
dissertation, such that the catalytic components from the Mo- and V- nitrogenase systems are
referred to as NifDK and VnfDGK, respectively; and the Fe proteins are designated as NifH and
VnfH, respectively. If the components are being referred to in a more general sense, components
1 and 2 are generally referred to as the catalytic components and Fe proteins, respectively.
Because nitrogenase proteins were used from a variety of organisms in this work, an italicized
prefix is included with the protein designation to specify the organism of origin. For example,
the Mo-nitrogenase Fe protein from A. vinelandii is encoded by the nifH gene and the gene
product is designated AvNifH.

Table 1.2 The protein names and designations for the two-component systems of the Mo-,
V-, and Fe-only nitrogenase systems.

Component 1 Component 2
Catalytic Component Reductase Component
Mo-Nitrogenase MoFe protein Fe protein
NifDK NifH
Avl AvIl
Dinitrogenase Dinitrogenase reductase
V-Nitrogenase VFe protein Fe protein
VnfDGK VnfH
Fe-only Nitrogenase FeFe protein Fe protein
AnfDGK AnfH

1.3.1 Structural Description of the Catalytic Component of Nitrogenases

The Mo-nitrogenase from A. vinelandii (AvNifDK) is the best characterized nitrogenase
system. The nifD and K genes encode for a heterotetrameric a,f3, protein that is ~230 kDa in size
(Figure 1.1A). AvNifDK houses two different complex metalloclusters clusters in each af-dimer
that are essential for electron transfer and substrate turnover, designated as the P- and M-clusters

Figure 1.1B and C, respectively).”*>>>" The P-cluster is a [FesS;] cofactor that facilitates
g P y
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electron transfer to the M-cluster and is positioned at the a/B interface ~10 A below the surface
of the protein and is bound by 3 cysteine residues from each subunit (Cys"®, Cys™*, Cys*'™*,
CysP™, Cys?, and CysP'>). The cluster appears as two [Fe4S3] cubane cluster units that share a
common vertex, a pe-sulfide (Figure 1.1B). The M-cluster is a [MoFe;SoC-(R)-homocitrate]
cluster that is responsible for substrate reduction and this cluster is buried ~10 A below the
surface of the protein in the o subunit ~14 A from the P-cluster (Figure 1.1A). The cluster
appears as two partial cubanes, a [FesS;] and a [MoFe;S;], with a pe-insterstitial carbide
coordinated in the central cavity, and additionally is bridged by three p,-sulfides designated as
“belt sulfides” (Figure 1.1C).”****>" The Mo atom is further coordinated to (R)-homocitrate by

the 2-hydroxy and 2-carboxy groups from the homocitrate, and the M-cluster is anchored to the

0275 0442

protein by two amino acid residues: Cys™"” at the Fe-capped end and His™"" at the Mo-capped

end (Figure 1.1C).” The assembly of these two clusters will be provided in Section 1.4.
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Figure 1.1 The crystal structure of AvNifDK at 1 A resolution (PDB code: 3U7Q). (A)
Crystal structure cartoon of AvNifDK with the metalloclusters highlighted. (B) A zoomed-in
view of the P-cluster cofactor from AvNifDK. (C) A zoomed-in view of the M-cluster cofactor
from AvNifDK. The NifD and NifK subunits are represented in green and blue, respectively.
Atoms are colored as follows: Fe, rust; S, yellow; Mo, cyan; C, light gray; O, red. PyMOL was
used to generate this figure.*®

The A. vinelandii V-nitrogenase catalytic component, AvVnfDGK, is encoded by
vnfDGK and forms a heterohexameric protein (a2f2y2) ~244 kDa in size.”*** The exact function
of the additional y subunit is still unknown, but it has been proposed that it may be involved in
transferring V-cluster to the apo-enzyme based on sequence similarity to proposed cofactor
chaperones from A. vinelandii and Klebsiella pneumoniae.*** AvVnfDGK is highly
homologous to AvNifDK, but a recent crystal structure of AvVnfDGK has shed light on some
key differences (Figure 1.2A).* Like AvNifDK, AvWnfDGK houses two types of metalloclusters
necessary for electron transfer and substrate turnover designated as the P*-cluster (Figure 1.2B)

and V-cluster (Figure 1.2C). Prior to the recent crystal structure, the P"-cluster in 4vVnfDGK

14



and the P-cluster in AvNifDK were believed to have different structures, due in part to
spectroscopic differences between the species.** However, the VnfDGK structure reveals that

the P -cluster indeed appears as an [FesS;] cluster positioned between the VnfD and K subunits

B31 B56 115

via six cysteine residues (Cys*”, Cys"”, Cys™*®, Cys™!, Cys", and Cys’'"?) and the overall
cluster structure is remarkably similar to the P-cluster of AvNifDK (Figure 1.1B and Figure
1.2B).* The V-cluster is a [VFe;SsC(COs)-(R)-homocitrate] cluster that is buried in the o
subunit ~15 A from the P’-cluster, and like the M-cluster, is anchored to the protein scaffold by
two residues, Cys®®’ and His"**?, on the Fe- and V-capped ends, respectively. The overall shape
and structure of the V-cluster core is similar to that of M-cluster, but with three differences: the
Mo is replaced by a V atom, the average V-Fe distance of 2.77 A to the closest three Fe centers
in the cluster is slightly longer than the analogous 2.69 A Mo-Fe distance in the M-cluster, and
one of the “belt” p,-sulfides sulfide ligands has been replaced by a COs> moiety.* Currently

there is no definitive source or function of the carbonate ligand identified in the crystal structure.
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Figure 1.2 The crystal structure of 4AvVnfDGK at 1.35 A resolution (PDB code: SN6Y). (A)
Crystal structure cartoon of 4vVnfDGK with the metalloclusters highlighted. (B) A zoomed-in
view of the P"-cluster from AvVnfDGK. (C) A zoomed-in view of the V-cluster cofactor from
AvVnfDGK. The VnfD, VnfG, and VnfK subunits are represented in violet, blue, and orange,
respectively. Atoms are colored as follows: Fe, rust; S, yellow; V, purple; C, light gray; O, red.
PyMOL was used to generate this figure.*®

The A. vinelandii Fe-only nitrogenase catalytic component, AvAnfDGK, is encoded by
anfDGK and forms a heterohexameric protein (02p2y2) ~250 kDa in size. Characterization of this
protein is somewhat limited. To date, a crystal structure of AvAnfDGK has not yet been

determined; however, XAS, EPR, and Mdssbauer spectroscopy of AnfDGK from Rhodobacter
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capsulatus (R. capsulatus) suggests that the protein contains FeS clusters similar to those of the
P/P’- and the M/V-clusters of the Mo- and V-nitrogenases, respectively. It is therefore proposed
that the catalytic cofactor of AnfDGK would be structurally similar to the M/V-clusters, but
exclusively contain Fe. Additional work is needed to further characterize this protein.
1.3.1.1 EPR Spectroscopy of the FeS Clusters of AvNifDK

The FeS clusters of the nitrogenase catalytic components are arguably the most
interesting aspect of nitrogenase, and are unique to the nitrogenase enzyme system. The M- and
P-clusters can cycle between different oxidation states as electrons are shuttled between them,
and understanding electron flow is a formidable task. EPR spectroscopy lends itself well to
monitoring the changes in oxidation states, as characteristic signals or the disappearance of
signal is associated with each cluster and its oxidation states. The EPR signals of the Mo-
nitrogenase system are the best characterized and will be summarized in this section. The
analogous clusters of the alternative nitrogenase systems can also be analyzed using EPR
spectroscopy, however, they will not be addressed here in detail.

As mentioned in the previous section, AvNifDK is an o3, heterotetramer that contains
one P- and one M- cluster in each afy dimer. The AvNifDK-bound M-cluster displays a
characteristic S = 3/2 EPR signal (Figure 1.3) at g = 4.7, 3.7, and 2.0 in the presence of excess
dithionite (DT).” This cluster has been shown to undergo a reversible one-electron oxidation
process, which results in the disappearance of the S = 3/2 signal.’ The M-cluster has also been
successfully extracted from the protein into organic solvents, such as N-methylformamide
(NMF) and dimethylformamide (DMF).** The EPR signal of the extracted M-cluster displays a

44,45

similar, albeit broader, features than its protein-bound counterpart. This unique signal has

been crucial for the study of M-cluster biosynthesis.” In one study, the appearance of the
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characteristic S = 3/2 signal on the scaffold protein 4vNifEN indicated that M-cluster was fully
synthesized outside of the active site of AVNifDK (see Section 1.4).'*'® More advanced EPR
techniques, such as ENDOR, have also been used to characterize signals associated with the M-

cluster and to identify intermediate species.*®

4.7 3.7

2.0

_J
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Magnetic Field (Gauss)

Figure 1.3 The characteristic S = 3/2 EPR signal of the M-cluster bound to AvNifDK. The
g-values are observed at 4.7, 3.7, and 2.0 in excess DT, indicated by vertical lines. Conditions:

four scans were run at 10 K with a microwave power of 50 mW and a microwave frequency of
9.62 GHz.

The P-cluster primarily shuttles electrons from AvNifH to the M-cluster, and three
oxidation states of the P-cluster have been identified, designated as the PN, P'*, and P°* states,

7% In the presence of excess DT, the P-cluster occupies the P, all-ferrous

respectively.
diamagnetic state and does not exhibit an EPR signal. Addition of the oxidant indigo disulfonate

(IDS), results in the two-electron oxidization of P-cluster to the P°* state, which exhibits an S = 3

or 4 spin state, reflected in an EPR signal with g = 11.8 (Figure 1.4A).*”* Concomitant with the
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oxidation of the PN (Figure 1.4B) to P°* (Figure 1.4C) state, the cluster attains a more open

conformation, as observed by crystallography.”"!

It has been proposed that the cluster
conformational change may allow for the two-electron reduction to occur; however, further
studies are required to definitively address this issue. This change in the EPR signal with respect

to the redox state and cluster conformation has also been used to study the stepwise synthesis of

the P-cluster in NifDK.’

A B

11.8

450 500 550 600 650 700
Magnetic Field (Gauss)

Figure 1.4 The characteristic EPR signal and structural changes of the P-cluster on
AvNifDK. (A) The g = 11.8 EPR signal of the P-cluster that reflects an S = 3 or 4 spin state.
Conditions: ten scans were run at 10 K with a microwave power of 50 mW and a microwave
frequency of 9.62 GHz. The crystal structure representations of the PN (B) and P°* (C) states of
the P-cluster (PDB code: 3U7Q). The clusters are shown as ball-and-stick. Atoms are colored as
follows: Fe, rust; S, yellow.

1.3.2 Structural Description of Component 2 — The Reductase Component

The A. vinelandii Mo-nitrogenase reductase component, AvNifH, is encoded by the nifH
gene and forms a homodimer (y,) approximately 60 kDa in size (Figure 1.5A and B). The protein
contains a nucleotide-binding site in each subunit and a [FesS4] cluster positioned at the subunit
interface of the protein near the surface by the Cys’’ and Cys'>* residues from each subunit

(Figure 1.5C).”> The [Fe4S4] cluster can support three oxidation states, [FesS4]°, [FesS4]'", and
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[FesS4]*", and the crystal structures of the proteins in different oxidation states have been
solved.” The protein crystal structures in the different oxidation states do not vary greatly,

33 This difference may be due to either

despite solution-state experiments that suggest otherwise.
oxidation reactions that occur during the crystallization process or to photoreduction of the
metallocluster during data collection. AvNifH also binds MgATP, one in each subunit, in a W
Walker’s A motif protein fold, found between residues 9 and 16.°>>* Several AvNifH structures
have been solved that have a nucleotide bound in this location (Table 1.3), and they show minor
conformational changes between the nucleotide-bound and unbound states.”” However,
experimental results suggest that the structures of the protein and the [Fe4S4] cluster are dynamic

in the presence of nucleotides, and these dynamics are better reflected in the crystal structures of

the 4AvNifH/AvNifDK complex (Section 1.3.3).

20



Y1

MgADP

[Fe,S,] cluster

Y1

Cys"? Cys??

Figure 1.5 The crystal structure of AvNifH with MgADP bound at 2.15 A resolution (PDB
code: 1FP6). (A) Crystal structure cartoon of AvNifH with the metallocluster and nucleotides
highlighted. (B) A 90° rotation of the AvNifH crystal structure, with a view down the two-fold
rotation axis. (C) Ball-and-stick representation of the [FesS4] cluster of AvNifH. Atoms are
colored as follows: Fe, rust; S, yellow; C, white; N, blue; O, red; Mg, green. PyMOL was used to
generate this figure.*®
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Table 1.3. Select Fe protein crystal structures with corresponding PBD codes and
resolutions.

Protein PDB code:  Resolution (A)  Reference
NifH 1G5P 2.2 55
VnfH a 2.2 56
NifH with [FesS4]° cluster 1GIM 2.25 55
NifH + MgADP 1FP6 2.15 57
AL127-NifH + MgATP 2C8V 2.5 58
AL127-NifH + NifDK + MgATP 1G21 3.0 59
NifH + NifDK + MgAMP-AlF, IN2C 3.0 34
NifH + NifDK + MgADP 2AFI 3.1 33

“at the time of writing, the PDB code was not yet released

Until recently, only crystal structures of the Mo-nitrogenase Fe protein were published,
but spectroscopic characterization of the reductases from the V- and Fe-only nitrogenases,
AvVnfH and AvAnfH, respectively, were known.” EPR and XAS suggested that the [FesS4]
clusters of the alternative nitrogenase Fe proteins behaved similarly to 4vNifH; and the sequence
similarity of the three Fe proteins suggested a similar overall protein structure.® The first
structure of AvVnfH with MgADP bound was published in 2018. The protein is encoded by the
vnfH gene and forms a homodimer (y,) approximately 60 kDa in size, not dissimilar to AvNifH,
and shares a 91% sequence homology with that protein. As predicted from spectroscopic and
biochemical characterizations, the overall structures of the ADP-bound 4AvVnfH and AvNifH
structures have a high degree of structural homology, with structural alignment of the ADP-
bound Fe proteins having a root-mean-squared deviation of 0.3 A for all atoms.”® AvVnfH, like
AvNifH, also contains a nucleotide-binding site in each subunit and a bridging [Fe4S4] cluster,
bound by the Cys™ and Cys'’® residues from each subunit.’* Unfortunately, at the time of

writing, the PDB code was not yet released and so a figure is not included.
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1.3.2.1 Characterization of the [FesS4] cluster of the Nitrogenase Fe Protein

Fe proteins perform three known physiological functions: 1) it mediates the ATP-
dependent electron transfer to the catalytic component, 2) it assists in the biosynthesis of the P-
cluster on AvNifDK, and 3) it serves as a molybdenum and homocitrate insertase for M-cluster
maturation.”"*>°*! In addition, Hu and coworkers showed that 4vNifH and AvVnfH could also
perform the seemingly adventitious interconversion CO, to CO.%* In all of these capacities the
[FesSs] cluster plays a pivotal role for activity and is sensitive to reaction conditions.*”
Substantial effort has gone into the characterization of this FeS cluster, both spectroscopically
and biochemically, and the results are summarized in the section below.
1.3.2.2 EPR Analysis of the Fe Proteins

The [FesS4] cluster of A. vinelandii Fe proteins can occupy three oxidation states:
[FesS4]%, [FesSs]'", and [FesSa]*", but only the [FesS4]'™* oxidation states are thought to be
physiologically relevant.® The [FesS;] cluster of the Fe protein, like most nitrogenase
metalloclusters, is oxygen-sensitive and so is generally handled in the presence of the reductant
and oxygen scavenger DT. Under these conditions the [Fe4S4]'" state is readily accessible and
exists as a mixture of a § = 1/2 and S = 3/2 species (Figure 1.6B), with the rhombic S = 1/2 signal
being the major component (g-values of 2.04, 1.93, and 1.84).°*°° However, chemical additives
to the protein solution can alter the ratio of the S = 1/2 and S = 3/2 species.’® The cluster can be
chemically oxidized to the [FesS4]°" state by addition of indigo disulfonate (IDS), resulting in
diamagnetic cluster with an overall S = 0 spin state, as determined by Mdssbauer spectroscopy,
which does not show a signal in the EPR spectrum (Figure 1.6A).> The “all ferrous” [Fe4S4]°
state is generated by addition of a strong reductant, such as titanium (III) citrate or europium (II)

diethylenetriaminepentaacetic acid (Eu"-DTPA), and the EPR spectrum displays a g = 15.9
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resonance in parallel-mode, consistent with an S = 4 species (Figure 1.6C).5" "

The Fe proteins
from the alternative nitrogenases, AvVnfH and AvAnfH, also exhibit similar EPR signals and

cluster behavior as observed for AvNifH, and some of this information is summarized in Table

1.4
A B C
1.93
2.01] 1.85
15.9
,5}:\\;_/] \
[Fe,S,1*" [Fe,S,1"" V\/‘ [Fe,S,]’

1000 2000 3000 4000 1000 2000 3000 4000 375 400 425 450
Magnetic Field (Gauss) Magnetic Field (Gauss) Magnetic Field (Gauss)

Figure 1.6 EPR spectra of AvNifH in the IDS-oxidized ([FesS4]*", A), DT-reduced ([FesS4]"",
B), and Eu'-reduced all-ferrous states ([FesS4]°, C). The g-values are indicated by vertical
lines. IDS = indigo disulfonate, DT = dithionite, Eu"-DTPA = europium (II)
diethylenetriaminepentaacetic acid. Conditions: four scans were run at 10 K with a microwave
power of 50 mW and a microwave frequency of 9.62 GHz.

Table 1.4 EPR Features and Signals Generated by the Fe proteins from A. vinelandii.

Protein Oxidation State Nucleotide-bound Spin State Line-shape g-values

AvNifH [FesS4]*" - S=0 Featureless -
[Fe4S4]1+ Nucleotide-free S=1/2,3/2 Rhombic 2.01 193 1.85
- ATP-bound S=1/2 Axial 2.03 191
- ADP-bound S=1/2 Axial 2.02 1.92
[FesS4]° - S=4 15.9
AvVnfH [FesS4]* - S=0 Featureless -
[FesSs]'™ Nucleotide-free S=1/2,3/2 Rhombic  2.00 1.93 1.84
ATP-bound S=1/2 Axial 2.03 191
ADP-bound S=1/2 Axial 2.02 1.92
[FesS4]° - S=4 15.9

The S = 1/2 signals of the DT-reduced [Fe4S4]'" clusters of AvNifH and AvVnfH undergo

3,62

a spectral change upon binding of nucleotides.”” The EPR signal changes from a rhombic
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(Figure 1.7, black) to an axial symmetry upon binding of MgATP (Figure 1.7A, blue) or MgADP
(Figure 1.7B, red). Similar effects are also observed for AvVnfH (not shown).®* This nucleotide-
induced change in the EPR spectrum is consistent with the protein conformational changes that
are observed for AVNifH in solution and will be described in more detail in Section 1.3.2.4. To
date, detailed EPR analysis of AvAnfH with nucleotide binding has not been reported; however,
due to the similarity of AvNifH and AvVnfH, it is predicted that AvAnfH would likely behave

similarly.

A 2.03 191 B 2.02 1.92

3000 3250 3500 3750 4000 3000 3250 3500 3750 4000
Magnetic Field (Gauss) Magnetic Field (Gauss)

Figure 1.7 EPR spectra of AvNifH bound with nucleotides in the DT-reduced ([Fe,S4]'")
State. (A) EPR spectra of A4vNifH in the presence (solid blue) and absence (dotted black) of
MgATP. (B) EPR spectra of AvNifH in the presence (solid blue) and absence (dotted black) of
MgADP. The g-values of the nucleotide-bound spectra are indicated on the spectra. Conditions:

four scans were run at 10 K with a microwave power of 50 mW and a microwave frequency of
9.62 GHz.

1.3.2.3 Reduction Potential of Fe Proteins
The [Fe4S4]""*" transition is proposed as the physiologically relevant transition involved
in electron transfer by the Fe protein.”>’" The [FesS4]'" state can be accessed in vitro using

7276 T better

excess DT whereas flavodoxins and ferrodoxins drive the reduction in vivo.
understand the electron transfer reactions facilitated by AvNifH, the midpoint reduction potential

(Erm) was determined under a series of conditions using microcoulometry.”’” This is a technique
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where fully oxidized AvNifH ([FesS4]*") was introduced into a glass electrochemical cell
containing a buffered solution under a controlled potential, and the change in current was

1""%" transition of AVNifH was determined to be ~-290

measured over time. The E,, for the [FesS4
mV versus the standard hydrogen electrode (SHE) (Figure 1.8).”® The addition of either MgATP
or MgADP to AvNifH shifted the E, to ~430 and ~-440 mV, respectively).”® Hu and co-workers
later used a redox titration method to measure the E,, of both AvNifH and AvVnfH. They
observed reduction potentials of -300 and -346 mV versus SHE for AvNifH and 4vVnfH without
nucleotide present, and -405 and -430 mV in the presence of MgATP, respectively.®> The
decrease in the reduction potential caused by nucleotide binding may only have a limited effect
on catalysis as the reduction potential of Fe proteins from other organisms (such as Klebsiella

pneumoniae or Clostridium pasteurianum) can vary by as much as 100 mV.? To date, the E,, of

AvAnfH has yet to be reported.
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-790 mV

A
-290 mV -460 mV
[FeyS41%* [FeyS4)t [Fe4S41°
MgATP
or
MgADP
-430 mV
*[Fe S "[FesSql'™
B
-346 mV
[Fe,S,I2* [FesS41™
MgATP
-430 mV
*[FesS4]*" "[FesS4™

Figure 1.8 Summary of the midpoint reduction potentials (E,,) for the Fe proteins from A.
vinelandii. (A) The E,, for AvNifH with the oxidized, reduced, and all-ferrous states are shown
in blue, black and pink, respectively. The Ey, value for the [Fe,S4]'""° transition reported for the S
= 4 state is shown in plain text and the S = 0 state is shown in italics. The addition of nucleotide
is depicted in the purple box. (B) The E,, for AvVnfH with the oxidized and reduced states
shown in blue and black, respectively. Addition of MgATP is depicted in the purple box.

The En of the [FesSs]' ™ transition was also measured using microcoulometry, and was
observed to have an Ey, of -460 mV versus the normal hydrogen electrode (NHE).” This species
was generated using either methyl viologen or flavodoxin hydroquinone as redox reagent and

780 Using titanium (III) citrate as a strong reductant,

was proposed to have an S = 0 spin state.
Burgess and co-workers followed up on the previously mentioned work and generated an all-

ferrous AVNifH [FesSs] cluster with a definitively assigned S = 4 spin state.”
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Spectroelectrochemical methods were used to measure the E;, of the all-ferrous S = 4 AvNifH
species, and it resulted in an Ey, of 790 mV versus NHE (Figure 1.8).*' Subsequent work found
that the S = 4 AvNifH species could also be generated more rapidly using europium (II) chelate
complexes instead of the titanium (III) citrate.*
1.3.2.4 Nucleotide-induced Conformational Changes of AvNifH

Prior to the report of the first crystal structure, calorimetric chelation studies were
performed on AvNifH in the presence of nucleotides to asses the extent of structural change

associated with nucleotide binding.®™

These studies revealed that the [FesS4] cluster was
accessible, and the Fe atoms were more easily extracted from the Fe protein in the presence of
chelating agents like 2,2’-bipyridine and bathophenanthrolinedisulfonate when MgATP was

83-85 This led to the conclusion that the

present than when MgADP or no nucleotide was present.
[FesS4] cluster in AvNifH was more solvent exposed when MgATP was bound to the protein.
Small-angle X-ray scattering (SAXS) studies, which are able to assess protein conformational
changes without the need for crystalline material, also indicated that there was a more significant
protein rearrangement in AvNifH in the presence of MgATP compared to either MgADP or
nucleotide-free samples, both of which were indistinguishable from each other.*® Additional
insights about nucleotide binding have come to light after crystal structures of AvNifH and
AvNifH/AvNifDK were solved containing different nucleotides bound in the non-complexed and
complexed states, respectively.

When the non-complexed AvNifH (protein, pale green; cluster, forest green) with and
without MgADP (protein, light blue; cluster, sky blue) are overlaid (Figure 1.9A), there appears
to be little difference in the overall structure of the proteins, consistent with the SAXS and

83-86

chelation data. However, overlaying the MgADP- (protein, light blue; cluster, sky blue) and
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MgATP-bound (pale yellow; cluster, bright orange) AvNifH structures (Figure 1.9B) from the
AVvNifH/AvNifDK complexed structures reveals that the [Fe;S4] cluster is ~3 A closer to the

protein surface in the MgATP structure than the MgADP structure.”>*”’

It has been proposed
that the MgATP-bound AvNifH with a more surface-exposed cluster primes the protein to readily
transfer electrons to AvNifDK, whereas the recession of the [FesS4] cluster upon MgATP

cleavage helps to prevent a backflow of electrons.”*’
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Figure 1.9 Structural comparison of nucleotide-free and nucleotide-bound AvNifH, both as
free proteins and in complex with AvNifDK. (A) The structures of the nucleotide-free (PDB
code: 1G5P; protein, pale green; cluster, forest green) and the MgADP-bound (PDB code: 1FP6;
protein, light blue; cluster, sky blue) free AvNifH are overlaid. (B) The crystal structures of the
MgADP-bound (PDB code: 2AFI; protein, light blue; cluster, sky blue) and MgATP-bound
(PDB code: 1G21; protein, pale yellow; cluster, bright orange) AvNifH in complex with
AvNifDK are overlaid (AvNifDK portion is not shown). Atoms are colored as follows: C, white;
N, blue; O, red; Mg, green; Al, gray; F, pale cyan. PyMOL was used to generate this ﬁgure.3 8
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1.3.3 Structural Description of the AvNifH/4vNifDK Complex
While N, reduction is facilitated by AvNifDK at the M-cluster site, the reductase partner

. . . . . 3734
AVNifH is crucial for nitrogenase activity.>”

This raised the question of how these two proteins
bind to each other, as well as how they interact during catalysis. Chemical cross-linking was one
experimental approach that was used to understand which amino acids residues on AvNifH and
AvNifDK came in contact with one another during the formation of a putative AvNifH/4vNifDK
complex.®™ It was found that an isopeptide bond formed between the Glu''? of AVNifH and the
Lys®” of the B subunit of AVNifDK roughly indicating how these proteins would interact.**™
Site-directed mutagenesis and post-translational modifications were also used to modify residues
of both proteins to explore other potential points of interaction. Additional studies expanded the
strategies that were available to probe this protein-protein interaction. As previously mentioned,
AvNifH binds nucleotides and subsequently undergoes conformational changes that affect the
solvent access to the [Fe4S4] cluster depending on which nucleotide was bound to the protein.*”
With the FeS cluster ‘exposed’ in the presence of nucleotides, chelating agents are readily able to

bind the Fe atoms and degrade the cluster.**

Taking advantage of this fact, AvNifH and
AvNifDK were mixed together in solution in the presence of MgATP, presumably forming a
complex. Chelation agents were then added which resulted in a greatly reduced rate of Fe
chelation from AvNifH when AvNifDK was present, compared to AvNifH alone.** This
supported the notion that the cluster was protected in the presence of the catalytic component,
implying the cluster-containing face of AvNifH docks to the surface of AvNifDK.

Similar experiments employing the use of AvNifH variants were also used to explore

additional aspects of the AvNifH/AvNifDK complex. A set of experiments showed that K15Q

and A157S AvNifH variants, proteins that could still bind MgATP but did not result in the
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associated MgATP-induced conformational change, were unable to compete with wildtype
AvNifH in an activity assay despite being able to form normal cross-linking complexes with
AVNIfDK.”" Conversely, AvNifH variants that form a MgATP-like or partial MgATP-like
conformation in the absence of MgATP (e.g. D129E, AL127) bound to AvNifDK more tightly
than nucleotide-free AVNifH.”®** It was concluded from these experiments that a MgATP-
induced conformational change was required to form an active AvNifH/AvNifDK complex.’
Burgess and co-workers further proposed that the structural change in nitrogenase evolved
because the conformation of the proteins was a prerequisite to form a AvNifH/4vNifDK complex
that optimally positioned the enzyme for MgATP hydrolysis and electron transfer between
metallocofactors. >

The first AvNifH/AvNifDK complex structure was published by Rees and coworkers in
1997 (Figure 1.10, left).** The structure shows the ayP, heterotetramer of AvNifDK, with one
AvNifH docked to each aff dimer (Figure 1.10). This complex was “locked” in the ATP-bound
conformation through the use of MgADP-AlFs, a non-hydrolyzable ATP analog. In the
complexed form, the [FesS4] cluster of AvNifH is positioned ~15 A away from the P-cluster of
AVNIfDK, and the P-cluster is ~14 A away from the M-cluster.”> " This protein complex places
all of the FeS clusters in close proximity likely to better facilitate the interprotein electron
transfer (ET) that is required for subsequent substrate reduction. Electrons are transferred from
the [FesS4] cluster of AvNifH to the P-cluster, and the P-cluster transfers electrons to the M-
cluster; and this process occurs concomitantly with the hydrolysis of two molecules of MgATP
by AvNifH for every electron transferred (Figure 1.10, right).”>”*® Additional insights into how

the ET process occurs in nitrogenase will be described in further detail in Section 1.5.2.

32



NI % 3;4— ADP-AIF, % & 2 ATP
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AvNifDK -

AvNifH

Figure 1.10 The crystal structure of the ADP-AlF,4 stabilized AvNifH/4AvNifDK complex at
3 A resolution (PDB code: 1N2C). The crystal structure cartoon on the left highlights the
nucleotides and metalloclusters, while the structure on the right highlights the components
involved in electron transfer. The NifH, NifD, and NifK subunits are represented in pale cyan,
pale green, and sky blue, respectively. Atoms are colored as follows: Fe, rust; S, yellow; Mo,
cyan; C, white; N, blue; O, red; Mg, green; Al, gray; F, pale cyan. PyMOL was used to generate
this figure.”®

1.4 The Biosynthesis of the Metalloclusters of AvNifDK

The metalloclusters of nitrogenase are vital to the function of the enzyme, and
unsurprisingly, the construction of these cofactors requires the involvement of and regulation by
many other proteins in the nif operon.” The cluster biosynthesis can be generally split into two
parts: and “ex situ” portion that describes the synthesis of the M-cluster, as it occurs on proteins
other than AvNifDK, and an “in situ” portion that describes the P-cluster synthesis, as this takes

place almost entirely on 4vNifDK.
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1.4.1 The Ex Situ Biosynthesis of the M-cluster

The M-cluster of the nitrogenase active site (Figure 1.1C) is one of the most complex
metalloclusters found in any known biological system. Efforts to synthetically replicate the
cluster are challenging because of features such as the asymmetric Mo atom on one end of the
cluster, the interstitial carbon atom, as well as the organic R-homocitrate ligand. Despite these
complications, a synthetic asymmetric mimic of the M-cluster was recently described, but was
not functional for N reduction.” In parallel to synthetic approaches to M-cluster synthesis, the
biosynthesis of the M-cluster has been a key focus of nitrogenase research that comes with its
own set of challenges. The biosynthesis involves a cascade of proteins working in concert to

produce the active cluster (Figure 1.11).'%'%

There are multiple steps involved in M-cluster
assembly; including the formation of [FesS4] clusters, the formation of an M-cluster precursor

known as the L-cluster ([FesSoC]), Mo and homocitrate insertion into the L-cluster, and the

transfer of fully-mature M-cluster to the active site on AvNifDK.”'*'"'%
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FeS Cluster Assembly by NifU and NifS .

* [Fe,S,] cluster () generation NifU [j
* FeS clusters transferred to NifB
NifS

L-cluster Assembly on NifB

* Two [Fe,S,] clusters designated
as the K-cluster ( g ) are fused

* Carbide insertion

 “9 sylfur insertion Carbide (by SAM)

* L-cluster () transferred to NifEN 3 S (by sulfite)

M-cluster Maturation on NifEN
* Mo and homocitrate (HC) insertion by NifH -
* M-cluster () transferred to NifDK NifE [ O
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M-cluster Insertion into NifDK
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Figure 1.11 A schematic representation of the M-cluster biosynthetic pathway. In A.
vinelandii, AvNifS delivers sulfur to AvNifU for the assembly of small FeS clusters. Three
[FesS4] clusters synthesized on AvNifU are transferred to 4vNifB, two of which are thereafter
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referred to as K-cluster. AvNifB facilitates the radical S-adenosyl methionine (SAM) cleavage
reaction that converts the K cluster into the L-cluster via carbide insertion and 9" sulfur
insertion.'””'” The L cluster is subsequently transferred from AvNifB to AVNifEN for further
processing. AvNifH acts as a Mo- and homocitrate insertase and interacts with the scaffold
protein AVNIifEN to convert L-cluster into M-cluster. The M-cluster is then transferred to apo-
AvNifDK. NifS is represented in royal blue; NifU in light purple; NifB in dark blue; NifE in
pink; NifN in orange; NifH in cyan; NifD in green; NifK in light blue; and the [FesS4], K-, L-,
P-, and M-clusters are indicated on the legend.

1.4.1.1 Formation of 2Fe and 4Fe Clusters

Like other FeS cluster-containing nitrogenase proteins, M-cluster synthesis in A.
vinelandii begins with the generation of small FeS clusters ([Fe»S:] and [FesS4]) by AvNifU and
AWNIfS (Figure 1.11).57'% 4yNifS is a pyridoxal-dependent cysteine desulfurase that
catabolizes cysteine and functions to deliver a sulfur source to a scaffold protein, AvNifU. The
sulfur is then combined with Fe atoms on AvNifU, and these components are processed into FeS
clusters.®
1.4.1.2 Formation of L-cluster

AvNifB is a S-adenosyl-L-methionine (SAM)-dependent enzyme that plays a vital role as
a scaffold for the assembly of the M-cluster. The importance of AvNifB was M-cluster was
recognized in AvNifDK variants expressed in a nifB-deletion background (designated AnifB
AVNIfDK, or apo- AvNifDK), as these proteins lacked an M-cluster.''* ' Subsequently, 4vNifB
was characterized as a ~55 kDa protein that houses three [FesS4] clusters, and contains a
canonical CXXXCXXC motif on the N-terminal end, characteristic of radical SAM-dependent
enzymes.'” One of the [Fe4S4] clusters on AvNifB reacts with SAM, while the other two clusters
are the precursor to the M-cluster, designated as the K-cluster. Initial expression of AvNifB was
not entirely fruitful; however, when AvNifB was fused to another scaffold protein AvNifEN,

AvNifB was stabilized and biochemical characterization became feasible. This new protein was
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generated by fusing the 3° end of the nifEN gene to the 5’end of the nifB gene, and this protein
was expressed in a nifHDK-deletion strain of 4. vinelandii.'"
Recent work by Hu and co-workers has shed light on the specific role that the three

" It was found that a NifB protein from the

[FesS4] clusters play in L-cluster biosynthesis.
organism Methanosarcina acetivorans, MaNifB, could be heterologously expressed in
Escherichia coli and was competent for M-cluster assembly with the other 4. vinelandii proteins,
without requiring fusion to another protein.”>''® One SAM molecule transfers a methyl to one of
the [FesS4] clusters of the K-cluster (Figure 1.11). Subsequently, a second SAM molecule
interacts with the SAM-cleaving [Fe4S4] cluster to form a 5’-deoxyadenosine radical (5’-dA-),
which is used to abstract a hydrogen atom from the methyl group bound to the K-cluster. This
reaction results in a methylene radical bound to the K-cluster. Two additional hydrogen atoms
are then lost, and a structural rearrangement that presumably allows for the coupling of the two

14,116 . .
> The carbide-inserted

[FesS4] clusters of the K-cluster with the generated carbide follows.
cluster then receives a 9™ sulfur, which forms a stable [FegSoC] cluster called the L-cluster.'® A
structure of the L-cluster has been proposed, and is based on spectroscopic characterization and
comparison to the M-cluster; however, there are currently no crystal structures of the L-
cluster.'"""""® Analogous to the M-cluster, the L-cluster is proposed to be two [Fe4S3] partial
cubanes that are bridged by three p,-sulfides with a pe-insterstitial carbide coordinated in the

central cavity (Figure 1.12).""'">''7 After L-cluster has been synthesized on AWNifB, it is

transferred to AVNifEN (Figure 1.11).
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[FegSoCl [MoFe,S,C-(R)-homocitrate]
L-cluster M-cluster

Figure 1.12 Structural comparison of the proposed L-cluster structure to the M-cluster.
The clusters are shown as ball-and-stick models. The M-cluster coordinates were used from a
crystal structure of AvNifDK (PDB code: 3U7Q). Atoms are colored as follows: Fe, rust; S,
yellow; Mo, cyan; C, light gray; O, red.

1.4.1.3 Mo and Homocitrate Insertion into the L-cluster
As previously mentioned, AVNiIfEN is a scaffold protein that is ~414 kDa in size and has
a high degree of sequence homology to AVNifDK.'" Like AvNifDK, 4vNifEN also forms a o,

17,120

heterotetramer (Figure 1.13) and houses two types of metalloclusters. The P-cluster

analogous site on AVNifEN contains four Cys residues (Cys®’, Cys®? Cys*'** paty,

, Cys
compared to the six found in 4vNifDK, and houses a [FesS4] cluster called the O-cluster at the
interface of the af} subunits. The specific L/M-cluster binding site on AvNifEN is still somewhat
ambiguous, as the electron density for the cluster in the crystal structure was not well defined.'”

However, spectroscopic and biochemical characterization supports the notion that AVNifEN

receives the L-cluster after it has been assembled by AvNifB.
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O-cluster

L-cluster —» z&

Figure 1.13 The crystal structure cartoon of AvNifEN at 2.4 A resolution (PDB code:
3PDI). The NifE and NifN subunits are represented in light pink and light orange, respectively.
Atoms are colored as follows: Fe, rust; S, yellow; Mo, cyan; O red. PyMOL was used to generate
this figure.™®

L-cluster conversion to M-cluster requires AvNifH and AVNifEN, emphasizing that

16,18,60 . .
%" This conversion takes

AvNifH plays multiple roles in the nitrogenase system (Figure 1.11).
place when AVNifEN loaded with L-cluster is incubated with AvNifH, MgATP, molybdate
(M00,4%), and R-homocitrate; a process that will be described more in Section 1.5.1. The precise
mechanism by which Mo and homocitrate insertion occurs is still unknown and requires
additional study to fully characterize the reaction. Once the M-cluster is synthesized, the cluster
can then be transferred to the active site on AVNifDK.'®'®!
1.4.1.4 Transfer of M-cluster to the Active Site on AvNifDK

Biochemical analysis suggests that a conformational change in AvNifEN accompanies M-
cluster maturation, and this change allows for the formation of a AVNIifEN/AvNifDK complex

and subsequent transfer of the M-cluster from AvNifEN to apo-AvNifDK (Figure 1.11)."*' While

there is currently no crystal structure of an AvNIifEN/AvNifDK complex, comparison of the
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individual crystal structures paired with biochemical analysis helps to shed light on the process.
The putative cluster insertion channel in apo-4vNifDK is rich in positively charged residues and
may facilitate the transfer of the negatively charged M-cluster into 4vNifDK.'"'"'%!!* Sequence
alignment between AVNIifEN and AvNifDK reveals that AvNifDK has unique residues around the
M-cluster site that may allow the cluster to bind to the protein more tightly to AVNifDK than to
AVNIfEN.'® 1t has therefore been postulated that M-cluster can be transferred from a lower
affinity binding site on AvNifEN to a higher affinity site on AvNifDK.

Once the cluster has been transferred to AvNifDK, there is an associated conformational
change in AvNifDK that buries the cluster ~10 A below the protein surface (Figure 1.1 and
Figure 1.11). The overall conformation of the protein becomes more compact as observed by
small-angle X-ray scattering (SAXS), which provides information about the protein
conformation without requiring a crystalline structure.'*

1.4.2 The In Situ Biosynthesis of the P-cluster

The P-cluster in AvNifDK (Figure 1.1B) is the metallocluster that supports nitrogen

reduction catalysis through the transfer of electrons from the reductase partner AvNifH to the M-

26,35,36
cluster.”™™

Unlike the M-cluster, the P-cluster has yet to be extracted from the protein intact,
likely due to rapid decomposition of the cluster once the bridging p,-cysteine ligands from the
protein are removed.*’ Synthetic efforts to synthesize the P-cluster have resulted in structural
analogs that have been generated by the fusion of two cubane clusters, suggesting a possible

123-125 However, similar to M-cluster assembly, the

mechanism in the biosynthetic pathway.
biosynthesis of the P-cluster is a multi-step process involving several proteins, including an

important role played by AvNifH.
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1.4.2.1 Synthesis of the P-cluster Precursor (P"-cluster)
P-cluster assembly is initiated by the synthesis of FeS clusters on 4vNifU and AvNifS

13 Two [Fe4S4] clusters are transferred

(Figure 1.14), the same as in M-cluster biosynthesis.
from NifU to the P-cluster site of AvNifDK, and these clusters are referred to as the P-cluster
pre-cursor, P’-cluster. The P’-cluster is observed in AvNifDK variants expressed in a nifH-
deletion background (AnifH AvNifDK) (Figure 1.14).>"**!?® Fe K-edge XAS analysis of AnifH
AVNIfDK reveals that the P*-cluster consists of a normal [Fe4S4] cluster and an atypical [Fe4S4]
cluster that is either distorted by a bridging Cys ligand in place of a sulfide, or a coordinated light

2126 This assignment is further

atom such as a N or O from Asp, Ser, His, or adventitious water.
supported by magnetic circular dichroism (MCD) spectroscopy, which determined that one of
the clusters exists as a [Fe4S4]'" cluster and the other as a diamagnetic [Fe4S4]-like cluster in the

DT-reduced state.'?”1?®
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Figure 1.14 A schematic representation of the P-cluster biosynthetic pathway. AvNifH is
solely required to synthesize the first equivalent of P-cluster on AvNifDK, while the second P-
cluster requires both NifH and NifZ. The P-cluster assembly results in a structural change to the
cluster that stabilizes the protein and opens active site to receive the M-cluster. NifD is

represented in green; NifK in blue; and the [FesSs4], P-, and M-clusters are indicated on the
legend.
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1.4.2.2 Conversion of the P’-cluster to the P-cluster

P"-cluster can be converted into P-cluster in vitro by incubating AnifH AvNifDK with
AvNifH, MgATP, and DT.* Cluster formation can be observed over time with EPR
spectroscopy. As the reaction proceeds, the S = 1/2 signal associated with the P’-cluster (g-
values of 2.05, 1.93, and 1.90) decreases and the P%*-cluster signal (g = 11.8) increases along
with the reconstituted activity of the protein. There is an apparent “lag” phase in the maturation
process that appears to be associated with the completion of P-cluster assembly in one of the
af-dimers, and this occurs at approximately 50% of the respective maximum values. The EPR
signal during this lag phase corresponds well with the signal seen from the gene product of a
nifB- and NifZ-deleted AvNifDK strain (AnifB AnifZ AvNifDK) (Figure 1.14) and is consistent

with approximately a 50% signal intensity of the P"-cluster signal and the P°*-cluster signal.**'*

PP-cluster (NifDK)

& &

MgATP
NifH ] ¢
MgADP ©S

2

P-cluster (NifDK)

Figure 1.15 In vitro maturation of the first P-cluster requires AnifH AvNifDK, AvNifH,
MgATP, and DT. AvNifZ has also been shown to play a role in the maturation of the second P-
cluster on AVNifDK. Atoms of the metalloclusters are shown as ball-and-stick models and are
colored as follows: Fe, rust; S, yellow.

P-cluster formation in the second af-dimer of AnifH AvNifDK can be achieved with

longer incubation times (post-lag maturation), which is supported by the doubling of activities
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and P%-cluster EPR signal.**** The EPR signal of the post-lag maturation AnifH AvNifDK
variant coincides with that observed in the AnifB AvNifDK variant (Figure 1.14), which is known
to contain two fully-formed P-clusters. Interestingly, the P"-cluster in the AnifB AnifZ AVNifDK
variant can also be matured under similar conditions as the post-lag maturation of AnifH
AvNifDK (Figure 1.14), but the addition of NifZ is required, suggesting that NifZ plays a role in
P-cluster maturation.”>>® The activities and EPR signal of the matured AnifB AnifZ AvNifDK
variant are consistent with those observed by the post-lag maturation of AnifH AvNifDK, likely
indicating that the maturation process proceeds analogously. It is still uncertain the exact role
that NifZ plays in P-cluster maturation, but the AnifH AvNifDK variant (which was expressed in
a nifZ-intact system) did not require additional NifZ to mature the second P-cluster whereas the
AnifB AnifZ AvNifDK variant did. It has been proposed that NifZ may function in a chaperone-
like role and possibly modifies certain residues in the second af-dimer to prepare it for cluster
maturation.”**

P-cluster biosynthesis prepares AvNifDK for M-cluster insertion. Prior to P-cluster
biosynthesis, the M-cluster site occupies a closed conformation that does not allow for the
insertion of M-cluster (Figure 1.14, AnifH AvNifDK). After conversion of the P'-cluster to the P-
cluster, AvNifDK undergoes a conformational change that opens the M-cluster site and allows
for M-cluster insertion (Figure 1.14, AnifB AVNifDK)."'* Once the M-cluster has been received,
there is a subsequent conformational change that covers the P-cluster and protects it from solvent
exposure (Figure 1.14, AnifB AvNifDK) producing a functional nitrogenase.'*

1.5 The Multiple Functions AvNifH

The reductase component from A. vinelandii plays a surprising number of important roles

in the nitrogenase system. Most obviously, AvNifH facilitates electron transfer from
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physiological sources to ultimately the M-cluster in the catalytic component of AVNifDK. Along
with this function, AvNifH also binds and cleaves the MgATP equivalents that are required for
substrate reduction, and as described in previous sections, the nucleotide binding and cleavage
induces conformational changes that help to regulate the electron transfer process. A role of
AvNifH that is less obvious is in the involvement in the biosynthesis of the two important
metallocofactors in AvNifDK, the P- and M-cluster. Further still is that the Fe protein has been
found to facilitate seemingly adventitious reactivity, interconverting CO, and CO.%* This section
will cover the specific roles that AvNifH plays in nitrogenase with slightly more detail.

1.5.1 Nitrogenase Cofactor Maturation

As outlined in Section 1.4, nitrogenase cofactor biosynthesis is a multi-step process that
takes Fe and S and converts these components into multinuclear metalloclusters. These processes
involve contributions from multiple proteins and co-substrates such as SAM and MgATP. One
factor that is not usually emphasized is that without 4vNifH, not only would nitrogenase be
unable to reduce N, to NHj3, functional P- and M-clusters could not be assembled.

The P-cluster maturation process has been explained in great detail in Section 1.4.2.1;
however, there is benefit to concisely summarizing the specific role AvNifH plays here. When
AvNifDK is expressed in a AnifH background, the P-cluster observed is incompletely formed an
composed of to separate [FesS4] clusters (called P’-cluster).”’**'*® Each ap-dimer of AnifH
AVNiIfDK has one P’-cluster and when AvNifH is incubated with the AvNifDK variant, reductant,
and MgATP in vitro, the P-cluster of one ap-dimer is formed quickly, followed by the much

slower formation of the P-cluster in the second af-dimer.”**

However, AvNifH is not solely
responsible for the fusion of the P-cluster precursor, as AvNifDK expressed in a AnifH AnifZ

background will not have functional P-cluster in the second afj-dimer without incubation of both
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AVNIfH and a AVNifZ.>** Not only does AvNifH transfer electrons, it functions to help
synthesize other electron transfer cofactors.

M-cluster assembly (Section 1.4.1) is an arguably more complex multi-step process than
P-cluster assembly, which includes the formation of an iron-only precursor ([FesSoC]) called the
L-cluster that is synthesized first on AvNifB and then is transferred to AVNifEN. With L-cluster
loaded on AvNifEN, AvNifH is able to facilitate the insertion of molybdenum and homocitrate,
converting the L-cluster to the M-cluster (Figure 1.11). The gene products of an A. vinelandii
nifHDK-deletion nifEN (AnifHDK AvNifEN) or nifHDK-deletion nifEN-B fusion (AnifHDK
AVNIifEN-B) expression strains are isolated with L-cluster loaded in the proteins.>'">''® The L-
cluster on these species is readily identified by a characteristic EPR resonance at g = 1.94 in the
IDS-oxidized state. In vitro, L-cluster maturation to M-cluster can occur directly on AvNifEN by,
at minimum, incubating AnifHDK AvNifEN or AnifHDK AvNifEN-B with NifH, MgATP, DT,
molybdate (MoO,4>), and R-homocitrate to form active M-cluster (Figure 1.16).">'¢'% Tg
monitor the conversion of L- to M-cluster, the L-cluster specific signal at g = 1.94 was observed
over the time course of the reaction. The decrease in intensity of the g = 1.94 resonance implied
that the L-cluster was disappearing; however, a new signal with resonances at g = 4.45, 3.96, and
3.60 indicated that M-cluster was being generated.'®'® Fe and Mo K-edge XAS analyses also
demonstrated that the M-cluster species on AVNifEN that resulted from incubation with AvNifH
was nearly identical to that on wild-type AvNifDK, except for a slight perturbation of the Mo

coordination environment.'®'®

Importantly, it was observed that step-wise addition of Mo and
homocitrate was insufficient for the conversion of the L- to the M-cluster, implying that their

. . . 121
insertion may occur in one concerted step.
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Figure 1.16 Summary of the in vitro maturation of the L-cluster to the M-cluster. The
maturation of L-cluster requires, at minimum, AvNifEN, AvNifH, MgATP, DT, molybdate
(Mo0O,%), and R-homocitrate. AvNifH facilitates the insertion of Mo and R-homocitrate into the
L-cluster to mature functional M-cluster. Atoms are colored as follows: Fe, rust; S, yellow; Mo,
cyan; C, light gray; O, red.

After M-cluster maturation on AvNifEN, AvNifH can be re-isolated from the solution
mixture to characterize any changes that may have occurred. Analysis of the repurified AvNifH
showed that the protein had become loaded with Mo and homocitrate, and this loaded AvNifH
could be used to insert Mo and homocitrate into NifEN-bound L-cluster.®” Additionally, Mo- K-
edge XAS analysis was used to compare the loaded AvNifH with the supplied MoO,> starting
material, and the results suggested that the Mo-bound to 4AvNifH was in a different form than the
starting material, likely a product of molybdate reduction.®” The EPR spectrum of the Mo-bound
AvNifH species features a characteristic S = 1/2 resonance, but also has the addition of a small
signal with g-values at 4.44, 4.05, and 3.96 that appears to coincide with Mo-binding. One
possibility for the Mo-binding location is in the position that is generally occupied by the y-

phosphate of ATP, as a partial molybdate occupancy was observed in this location in the first
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reported structure of AvNifH.”>* Further studies are required to fully elucidate the mechanism of
Mo and R-homocitrate insertion into the L-cluster, as well as the specific role that the Fe protein
plays in these processes.
1.5.2 Electron Transfer in Nitrogenase

The electron transfer (ET) process and subsequent substrate reduction of N, and substrate
analogs by the catalytic component has been studied extensively over the past several
decades.””* As eight electrons are required for the reduction of every equivalent of Ny, ET is a
rather fundamental aspect of nitrogenase catalysis and the Fe protein is specifically responsible
for this process. To understand the ET reaction in nitrogenase, methods such as stopped-flow and
rapid freeze-quench techniques allow for the observation of spectroscopic changes on very fast
time scales that would otherwise not be accessible.

The first step in what is referred to as the “Fe protein cycle” is the reduction of 4vNifH to
the [FesS4]'" state, followed by two equivalents of MgATP binding to the protein (Figure
1.17).>"" The reduction of the Fe protein can be facilitated in vitro by DT or likely in vivo by

777 The binding of MgATP induces a conformational change that

flavodoxins or ferrodoxins.
allows AvNifH to bind to AvNifDK to make an AvNifH/AvNifDK complex (see Section 1.3.2.4).
It is important to note that there are two equivalents of AvNifH that bind to AvNifDK in this
complex, on AvNifH per ap-dimer. Seefeldt and co-workers have proposed that MgATP-loaded
AvNifH binding to AvNifDK results in a “conformation gated” change in AvNifDK, which
allows for an initial transfer of an electron from the all-ferrous PN-cluster to the M-cluster.'*’
Once the PN-cluster transfers an electron and converts to the P'" state, the [FesS4]'" cluster of

AVNifH rapidly transfers an electron to the P-cluster, generating the [Fe;S4]*" and PN states on

AvNifH and AvNifDK, respectively. This overall electron transfer scheme is referred to as a
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“deficit-spending” model, as the P-cluster pushes an electron to the M-cluster before receiving
exogenous electrons from AvNifH.”"""* It was initially unclear what relationship existed between
ET and MgATP hydrolysis in nitrogenase; whether these two events were separate or concerted.’
Seefeldt and co-workers reported that ET precedes MgATP hydrolysis in nitrogenase, supporting
the notion that these two events are not concerted."’

After ET to AvNifDK, the two MgATP molecules on AvNifH are hydrolyzed to form two
MgADP and two P; molecules, in a seemingly rapid reaction, but it is still unclear what
specifically induces this hydrolysis.”' The next step, determined to be the rate-limiting step in the
nitrogenase catalytic cycle, is the release of the two P; from the complex, followed by the rapid
release of the MgADP-bound AvNifH from AvNifDK."*""** It has been suggested that phosphate
release form the AvNifH/AvNifDK complex serves to induce the conformational change
observed in the MgADP-bound state of AvNifH, as described in the previous sections, which
lowers the binding affinity of the protein form AvNifDK.”""** Once freed, the [Fe4S4]*" cluster of
the MgADP-bound AvNifH is then reduced, lowering the binding affinity of MgADP to AvNifH,
and allowing for the release of MgADP and subsequent replacement by two MgATP molecules,

completing the Fe protein cycle (Figure 1.17).>"'
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Figure 1.17 A depiction of the MgATP-dependent electron transfer (ET) from AvNifH to
AvNifDK. For ET to occur, the Fe protein must be loaded with 2 equivalents of MgATP and
reduced by either DT (in vitro) or flavodoxin (in vivo). A conformational change accompanies
MgATP binding that allows for the Fe protein to interact with AvNifDK and form an
AvNifH/AvNifDK complex. After binding, an electron is proposed to transfer from the P-cluster
to the M-cluster, followed by ET from the [FesS4] cluster of AvNifH to the P-cluster. The
MgATP are then hydrolyzed and the phosphate dissociates from the Fe protein. Finally, the Fe
protein dissociates from the catalytic component, MgADP is released, and the Fe protein is
prepared for additional redox cycles. This process must be repeated until enough electrons have
been transferred to completely reduce the substrate. FId®* = oxidized flavodoxin, Fld** =
reduced flavodoxin, and the P- and M-clusters are represented by hexagons and octagons,
respectively.

1.5.3 Interconversion of CO; and CO

It was recently discovered that the A. vinelandii V-nitrogenase could perform an
adventitious function similar to the reaction catalyzed in the Fischer-Tropsch process, that is to
reduce CO and form short-chain hydrocarbons.'*® Later, Hu and co-workers discovered that both
AvNifH and AvVnfH could interconvert CO, and CO under certain conditions in vitro,
independent of the presence of the catalytic component, functioning as a carbon monoxide
dehydrogenase (CODH)-like system.® In their work, they also demonstrated that the Fe proteins
could reduce CO, to CO in vivo by expressing nifDK- and vnfDGK-deletion strains of A.

vinelandii.* Nitrogenase genes can be expressed in the absence of NH; and repressed when it is
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present. It was observed that CO;, reduction did not occur in either the nifDK- or vanfDGK-
deletion strains in the presence of NHs, but that CO, reduction did occur in the absence of NH3.%
It is still unclear what physiological implications this reaction has on the nitrogenase system, but
the ability of Fe proteins to interconvert CO, and CO provides an additional direction of study
for these proteins.

1.6 Conclusion and Aims of the Dissertation

The Fe protein is essential for nitrogenase to catalyze the reduction of N, to NHj3. Not
only is the Fe protein responsible for transferring electron to the catalytic component, but it also
plays important roles in the assembly of the two metalloclusters found within the catalytic
component. The work presented herein will discuss the expression and characterization of
various Fe protein homologs in E. coli, a non-native nitrogenase host. This work takes a step
towards the long-standing nitrogenase research goal to transform nitrogenase genes into plants so
that they have the necessary machinery to produce bioavailable ammonia as a viable nitrogen
source. Because transforming complete gene cassettes into heterologous hosts has thus far
proven to be unsuccessful, the approach that has been taken is to individually express each of the
essential nitrogenase genes separately in E. coli. Our lab has previously expressed and
characterized MaNifB in E. coli and showed that the protein was functional and could produce
the catalytic cofactor pre-cursor, the L-cluster, after re-constitution of the protein with [FesS4]
clusters.”>''® Despite having worked on the individual expression of nifB, nifEN, nifH, and nifDK
gene products in E. coli, the primary emphasis of my work has dealt with the Fe proteins and will
be the focus of this dissertation.

This dissertation will be divided into two main sections. Section 1 will focus on the

physiological roles of the Fe protein and Section 2 will focus on the adventitious function of Fe
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proteins to reduce CO, and CO. Each section will contain multiple chapters relating to the main

theme of that particular section.
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Section 1 Characterization of Fe Protein

Homologs — The Physiological Functions
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The Fe protein is one of two protein components required for N, reduction by
nitrogenase. The fundamental role of the Fe protein is to transfer electrons to the catalytic
component so substrate reduction can occur, and without this component, catalysis cannot occur.
Because of this role, there is the possibility of tuning the electron flux through nitrogenase
without perturbing the catalytic cofactor by creating hybrid nitrogenase systems. These hybrid
systems can be generated by either mismatching the Fe protein and catalytic component from
two different nitrogenase systems from the same organism (e.g. pairing AvNifH with
AvVnfDGK) or by using an Fe protein from one organism and a catalytic component from
another (e.g. pairing MaNifH with AvNifDK). To this end, Fe proteins from the Mo- and V-
nitrogenase systems were expressed from M. acetivorans (MaNifH and MaVntH, respectively)
and from A. vinelandii (AvNifH and AvVnfH, respectively) and paired with the Mo- and V-
nitrogenase catalytic components from A. vinelandii (AvNifDK and AvVnfDGK, respectively);
thereby generating six total hybrid systems to compare to the two wildtype systems. The work
presented in this section is built around the premise that electron flux can be tuned in nitrogenase
by creating hybrid nitrogenase systems.

Working towards the goal of expressing individual nitrogenase genes in a non-
diazotrophic organism, Chapter 2 outlines the expression and characterization of the Mo- and V-
nitrogenase Fe proteins from M. acetivorans, MaNifH and MaVnfH, in E. coli."** Pairing
MaNifH and MaVnfH with the Mo- and V- nitrogenase catalytic components from A. vinelandii,
AvNifDK and 4AvVnfDGK, generated four hybrid nitrogenase systems. Two additional hybrid
systems were generated by mismatching the two components from the Mo- and V- nitrogenase
systems of A. vinelandii, i.e. pairing AvNifH with 4vVnfDGK and AvVnfH with AvNifDK.

Catalytic activity of the six hybrid systems was compared to the wildtype A. vinelandii Mo- and
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V- nitrogenase systems using four standard activity assays, including the N,-, C,H,-, CO-, and
H'-reduction assays. It was observed that the electron flux of the MaVnfH/AvWnfDGK hybrid
system was reduced enough such that the alternative V-nitrogenase substrate, CO, was trapped
on the V-cluster. In addition to the biochemical assays performed, a homology modeling/in silico
docking system was generated to screen potential Fe protein sequences to predict their ability to
dock with and transfer electrons to the catalytic component. This system was created with the
hope that either a hybrid system that could more efficiently turnover N, or a hybrid system that
could decrease electron flux enough that N, can be trapped on the cofactor can be identified.

Chapter 3 builds off the finding from Chapter 2 that CO can be trapped on the catalytic
cofactor of AvVnfDGK by creating a hybrid nitrogenase system utilizing MaVnfH and
AvVnfDGK." In this chapter, the catalytic relevance of singly- and multi-bound CO states (i.e.
the 1o-CO and hi-CO states) of V-nitrogenase to C—C coupling and N, reduction are analyzed.
Changing the pressure of CO generates the 1o-CO and hi-CO states, and comparison using EPR
spectroscopy indicates a change in signal between these two states. EPR spectroscopy of the
MaVnfH/AvVnfDGK hybrid reveals a hi-CO-like state, indicating that an additional CO was
indeed trapped on the cluster. Further analysis reveals that the multiple CO moieties in the hi-CO
state cannot be coupled as they are, which suggests that C-C couple requires further activation
and/or reduction of the bound CO entity.

The MgADP bound crystal structure of MaVnfH is reported in Chapter 4. The MgADP-
bound state is one of multiple Fe protein states that are involved in the transfer of electrons from
the Fe protein to the catalytic component. This is planned to be the second physiological

MaVnfH structure reported, and third overall MaVnfH structure. The other two structures are the
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nucleotide-free structures of MaVnfH with the cluster in the [FesSs]'" and [FesS4]° states, and
these will be discussed in Chapter 7.

Chapter 5 discusses more recent work in characterizing additional Fe protein homologs in F.
coli. Five additional Mo-nitrogenase Fe proteins were characterized in a similar fashion as
described in Chapter 2."** Excitingly, two of the hybrid systems transferred electron to the
catalytic component at a rate nearly half that of the wild-type. As it cannot be predicted which
organisms will generate functional gene products in E. coli, there is a desire to build an arsenal
of each individual essential nitrogenase gene product so that they can be matched with the other

functioning components to generate the most active nitrogenase system.
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Chapter 2 Tuning Electron Flux through
Nitrogenase with Methanogen Iron Protein
Homologs
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2.1 Introduction

Nitrogenase is a key enzyme in the global nitrogen cycle, catalyzing the ambient
conversion of atmospheric N to bioavailable NH;.”> In addition, nitrogenase can reduce CO to
hydrocarbons, further illustrating its importance in energy- and environment-related
areas.”>>*® The Mo- and V-nitrogenases from the soil bacterium, Azotobacter vinelandii, share a
good degree of homology with each other, both comprising a reductase component and a
catalytic component.>'”’” Categorically termed the Fe proteins, the reductase components of the
Mo- and V-nitrogenases are homodimers of =~ 60 kDa that house a subunit-bridging [FesS4]
cluster and an MgATP-binding site within each subunit. During substrate turnover, the Fe protein
of Mo- or V-nitrogenase (designated AvNifH or AvVnfH) forms a functional complex with its
catalytic partner (designated AvNifDK or AvVnfDGK), in which electrons are transferred
concomitantly with ATP hydrolysis from the [FesS4] cluster of the former, via a so-called P-
cluster species (designated P- or P*-cluster), to the cofactor site (designated M- or V-cluster) of
the latter, where substrate reduction eventually occurs (Figure 2.4A in Supplemental Tables and
Figures). Other than playing a key role in catalysis, the Fe protein is also essential for the
maturation of P- and M-clusters in AvNifDK, functioning as an ATP-dependent reductase in
these biosynthetic events in an analogous manner to its role in catalysis (Supplemental Figure
2.4B,C).

The effectiveness of the Fe protein as a reductase is underlined by the redox versatility of
its [Fe4S4] cluster. Both AvNifH and 4vVnfH can assume three oxidation states (i.e., 0, +1, and
+2), although the [FesS4]*""" couple is believed to be used under physiological conditions.*'**

Binding of nucleotides induces conformational changes of AvNifH and AvVnfH while lowering

the midpoint potentials of their [FesS4] clusters, which further impacts their ability to interact
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with and deliver electrons to their catalytic partners for substrate turnover.” The essential role of
the Fe protein in nitrogenase catalysis makes it an excellent target for modulating protein—protein
interactions and electron fluxes through the nitrogenase complex; in particular, identification of
new Fe protein species that can be mixed and matched with the catalytic components from
homologous nitrogenase systems will not only contribute to understanding the impact of binding
energetics and electron-transfer efficiencies on nitrogenase catalysis, but also enable generation
of nitrogenase hybrids with reduced electron fluxes that could be used to capture
substrates/intermediates for mechanistic investigations without directly perturbing the immediate

surroundings of the active site of nitrogenase.
2.2 Results and Discussion

2.2.1 Expression and Characterization of MaNifH and MaVnfH

One interesting pool of candidates for this line of investigation is the Fe proteins of
methanogenic organisms. These archaeal microorganisms are distinct from A. vinelandii, a
member of the bacteria domain; yet, many methanogens carry genes encoding the homologs of
the Mo- and V-nitrogenases, thereby providing a good array of previously uncharacterized Fe
proteins for investigation of their cross-reactivity with the catalytic components of the
homologous, yet distinct 4. vinelandii nitrogenases."”” Based on the characteristic assembly
patterns of nif'and vnf gene clusters on the chromosomal DNA (see Supplemental Figure 2.5),
the Fe proteins of the Mo- and V-nitrogenases (designated MaNifH and MaVnfH) were
identified from the genome of M. acetivorans, a mesophilic methanogenic organism. His-tagged
forms of MaNifH and MaVnfH were subsequently co-expressed with the FeS assembly
machinery, IscSUA, in Escherichia coli and purified as homodimers of 59.9 and 61.1 kDa,

respectively (Supplemental Figure 2.6). MaNifH and MaVnfH contained 3.5 = 0.1 and 3.4 £ 0.2
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mol Fe/mol protein, consistent with an occupancy of 88% and 85% of the single [FesS4] cluster-
binding site in each protein. The observation of such a high cluster occupancy in the as-isolated
MaNifH and MaVnfH is exciting, as it suggests the feasibility to express fully complemented Fe
proteins in a non-nitrogen-fixing host that does not have effective means to protect the oxygen-
labile nitrogenase proteins.
2.2.2 EPR Spectroscopy of Fe Protein Homologs

Like their counterparts in AvNifH and AvVnfH, the [FesS4] clusters in MaNifH and
MaVnfH could adopt three oxidation states upon redox treatments: the EPR-silent, [FesS4]*" state
(Figure 2.1A); the reduced, [FesS4]'" state (Figure 2.1B); and the “super reduced”, [Fe,S4]° state
(Figure 2.1E).°**>!*" Additionally, MaNifH and MaVnfH underwent the same line-shape
changes as AvNifH and AvVnfH upon binding of nucleotides, showing a transition of the S=1/2
signals of their [Fe4S4]'" clusters from a rhombic line-shape in the nucleotide-free state (Figure
2.1B) to either an axial (Figure 2.1C) or an intermediary line-shape between rhombic and axial
(Figure 2.1D) upon binding of ATP and ADP, respectively. Despite their overall homology,
MaNifH and MaVnfH displayed somewhat different electronic properties than AvNifH and
AvVnfH, such as a stronger S = 3/2 contribution to the spectra of their [Fe4S4]'" clusters (Figure
2.1B), a decreased magnitude of the parallel-mode, g = 16.4 signals of their [Fe4S4]° clusters
(Figure 2.1E), and a moderate line-shape change of the S = 1/2 signals of their [Fe4S4]'" clusters
upon nucleotide binding (Figure 2.1C, D). MaVnfH seemed to deviate most from the other Fe
proteins, showing the strongest S = 3/2 feature in the [Fe4S4]'" state and the weakestg = 16.4

signal in the [Fe4S4]° state (Figure 2.1B, E, blue).
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Figure 2.1 EPR features of the Fe proteins. Shown are EPR spectra of IDS-oxidized (A), DT-
reduced (B-D), and Eu"-DTPA reduced (E) MaNifH (red), MaVnfH (blue), AvNifH (black) and
AvVnfH (gray). The oxidation states of the [FesS4] clusters in these Fe proteins are 2+ (A), 1+
(B-D), and 0 (E), respectively. The S = 3/2 regions of the DT-reduced spectra of MaNifH (red),
AvNifH (black), and AvVnfH (gray) in the nucleotide-free (B) and ATP- (C) and ADP- (D)
bound states are enlarged above the corresponding spectra. The g-values are indicated. IDS =
indigo disulfonate; DT = dithionite; Eu"-DTPA = europium (II) diethylenetriaminepentaacetic
acid.

2.2.3 Cross-reactivities of the Catalytic and Reductase Components

When combined with the catalytic component of A. virnelandii (AvNifDK or AvVnfDGK),
the Fe protein of M. acetivorans (MaNifH or MaVnfH) was capable of supporting reduction of
the full spectrum of nitrogenase substrates (Supplemental Table 2.1). Moreover, the hybrid
nitrogenase systems between M. acetivorans and A. vinelandii displayed the characteristic
catalytic features as the native V- and Mo-nitrogenases of A. vinelandii, with the AvVnfDGK-
based hybrids showing a stronger bias than the 4vNifDK-based hybrids toward formation of
hydrocarbons and Hy, respectively, in the presence of substrates CO and N, (Supplemental Table
2.1). However, the total electron fluxes through the nitrogenase hybrids between M.

acetivorans and A. vinelandii—calculated based on the amount of electrons that appeared in the
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products—were considerably reduced compared to those through the native Mo- and V-

nitrogenases of 4. vinelandii (Figure 2.2A, B, left); most notably, the CO-reducing activity was

substantially reduced (by 98 %) when AvVnfDGK was combined with MaVnfH.
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Figure 2.2 Interactions between the Fe Protein and its catalytic partner. Shown are the
substrate-reducing activity, binding affinity, and docking specificity when AvNifH, 4AvVnfH,
MaNifH, or MaVnfH is combined with AvNifDK (A) or AvVnfDGK (B). Error bars represent
root-mean-square deviations. *Activities are expressed as nmoles of electrons in products per
minute per mg of Fe protein. The experimentally determined activity data (left) aligned well with
the calculation-derived affinity (middle) and specificity (right) markers (also see Supplemental
Figure 2.4), as well as the qualitatively evaluated affinities between the component proteins
within these complexes (see Supplemental Figure 2.5).

2.2.4 Homology Modeling and In Silico Docking

The interaction between the component proteins of the nitrogenase complexes was further
examined by combined homology modeling/in silico docking, which gave rise to an “affinity
marker” based on the mean binding energy of the ensemble of conformations generated for each

complex (see Supplemental Figure 2.4A,D)."*'"'* This marker could be correlated with the
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catalytic activity of the complex, with a lower mean binding energy corresponding to a higher
substrate-reducing activity (Figure 2.2A, B, middle). Subsequent alignment of the exothermic
binding energies with distances between the [FesS4] cluster of Fe protein and the contact surface
of its catalytic partner (see Supplemental Figure 2.4B, E) led to the identification of a proximal
(designated P) and a distal (designated D) group of conformations for each complex, with the
complex adopting favorable binding energies at either short (P group) or long (D group) cluster-
interface distances. Consistent with an exponential decrease of the electron tunneling probability
with increasing distances, the average binding energy of the conformations in the P group could
be used as a “specificity marker” for correlation with the electron-transfer efficiency and,
consequently, the catalytic activity of this complex (Figure 2.2A, B, right). A comparison of the
affinity and specificity values provided good explanations for the observed “switch” in catalytic
capacity between MaNifH and MaVnfH when they were paired with different catalytic partners,
AvNifDK and AvVnfDGK (Figure 2.2A, B, left), showing promise for these markers in assisting
analysis of the efficiency of nitrogenase complex formation. The effectiveness of this two-
marker system was further illustrated by the success of aligning the binding affinity and
specificity of a P-cluster assembly complex with the activity of P-cluster maturation (see Figure
2.9 and Figure 2.10 in the Supplemental Section).
2.2.5 Substrate Trapping Using MaVnfH/AvVnfDGK Complex

Compared to other Fe proteins, MaVnfH displayed the lowest affinity (Figure 2.2B,
middle) and specificity (Figure 2.2B, right) when it was paired with AvVnfDGK. Most
interestingly, the MaVnfH/AvVnfDGK complex adopted an energetically least favorable P group
of conformations of all AvVnfDGK-based complexes; moreover, the P group conformations of

the MaVnfH/AvVnfDGK complex were even slightly less favored than its D group of
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conformations in the overall binding energy (Supplemental Figure 2.4E, right), suggesting
docking between the two component proteins at long cluster—interface distances with reduced
electron-transfer efficiencies. A closer examination of the docking models of the
MaVnfH/AvVnfDGK complex in the D group confirmed “improper” docking between these two
proteins at cluster—interface distances as far as 89 A with a significant deviation from the
conformation of the native AvVnfH/4vVnfDGK complex (Figure 2.3A), which could account for
an altered product profile of the MaVnfH/4AvVnfDGK hybrid and, most notably, a substantial
decrease in the ratio between hydrocarbon- and Hj-formation when CO was supplied as a
substrate (Supplemental Table 2.1).*° Spectroscopic and biochemical analyses further
demonstrated capture of the substrate CO and/or intermediate(s) on AvVnfDGK with the
assistance of the “imperfect” electron donor MaVnfH, suggesting a “re-purposing” of electrons
from CO-reduction to CO-binding concomitant with a substantially decreased electron flux
(Figure 2.3B; Supplemental Figure 2.11). Such a feat could not be readily achieved under normal
turnover conditions by the native AvVnfH/4AvVnfDGK complex, as the product profiles remained
practically unchanged even when the electron flux was lowered through a reduction of the molar
ratio between AvVnfH and AvVnfDGK (Supplemental Figure 2.11). Remarkably, consistent with
a 3.4-fold increase in the amount of captured CO, the intensity of the 'lo-CO’ features —
previously assigned to a conformation with one CO bridged between two Fe atoms across the
“belt” of the V-cluster (Figure 2.3C, upper) —increased dramatically in the spectrum of the
MaVnfH/AvVnfDGK hybrid (Figure 2.3B, black) relative to that of the 'lo-CO’ state of
AvwnfDGK  (Figure 2.3B, blue)."**'* Moreover, the difference spectrum between the
MaVnfH/AvVnfDGK complex and 'lo-CO’ state of 4vVnfDGK (Figure 2.3B, dashed) revealed

new features that resembled the 'hi-CO’ signal, previously documented only in the case of the M-
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cluster, where the signal was assigned to a conformation with two CO bound to a pair of
neighboring “belt” Fe atoms.'** A model of multi-CO-bound conformation of 4vVnfDGK can be
proposed based on the homology between V- and Mo-nitrogenases (Figure 2.3C, lower) and,
given that CO is a substrate of the V-nitrogenase, this conformation could be further explored for
its mechanistic relevance to C—C coupling, something that cannot be achieved with the hi-CO

state of Mo-nitrogenase, where CO is “stuck” on the M-cluster as an inhibitor.

B lo-cO 2.09 2.01 1,99 1.91 C
New features 213 203 s

Homocitrate

Homocitrate

3000 3200 3400 3600 3800

Magnetic Field (Gauss)

Figure 2.3 Capture of CO on the MaVnfH/AvVnfDGK hybrid. (A) Comparison of the
energy-optimized models of 2 ADP-AlF4 -stabilized 4vVnfH/AvVnfDGK complex (left) and
MaVnfH/AvVnfDGK hybrid (right). Colors of atoms: Fe=orange; S=yellow; V=gray; O=red;
C=dark gray; N=dark blue; Mg=green; Al=beige; F=light blue. (B) EPR spectra of the
MaVnfH/AvVnfDGK complex upon turnover at 1 atm CO (black), the one-CO-bound, 'lo-CO’
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state of AvVnfDGK (blue), and the difference spectrum between the two samples (dashed).
When quenched by acid, the amount of CO released from the MaVnfH/AvVnfDGK sample was
3.4-fold higher than that from the lo-CO state of AvVnfDGK. (C) Proposed models of the 'lo-CO’
(upper) and 'hi-CO’ (lower) states of the V-cluster.'* The 'hi-CO’ model of the V-cluster was
adapted from that derived from an ENDOR study of the multi-CO-bound M-cluster and the
crystal structure of the one-CO-bound M-cluster.'**'*

2.3 Summary and Conclusion

These observations are exciting, as they suggest the utility of the homolog-based approach
in tuning the electron flux through nitrogenase. By further validating our homology
modeling/docking approach through testing a much larger pool of NifH homologs and
developing automated screening and data processing software, suitable NifH candidates may be
identified and combined with various catalytic components for trapping N,/intermediates through
reduced/modified electron fluxes without introducing modifications at the cofactor site of
nitrogenase.">>"'*’ This approach could be further complemented by protein design calculations
and in silico mutant screening, with the aim to tailor nitrogenase systems toward enhanced
substrate-reducing activities or desired alterations of product profiles. Efforts along this line
could potentially facilitate the ongoing attempts of transgenic expression of nitrogenase through
synthetic biology approaches and enable future biotechnological adaptations of nitrogenase-
based applications for the generation of useful chemical products.

2.4 Materials and Methods

2.4.1 Experimental Section
Unless noted otherwise, all chemicals and reagents were obtained from Fisher Scientific
or Sigma-Aldrich. All protein work was performed under Ar gas at an O concentration of less

than 5 ppm.
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2.4.2 Cell Growth and Protein Purification

E. coli strains expressing His-tagged MaNifH (strain YM135EE) and MaVnfH (strain
YMI36EE) were constructed by co-transforming a plasmid carrying IscSUA and a pET-14b
vector carrying the nifH or vunfH gene of M. acetivorans (see Supplemental Figure 2.5) into E.
coli strain BL21(DE3). These strains were grown in 10-L batches in Difco LB medium
containing 100 mg/L ampicillin (BD Biosciences) in a BIOFLO 415 fermenter (New Brunswick
Scientific) at 37 °C, with 200 rpm agitation and 10 L/min airflow. Growth rates were monitored
by measuring cell density at 600 nm using a Spectronic 20 Genesys spectrometer (Spectronic
Instruments). When ODgo reached 0.5, the temperature was lowered to 25°C before expression
of the NifH homologs was induced by addition of 25 puM IPTG. Expression of protein was
allowed to continue for 16 h before cells were harvested by centrifugation using a Thermo Fisher
Scientific Legend XTR centrifuge. Subsequently, His-tagged MaNifH and MaVnfH were
purified by immobilized metal affinity chromatography (IMAC) using methods adapted from the
purification of His-tagged nitrogenase proteins.”"'*® A. vinelandii strains expressing AvNifDK,
AvNifH, AvVnfDGK, and AvVnfH proteins were grown at 30°C in 180-L batches in a 200-L
fermenter (New Brunswick Scientific) in Burke’s minimal medium supplemented with 2 mM
ammonium acetate. Growth rates were monitored by measuring cell density at 436 nm. Cells
were harvested once ODuss reached 1.0 by a flow-through centrifugal harvester (Cepa).
Published methods were used to purify these proteins.*"'**
2.4.3 SDS-PAGE Analysis and Molecular Mass Determination

SDS-PAGE analysis was performed using a 4-20% Mini-PROTEAN TGX precast gel
(BioRad), which was run at 100 V in a TGX running buffer for 1 hr, followed by staining with

Coomassie Brilliant Blue. The native molecular masses of MaNifH and MaVnfH were
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determined by gel filtration on a column packed with Ultrogel ACA 34 (Pall Life Science; ID:
1.5 cm, length: 1.4 m) at a flow rate of 0.5 mL/min. Protein standards (GE Healthcare) used for
molecular mass determination were carbonic anhydrase (29 kDa), ovalbumin (43 kDa), albumin
(66 kDa), catalase (232 kDa) and ferritin (440 kDa) (see Supplemental Figure 2.6).

2.4.4 Iron Determination.

The iron (Fe) contents of MaNifH and MaVnfH were determined by inductively coupled
plasma optical emission spectroscopy (ICP-OES) using a Thermo Scientific iCAP7000. Stock
solutions of elemental Fe (1 mg/mL, Thermo-Fisher Scientific) were diluted to make standard
solutions for calibration. Each protein sample was mixed with 100 pL concentrated sulfuric acid
(H2SO4) and 100 pL concentrated nitric acid (HNOs) and heated at 250°C for 30 min. This
procedure was repeated until the solutions became colorless. Subsequently, the solutions were
cooled to room temperature, diluted to a total volume of 10.0 mL with 2% HNOj; (vol/vol), and
subjected to sample analysis.

2.4.5 EPR Analysis

The electron paramagnetic resonance (EPR) samples were prepared in a Vacuum
Atmospheres glove box with less than 5 ppm O, and flash frozen in liquid nitrogen prior to
analysis. The dithionite (DT)-reduced samples contained 10 mg/mL of MaNifH, MaVnfH,
AvNifH or AvVnfH, 25 mM Tris*HCI (pH 8.0), 10% (vol/vol) glycerol, 250 mM imidazole, 2
mM DT (Na,S,04) and, in some cases, 5.4 mM ATP or ADP. The indigo disulfonate (IDS)-
oxidized samples were prepared by incubating the DT-reduced samples with excess IDS for 5
min, followed by removal of excess IDS using a G25 desalting column. The super-reduced, all-
ferrous samples were prepared by incubating the DT-reduced sample with 20 mM europium (II)

diethylenetriaminepentaacetic acid (Eu"-DTPA) for 5 min, followed by removal of excess Eu'-
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DTPA using a G25 desalting column. The turnover samples were prepared as described
elsewhere, which contained 15 mg/mL AvVnfDGK, 1 mg/mL AvVnfH, MaNifH or MaVnfH, 6
mM ATP, 8§ mM MgCl,, 50 mM phosphocreatine, 0.2 mg/mL creatine phosphokinase, 10%
glycerol, 0.4 mM Na,S,04, and 25 mM Tris-HCI (pH 8.0) in the presence of 1 atm CO.'* All
components except the Fe protein were added in a sealed vial and stirred for 20 min before
turnover was initiated by addition of the Fe protein. This reaction mixture was incubated for 3
min prior to its transfer into an EPR tube, or it was run through a G25 desalting column to
remove the solution-dissolved CO prior to the release of protein-bound CO by acid quench and
the subsequent quantification of CO by a GC-FID coupled with a methanizer (Thermo
Scientific). EPR spectra were recorded by an ESP 300 Ez spectrophotometer (Bruker) interfaced
with an ESR-9002 liquid-helium continuous-flow cryostat (Oxford Instruments) using a
microwave power of 50 mW, a gain of 5x10%, 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.
2.4.6 P-Cluster Maturation Assays

This assay contained, in a total volume of 1 mL, 25 mM Tris-HCI1 (pH 8.0), 20 mM
NaS:04, 0.45 mg AnifH AvNifDK, 0.21 mg MaNifH, MaVnfH or AvNifH, 0.8 mM ATP, 1.6
mM MgCl,, 10 mM creatine phosphate, 8 units creatine kinase, and 8 nmol isolated M-cluster
(cofactor) from the Mo-nitrogenase. This mixture was then incubated at 30°C for 60 min,
followed by determination of enzymatic activities.
2.47 Enzymatic Assays

Enzymatic assays were conducted as previously described.”*'*® The assay contained, in a

total of 1 mL, 0.27 mg AvNifDK or AvVnfDGK, 0.15 mg MaNifH, MaVnfH, AvNifH or
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AvVnfH, 20 mM Na,S,04, 0.8 mM ATP, 1.6 mM MgCl,, 10 mM creatine phosphate, and 8 units
creatine kinase. For CO-, CoH,-, H'-, and N»-reduction assays, 1 atm CO, 0.1 atm C,H,, 1 atm
Ar, and 1 atm Ny, respectively, were added to the headspaces of samples. Determination of Hy,

C,H; and NH; were performed as described previously.”" '

Hydrocarbon products were
quantified by a gas chromatograph-flame ionization detector (GC-FID), where 250 pL headspace
of each sample was injected onto a Grace 5664PC column (3.2 mm diameter, 1.5 m length), held
at 55 °C for 1 min, heated to 180 °C at 12.5 °C/min, and held at 180 °C for 2.6 min prior to the
determination of hydrocarbon products by GC-FID. The catalytic activities of the AvNifDK- and
AvVnfDGK-based nitrogenase complexes are summarized in Supplemental Table 2.1.
2.4.8 Docking Analyses

Docking calculations were performed to define the affinity and specificity markers of the
nitrogenase complexes that could be used for correlation with the experimentally determined
activities of the catalytic and assembly complexes of nitrogenase.
2.4.9 Catalytic Complexes

To this end, homology models of the Fe proteins (4vVnfH, MaNifH and MaVnfH) were
generated with SWISS-MODEL using the crystal structure of the ADP-AlF4-- stabilized,
transition-state Mo-nitrogenase complex (4vNifH/AvNifDK) [PDB entry: 1M34] as a
template.'*"'**"°""1>*  The ADP-AlF,-stabilized, transition-state ~V-nitrogenase complex
(AvVnfH/AvVnfDGK) was generated using the same template and the crystal structure of
AvVnfDGK [PDB entry: SM6Y].*

Based on the homology models, ensembles of possible protein-protein complexes
between the various Fe proteins (4AvNifH, 4vVnfH, MaNifH and MaVnfH) and the catalytic

components of Mo- and V-nitrogenases (AvNifDK and AvVnfDGK) were created with the
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ClusPro server, and binding energies of all of these complexes were calculated with FoldX in a
process automatized by Bash and Perl scripting.'*"">* "% As no parameters for FeS clusters were
provided in the FoldX force field, the reported binding energies did not include contributions
from these clusters. Given the mediation of protein-protein interactions by surface residues, and
an overall high degree of structural conservation of the proteins considered (especially with
regard to the locations of the cluster sites), the comparative docking approach used in this study
should not be negatively impacted by this omission, as it focuses on the relative differences in
binding affinity and, therefore, will not be affected by the distinct, yet mostly constant,
systematic deviation due to the high spatial conservation of cluster sites. A more refined
approach, however, would include force-field descriptions for all clusters present in the proteins
in order to offset the constant, systematic deviation generated by the omission of the clusters. For
further analysis (see below), all in silico low-energy docking models determined by ClusPro
were considered for all coefficients of the scoring energy term. However, different numbers of
docking solutions were used for further analysis of individual nitrogenase complexes/hybrids due
to a variation of the number of docking models fulfilling the final energy screening of ClusPro
(see Supplemental Table 2.2).

To evaluate the affinity between the two components in each complex, an energy
landscape was first generated by arranging the binding energies of all docking models, from the
left to the right, in the order of energetically most favorable (exothermic) to the energetically
most unfavorable (endothermic) conformations (Supplemental Figure 2.7A, D). The percentages
of exothermic and endothermic dockings, as well as the mean binding energy, were then
calculated for each complex (Supplemental Figure 2.7A, D). Since the mean binding energy is

derived from ensembles of low-energy docking structures rather than the optimal solution alone,
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it provides a better measure of the binding affinity, a prerequisite for creating functional protein
complexes. This energy metric was then used as the ‘affinity marker’ for correlation with the
substrate-reducing activities of various catalytic complexes of nitrogenase (Figure 2.2A, B,
middle).

To evaluate the specificity between the two components in each complex, the distance
between the [FesS4] cluster of the Fe protein and the interface between the Fe protein and its
catalytic partner was considered. Given the exponential decrease of electron tunneling/transfer
probability with increasing distances, the catalytically most productive docking models should
feature the smallest distances between the [FesS4] cluster of the Fe protein and the Fe
protein/4AvNifDK or Fe protein/AvVnfDGK interface. Such a distance was calculated based on

the average position of the CP atoms of the [FesS4] cluster-coordinating Cys residues of the Fe

H97* H132%* H97** H132%**

protein (Cys™ ', Cys , Cys and Cys , where “and * denote residues from each of
the two identical subunits of the Fe protein) and the average position of the Cp atoms of residues
in a conserved hydrophobic patch, formed by Leu”"®, 11e”'>®, Val*'*” and 11e*"*® on the surface
of AVNifDK, or Leu”'*, 11e”'*, Val*''” and 11e*'*° on the surface of AvVnfDGK (Supplemental
Table 2.2). This hydrophobic batch contains the only residues of 4AvNifDK or AvVnfDGK that
are located within 5 A of the [Fe4S4] cluster in the crystal structure of the ADP-AIF,-stabilized
AvNifH/AvNifDK complex (PDB entry: 1M34) or the energy-optimized homology model of the
ADP-AIF,stabilized 4vVnfH/4vVnfDGK complex.'*' Distance computation for all solutions
provided by ClusPro was automatized with a Python script that calculated the distance between
groups of atoms provided by the user, and the calculated distances in the exothermic

conformations were then aligned with the binding energies to reveal the relationship between the

complex geometry and the binding affinity (Supplemental Figure 2.7B, E). Two energetically
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favorable, exothermic groups of conformations were identified based on this alignment: (i) a
proximal group (P group) that centers at a cluster-interface distance of ~5-6 A; and (ii) a distal
group (D group) that centers at a distance at a cluster-interface distance of ~8-9 A (Supplemental
Figure 2.7B, E). Since the exothermic conformations in the P group are those with higher
electron transfer efficiency, the average binding energy of these conformations represents an
energy metric for the docking specificity of proteins within a complex. This energy metric was
then used as the ‘specificity marker’ for correlation with the substrate-reducing activities of
various catalytic complexes of nitrogenase (Figure 2.2A, B, right). Note that, compared to other
Fe proteins, MaVnfH displayed the lowest affinity (Figure 2.2B, middle) and specificity (Figure
2.2B, right) when it was paired with 4vVnfDGK.
2.4.10 Assembly Complexes

Docking calculations of the nitrogenase complexes involved in P-cluster maturation were
carried out as described above except that (i) a SAXS-derived model of the P-cluster precursor
(designated P"-cluster)-containing AnifH AvNifDK protein was used as one of the complex
components for the calculations; and (ii) the electron transfer efficiency was evaluated based on

the distance calculated between the average position of the CP atoms of the [FesS4] cluster-

H97* H132%* H97** H132%**

coordinating Cys residues of the Fe protein (Cys ', Cys , Cys and Cys , where *
and " denote residues from each of the two identical subunits of the Fe protein) and the average
position of the Cp atoms of the P"-cluster-coordinating Cys residues (Cys"®, Cys”*®, Cys®'**,
Cys®”, Cys*” and Cys*'*) (Supplemental Table 2.2).'"** The mean binding energy of each
complex was derived from the energy landscape comprising all calculated docking models
(Supplemental Figure 2.8A), and alignment of the cluster-cluster distances of the exothermic

conformations with the corresponding binding energies revealed the presence of one or both of
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the P and D groups of conformations in these assembly complexes (Supplemental Figure 2.8B).
The mean binding energy of all docking models and the average binding energy of the
exothermic conformations in the P peak were then used as the markers of binding affinity and
specificity, respectively, for correlation with the P-cluster maturations of the assembly
complexes of nitrogenase (Supplemental Figure 2.9).
2.4.11 Evaluation of Complexation Affinities

In a total volume of 1.5 mL, 0.9 mg of AvNifDK or 4vVnfDGK was mixed with 6-fold
molar excess of AvNifH, AvVnfH, MaNifH or MaVnfH in the presence of 7.5 mM NaF, 0.3125
mM AICl;, 0.5 mM MgCl,, 0.25 mM ATP, 20 mM dithionite, and 100 mM Tris (pH 8.0). The
reaction mixture was incubated at 30°C for 20 min to allow complex formation and,
subsequently, the complex in each mixture was isolated by size exclusion chromatography
(Sephacryl S300, 1.5 cm x 75 cm, GE Healthcare). An equal amount (2.5 pg) of each isolated

complex was loaded on a 4-20 % precast gel for SDS-PAGE analysis (Supplemental Figure 2.8).
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2.5 Supplemental Tables and Figures

Table 2.1 Substrate-reducing activities of various nitrogenase complexes. The table in the
published paper contains additional columns to include percent activity of hybrid complexes
compared to the A. vinelandii complex; however, this table had to be modified to fit the
formatting requirements for this dissertation.

Protein Complex

Activities* (nmol electron min™' mg™)

Substrate Substrate Substrate Substrate
N, (0(0) C,H, H*
Product Product Product Product
NH; H, HCP H, C,H, H, H,
AvNiIfH | 1326+90 575+£23 | 02+0.04 1959+97 | 1703 +£65 152+£19 | 1900 +43
{VNIDK AvVnfH | 1431+£78 489+17 | 0.2+0.03 1952+87 | 183457 145+17 | 1955=+31
MaNifH | 123+10 95+38 <0.1+£0.2 193 £15 198 £ 19 64+£9 234+ 17
MaVnfH | 438+19 244+1410.1£0.002 682+46 | 438+25 244+15]| 656+31
AVNIfH | 432+10 615+33 66 + 8 855+45 | 374+43 808+23 | 1335+27
AvVnfH | 579+12 768 +56 78 £12 979+72 | 392+33 845+15 | 1358+34
AvVnfDGK
MaNifH 123 +8 174 £ 19 13+£2 276 £ 11 84+ 15 198 £22 | 335+15
MaVnfH 39+4 47 £3 0.3+0.1 22+5 13£2 815 89+7

*Activities were calculated based on nmoles of electrons that appeared in products per min per mg of Fe protein

PHC = hydrocarbons
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Table 2.2 Summary of docking calculations.

Protein complex Total Basis of distance calculation Average
number of A and B: [Fe4S4] cluster-interface distance distance of
docking C: [Fe4S4] cluster-P* cluster distance P group
models
# Structural model of amino acids used for distance
calculation
AVNifH 73 H H 5.39+0.73
H97 H97
AvWnfH 59 o AT a8 5.69 % 0.95
AWNifDK I Dlam ﬁ ciss [Fe,S,] cluster-interface distance
€ (7
MaNifH 98 LeuP!8 ValK137 ﬁ 5.58+0.71
MaVnfH 106 D K 5.34+0.52
AVNifH 91 H H 5.87 +0.80
C H97 C H97
AvVnfH 85 Cysg‘iz Cy}S,SHlsz u 5.15+0.15
AvWnfDGK G e N fnemzo [Fe,S,] cluster-interface distance
MaNifH 103 LeuP!#> Valk!®? ﬁ 6.83£0.91
MaVnfH 93 D K 6.82+0.73
AvNifH 79 H H 18.5+0.5
Cy51197 CySII97 g
. CysH132 CySH132
AfEy raNitH 102 oy , 19.6+0.5
AVNiIfDK [Fe,S,] cluster-P? cluster
CysPe? CysK70 distance
CySDSS mCySK%
MaVnfH 85 ]C)YSD”“ CYS‘;ES 1 20.0+0.7
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Figure 2.4 Functions of the nitrogenase Fe protein. The nifH-encoded Fe protein (designated
NifH) functions in the electron transfer process during substrate turnover (A), P-cluster
maturation (B) and M-cluster assembly (C). (A) During catalysis, NifH serves as an ATP-
dependent reductase, transferring electrons from its [FesS4] cluster, via the P-cluster, to the M-
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cluster (or cofactor) of NifDK, where substrate reduction occurs. (B) During the maturation of P-
cluster, NifH facilitates the reductive coupling and rearrangement of the two [Fe4S4] modules of
the P-cluster precursor (designated P'-cluster) into a mature P-cluster ([FegS;]) on NifDK in an
ATP-dependent process. (C) During the maturation of M-cluster, NifH acts as an ATP-dependent
homocitrate/molybdenum insertase, converting an all-iron precursor ([FesSo]) into a mature M-
cluster ([MoFe;SoC-homocitrate]) on the assembly scaffold NifEN. Shown are the cartoon (A,
left) and surface (A, right) presentations of the ADP-AlF-stabilized AvNifDK-4vNifH complex.
The subunits are colored as described in Figure 2.1. All clusters and ADP-AIF, are shown as
ball-and-stick models, with the atoms colored as described in Figure 2.1.

A B
nifH nifll nifl2 vnfH vnfll  vnfi2
MA3895 MA3896 MA3897 MA1213 MA1214 MA1215
478928l.[>[>| >E>| >| >_797116 1446353.[>[>|:>[>DDD1454219
nlfD nifK me nlfN vnfD vnfG vnfK  vnfE  vnfN
MA3898 MA3899 MA3900 MA3901 MA1216 MA1217 MA1218 MA1219 MA1220
C
NifHA 1 MRQCAIYGKGGIGKSTTTONLVAALAEMG-KKVMIVGCDPKADSTRLILHSKAQNTIME 58
NifHa 1 MRQIAIYGKGGIGKSTTTONLTAALSTMG-NNILLVGCDPKADSTRMLLGGLNQKTVLD 58
VnfH 2 1 MTRKIAFYGKGGIGKSTTQONTAAAMAYYHGKNVFIHGCDPKADCTRLALGGVPQTTIMD 60
* * hkhkkkkkkkkkk *% * % khkkkkkk k% * * *
NifHAv 59 MAAEAGTVEDLELEDVLKAGYGGVKCVESGGPEPGVGCAGRGVITAINFLEEEGAYEDDL 118
NifHa 59 TLRSEG-DEGIDLDTVLQPGFGGIKCVESGGPEPGVGCAGRGIITSIGLLENLGAYTDDL 117
VnfH 2 61 TLRELG-EEAVTVDNVVNTGFKGIRCVESGGPEPGVGCAGRGVITAINLMEELGAYSDDL 119
* * * * * khkkkkkkhkhkkkkkkkkk **k * * *kk Kkk*kx
NifHAY 119 pFVFYDVLGDVVCGGFAMPIRENKAQEIYIVCSGEMMAMYAANNISKGIVKYANSGSVRL 178
NifHM2 118 DYVFYDVLGDVVCGGFAMPIREGKAKEIYIVASGELMAIYAANNICKGLAKFAKGG-ARL 176
VnfHM2 120 pFVHFDVLGDVVCGGFAMPIREGKAQEVYIVASGEMMATYAANNICKGLLKYAEQSGVRL 179
* * khkhkkhkkkkkhkkhkkhkkhkk *kkx * *kk *kk *k *kkkkxk %% * * * %
NifHAv 179 GGLICNSRNTDREDELIIALANKLGTOQMIHFVPRDNVVQRAEIRRMTVIEYDPKAKQADE 238
NifHM2 177 GGIICNSRKVDGERELLEAFAKKLGSHLIHFVPRDNIVQRAEINRKTVIDFDRESDQAKE 236
VnfHM2 180 GGIICNSRKVDNELEMMEEFVSALGTQLIHFVPRDNIVQKAEFNKKTVVEFDPECNQAKE 239
**k kkkkk * * * * % kkkkhkkkk kk *x%k * % * *%* %
NifHA" 239 YRALARKVVDNKLLVIPNPITMDELEELLMEFGIMEVEDESIVGKTAEEV 288
NifH¥ 237 YLTLADNVQNNNKLVVPTPLPMEELEAMMVEFGIVEL 273
VnfHY 240 YGKLAKKILENDMFVIPKPLSMDQLEKMVARYGLMD 275
* % * * % % * * % *

Figure 2.5 Nitrogenase-encoding operons of M. acetivorans and sequence alignment of Fe
proteins. Operons of (A) Mo-nitrogenase (nif-encoded) and (B) V-nitrogenase (vaf-encoded)
were  obtained from the open Joint Genome Institute (JGI)  database
(https://img.jgi.doe.gov/cgibin/m/main.cgi). The vaf gene cluster has the characteristic ‘G’ gene
between the ‘D’ and ‘K’ genes, which is absent from the nif gene cluster. Moreover, the vnf gene
cluster does not contain the ‘O’ gene, which is characteristic of the anf gene cluster that encodes
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for the Fe-only nitrogenase. Locus tags (composed of MA and a four digit number) and DNA
coordinates (base-pair starting- and ending-points of the operon) refer to the genome of M.
acetivorans C2A. (C) The sequences of AvNifH, MaNifH and MaVnfH were aligned using
CLUSTALW (http://www.genome.jp/tools/clustalw/). The identical amino acids are indicated by
*. The conserved Cys ligands of the [Fe4S4] cluster are highlighted in green.
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Figure 2.6 Purification of M. acetivorans Fe Proteins. (A) Coomassie Blue-stained 4-20%
SDS-PAGE of purified proteins. From left, lane 1, 15 pg protein standard; lane 2, 1.5 pg purified
MaNifH; lane 3, 1.5 pg purified MaVnfH. (B) Determination of the native molecular masses of
MaNifH and MaVnfH by gel filtration. Vy, void volume; V., elution volume. Protein standards
(open triangles) are: carbonic anhydrase (29 kDa), ovalbumin (43 kDa), albumin (66 kDa),
catalase (232 kDa) and ferritin (440 kDa).
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Figure 2.7 Docking between component proteins in catalytic complexes. Shown are energy
landscapes of in silico docking models (A, D), alignments of exothermic docking energies with
distances of inter-protein electron transfer paths (B, E), and overlays of native catalytic
complexes with the docking models of hybrids (C, F). The percentages of exothermic and
endothermic dockings are shown in green and black font, respectively; whereas the mean binding
energy is shown in red font (A, D). The exothermic proximal (abbreviated as ‘P’) and distal
(abbreviated as ‘D’) distance groups of conformations are derived by plotting the average energy
value of all exothermic docking models at 1 A increment of the inter-protein electron transfer
path (B, E). The mean binding energy of all docking conformations (from A, D) and the average
binding energy of the exothermic conformations in the P group (from B, E, red bars) are used as
the affinity and specificity marker, respectively, for correlation with the catalytic activities (see
Figure 2.2). Error bars represent root-mean-square deviations (B, E). The ADP-AIF,-stabilized
AvNifH/AvNifDK complex (C, crystal structure) and AvVnfH/AvVnfDGK complex (F,
homology model) are shown in cartoon presentation in the foreground, and all docking models of
the corresponding hybrids are shown in surface presentation in the background (C, F). The
dashed black arrows indicate variations in the positions of the Fe proteins in the calculated
models relative to those in the native, ADP-AlF,-stabilized complexes (C, F). Enlarged views of
the [FesS4] clusters, as well as residues used for calculation of inter-protein electron transfer
distances, are shown along with the ‘ideal’ distances of electron transfer in the native complexes
(C, F). All clusters and ADP-AIF," are shown as space-filling models. Atoms are colored as
follows: Fe, orange; S, yellow; Mo, cyan; V, gray; O, red; C, dark gray; N, dark blue; Mg, green;
Al, beige; F, light blue. PyMOL was used to create this figure.
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Figure 2.8 Comparison of the affinities between the component proteins in various catalytic
complexes. Shown are SDS-PAGE analyses of the complexes between (A) AvNifDK and
AvNiIfH (©), MaNifH (@) and MaVnfH (®); and between (B) 4vVnfDGK and 4AvVnfH (D),
MaNifH (@) and MaVnfH (®). These complexes were generated with the assistance of a non-
hydrolysable ATP analog, ADP+AlFs;, and subsequently subjected to size exclusion
chromatography prior to SDS-PAGE analysis. This procedure can be used for qualitative
determination of the strengths of nitrogenase complexation, as complexes with weaker affinities
between the component proteins have stronger tendencies to dissociate after size exclusion
chromatography. For the purpose of comparison, the same amount (2.5 pg) of each complex was
used for SDS-PAGE analysis upon recovery from the size exclusion chromatography procedure.
Based on a qualitative assessment of the decreasing intensities of the Fe protein bands on SDS-
PAGE (A, B, boxes), the affinities between the component proteins in these complexes are
ranked in a decreasing order of (A) AvNifH/AvNifDK (®) > MaVnfH/AVNifDK (®) >
MaNifH/AvNifDK (@) and (B) AvVnfH/AvWnfDGK (®) > MaNifH/AvVnfDGK (@) >
MaVnfH/AvVnfDGK (®). These results are consistent with the calculation-derived orders of
affinities between the component proteins within these complexes (see Figure 2.2).
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Figure 2.9 Docking between component proteins in an assembly complex. Shown are energy
landscapes of in silico docking models (A), alignments of exothermic docking energies with
distances of inter-protein electron transfer paths (B), and overlay of the native assembly complex
with docking models of hybrids (C). The percentages of exothermic and endothermic dockings

81



are shown in green and black font, respectively; whereas the mean binding energy is shown in
red font (A). The exothermic proximal (abbreviated as ‘P’) and distal (abbreviated as ‘D’)
distance groups of conformations are derived by plotting the average energy value of all
exothermic docking models at 1 A increment of the inter-protein electron transfer path (B). The
mean binding energy of all docking conformations (from A) and the average binding energy of
the exothermic conformations in the P peak (from B, red bars) are used as the affinity and
specificity marker, respectively, for correlation with the P-cluster maturation activities (see
Supplemental Figure 2.7). Error bars represent root-mean-square deviations (B). The ADP-AlF4
-stabilized AvNifH/4nifH AvNifDK (homology model) is shown in cartoon presentation in the
foreground, and all docking models of the hybrids are shown in surface presentation in the
background (C). The dashed black arrows indicate variations in the positions of the Fe proteins
in the calculated models relative to those in the native, ADP-AlF,-stabilized complexes (C).
Enlarged views of the [FesS4] clusters, as well as residues used for calculation of inter-protein
electron transfer distances, are shown along with the ‘ideal’ distances of electron transfer in the
native complexes (C). All clusters and ADP-AlF,4 are shown as space-filling models. Atoms are
colored as follows: Fe, orange; S, yellow; O, red; C, dark gray; N, dark blue; Mg, green; Al,
beige; F, light blue. PyMOL was used to create this figure.
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Figure 2.10 Interactions between the Fe protein and its assembly partner. Shown are the P-
cluster maturation activity (A), binding affinity (B) and docking specificity (C) when AvNifH,
MaNifH or MaVntfH is combined with AnifH AvNifDK. Error bars represent root-mean-square
deviations (B, C).
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Figure 2.11 Comparison of product profiles of a given or altered nitrogenase complex upon
variation of electron fluxes. Product profiles generated at (A) varying molar ratios of 30:1, 4:1
and 1:1 between AvNifH and AvNifDK (left), or a fixed molar ratio of 1:1 between AvNifH,
AvVnfH, MaVnfH or MaNifH and AvNifDK (right); and (B) varying molar ratios of 30:1, 4:1
and 1:1 between AvVnfH and AvVnfDGK (left), or a fixed molar ratio of 1:1 between AvVnfH,
AvNifH, MaNifH or MaVnfH and AvVnfDGK (right). (C) Activities of a given complex upon
variation of molar ratios between component proteins (numbers used to calculate product
distributions in A, B, left), or upon alteration of the Fe protein component at a fixed molar ratio
of 1:1 to its catalytic partner (numbers used to calculate product distributions in a, b, right).
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While a reduction of electron flux could be achieved in both cases (see numbers in C), the
product profile remained unchanged in a given complex upon variation of the ratio between
component proteins (A, B, left), but underwent apparent changes in an altered complex upon
substitution of the Fe protein component (A, B, right).
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Chapter 3 Evaluation of the Catalytic
Relevance of the CO-Bound States of V-

Nitrogenase
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3.1 Introduction

Nitrogenase is a versatile metalloenzyme that is capable of ambient reduction of a wide
range of small molecules.” Utilizing a reductase component to deliver electrons to its catalytic
component, nitrogenase is best known for its function in reducing N, to NH," in a process called
biological nitrogen fixation, which predates and parallels the industrial Haber—Bosch
process.” Recently, this enzyme was also shown to reduce CO to hydrocarbons in a reaction that
mirrors the industrial Fischer—Tropsch process, further highlighting its importance in energy- and

. 133,160-162
environment-related areas. ™

Binding and activation of CO by nitrogenase has been a topic
of vigorous research because CO is isoelectronic to N». Interestingly, despite their overall
similarities (Supplemental Figure 3.5),the homologous, wildtype Mo- and V-nitrogenases
display differential reactivities toward CO, with the former capable of binding CO but nearly
inactive in CO reduction and the latter showing an activity of 16.5 nmol reduced Cnmol

1 . PR . 24,26,35,40,136,144,160,163
protein min™ in reducing CO to hydrocarbons. ™" % 2%

The disparate CO reactivities
of these homologous nitrogenases suggest the possibility to investigate the activity of V-
nitrogenase in CO reduction by drawing comparisons between V-nitrogenase and its Mo-
counterpart in their interactions with CO. Previously, we generated a one CO-bound form of the
resting-state VFe protein (the catalytic component of V-nitrogenase) in the presence of Eu'-
DTPA, which displayed an EPR signal resembling that of the one-CO-bound (that is, the 1o-CO
state) MoFe protein (the catalytic component of Mo-nitrogenase), although the latter could only
be generated under turnover conditions.'** This conformation of VFe protein was subsequently
assigned as one with CO bridged between a pair of Fe atoms across the belt of the cofactor based

on its homology to the one-CO-bound MoFe protein (Supplemental Figure 3.6A,

left)."**'* However, contrary to the 1o-CO conformation of the MoFe protein, the lo-CO
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conformation of the VFe protein was capable of turning over the bound CO molecule, generating
Cl and C2 hydrocarbon products, respectively, in the absence and presence of extra
CO."* Success in generating such a catalytically competent, one CO-bound state of the VFe
protein has prompted us to seek conditions to trap more than one CO molecule on this protein
(that is, the hi-CO state) for investigations of C—C coupling by V-nitrogenase.
3.2 Results and Discussion
3.2.1 Generating a Singly-bound and Multi-bound CO State on AvVnfDGK

To generate a multi-CO-bound state, the resting-state VFe protein of A.
vinelandii (designated AvVnfDGK) was first incubated with CO at an overpressure of 2.6 atm in
the presence of a strong reductant, europium (II) diethylenetriaminepentaacetic acid (Eu'-
DTPA; E” = -1.14 V at pH 8.0), and then re-isolated into a reductant-free buffer under 1 atm
Ar¥'% Compared to the one-CO-bound conformation of 4vVnfDGK that was generated by the
same procedure under 1 atm CO (Figure 3.1A, /), AvVnfDGK generated under over-pressurized
CO not only displayed EPR features (g = 2.09, 1.99, and 1.91) of the one-CO-bound (lo-CO)
conformation, but also showed additional EPR features (g = 2.13, 2.01, and 1.97) that originated
from the capture of extra CO molecules on the protein (Figure 3.1B, /). Interestingly, the major
features of the 1o-CO spectrum and the extra-CO spectrum (that is, the difference spectrum
between the multi-CO- and one-CO-bound spectra) could be approximated by simulating a single
species for each spectrum (Figure 3.1A, 2; Figure 3.1C, 2); whereas the features of the
unsubtracted, multi-CO-bound (hi-CO) spectrum could be approximated by summation of the lo-
CO and extra-CO components (Figure 3.1B, 2). However, there were additional fine structures

that could not be resolved based on these CW EPR data.
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Figure 3.1 EPR spectra of CO-bound AvVnfDGK. EPR spectra of (A) the one-CO-bound (lo-
CO) state generated in the presence of 1 atm CO (/, black trace) and (B) the multi-CO-bound (hi-
CO) state generated in the presence of 2.6 atm CO (/, dark green trace). Both states were
generated with the resting-state AvVnfDGK (that is, without the Fe protein, the reductase partner
of AvWnfDGK) using Eu"-DTPA as a reductant. (C) The difference spectrum between the hi-CO
(B, 1) and 1o-CO state (A, /) reflects features generated upon binding of “extra” CO molecules
(1, gray trace). The g values are indicated. Spectra (A, 1), (B, /) and (C, /) were simulated as
described in the Materials and Methods (see Section 3.4) and are shown as traces (A, 2), (B, 2),
and (C, 2) below the corresponding spectra. (D) Quantification of the amounts of AvVnfDGK-
bound CO in the 1o-CO (3) and hi-CO (4) states. The amount of bound CO was quantified upon
acid quench of the hi- or lo-CO states of AvVnfDGK. The same experiment was conducted on
the V-cluster-deficient, apo-4vVnfDGK, which was incapable of capturing CO under the
conditions described for the formation of the lo-CO (/) and hi-CO (2) states.

3.2.2 Quantification of CO on AvVnfDGK

Quantification of CO that was bound to 4vVnfDGK was performed by acid quench and
revealed the presence of 1.0 + 0.1 and 3.7 + 0.2 mol bound CO mol ™' protein, respectively, in the
lo-CO and hi-CO states (Figure 3.1D, 3, 4). The inability of the cofactor-deficient, apo-VnfDGK
to capture any CO under the same experimental conditions used to generate the lo- and hi-CO
states (Figure 3.1D, /, 2; Supplemental Figure 3.7) pointed strongly to the cofactor (V-cluster) as
the site of CO binding. Notably, an earlier stopped-flow FTIR study of the 4. vinelandii MoFe
protein (designated AvNifDK) reported observation of a single absorption at low CO

concentrations and 3—4 absorptions at high CO concentrations, which were in line with our
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results of AvWnfDGK - the counterpart of AVNifDK in the V-nitrogenase system.'® Moreover,
the extra-CO EPR spectrum of AvVnfDGK (Figure 3.1C, /) loosely resembled the previously
reported spectrum of AvNifDK that was bound with neighboring CO molecules, suggesting the
presence of adjacently bound CO molecules in the multi-CO-bound AvVnfDGK, as was
described in the case of the multi-CO-bound AvNifDK.'**'*” Given the spectral analogy between
AvVnfDGK and AvNifDK in CO binding, the multi-CO-bound, hi-CO state of AvVnfDGK could
assume a conformation analogous to the one that was suggested for its
AvNifDK counterpart, with at least two CO molecules bound side by side to a pair of Fe atoms
across the S belt of the cofactor (Supplemental Figure 3.6A, right).'*¢-1¢%1¢°
3.2.3 MaVnfH/AvVnfDGK Hybrid Produces Hi-CO conformation

Interestingly, upon reduction of the electron flux, the same hi-CO conformation of
AvVnfDGK could be observed under turnover conditions, when 4vVnfDGK was combined with
the Fe protein (the reductase component of V-nitrogenase), ATP and dithionite.'®” Reduction of
the electron flux was enabled by replacing the vafH-encoded Fe protein of A. vinelandii
(designated AvVnfH) with the vafH-encoded Fe protein homolog of Methanosarcina
acetivorans (designated MaVnfH), which resulted in a V-nitrogenase hybrid with decreased
substrate-reducing activities (Figure 3.2A, I vs. 2)."** Calculations of the total amount of
electrons that appeared in the products revealed an average reduction of electron flux by about
94 % through the MaVnfH/AvVnfDGK hybrid (Figure 3.2B, 2, left) relative to that through the
native AvVnfH/AvVnfDGK complex, although the most drastic decrease of electron flux was
observed when CO was supplied as the substrate (Figure 3.2B, 2, right). Strikingly, the EPR
signal of the CO-bound AvVnfDGK that was generated under turnover conditions (that is, in the

presence of MaVnfH) at 1 atm CO (Figure 3.2C, /) assumed a line-shape that was nearly

&9



indistinguishable from the EPR spectrum of the hi-CO state of 4vVnfDGK generated with the
resting state protein (that is, in the absence of MaVnfH) at 2.6 atm CO (Figure 3.1B, 7). Thus, a
dramatically reduced electron flux seemed to have enabled binding of CO to the cofactor of
AvVnfDGK at site(s) with low affinity to CO, a feat that could only be accomplished otherwise
under over-pressurized CO. This observation firmly established the relevance of the hi-CO state
of AvVnfDGK generated in the resting state (designated hi-CO"; Figure 3.1B, /) to that
generated under limited turnover conditions (designated hi-CO®; Figure 3.2C, 1), thereby
providing two useful probes into the mechanistically-relevant questions of (i) whether the hi-CO
conformation is catalytically competent in C—C coupling and (ii) which CO-bound state

specifically impacts the reaction of N, reduction.
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Figure 3.2 AvVnfDGK/AvVnfH activities. (A) Substrate-reducing activities  of
AvVnfDGK with 4vVnfH (/) and MaVnfH (2) as the respective electron donors. The activities
were calculated based on the amounts of electrons required for the formation of the products.
Substrates and products are indicated in the Figure. Percentage activities of hydrocarbon
formation in the presence of CO are shown in red fonts. HCs=hydrocarbons. (B) Average
electron fluxes of all substrate-reducing reactions (left) and the electron fluxes of the reactions of
hydrocarbon formation from CO reduction (right) by AvVnfDGK, with AvVnfH (/) and
MaVnfH (2) as the respective electron donors. (C) EPR spectra of the turnover samples of
AvVnfDGK with MaVnfH (/) as the electron donor in the presence of 1 atm CO. The g values
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are indicated. Spectrum 2 was simulated as described in the Materials and Methods (see Section
3.4) and is shown below the corresponding spectrum /.

3.2.4 Catalytic Relevance of the Hi-CO State Using MaVnfH/AvVnfDGK Complex

To address the catalytic relevance of the hi-CO conformation to C—C coupling, hi-
CO™ was subjected to turnover conditions upon incubation with AvVnfH, ATP, and dithionite in
the absence or presence of extra CO, and examined for C—C coupling (that is, formation of C2
products) during this process. Interestingly, C—C coupling was not detectable upon turnover of
hi-CO* without additional CO, as no C2 product was formed under this condition (Figure
3.3A, I; Supplemental Figure 3.6C); however, it could be detected in the form of C,H4 and
C,Hg in small quantities when hi-CO* was subjected to turnover under 0.02 atm CO (Figure
3.3A, 2), a CO concentration supplied at a 1:1 molar ratio to the concentration of cofactor that
was bound to the hi-CO” state of AvVnfDGK. Remarkably, the amount of C2 products generated
by hi-CO” did not exceed that by the 1o-CO state of 4vVnfDGK upon turnover in the presence of
an equimolar amount of externally supplied CO (Figure 3.3A, 2 vs. 3), suggesting that the extra
CO in hi-CO*, which could have contributed to an increased yield of C2 products upon turnover,
was not involved in C—C coupling; instead, only the CO moiety in the 10-CO conformation was
catalytically competent, and it was this CO moiety that participated in C—C coupling with the
CO molecule supplied in addition in the headspace. Isotope labeling experiments further
demonstrated that when hi-CO” was generated with >CO and subsequently turned over under
0.02 atm '*CO, the C2 products generated in this process contained mixed *C/"*C labels (that
is, "CH,=""CH, and "*CH;—"*CH3) instead of a single °C label (that
is, "CH,="CH, and "CH3;—""CH3) (Figure 3.3B, C; Supplemental Figure 3.6D), providing
additional support for the coupling between a bound carbon (that is, a labeled °C atom) and an

externally supplied carbon (that is, an unlabeled °C atom) instead of between two bound "°C
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atoms. Together, these observations strongly suggested that C—C coupling did not occur between
the CO moieties trapped on the V-cluster in the hi-CO state, where some CO molecules were
likely bound in a side-by-side manner (Supplemental Figure 3.6A, right); instead, it took place
between the carbon in the lo-CO conformation and a second carbon that was supplied externally

in the headspace under turnover conditions (Supplemental Figure 3.6D).
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Figure 3.3 Relevance of the CO-bound states of AvVnfDGK to C—C coupling. (A) Formation
of C,H, (upper) and C,H; (lower) by placing (/) hi-CO” of AvVnfDGK under turnover with no
additional CO, (2) hi-CO” of AvWnfDGK under turnover with 0.02 atm CO, (3) lo-CO of
AvVnfDGK under turnover with 0.02 atm CO, (4) hi-CO” of AvVnfDGK under turnover with 1
atm CO, (5) 10-CO of AvVnfDGK under turnover with 1 atm CO, and (6) AvVnfDGK under
turnover with 1 atm CO. All activities were measured upon incubation with 4vVnfH, ATP and
dithionite. The observation that hi-CO™ (4) and lo-CO (5) generated approximately the same
yields of the C2 products as AvVnfDGK upon direct turnover of CO (6) in the presence of 1 atm
CO demonstrated that the hi-CO”* and 10-CO species were as turnover-capable as the CO-free
AvVnfDGK. (B) GC-MS analysis of C,Hy4 (upper) and C,Hg (lower) that were generated by
placing the CO-labeled hi-CO” under 0.02 atm '>CO (that is, the same turnover experiment as
that in a, 2, except for the °C labeling of hi-CO” in this case). Both C2 products were traced at
masses that would either contain mixed '*C/"°C labels (black traces) or single °C isotope label
(red traces). (C) GC-MS fragmentation patterns of the mixed '*C/"*C labeled C,H, (upper, black)
and C,Hg (lower, black). The corresponding fragmentation patterns of the respective standards
(blue) are presented based on the information from the NIST MS database
(http://webbook.nist.gov). The intensities of the base peaks are set at 100 % in all panels.

92



3.2.5 Effects of CO Binding to AvVnfDGK by Addition of N,

To address the impact of CO binding on N, reduction, AvVnfDGK was subjected to
turnover conditions in the presence of a fixed concentration of N, (0.1 atm) and increasing
concentrations of CO (0.1, 0.5 and 0.9 atm), and monitored for changes in its activity to reduce
N2 to NH3 concomitant with the appearance of the one-CO and extra-CO EPR features in thus-
generated hi-CO® state. Consistent with the well-established competition between N, and
CO, the activity of NH; formation decreased in the presence of increasing concentrations of CO
(Figure 3.4A), and this decrease was accompanied by an increase in the intensities of the CO-
related EPR features (Figure 3.4B); in particular, the g = 2.09 and g = 2.13 features, which did
not overlap with other CO-originated signals, were used as markers to monitor the change of
one- and extra-CO features, respectively, in this process (Figure 3.4B).” Interestingly, while the
decrease of N, reduction correlated well with the intensity gain of the one-CO feature at g = 2.09
(Figure 3.4C), the extra-CO feature at g = 2.13 did not appear until the N>-reducing activity was
mostly abolished (Figure 3.4D). The fact that there is no inflection in the Nj-reducing activity
curve as the intensity of the extra-CO feature increases suggests that binding and reduction of
Nz occurs independently from binding of additional CO molecules. The sharp decay of the N,-
reducing activity concomitant with a significant increase of the intensity of the one-CO feature,
on the other hand, implies that N, and CO may compete for the same pair of reactive Fe sites
across the S belt of the cofactor, although an indirect impact of CO binding on N; reduction
(such as a change in the redox or structural properties of the cofactor upon CO binding) cannot

be excluded.
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Figure 3.4 Relevance of the CO-bound states of AvVnfDGK to N; reduction. (A) Activities
of Nj-reduction and (B) corresponding EPR spectra of the turnover samples in the presence of
0.1 atm N3 and increasing CO concentrations of 0.1, 0.5 and 0.9 atm. The g values are indicated.
Correlation of the activity of N, reduction with the intensity of (C) 1o-CO or (D) hi-CO® EPR
signal in the presence of increasing CO concentrations. The EPR features at g = 2.09 and g =
2.13 were integrated and used as markers for the lo-CO and hi-CO® signals, respectively, as they
had nearly no overlap with all other CO-associated EPR features. The activity of N, reduction in
the absence of CO, as well as the EPR signal intensities at g = 2.09 and g = 2.13 in the presence
of 1 atm CO, are set as 100 % (C, D).

3.3 Summary and Conclusion

Binding of CO to the wildtype Mo-nitrogenase, as well as reduction of CO by certain Mo-
nitrogenase variants, has been reported previously; however, the catalytic mechanism of CO
reduction has remained elusive.'*'**'"'7 Consistent with the DFT calculation-predicted
pathway of CO reduction, the current study reveals that the multiple CO moieties in the hi-CO
conformation cannot be coupled as they are.'”* Further, it provides the initial biochemical
evidence for the potential relevance of the belt Fe atoms to N, reduction, which aligns well with
results of the previous spectroscopic and structural analyses of the belt region of the

145,175,176
cofactor. 417317

Further exploration of the utility of the catalytically competent, CO-bound
conformation of V-nitrogenase, along with H/D exchange experiments and a more extensive

EPR study aiming to unveil the fine structure of the CO-bound state, is currently underway in

hopes of gaining relevant insights into the catalytic mechanism of CO reduction by nitrogenase.
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3.4 Materials and Methods

3.4.1 Experimental Section

Unless noted otherwise, all protein work was performed under Ar gas at an O,
concentration of less than 5 ppm.
3.4.2 Cell Growth and Protein Purification.

The E. coli strain expressing a His-tagged form of MaVnfH was grown in 10-L batches in
Difco LB medium containing 100 mg/L ampicillin (BD Biosciences) in a BIOFLO 415
fermenter (New Brunswick Scientific) at 37 °C, with an agitation of 200 rpm and an airflow of
10 L/min."** Growth rates were monitored by measuring the cell density at a wavelength of 600
nm using a Spectronic 20 Genesys spectrometer (Spectronic Instruments). When ODgg reached
0.5, the temperature was lowered to 25 °C before expression of MaVnfH was induced by
addition of 25 pM IPTG. Expression of protein was allowed to continue for 16 hr before cells
were harvested by centrifugation using a Thermo Fisher Scientific Legend XTR centrifuge.
Subsequently, the His-tagged MaVnfH was purified by immobilized metal affinity
chromatography (IMAC) using methods adapted from the purification protocol of His-tagged
nitrogenase proteins.”"'** A. vinelandii strains expressing AvVnfDGK and AvVnfH were grown
at 30 °C in 180-L batches in a 200-L fermenter (New Brunswick Scientific) in Burke’s minimal
medium supplemented with 2 mM ammonium acetate. Growth rates were monitored by
measuring the cell density at a wavelength of 436 nm. When ODy36 reached 1.0, cells were
harvested by a flow-through centrifugal harvester (Cepa). Published methods were used to purify

. 21,43,148
these proteins.” ™
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3.4.3 Activity Assays of V-nitrogenase

.. . . 24,43,148
Activity assays were conducted as described previously.”"

Each assay contained, in a
total volume of 1 mL, 0.27 mg AvVnfDGK, 0.15 mg AvVnfH or MaVnfH, 20 mM sodium
dithionite (Na;S;04), 0.8 mM Na,ATP, 1.6 mM MgCl,, 10 mM creatine phosphate, and 8 units
of creatine kinase. For CO-, C,H,-, H'-, and N-reduction assays, 1 atm CO, 0.1 atm C,H,, | atm
Ar and 1 atm Ny, respectively, were added to the headspaces. Products H,, C;H4 and NH; were

. . 91,150
determined as described elsewhere.

Hydrocarbon products were quantified by a gas
chromatography-flame ionization detector (GC-FID). Specifically, 250 uL of the headspace of
each sample was injected onto a Grace 5664PC column (3.2 mm diameter, 1.5 m length; Grace),
and the column was then held at 55 °C for 1 min, heated to 180 °C at 12.5 °C/min, and held at
180 °C for 2.6 min prior to product analysis.
3.4.4 Generation of the CO-bound V-nitrogenase

Preparation of the 10-CO state of AvVnfDGK in the resting state was carried out under 1
atm CO, in the presence of Eu'-DTPA, as described previously.'** Preparation of the hi-CO state
of AvVnfDGK in the resting state (designated hi-CO™) was carried out under 2.6 atm CO by
placing the Eu'-DTPA-reduced 4vVnfDGK protein under CO for 15 min with gentle stirring at
30 °C. The AvVnfDGK sample was then quickly passed through a G-25 column to remove
dissolved CO and excess reductant prior to EPR, decay and turnover experiments.

Preparation of the hi-CO state of AvVnfDGK under turnover conditions (designated hi-
CO®) was carried out using a protocol adapted from that used to generate the hi-CO state of
AVNIfDK."**1%7 Specifically, a 1-mL reaction mixture containing 15 mg AvVnfDGK, 1 mg

MaVnfH, 6 mM Na,ATP, 8 mM MgCl,, 50 mM phosphocreatine, 0.20 mg/mL creatine

phosphokinase, 10% (v/v) glycerol, 0.4 mM Na,S,04 and 25 mM Tris-HCI (pH 8.0) was placed

96



under 1 atm CO with gentle stirring at room temperature for 5 min prior to EPR analysis. For
studies of the impact of CO binding on N, reduction, the same procedure was used to prepare
AvVnfDGK samples with MaVnfH, except that these samples were placed under a fixed
concentration of 0.1 atm N, and increasing concentrations of CO of 0.1, 0.5 and 0.9 atm,
respectively, with the remainder of the headspace supplemented by Ar, prior to activity and EPR
analyses. Additionally, two controls prepared in the presence of 1 atm N, and 1 atm CO,
respectively, were included and examined by activity and EPR analyses.
3.4.5 Quantification of the Cofactor-bound CO in V-nitrogenase

The cofactor-bound CO molecules in the hi-CO” and lo-CO states of V-nitrogenase were
released by acid quenching. Quantification of released CO was performed as described
previously, which was initiated with injection of 0.25 mL of the headspace of each sample into a
Thermo Scientific Trace 1300 Gas Chromatograph—Flame lonization Detector (GC—FID) that
was interfaced with a methanizer (Thermo Electron North America LLC)."** Subsequently, CO
was resolved on a TG-BOND Msieve 5A column (30 m x 0.32 mm ID x 30 pm film; Thermo
Electron North America LLC), which was held at 45 °C for 1 min and heated to 245 °C at a rate
of 25 °C/min before CO was hydrogenated at 350 °C in the methanizer. The resulting CH4 was
measured by FID, which is coupled directly behind the methanizer. The overall detection limit of
CO is ~2 ppm.
3.4.6 Turnover Experiments of the CO-bound V-nitrogenase

The 10-CO or hi-CO sample of AvVnfDGK generated in the resting state was subjected to
turnover conditions upon incubation with 10-fold molar excess of 4vVnfH in a 2.5-mL reaction
mixture containing 20.4 mM Na,ATP, 43.2 mM MgCl,, 245 mM creatine phosphate, 420 U/mL

creatine phosphokinase, and 25 mM Tris-HCl (pH 8.0). The incubation mixture was placed
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under 1 atm Ar, 0.02 atm CO/0.98 atm Ar (‘controlled’ turnover with CO added to the gas
atmosphere at a molar ratio of 1:1 to the amount of CO that is bound to the hi-CO” state of
AvVnfDGK) or 1 atm CO (‘normal’ turnover with CO added to the gas atmosphere in excess to
the amount of CO that is bound to the hi-CO” state of 4vVnfDGK) with gentle stirring at 30 °C
for 1 hr before hydrocarbons products were analyzed by GC-FID as described above. As a
positive control, formation of hydrocarbon products was also examined by directly mixing
AvVnfDGK with AvVnfH, CO, ATP and dithionite in an activity assay.
3.4.7 GC-MS Experiments of the CO-bound V-nitrogenase
The hi-CO state of 4vVnfDGK was generated in the resting state as described above,

except for the use of "CO instead of the natural abundance *CO. Subsequently, the hi-">CO
sample was subjected to turnover conditions as described above in the presence of 0.02 atm
12C0/0.98 atm Ar. GC-MS analysis of the hydrocarbon products formed in this reaction was
carried out as described previously.'”’
3.4.8 EPR Analysis of the CO-bound V-nitrogenase

For electron paramagnetic resonance (EPR) analysis, samples were prepared in a Vacuum
Atmospheres glove box with less than 5 ppm O, and flash frozen in liquid nitrogen (LN2) before
analysis. The lo- and hi-CO samples of 4vVnfDGK were prepared either in the resting state or
under turnover conditions as described above. Subsequently, 0.3 mL of the sample was
transferred to quartz EPR tubes and quickly frozen in LN2. EPR spectra were recorded by an
ESP 300 Ez spectrophotometer (Bruker) interfaced with an ESR-9002 liquid-helium continuous-
flow cryostat (Oxford Instruments) using a microwave power of 5 mW, a gain of 5x10% a
modulation frequency of 100 kHz, and a modulation amplitude of 5 G. Five scans of all EPR

samples were recorded at 20 K using a microwave frequency of 9.62 GHz. Spectral simulations
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were performed using the EasySpin 4.0 toolbox in Matlab.'” The following parameters were
used for these simulations: lo-CO state (Figure 3.1A, gray trace), g = [2.095 1.999 1.916] with o
(g-strain) = [0.01 0.006 0.006]; ‘extra-CO’ state (Figure 3.1C, light blue trace), g = [2.135 2.016
1.975] with ¢ =[0.03 0.025 0.025]; hi-CO state (Figure 3.1B and Figure 3.2C, light green traces,

sum of 10-CO plus ‘extra-CO’ state simulations).

3.5 Supplemental Tables and Figures

[Fe,S,]
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-cluster \E g;; e_C ubstrate P*-cluster \E® e_C ubstrate
K|\D Product K\|D Product
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Figure 3.5 Schematic presentations of (A) molybdenum (nif-encoded) and (B) vanadium
(vnf-encoded) nitrogenases. The two nitrogenases share a good degree of homology, each
comprising a reductase component (nifH- or vafH-encoded Fe protein) and a catalytic component
(nifDK-encoded MoFe protein or vafDGK-encoded VFe protein). Substrate turnover by both
nitrogenases involves ATP-dependent transfer of electrons from the [FesS4] cluster of the
reductase component (NifH or VnfH), via the P-cluster (P- or P'-cluster), to the cofactor (M- or
V-cluster) of the catalytic component (NifDK or VnfDGK), where substrate reduction occurs.
For the purpose of simplicity, only one half of the catalytic component is shown, and the small
subunit of V-nitrogenase (VnfG) is omitted. The metal clusters are depicted in orange. Mo and V
are colored cyan and dark gray, respectively. hc, homocitrate
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Figure 3.6 Proposed CO binding modes to the V-cluster. (A) Proposed CO binding modes to
the cofactor (V-cluster) in the lo-CO (left) and hi-CO (right) states of 4vVnfDGK. Based on its
homology to the one-CO-bound, lo-CO state of AVNifDK,'**'* the 10-CO state of 4vVnfDGK
may have one CO moiety bridged between a pair of Fe atoms across the ‘belt’ of the cofactor.
Given the spectral analogy between 4vVnfDGK and AvNifDK in CO binding, the hi-CO state of
AvVnfDGK could assume a conformation analogous to the one suggested for its AvNifDK
counterpart,'**'%1%° with at least two CO molecules bound side by side to a pair of Fe atoms
across the S belt of the cofactor. Only the cofactor Fe atoms involved in CO binding are shown
in the figure. (B-D) Schematic presentations of experiments performed to evaluate the relevance
of the CO-bound states of AvVnfDGK to C-C coupling (see Figure 3.3). (B) When the 1o-CO
state of VnfDGK was generated with ?CO in the resting state and subsequently turned over
(upon addition of NifH and ATP) in the presence of a limited amount of externally supplied
'2CO in the headspace, mixed '>C/"*C-labeled C2 products were generated between a bound *C
atom and an external '>C atom,'** which firmly established the competence of the lo-CO state in
C-C coupling. (C) When the hi-CO state was generated with CO in the resting state and
subsequently turned over in the absence of externally supplied CO, no C2 product was generated
(see Figure 3.3A, 1), suggesting no C-C coupling between the bound CO molecules. (D) When
the hi-CO state was generated with *CO in the resting state and subsequently turned over in the
presence of a limited amount of externally supplied *CO, only mixed '*C/"*C-labeled C2
products were detected (see Figure 3.3B, C), suggesting no coupling between the bound CO
molecules but, rather, coupling between a bound 13C atom and an external '°C atom. The
observation that the 1o-CO and hi-CO states of 4vVnfDGK showed comparable yields of C2
products upon turnover in the presence of a limited amount of externally supplied CO (see
Figure 3.3A, 2 vs. 3, 4 vs. 5) suggested that the ‘extra’ CO did not participate in C-C coupling,
as it would have increased the C2 product yield of the hi-CO state. Taken together, these results
strongly pointed to the 10-CO conformation as the catalytically competent state in C-C coupling.
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Figure 3.7 EPR spectra of (A) AvVnfDGK and (B) V-cluster-deficient AvVnfDGK protein
incubated with and without 2.6 atm CO in the presence of Eu"-DTPA. Shown are the spectra
of protein incubated without (A, B, 1, gray traces) and with (A, B, 2, black traces) CO, and the
difference spectra between the two (A, B, 2-1, green traces). The minor features of the samples
prepared in the absence of CO (A, B, 1, gray traces) originate from the P-cluster of 4vVnfDGK;
whereas the absence of CO-related signals from the spectrum of the V-cluster-deficient, apo-
AvVnfDGK demonstrates that this protein is unable to capture CO due to the absence of the
cofactor.

3.6 Supplemental Discussion

Binding of CO to the wildtype Mo-nitrogenase has been investigated by a number of

. . 134,145,146,165-168,170,171
spectroscopic and structural techniques, > ™

which contributed greatly to our
understanding of the interaction between the inhibitor CO and the cofactor of Mo-nitrogenase.
However, the catalytic mechanism of CO reduction has remained elusive due to the inability of
the wildtype Mo-nitrogenase to turn over CO. The current study provides the initial insight into
the catalytic relevance of the hi-CO conformation of nitrogenase and the competition between
CO-binding and N»-reduction, taking advantage of our approach to generate distinctive 1o-CO
and hi-CO conformations of the V-nitrogenase while exploiting the unique ability of the V-
nitrogenase (contrary to the Mo-nitrogenase) to turn over CO as a substrate. The fact that the

multiple CO moieties associated with the hi-CO conformation cannot be coupled as they are

suggests that C-C coupling requires further activation and/or reduction of the bound CO entity,
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which is consistent with the DFT calculation-predicted reaction pathway of CO reduction;
whereas the observation that the activity of N, reduction only correlates with the population of
the 10-CO conformation provides the first piece of biochemical evidence for the potential
relevance of the belt Fe atoms to N, reduction, which aligns well with the outcome of previous
spectroscopic and structural analyses. These results address the long-standing question in the
field as to the relevance of the hi-CO conformation to catalysis, thereby pointing future
investigation to the direction of using the turnover-capable, lo-CO state of V-nitrogenase to
generate ‘hi-C1’° conformations comprising neighboring, reactive C1 species that are capable of
C-C coupling. Efforts along this line can be combined with the approach of tuning the electron
flux via the use of mismatched pairs of reductase/catalytic component of nitrogenase (like the
MaVnfH/AvVnfDGK pair used in this study) in order to capture the intermediate-trapped states
of CO reduction. In a broader context, such a strategy could be employed in many other
metalloprotein systems to elucidate the substrate or intermediate-trapped states. In the case of
nitrogenase, it could shed light on the mechanism of enzymatic CO reduction, as well as
facilitate future development of biomimetic catalysts for ambient carbon fuel production, which
has a far-reaching impact on energy- and environment-related areas. Further exploration of the
utility of the catalytically competent, CO-bound conformation of V-nitrogenase, along with a
more extensive EPR study aiming to unveil the fine structure of the CO-bound state that could
not be understood by CW EPR alone, is currently underway in hopes of gaining relevant insights
into the elusive mechanism of CO reduction by nitrogenase.
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Chapter 4 The MgADP-Bound Crystal
Structure of the Vanadium Nitrogenase
Iron Protein from Methanosarcina
acetivorans
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4.1 Introduction

Diazotrophic organisms contain enzyme systems known as nitrogenases that are able to
fix dinitrogen (N;) to form bioavailable ammonia (NH3).>* The most studied nitrogenase system
is the molybdenum (Mo-) system from Azotobacter vinelandii, encoded by the nif-genes.>*’
Catalysis requires two components: a reductase component and a catalytic component. The
reductase component, also known as the Fe protein or AvNifH, is responsible for shuttling
electrons to the catalytic component, the MoFe protein or AvNifDK, so that reduction of
substrate can occur.

The electron transfer (ET) process of the A. vinelandii Mo-nitrogenase system begins
with the reduction of the [Fe4S4] cluster of the Fe protein, AvNifH, from the 2+ to the 1+
oxidation state, followed by two equivalents of MgATP binding to the protein.’' In vivo this
process is likely carried out by flavodoxins or ferrodoxins, whereas this is typically carried out
by dithionite in vitro.”>’*"® A conformational change is induced in the Fe protein when MgATP
binds, which then allows the protein to dock with the catalytic component, AvNifDK.’> Upon
complex formation, one of the clusters in AvNifDK, the P-cluster, is thought to initially transfer
an electron to the catalytic cluster of AVNifDK, the M-cluster, whereupon the Fe protein rapidly
transfers an electron to the P-cluster.'’” Because the P-cluster pushes an electron to the M-cluster
prior to receiving an exogenous electron from AvNifH, this process is referred to as a “deficit-
spending” model.”"'” In conjunction with ET by the Fe protein, it also hydrolyzes the two
MgATP molecules; however, it is no longer thought that these events are occur in a concerted

step despite hydrolysis being a requisite for ET.>""

The next step involves the release of the
inorganic phosphate, P;, which results from MgATP hydrolysis, followed by the rapid release of

the Mg-ADP-bound AvNifH from the complex.”""**"** Once freed, the [Fe4S4] cluster of the Fe
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protein is again reduced, lowering the binding affinity of MgADP, and allowing for its release
and subsequent replacement by two MgATP molecules.””" This cycle must be repeated eight
times for the reduction of N, by AvNifDK as shown by the balanced reaction: N, + 8H' +

16MgATP + 8¢ — 2NH; + H, + 16MgADP + 16P;.

>MgADP i 2 MgATP
F1d®* or bisulfite \‘?
FldRed or dithionite (F 6434]1;'
38
f'é"*"% MgADP MgATP {%;e;« e
133
R P8, (RS,
, Fe Protein .
AvNifDK Cycle AvNifDK
2 P,
MgATP % g
[Fe S ]1+/2+( b‘?;‘
— « P-cluster
e M-cluster

Figure 4.1 A depiction of the MgATP-dependent electron transfer (ET) from AvNifH to
AvNifDK. For ET to occur, the Fe protein must be reduced by either DT (in vitro) or flavodoxin
(in vivo) and loaded with 2 equivalents of MgATP. A conformational change accompanies
MgATP binding that allows for the Fe protein to interact with AvNifDK and form an
AvNifH/AvNifDK complex (only one af-dimer is shown). After binding, an electron is proposed
to transfer from the P-cluster to the M-cluster, followed by ET from the [FesS4] cluster of
AvNifH to the P-cluster. The MgATP are then hydrolyzed and the phosphate dissociates from the
Fe protein. Finally, the Fe protein dissociates from the catalytic component, MgADP is released,
and the Fe protein is prepared for additional redox cycles. This process must be repeated until
enough electrons have been transferred to completely reduce the substrate. FId®* = oxidized
flavodoxin, F1d®*? = reduced flavodoxin. The NifH, NifD, and NifK subunits are represented in
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pale cyan, pale green, and sky blue, respectively. PDB Codes 1G5P, IN2C, 2AFI, and 1FP6
were used to generate this figure. The MgATP-bound AvNifH structure was generated by
excluding AvNifDK from the original structure (PDB Code 1N2C). The MgATP represented in
the figure is actually a MgATP analog, ADP-AIF,. Atoms are colored as follows: Fe, rust; S,
yellow; Mo, cyan; C, white; N, blue; O, red; Mg, green; Al, gray; F, pale cyan. PyMOL was used
to generate this figure.*®

Despite reports of alternative nitrogenase systems in A. vinelandii, the vanadium (V-) and
iron only (Fe-only) nitrogenases, beginning in the 1980’s, these systems are not characterized as
well as the Mo-system.>”” V-nitrogenase, encoded by the vnf-genes, only recently had the first
crystal structure of the A. vinelandii V-nitrogenase catalytic component, AvVnfDGK, published
in 2017; and a year later the first crystal structure of the V-nitrogenase reductase component,
AvVnfH, was published.***® Herein we report the MgADP-bound structure of the V-nitrogenase
reductase component from Methanosarcina acetivorans. We have previously shown that the Mo-
and V-nitrogenase Fe proteins from M. acetivorans, MaNifH and MaVnfH, respectively, can be
heterologously expressed in Escherichia coli and that they can form hybrid nitrogenase systems
when paired with either AWNifDK or AvVnfDGK.”* The electron flux in the
MaVnfH/AvVnfDGK hybrid is reduced enough that the alternative AvVnfDGK substrate, CO, is

trapped on the catalytic cofactor.'>*'3>1%

While these findings are fascinating and are providing
insights into the mechanism of nitrogenase, they are also helping work toward accomplishing
another goal of nitrogenase research, that of expressing a functional nitrogenase system in plants,
by providing a well-studied, non-diazotrophic organism in which to work. The crystal structure
of MaVnfH further characterizes this Fe protein may continue to provide additional insights into
the interactions between the catalytic and reductase components of nitrogenase.

4.2 Results and Discussion

Brown-colored monoclinic crystals of MaVnfH soaked with MgADP diffracted and the

structure was solved to 1.70 A (Figure 4.2A and B). Similar to the previously described
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nucleotide-free structure, the crystal contained one MaVnfH dimer in the unit and belonged to
the P 1 21 1 space group. The unit cell dimensions of the protein were a = 45.519 A, b = 78.5098

A, and c = 87.2982 A, and other pertinent crystallographic statistics are summarized in Table 4.1.

A

MgADP

[Fe,S,] cluster

Y1

Figure 4.2 The crystal structure of MaVnfH with MgADP bound at 1.70 A resolution. (A)
Crystal structure cartoon of MaVnfH with the metallocluster and nucleotides highlighted. (B) A
90° rotation of the MaVnfH crystal structure, with a view down the two-fold rotation axis. (C)
The conformational change of Loop 41-44 (highlighted) to accommodate the binding of MgADP
as compared between the MgADP-bound, blue, and nucleotide-free, purple, structures. Atoms
are colored as follows: Fe, rust; S, yellow; C, white; N, blue; O, red; Mg, green. PyMOL was
used to generate this figure.*®
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Table 4.1 Data Collection and Refinement Statistics for the MgADP-bound MaVnfH

Structure.

MgADP-bound MaVnfH

Wavelength 1.0A

Resolution range 58.14 - 1.7 (1.761 - 1.7)
Space group P1211

Unit cell a, b, ¢ (A) 45.519 78.5098 87.2982
Unit cell a, B, v (°) 90 97.59 90

Total reflections 122538 (10766)

Unique reflections 66387 (6349)
Multiplicity 1.8 (1.7)

Completeness (%) 99.02 (95.00)

Mean I/sigma(I) 5.89 (1.20)

Wilson B-factor 21.53

R-merge 0.07278 (0.467)
R-meas 0.1029 (0.6604)
R-pim 0.07278 (0.467)
CC1/2 0.983 (0.729)
CcC* 0.996 (0.918)
Reflections used in refinement 66355 (6349)
Reflections used for R-free 3335 (295)
R-work 0.1806 (0.2900)
R-free 0.2150 (0.3240)
CC(work) 0.964 (0.832)
CC(free) 0.947 (0.745)
Number of non-hydrogen atoms 4671

macromolecules 4184

ligands 74

solvent 413
Protein residues 555
RMS(bonds) 0.011
RMS(angles) 1.13
Ramachandran favored (%) 98.16
Ramachandran allowed (%) 1.84
Ramachandran outliers (%) 0.00
Rotamer outliers (%) 0.90
Clashscore 2.83
Average B-factor 29.04

macromolecules 28.07

ligands 36.82

solvent 37.48

Statistics for the highest-resolution shell are shown in parentheses.

Like other Fe proteins, the 275 amino acid MaVnfH polypeptide chains form an ~60 kDa

homodimer that contains a nucleotide binding site in each subunit and a [Fe4S4] cluster that is
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5 .
236134 The cluster is

located at the interface of the two subunits, near the surface of the protein.
coordinated to the protein through two cysteine residues from each subunit and it is presumed
that the physiologically relevant oxidation states of the reductase during ET are the [Fe;S4]' " and
[FesS4]* states, despite having also been shown to be able to adopt an all-ferrous [FesS4]° state
by addition of a strong reductant, like titanium (III) citrate or europium (II)
diethylenetriaminepentaacetic acid (Eu"-DTPA)."** This structure confirms that MgADP binds to
this Fe protein as it was presumed based on the 1) sequence, which contains a canonical
GXXXXGKS Walker A motif, also known as a P-loop, located at residues 9-16, indicative of a
nucleotide binding site, 2) the tertiary structure of the other two MaVnfH structures, which
shows a Rossman-type Bof-fold, typical of NTP-ases, and 3) a similar electron paramagnetic
resonance (EPR) spectral change in the presence of nucleotide as observed in AVNifH. *>*%134

As observed with the AvNifH structures, the nucleotide-free and MgADP-bound
structures are highly similar.”® The most notable difference is the re-location of the loop
containing residues 41-44, so as to accommodate the nucleotide in the binding pocket (Figure
4.2C).

MaVnfH is only the second V-nitrogenase Fe protein to be crystallized, and now the
second most structurally well-characterized Fe protein, behind AvNifH, as it has been
crystallized in three states, including the MgADP-bound, and nucleotide free with the cluster in
both the [FesS4]'" and [FesS4]° states (see Chapter 7). This is the first V-nitrogenase Fe protein
that has been heterologously expressed in a non-diazotrophic organism and is therefore working
towards one of the longstanding goals of nitrogenase research, that of expressing a functional

134

nitrogenase in plants to enable them with the machinery to fix their own nitrogen. ™ Two

approaches have been pursued to accomplish this goal; that of expressing complete nitrogenase
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systems in E. coli and that of expressing individual gene products. To date, the expression of
complete systems with reasonable turnover has not been accomplished; however, the Fe protein
is now the second individual gene product that has been expressed in E. coli.™"'*"* As it is
uncertain whether the other gene components from M. acetivorans can be functionally expressed
in E. coli, it may be necessary to cross these proteins with those from other organisms to obtain
the goal of functional nitrogenase expression in a heterologous host. It would be of benefit to
further structurally characterize MaVnfH, in obtaining the other crystal conformations shown in
Figure 4.1 so that additional comparisons can be made relating to the interprotein interactions

between the Fe protein and the catalytic component.

4.3 Materials and Methods

4.3.1 Cell Growth and Purification

E. coli strains of His-tagged MaVnfH were grown in 40-L batches in a similar fashion as
reported earlier."** Likewise, the protein was purified under anaerobic conditions and purity was
confirmed using SDS-PAGE following established protocols.'>**!**
4.3.2 Crystallization and Data Collection

MaVnfH was crystallized using a microbatch method in a glove box containing < 2 ppm
O,. Equal volumes, 1 pL, of a protein solution (containing ~10 mg/mL MaVnfH) and buffer
solution (containing 0.04 M citric acid, 0.06 M BIS-TRIS propane pH 6.4, and 20% w/v
polyethylene glycol 3,350) were combined until crystals were grown. MgADP was allowed to
soak into the crystals for 20 minutes by adding 2 pL of a buffered solution (containing 12.5 mM

ADP, 25 mM MgCl,, 0.15 M ammonium sulfate, 0.075 M MES monohydrate pH 6.5, and 30%

w/v polyethylene glycol monomethyl ether 5,000) to the crystals, followed by rinsing in paraben
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oil and flash freezing in liquid nitrogen. Diffraction data was collected at the ALS beamline 5.0.1
equipped with a Pilatus detector at a wavelength of 1.0 A.
4.3.3 Structure Solution and Refinement

The data was indexed and integrated with iMosflm and scaled with AIMLESS from the
CCP4 suite. The structure was solved by molecular replacement using Phaser-MR and the
MaVnfH in the [FesS4]'" state as a model structure, yielding a P 1 21 1 unit cell. The protein was
further refined in Phenix and the data collection and refinement statistics are summarized in

Table 4.1. All figures were generated with PyMOL.*®
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Chapter 5 Continued Work toward
Characterizing the Physiological Roles of
Fe Protein Homologs of Nitrogenase
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5.1 Introduction

In Chapter 2, the expression and characterization of the Mo- and V- nitrogenase iron (Fe)
proteins from M. acetivorans and their ability to perform the three known physiological roles of
Fe proteins were compared to those from A. vinelandii."** One of the purposes of this work is to
follow-up on what was done previously with additional Fe proteins. The expression of additional
Fe protein homologs in a non-diazotrophic system also provides the benefit of generating an
arsenal of Fe proteins that could be combined with the other nitrogenase components to
accomplish one of the goals of nitrogenase research: the expression of a functioning nitrogenase
system in a heterologous host. As it is impossible to predict whether a nitrogenase gene
component from one organism can be expressed in a heterologous and non-diazotrophic system,
it may be necessary to mix-and-match genes from a variety of diazotrophic organisms. The
theoretical docking model discussed in Chapter 2 was used to predict how well Fe protein
homologs would interact with AvNifDK and AvVnfDGK. Using this model, additional Mo-
nitrogenase Fe protein homologs (Table 5.1) were selected for heterologous expression and
characterization according to their predicted ability to interact with AvNifDK and 4AvVnfDGK
(see Section 5.2). The experimental activities will be compared to those predicted by the model

to determine the effectiveness of the model.
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Table 5.1 The Fe protein homologs, protein designations, and affinity and specificity
markers. With the exception of the 4. vinelandii proteins, all the proteins herein were expressed
heterologously in E. coli (see 5.4.2).

Organism Abbrev.  Affinity Specificity
Marker Marker
Azotobacter vinelandii (A. vinelandii) AvNifH -5.2 -14
Methanosarcina acetivorans (M. acetivorans) MaNifH 1.1 -6
Methanococcus maripaludis (M. maripaludis) MmpNitH 0.8 -7.8
Chlorobium phaeobacteroides (C. phaeobacteroides)  CpNifH 24 -6.3
Geobacter uraniireducens (G. uraniireducens) GuNifH -4.6 -19.7
Methanosphaerula palustris (M. palustris) MpNifH -1.9 -8.6
Desulfovibrio vulgaris (D. vulgaris) DvNifH -2.9 -7.7

5.2 Theoretical Docking Model

Homology modeling and in silico docking calculations can provide a screen and aid in
determining how certain proteins may interact without the arduous task of expressing and
purifying protein. To this end, we developed a technique that would allow us to screen for
potential Mo-nitrogenase Fe proteins to predict how well they would bind with AvNifDK and
thereby affect electron flux for the nitrogenase hybrid system. We have a three-fold goal in
trying to 1) identify an Fe protein that more efficiently transfers electrons to the catalytic
component to increase nitrogenase activity, 2) identify an Fe protein that can trap substrate on
the catalytic cofactor to determine the reaction mechanism of N, reduction, and 3) build an
arsenal of Fe protein homologs that can be used in association with catalytic component
homologs. Two in silico docking calculations were used to select the Fe proteins that would be
expressed: the “affinity marker” and the “specificity marker”. The methodology for calculating
these markers was previously presented, but are again mentioned for clarity of the discussion.'**
Theoretical docking conformations of each Fe protein homolog and catalytic component hybrid
was calculated and an energy landscape of the binding energies was plotted from most

exothermic to most endothermic, a representative energy landscape of the AvNifH/4AvNifDK is
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shown in Figure 5.1A. The mean binding energy of all docking conformations was calculated
(Figure 5.1A, blue) and was designated as the “affinity marker”. The “specificity marker” was

generated by plotting the distance (in 1 A intervals) between the [Fe4S,] cluster of the Fe protein

D143 D142 K120 K119
, 11 , Val

and four residues on the catalytic component (Ile” ™, Leu e ) against the
average binding energy of the exothermic conformations, as represented in Figure 5.1B. In most
cases two peaks appear, the most probable is the one where the cluster can get closest to the
residues of the catalytic component to interact, and is labeled as the “P” peak, represented in
Figure 5.1B, blue. As mentioned, these calculations were performed to screen various Fe protein
homologs. Five new Mo-nitrogenase Fe protein homologs with an assortment of affinity and
specificity markers were selected to examine the effectiveness of this tool and are presented in

Table 5.1 along with the organism name and protein designation, and will be compared to

AvNifH and MaNifH.
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Figure 5.1 Energy landscape and binding efficiency plots used to determine the affinity and
specificity markers. (A) An energy landscape plot of the docking energies of the
AvNifH/AvNifDK complex from most exothermic to most endothermic. The mean binding
energy or “affinity marker” is represented in blue. (B) The average energies of all exothermic
docking models are plotted in 1 A intervals. These are grouped into categories based on their
proximity to the docking residues as either a proximal or distal groups, designated as ‘P’ or ‘D’,
respectively. The average value of the P values represents what is termed as the “specificity
marker”.

5.3 Expression and Characterization of Fe Protein Homologs

AvNifH was purified as previously reported, and all the Fe protein homologs were co-
expressed in Escherichia coli (E. coli) with the FeS assembly machinery, IscSUA and purified

on a Ni-sepharose column. Protein purity was examined using SDS-PAGE and the subunits size
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(=30 kDa) was consistent with AvNifH (Figure 5.2). Metals analysis indicated decent [FesS4]
cluster occupancy in most of the homologs, see Table 5.2. GuNifH could be further purified to
remove “junk” iron (Fe that binds adventitiously to the protein), but the junk iron didn’t affect

the [Fe4S4] cluster’s ability to transfer electrons to the catalytic component.

=
EcEfeEiz
73535853854
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37 kDa -
25 kDa -
20 kDa -
Figure 5.2 SDS-PAGE of select Fe protein homologs.
Table 5.2 Metals analysis of the Fe protein homologs.
Protein # Fe / homodimer % Occupancy
AvNifH 3.51+0.10 88
MaNifH 4.09+0.11 102
MmpNitH 3.37+0.20 84
CpNifH 3.98+0.04 100
GuNifH 6.75 £0.15 169
MpNitH 2.65+0.06 66
DvNifH 2.52+0.02 63

5.3.1 Characterization of the [Fe;S4] Cluster Using EPR Spectroscopy
EPR spectroscopy was used to characterize the [FesS4] cluster of these five Fe protein

homologs and to compare them to the Fe proteins from A. vinelandii. Figure 5.3A, B, and C
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shows the EPR signals of the [Fe4S4] cluster in the 2+, +1 and 0 oxidation states, respectively.
Addition of the chemical oxidant indigo disulfonate (IDS), oxidizes the cluster to the [Fe4S4]*
state, where it exists in an S = 0 spin state and does not show an EPR signal (Figure 5.3A). As
purified in dithionite, (Na,S,04, DT), the [FesSs]'" cluster exists as a mixture of an S = 1/2 and S
= 3/2 spin state (Figure 5.3B), with the S = 1/2 rhombic signal being predominantly featured,
comparable to that found with AvNifH. These five homologs also exhibit the all-ferrous S = 4

EPR signal at g = 15.9 that is consistent with the 4. vinelandii Fe proteins (Figure 5.3B).
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Figure 5.3 EPR spectra of Fe protein homologs in the IDS-oxidized ([FesS4**, A), DT-
reduced ([Fe4S4]1+, B), Eu'-reduced all-ferrous states ([Fe4S4]°, C), and the observed all-
ferrous signal observed in the DT-reduced state ([FesS4]"", D). The g-values are indicated by
vertical lines. IDS = indigo disulfonate, DT = dithionite, Eu"-DTPA = europium (II)
diethylenetriaminepentaacetic acid. Conditions: four (A and B) or ten scans (C and D) were run
at 10 K with a microwave power of 50 mW and a microwave frequency of 9.62 GHz.

Additional samples have been prepared to complete the EPR characterization of the

[FesS4] cluster. This includes samples with nucleotides present (both MgATP- and MgADP-
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bound). It is expected that the rhombic S = 1/2 line-shape signals from the DT-reduced samples
will change to the axial signals, as has been observed for the other characterized Fe proteins.'>*
There is also a plan to analyze whether the DT-reduced sample has partial occupancy in the all-
ferrous state, the S = 4 signal at g = 15.9, similar to what was observed for MaVnfH (Figure

7.10D), by analyzing these samples in the parallel mode.

5.3.2 Cross-reactivities of the Fe Protein Homologs with AvNifDK

Four standard assays were used to monitor substrate reduction: N,-, CO-, C,H,-, and H'-
reduction. The CpNifH/AvNifDK, GuNifH/AvNifDK, and MpNifH/AvNifDK showed minimal
activity (= 2% that of AvNifH/AvNifDK). Excitingly two of the hybrid nitrogenase systems,
MmpNifH/AvNifDK and DvNifH/AvNifDK, measured an electron flux nearly half of those
measured with MmpNifH/AvNifDK, results shown in Figure 5.4 and Table 5.3. This is the

highest reported activity for a nitrogenase hybrid system.
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Figure 5.4 Interactions of the Fe proteins with AvNifDK. Cross-reactivities of the Fe protein
homologs with AvNifDK were monitored using four standard substrates: N, (A), CO (B), C;H;
(C), and H" (D). Activities were calculated based on the nmoles of electrons that appeared in the
products per min per mg Fe protein. HC = hydrocarbons.
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Table 5.3 Interactions of the Fe proteins with AvNifDK. Cross-reactivities of the Fe protein
homologs with AvNifDK were monitored using four standard substrates: N,, CO, C;H,, and H'.
Activities were calculated based on the nmoles of electrons that appeared in the products per min
per mg Fe protein. HC = hydrocarbons.

Activities (nmol electron min™' mg™)
Substrate: N, CcO C,H, H

Product: NH3 H2 HC H2 C2H4 H2 H2
AvNifH | 1650+54 | 1185+3910.2+0.7 | 2752+4 |2651+54|120+48|2793 +67
MaNifH | 149+19 | 121+8 [0.0+0.5| 332+254 | 300+ 1 72+6 | 330=+37
MmpNifH | 813+6 | 571+30 | 0.3+0.2|1064+109 | 1084+ 66 | 44+ 12 | 1216+ 23
CpNifH 36 £13 49+16 |05+0.3 104 +5 24+0 25+ 8 32+£3
GuNifH 0+15 70+11 103+0.0 18+ 1 2016 | 32+20 | 120+49
MpNifH 6+3 53+£3 10.0=+0.1 75+1 2+1 20+ 6 29+ 10
DyNifH | 964+20 | 63317 |0.0+£0.0| 1205+26 | 914+25 | 28+4 |735+117

There is a plan to repeat the cross-reactivity assays using AvVnfDGK as the catalytic
component. The values obtained, like those for AvNifDK, will be compared to predictive screen
to determine the efficacy and potential modify the screen to improve the predictive power.

5.3.3 M-cluster Maturation

Besides shuttling electrons to the catalytic component, the Fe protein is known to play a
role in both P-cluster biosynthesis (see Section 1.4.2) and M-cluster assembly (see Section
1.4.1). M-cluster maturation assays were performed to compare the ability of the Fe protein
homologs to mature L-cluster to M-cluster and determine their effectiveness in assisting in
cofactor assembly (Table 5.4). A correlation between the N,-reduction and M-cluster maturation
assays is not apparent. However, this can easily be explained by the fact that the Fe protein

interacts with AvNifDK during N»-reduction and with AvNifEN for M-cluster maturation.
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Table 5.4 The comparative effectiveness of the Fe protein homologs to synthesize the M-
cluster, represented as a percent to 4AvNifH.

Relative M-cluster Formation (%)

AvNifH 100
MaNifH 21.6
MmpNifH 1.9
CpNifH 7.8
GuNifH 0
MpNifH 0
DvNifH 11.9

5.4 Materials and Methods

5.4.1 Experimental Section

Unless noted otherwise, all chemicals and reagents were obtained from Fisher Scientific
or Sigma-Aldrich. All protein work was performed under Ar gas at an O, concentration of less
than 5 ppm.
5.4.2 Cell Growth and Protein Purification

Non-tagged Mo-nitrogenase nifH-encoded Fe protein from Azotobacter vinelandii
(designated as AvNifH) was grown as described elsewhere.”** A His-tagged Mo-nitrogenase
nifH-encoded Fe protein from M. acetivorans (designated as MaNifH) was grown as reported

134

earlier. ™" Published methods were used for the purification of AvNifH and MaNifH from their

. . . 15,22,134
respective expression strains. >

His-tagged Mo-nitrogenase nifH-encoded Fe proteins from
Methanococcus maripaludis (designated as MmpNifH, strain YM 218EE), Chlorobium
phaeobacteroides (designated as CpNifH, strain YM 221EE), Geobacter uraniireducens
(designated as GuNifH, strain YM 222EE), Methanosphaerula palustris (designated as MpNifH,
strain YM 220EE), Desulfovibrio vulgaris (designated as DvNifH, strain YM 224EE) were

constructed, grown, and purified using the same methods as published for MaNifH."**

124



5.4.3 SDS-PAGE Analysis

SDS-PAGE analysis was performed using a 4-15% Mini-PROTEAN TGX precast gel
(BioRad), run at 200 V and 50 mA, for 40 min, followed by staining with Coomassie Brilliant
Blue.
5.4.4 Iron Determination

Metals analysis of the Fe protein homologs was determined using inductively coupled
plasma optical emission spectroscopy (ICP-OES) using a Thermo Scientific iCAP7000
instrument. Sample preparation was performed using the same methods as published for
MaNifH."*
5.4.5 EPR Analysis

Electron paramagnetic resonance (EPR) samples were prepared in a Vacuum Atmosphere
glove box with less than 2 ppm O, and flash frozen in liquid nitrogen prior to analysis using the
same methods as published for MaNifH."”* The Fe protein concentration of all the samples
prepared was 10 mg/mL.
5.4.6 Enzymatic Assays

The enzymatic assays were conducted as previously described.”***!'*® The assays
contained 0.27 mg AvNifDK, 0.15 mg Fe protein, 20 mM Na;S,04, 0.8 mM ATP, 1.6 mM
MgCl,, 10 mM creatine phosphate, and 8 units of creatine kinase in a total volume of 1 mL. 1
atm Ny, 1 atm CO, 0.1 atm C,H,, and 1 atm Ar was added to the headspace of the N,-, CO-,
C,H,-, and H'- reduction assays, respectively. Determination of H,, C,Hi, and NH; were

. . 91,134,150
performed as previously described.” "™
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5.4.7 M-cluster Maturation Assay

This assay contained 25 mM Tris-HCl (pH 8.0), 20 mM Na,S,;04, 1.3 mg AnifHDK
AvNIfEN, 0.3 mg 4nifB AvNifDK, 1.0 mg Fe protein, 0.4 mM molybdate (MoOy), 0.4 mM (R)-
homocitrate, 0.8 mM MgATP, 1.6 mM MgCl,, 10 mM creatine phosphate, 8 units creatine
kinase, in a total volume of 1 mL. This mixture was then incubated at 30°C for 60 min, followed
by determination of enzymatic activities, as previously described.'!%!#
5.4.8 Docking Calculations

Homology modeling and docking experiments were carried out using the same methods
as previously described.'**
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Section 2 Characterization of Fe Protein
Homologs — The Adventitious Function of

the Fe Protein to Reduce CO, and CO
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It was recently discovered that the A. vinelandii V-nitrogenase could perform an
adventitious function similar to the reaction catalyzed in the Fischer-Tropsch process, that is to
reduce CO and form short-chain hydrocarbons.'*® Later, Hu and co-workers discovered that both
AvNifH and 4vVnfH could function as a carbon monoxide dehydrogenase (CODH)-like system
and interconvert CO, and CO under certain conditions in vitro, independent of the presence of
the catalytic component.® In their work, they also demonstrated that the Fe proteins could reduce
CO, to CO in vivo by expressing nifDK- and vnfDGK-deletion strains of A. vinelandii.**
Nitrogenase genes can be expressed in the absence of NH; and repressed when it is present. It
was observed that CO; reduction did not occur in either the nifDK- or vafDGK-deletion strains in
the presence of NHs, but that CO, reduction did occur in the absence of NH3.%* It is still unclear
what physiological implications this reaction has on the nitrogenase system, but the ability of Fe
proteins to interconvert CO, and CO provides an additional direction of study for these proteins.
Building off the premise that Fe proteins can interconvert CO, and CO, this section focuses on
comparing the reactivity of other Fe protein homologs to carry out this reaction and determining
how structural differences may result in the different activities observed.

Chapter 6 compares the effectiveness of MaNifH to reduce CO, to that of AvNifH and
AvVnfH. Herein is reported the ability of MaNifH to reduce both CO, and CO to
hydrocarbons under ambient conditions, a reaction not observed in the A4. vinelandii Fe
protein homologs. It is also observed that this reductive ability is inherent to [Fes4S4] clusters
by showing that a synthetic [FesS4] compound can catalyze the same reaction in ambient
conditions. Theoretical calculations suggest a potential reaction mechanism for this reduction
that may provide a framework into generating FeS catalysts capable of converting CO, and

CO into fuel.
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Crystal structures of DvNifH with the cluster in the [Fe4S4]'" state and MaVnfH with the
cluster in the [Fe4S4]'" and [FesS4]° states are reported in Chapter 7. Comparisons are made to
the crystal structures and the observed ability of the various Fe protein homologs to reduce CO,
and CO. It is observed that DvNifH generates a product profile similar to that observed by
MaNifH, but at lower yields while MaVnfH generates a product profile previously unobserved.
A comparison between the Fe protein homolog structures provides insights into why these
proteins may have different reactivities toward the same substrates, with cluster location and
accessibility appearing to play a major role in the ability of Fe proteins to reduce substrates to
form their products. It also appears that the redox potential of the cluster may also contributes to

the ability to reduce substrate.
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Chapter 6 Ambient Conversion of CQO, to
Hydrocarbons by Biogenic and Synthetic
[Fe Sy clusters
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6.1 Introduction

Iron sulfur (FeS) proteins are crucial for a wide variety of biological functions, such as

electron transfer, enzyme catalysis, iron homeostasis, DNA synthesis and gene regulation.'®"

'8 Designated the iron (Fe) protein, the reductase component of nitrogenase is a homodimeric
protein containing a subunit-bridging [FesS4] cluster, and it serves as an obligate electron donor

for its catalytic partner during catalysis.’>'®>'%

Recently, the Fe protein of Azotobacter
vinelandii, a soil bacterium, was shown to act as a reductase on its own and catalyze the ambient
reduction of CO, to CO under in vitro or in vivo conditions via the redox change of its [FesS4]
center; however, further reduction past CO was not detected in this case.” This observation has
piqued our interest in further exploring the reactivity of the nitrogenase Fe protein toward CO,
and addressing the question of whether the Fe protein can reduce CO, beyond CO into
hydrocarbon products. The Fe protein homologs from methanogenic organisms are interesting
subjects of study along this line of pursuit, given the high concentration of CO; in the habitat of
these organisms and their metabolic adaptation to CO, reduction. Moreover, the relatively
surface-exposed location of the [FesS4] cluster in the Fe protein points to the possibility that
[FesS4] clusters that exist freely in solutions may have the same CO;-reducing activity as their

. 52,185,186
protein-bound counterpart.” ">

Understanding the reactivity of the [FesS4] cluster toward CO,
is important, as it enables identification of simple FeS clusters as catalysts that mimic the
function of the industrial Fischer—Tropsch process in carbon fuel production under ambient
conditions.'®'

Here we show that the Fe protein of Methanosarcina acetivorans is capable of ambient

reduction of CO; and CO to hydrocarbons. We further demonstrate that this reactivity is inherent

to [FesS4] clusters, as a synthetic [FesS4] compound can catalyze the same reaction in solutions.
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Our theoretical calculations suggest a reaction mechanism involving an aldehyde-like
intermediate, thereby providing a useful framework for mechanistic investigations of FeS-based
CO; reduction and future development of strategies to recycle CO, into valuable chemical

commodities.
6.2 Results and Discussion

6.2.1 Reduction of CO; and CO by Protein-bound [Fe;S4] Clusters

To examine the reactivity of methanogen Fe proteins toward CO,, we expressed the Fe
protein of M. acetivorans in Escherichia coli and conducted comparative CO; reduction assays
of this Fe protein with the Fe protein of A. vinelandii.** Like its A. vinelandii counterpart
(designated AvNifH), the Fe protein of M. acetivorans (designated MaNifH) was capable of
reducing CO, to CO in the presence of a strong reductant, europium (II)
diethylenetriaminepentaacetic acid (Eu'—-DTPA; E° = —1.14 V at pH 8.0).*> In the case of
AVNifH, the yield of CO increased when the concentration of Eu"-DTPA was increased from 10
to 100 mM (Figure 6.1A). In the case of MaNifH, however, while the formation of CO increased
slightly upon an increase of the concentration of Eu'-DTPA from 10 to 20 mM, it decreased
concomitantly with an increase in the formation of C;—C; hydrocarbons when Eu'-DTPA
concentration was increased beyond 20 mM, reaching a maximum hydrocarbon yield of 3.9
nmol reduced C per nmol cluster at 100 mM Eu"-DTPA (Figure 6.1A). Gas chromatography—
mass spectrometry (GC-MS) analysis further confirmed that these hydrocarbon products
originated from CO,, showing the characteristic fragmentation patterns and expected mass shifts
of C; (CH4), C; (CoH4, C,Hg) and C; (CsHs, C3Hg) products by + 1, + 2 and + 3, respectively,
upon substitution of *CO, for '?CO, (Figure 6.1B). Interestingly, despite an increase in the

hydrocarbon/CO ratio with increasing concentrations of Eu"-DTPA, the total carbon yield
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calculated on the basis of both CO and hydrocarbons remained approximately the same (~5 nmol
reduced C per nmol cluster) when > 20 mM Eu'-DTPA was supplied to the MaNifH-catalyzed
reaction (Figure 6.1A), suggesting a reductant-concentration-dependent re-distribution of
electrons between CO and hydrocarbon formation in the MaNifH-catalyzed reaction
(Supplemental Figure 6.6). By contrast, hydrocarbon products could not be detected in the
AvNifH-catalyzed reaction (Figure 6.1A), highlighting the difference between MaNifH and

AvNifH in their reactivities toward CO,.
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Figure 6.1 Reduction of CO; and CO by protein-bound [Fe;S4] clusters. (A, C) Yields of CO
(gray) or hydrocarbons (cyan) generated from the reduction of CO, (A) or CO (C) by AvNifH or
MaNifH at increasing Eu"-DTPA concentrations. Yields were calculated based on nmol reduced
C in CO or hydrocarbons per nmol cluster. HC, hydrocarbons; Eu", Eu'-DTPA (B, D) GC-MS
analysis of the hydrocarbon products generated from the reduction of 2Co, (B, 1), Bco, (B, 3),
2CO (D, 1) or °CO (D, 3) by MaNifH, shown in comparison with the fragmentation patterns of
the corresponding '*C (B, D, 2) or "°C (B, D, 4) labeled hydrocarbon standards. Color code for
GC-MS experimental data (1, 3): CHy, black; C,H4, red; CoHg, green; CsHg, yellow; CsHs, blue;
C4Hg, pink; C4H;o, dark green. The corresponding hydrocarbon standards (2, 4) are shown in
gray.
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The same discrepancy between MaNifH and AvNifH was observed when CO was
supplied as a substrate, as C;—C4 hydrocarbons were only detected in the reaction catalyzed by
MaNifH (Figure 6.1C). The reduction of CO to hydrocarbons by MaNifH, like that of CO, to
hydrocarbons, increased dramatically with increasing Eu'-DTPA concentrations, reaching a
maximum turnover number (TON) of 29.5 at 100 mM Eu"-DTPA (Figure 6.1C). GC-MS
analysis provided evidence that these hydrocarbons were derived from the substrate CO,
showing the expected fragmentation patterns and mass shifts of the C; (CH4), C, (C;Ha, CoHg),
C3 (C3Hs, C3Hg) and C4 (C4Hg, C4Hyo) products when ?CO was replaced by *CO (Figure 6.1D).
Notably, the TONs of the reactions of CO-reduction were consistently higher than those of the
reactions of CO,-reduction at varying concentrations of Eu'-DTPA, with the biggest difference
between the two (by 7.5-fold) observed at 100 mM Eu"-DTPA (Figure 6.2A, B). Moreover,
there was a shift toward formation of longer hydrocarbon chains when CO-reduction was
compared with CO,-reduction, although both reactions showed a tendency toward formation of
longer hydrocarbon products with increasing concentrations of Eu'-DTPA (Figure 6.2A, B).
Despite these differences, the reduction of CO and CO, by MaNifH displayed similar
hydrocarbon product distributions (Figure 6.2A, B), suggesting routing of the reduction of CO,
via CO or CO-derived intermediates. It is plausible, therefore, that the differential reactivities of
MaNifH and AvNifH toward CO; originate from differential binding affinities of these proteins
to the intermediate CO, with MaNifH having a much stronger affinity for CO than AvNifH,
which facilitates the reduction of CO and formation of C—C bonds by MaNifH while permitting
the release of CO as an end product by AvNifH. The observation that the product yield of
MaNifH saturated quickly (at ~0.5% CO) with increasing CO concentrations provided support

for a high affinity of MaNifH for CO (Supplemental Figure 6.7). Additionally, the ability of the
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oxidized AvNifH to catalyze the conversion of CO to CO,—a feature resembling the CO/CO,
interconverting enzyme, carbon monoxide dehydrogenase—was not duplicated in the case of the
oxidized MaNifH (Supplemental Figure 6.8A), which could further contribute to the differential
reactivities of these two Fe proteins toward CO and CO,.°*""'® Such a difference likely
reflected a difference in the redox potentials of MaNifH and AvNifH, with the [Fe484]1+/2+ couple
of the former protein (E° = =395 mV) showing a significantly lower redox potential than that of
the latter protein (Eo = —301 mV) (Supplemental Figure 6.8B, C). Indeed, when driven by 200
mM dithionite (E* ~—430 mV at pH 7), MaNifH was capable of reducing CO to hydrocarbons at
low yields, with a product profile resembling that generated in the presence of Eu'— DTPA;
whereas no hydrocarbon could be detected in the reaction catalyzed by AvNifH under the same

conditions (Supplemental Figure 6.9A, B).'"

Importantly, the fact that CO can be reduced by
MaNifH at a redox potential mimicking that in the cell suggests a potential physiological

relevance of this reaction.
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Figure 6.2 Formation of hydrocarbons in reactions of CO,- and CO-reduction by protein-
bound and synthetic [FesS4] clusters. Turnover numbers (TONs) calculated based on all
hydrocarbons (left charts) and percentage yields of individual hydrocarbon products (right
charts) generated from the reduction of CO, (A) or CO (B) by MaNifH at increasing Eu'-DTPA
concentrations, or by [FesS4]>" in the presence of Eu"-DTPA or Sml,. TONSs, or total nmol
reduced C in all hydrocarbons per nmol cluster, are shown in red fonts next to the stacked bars
(A, B, left charts).

6.2.2 Reduction of CO; and CO by Synthetic [FesS4] Clusters
The observation of ambient conversion of CO, and CO to hydrocarbons by a protein-

bound [FesS4] cluster (Supplemental Figure 6.10A) has led to the question of whether the
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reactivity toward these substrates is an inherent catalytic feature of the [FesS4] clusters. To
address this question, a synthetic [PPhs]s[FesS4(SCH,CH,OH)4] compound (designated
[FesS4]™™) with a [Fe4S4] core and four cysteine-like f-mercaptoethanol (BME) thiolate ligands
(Supplemental Figure 6.10B) was tested for its ability to reduce CO, and CO.""'** Driven by 20
mM Eu"-DTPA in an aqueous buffer, [FesS4]>"" was capable of generating up to C, hydrocarbon
products (CHa, CoHa, C2Hg) hydrocarbons at TONs of 0.3 and 0.4, respectively, in the reactions
of CO; and CO reduction (Figure 6.2A, B). Substitution of 20 mM samarium (II) iodide (Smly;
E” = —1.5 V in DMF) along with a proton source, triethyl-ammonium tetrafluoroborate
[EtsNH(BF4)], in the organic solvent dimethylformamide (DMF) for Eu'-DTPA in an aqueous
buffer resulted in substantial increases of hydrocarbon formation to TONs of 15.8 and 89.7,
respectively, in the [FesS4]>* -catalyzed reactions of CO, and CO reduction while pushing both
reactions toward the formation of up to C4 hydrocarbon products (CHy4, C,H4, C,Hs, CsHg, C3Hsg,
C4Hg, C4Ho) (Figure 6.2A, B)."”? Remarkably, the maximum TONs of [Fe4S4]>"" in the reactions
of CO; and CO reduction were fourfold and threefold, respectively, of those of the biogenic
[FesS4] cluster in MaNifH (Figure 6.2A, B), likely due to the improved accessibility of the
reaction site in solutions of [FesS4]™™ clusters that increased the overall yields of hydrocarbons
in the reactions of CO2 and CO reduction. Compared to the activity of hydrocarbon formation by
[Fe4S4]™", the CO,- and CO-reducing activities of iron (IIT) chloride (FeCls) solutions containing
equimolar Fe to that of the [FesS4]™" cluster were only 7% and 4%, respectively, in the presence
of sodium sulfide (Na,S); and 2% and 2%, respectively, in the absence of Na,S (Supplemental
Figure 6.11A, B), providing strong, albeit indirect proof that the activity of [FesS4]>" did not

originate from small Fe/S fragments/constituents.
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6.2.3 Proposed Reaction Pathway of CO, Reduction Catalyzed by the [FesS4] Cluster
Based on our observations, density functional theory (DFT) calculations, which provided

mechanistic insights into the reaction of CO reduction by vanadium nitrogenase, were performed

on the [FesS4] cluster, leading to the proposal of plausible mechanisms of [FesS4]-cluster-

174 .
"% One mechanism

catalyzed CO,/CO reduction (see 6.4.11; also see Supplemental Figure 6.12).
involves protonation and dissociation of a thiolate ligand, which permits C—C coupling at the
same Fe center of the cluster (Figure 6.3; also see Figure 6.13A and Figure 6.14A in the
Supplemental Section). Binding of CO; to the cluster is only slightly exothermic (Figure 6.3A,
step 1), which might contribute to the moderate turnover efficiency of this catalyst. Favorable
coordination of CO; to one Fe atom of the free cluster, like that observed in the case of the
protein-bound cluster, occurs when the cluster is present in the all-ferrous oxidation state with an
S = 0 spin state (see 6.5.1.3).°” Protonation of the coordinated CO, species, followed by proton-
coupled electron transfer, then initiates cleavage of a water molecule and leaves the cluster in a
CO-bound, [FesS4]" state (Figure 6.3A, steps 2 and 3). The reaction pathway becomes branched
at this point. In one branch, the reaction continues with dissociation of CO (Figure 6.3A, step 4)
and re-reduction of the cluster (Figure 6.3A, step 5). Dissociation of CO is energetically
disfavored, as is the re-reduction of the cluster, which is consistent with the low CO,-reducing
activity of the cluster. In the other branch, the reaction proceeds with protonation-induced
dissociation of the thiolate ligand at the Fe atom coordinated by CO (Figure 6.3B, step 6),
followed by proton-coupled electron transfer to the Fe-coordinated CO moiety, forming an
aldehyde-like, iron-formyl species (Figure 6.3B, step 7). Subsequently, this moiety could

undergo an overall exothermic series of proton-coupled electron transfer steps (see

Supplementary Fig. 9A), which, coupled with dissociation of a water molecule, eventually lead
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to a reactive cluster-bound CHj3 group (Figure 6.3B, steps 8—11). Subsequent electron- and

proton-transfer from a free thiol molecule readily yield CH4 and restore the cluster to its fully

thioethanolate-coordinated form (Figure 6.3B, step 12).
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Figure 6.3 Proposed reaction pathway of CO; reduction catalyzed by the [FesS4] cluster.
Shown is the energetically plausible pathway derived from DFT calculations. Cluster ligand
(-SR, SC,H4OH" or HSR, HSC,H4OH) is indicated as needed for the purpose of simplicity. The
calculated reaction energy (kcal/mol) is indicated for each step (above or next to the arrow). (A)
Coordination of CO, to a [FesS4]° cluster and release of CO upon reduction of CO,. (B)
Reduction of a [FesS4] -cluster-bound CO moiety to CHy via the formation of an aldehyde-like
intermediate. (C) Formation of a C-C bond via migratory insertion that involves a [FesS4] -
cluster-bound -CHj; species and a second CO molecule coordinated to the same Fe atom. See
Supplemental Figure 6.13A for the transition state and Supplemental Figure 6.14A for the

energy landscape of the proposed mechanism.
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Several mechanistic branching points are possible that involve coordination of a second
CO molecule when a primary C; species is still bound to the cluster. One likely pathway for C-C
bond formation involves coordination of CO at the CH3-bound Fe site, which is exothermic by
approx. —14 kcal mol™ and allows for an exothermic migratory insertion, yielding an iron-acetyl
intermediate (Figure 6.3C, steps 14, 15). A subsequent series of reduction and proton-transfer
steps, which is overall highly exothermic (Supplemental Figure 6.14A), results in dissociation of
a water molecule and formation of an Fe-bound ethyl moiety (Figure 6.3C, steps 16—19). Note
that, for the dissociation of water to occur, the cluster has to be formally present in the all-ferrous
[FesS4]° state (Figure 6.3C, step 18, transfer of two electrons). Subsequent exothermic proton-
coupled electron transfer readily yields a cluster-bound ethyl species. Analogous to the formation
of the C, species, ‘recombination’ of the cluster with a thiol molecule results in the formation of
C,Hs (Figure 6.3C, step 19) and restores the cluster to the [Fe4S4]° or [FesS4]” state, depending
on whether an additional electron is simultaneously transferred (Figure 6.3C, steps 20a, 20b). It
seems energetically plausible for the cluster to employ a similar mechanism for the formation of
longer carbon chains: CO could coordinate to an ethyl-bound Fe atom with a reaction energy of
approx. —12 kcal mol”, followed by another round of migratory insertion, which would be
exothermic by approx. —9 kcal mol™. Due to multiple competing reaction branches, however, the
probability for this chain elongation event to occur would be substantially lower than that for the
C, mechanism (for example, dissociation of the carbon species), which is in line with the
experimentally observed bias toward short-chain product formation (see Figure 6.2).

Other than the mechanism proposed above, which involves removal of the thiolate ligand
(Figure 6.3A, step 6) for the subsequent C—C coupling via migratory insertion at a single Fe site

(Figure 6.3C, step 14), an alternative mechanism is conceivable for the fully ligated cluster,
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which allows the pathway to proceed through coordination events at two neighboring Fe centers
(Figure 6.4; also see Figure 6.13B and Figure 6.14B in the Supplemental Section). The two
mechanisms share the same pathway for CO reduction (Figure 6.3A and Figure 6.4A, steps 1-5)
and analogous pathways for CH, formation except for variations of energetics in the presence of
the thiolate ligand (Figure 6.3B, steps 6—12; Figure 6.4B, steps 6—11). In the latter mechanism,
however, the second CO molecule can be reduced to a CH, species by a sequence of
proton/electron transfer steps (Figure 6.4C, steps 14—17), strongly resembling the reduction of
the first CO molecule. The resulting, highly reactive CH, moiety can then be combined with the
CH3; moiety at the proximal Fe atom to form an Fe-bound ethyl species with an energy barrier of
only approx. 7 kcal mol” (Figure 6.4C, step 18). Exothermic proton or coupled proton/electron
transfer and ethane formation close the cycle (Figure 6.4C, steps 19a,b). Coordination of a
second CO molecule to the ethyl-bound cluster is energetically feasible and could explain the
formation of longer carbon chains following the same sequence of events that lead to the
formation of the C2 species (Figure 6.4C, steps 13—18), although the chain extension process

would occur at a significantly reduced efficiency due to the multitude of competing reactions.
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Figure 6.4 Alternative reaction pathway of CO, reduction catalyzed by the [FesS4] cluster.
Shown is the energetically plausible pathway derived from DFT calculations. The calculated
reaction energy (kcal/mol) is indicated for each step (above or next to the arrow). Unlike the
mechanism proposed in Figure 6.3, this pathway doesn’t involve dissociation of a thiolate ligand
and proceeds by coordination events at two neighboring Fe centers. Note that the thiolate groups
are not depicted in the figure for the purpose of simplicity. (A) Coordination of CO, to a [Fe4S4]°
cluster and release of CO upon reduction of CO,. (B) Reduction of a [Fe4S4] -cluster-bound CO
moiety to CHy via the formation of an aldehyde-like intermediate. (C) Formation of a C-C bond
via coupling between a [Fe4S4] -cluster-bound -CHj species with a reactive, bridged Fe-CH,
intermediate that is derived from the second bound CO. See Supplementary Information for the
transition state (Supplemental Figure 6.13B) and energy landscape (Supplemental Figure
6.14B) of the proposed mechanism.
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Based on these calculations, a constantly high supply of electrons would steer the
reactivity of the cluster from CO dissociation (Figure 6.3A, and Figure 6.4A, steps 4,5) towards
CO reduction (Figure 6.3B, steps 6—12; Figure 6.4B, steps 6—11), which is corroborated by the
experimentally observed increase of the hydrocarbon/CO ratio in response to increasing amounts
of the reductant (Figure 6.1A). Moreover, consistent with the calculation-based proposal of an

aldehyde-like intermediate, [FesS4]™" was shown to reduce formaldehyde (CH,O) at a yield of
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16 nmol CH4 per nmol cluster (Figure 6.5A), and GC-MS analysis further demonstrated the
expected mass shift and fragmentation pattern of the product CH, upon substitution of *CH,0
for "?CH,0, thereby confirming that the carbon in CHy originated from CH,O (Figure 6.5B-E).
Of the CO reduction events, however, C—C coupling has to compete with protonation of the CHj3
moiety, which can occur for every intermediate and which would consequently generate
intermediates for CH, formation (Figure 6.3B, Figure 6.4B), thereby further increasing the yield

of CH4.
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Figure 6.5 Reduction of CH,O to CH4 by synthetic [FesSy4] cluster. Turnover number (TON)
calculated based on CH4 generated from the reduction of CH,O (A), and GC-MS traces (B, D)
and fragmentation patterns (C, E) of '*CH, and *CHy, respectively, generated from the reduction
of ?CH,0 (B, C) and "CH,0 (D, E).
6.3 Summary and Conclusion

The ability of [FesS4] clusters to catalyze the ambient reduction of CO, and CO to
hydrocarbons could have implications for the prebiotic evolution of organic molecules, as
previous studies have suggested a role of Fe- or FeS-containing minerals around undersea
hypothermal vents in forming hydrocarbons and other organic molecules in the presence of
CO,."”* "7 It has been demonstrated that CO can react with CH3;SH on coprecipitated FeS and

NiS to form carboxylic acids, carbohydrates and amino acids, suggesting a prebiotic CO fixation

pathway that could be correlated to the emergence of primordial lipids, sugars and
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peptides/proteins on Earth (see Section 6.7 for further discussion).'”*>"'

By analogy, the
reduction of CO by FeS clusters in a speculated, highly reducing early atmosphere might
represent another prebiotic route of CO activation, which generates small alkenes and alkanes as

202,203 .
It s

carbon and/or electron sources for certain methane- and ethene-assimilating organisms.
plausible, therefore, that the activity of MaNifH in reducing CO, to hydrocarbons may represent
an evolutionary relic of the function of FeS proteins in methanogens. Given the CO,-rich habitats
of many methanogenic organisms, the differential abilities of the methanogenic and non-
methanogenic organisms to handle CO, may account for the differential reactivities of the
[Fed4S4] clusters in AvNifH and MaNifH toward CO,. Although the impact of protein
environments on the reactivities of these biogenic [FesS4] clusters awaits further investigation,
the reaction pathway proposed for the [FesS4] cluster serves as a good starting point for further
exploration of the mechanism of FeS-based ambient reduction of CO,, which will in turn
facilitate future development of FeS catalysts that convert the greenhouse gas CO, into useful
fuel products.

6.4 Materials and Methods

6.4.1 Experimental Section

Unless otherwise specified, all chemicals were purchased from Thermo-Fisher Scientific
and Sigma-Aldrich. Natural abundance '*CO (99.9% purity) and *CO, (99.98% purity) were
purchased from Praxair. Isotopologs *CO (99% isotopic purity) and *CO, (99% isotopic purity)
were purchased from Cambridge Isotope Laboratories. An Fe/S/Mo/V standard solution for
metal content determination was purchased from Inorganic Ventures. Air-free manipulations
were performed in a Vacuum Atmospheres Omni-lab glovebox with an argon atmosphere

operating at < 2 ppm O,. Water was purified using a Barnstead E-Pure water purification system
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(Thermo Scientific). Organic solvents were dried over columns containing Q-5 and molecular
sieves and sparged with Ar; the solvents were stored over molecular sieves in the glovebox.
Triethylammonium tetrafluoroborate ([Et;NH(BF4)]), samarium (II) diiodide tetrahydrofuran
adduct ([SmI,(THF),]), and the [FesS4]>" cluster ([PhsP]2[FesS4(SCH.CH,0H)4]) were prepared
as described earlier.'¥>?%*2%
6.4.2 Cell Growth and Protein Purification

An Azotobacter vinelandii strain expressing a non-tagged, nifH-encoded Fe protein of the
Mo-nitrogenase (designated AvNifH) was grown as described elsewhere.'”* An E. coli strain
expressing a His-tagged, nifH-encoded Fe protein of the Mo-nitrogenase of Methanosarcina
acetivorans (designated MaNifH) was grown as reported earlier.'** Published methods were used
for the purification of 4vNifH and MaNifH from their respective expression strains.'>**'>
6.4.3 Redox Potential Determination

Redox titration was performed at ambient temperature in a glove box under anaerobic
conditions. A series of MaNifH samples were prepared in a 20 mM Tris-HCI buffer (pH 8.0) at a
protein concentration of 2.5 mg mL"'. Redox mediator dyes, including methyl viologen, benzyl
viologen, safranin O and phenosafranin, were added at a final concentration of 10 uM to the
series of MaNifH protein samples. Subsequently, these samples were first reduced by excess
sodium dithionite (DT; Na,S,04) and then subjected to oxidative titration with 1 mM potassium
ferricyanide. Reduction potentials were monitored with a combination electrode comprising a
platinum working electrode and a saturated Ag/AgCl reference electrode (Microelectrodes),

which were used to report potentials relative to the standard hydrogen potential (SHE). After

achieving the desired potential, a 200 puL aliquot of each mixture was transferred to a capped
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quartz cuvette, and the transition between the [FesS4]'™*" couple was monitored at 420 nm by
UV/vis spectroscopy.
6.4.4 Assays of CO- and CO;-reduction with Fe Proteins

The in vitro CO and CO; reduction assays were carried out in 9.4 mL assay vials with
crimped butyl rubber serum stoppers. Each assay contained, in a total volume of 1.0 mL, 500
mM Tris-HCl (pH 10.0, for CO, reduction assays) or 250 mM Tris-HCl (pH 8.0, for CO
reduction assays), 0.5 mg Fe protein (4vNifH or MaNifH), and either 200 mM dithionite or
increasing  concentrations (10, 20, 40 or 100 mM) of europium (II)
diethylenetriaminepentaacetate (Eu'-DTPA). The optimum concentration of CO (0.53%) or CO,
(100%) that yielded the maximum amount of product was determined via titration against
increasing concentrations of CO or CO, added to the headspace of the respective assay for
activity analysis. For reactions of CO reduction, assays were assembled by repeatedly flushing
and exchanging the buffer solution (without Eu"-DTPA and protein) with 100% Ar, followed by
the addition of 0.53% CO; whereas for reactions of CO; reduction, assays were assembled by
repeatedly flushing and exchanging the buffer solution (without Eu"-DTPA and protein) with
100% CO, and equilibrating for 30 min until pH stabilized at approximately 8.1. The reaction
was initiated by the addition of Fe protein, followed immediately by the addition of Eu'-DTPA
and incubation with continuous shaking at 30 °C until the reaction was complete (300 min)
before it was quenched by the addition of 100 puL of 30% trichloroacetic acid. Subsequently,
headspace samples were taken to examine the production of CO and hydrocarbons (see 6.4.8 and

6.4.9 below).
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6.4.5 Assays of CO Oxidation with Fe Proteins

The in vitro CO oxidation assays were carried out under 100% CO in 9.4 mL assay vials
with crimped butyl rubber serum stoppers. Each assay contained, in a total volume of 1.0 mL,
250 mM Tris-HCI (pH 8.0), 10 mg AvNifH or MaNifH, and 20 mM IDS. All assays were
assembled by repeatedly flushing and exchanging the buffer solution (without IDS and protein)
first with 100% Ar and then with 100% CO, followed by equilibration for 30 min. The reaction
was initiated by the addition of Fe protein, followed immediately by the addition of IDS and
incubation with continuous shaking at 30 °C until the reaction was complete (300 min).
Subsequently, 100 pL concentrated hydrochloric acid (HCI) was added to each assay to release
the dissolved CO; before the headspace sample was examined for the production of CO, (see
6.4.8 below).
6.4.6 Assays of CO- and CO,-reduction with [Fe,S4]**" Clusters and SmI,

The Sml,(THF), stock solution was prepared by dissolving solid Smly(THF), in dry
THF. The reaction buffer was prepared by dissolving Et;iNH(BF4) in dry dimethylformamide
(DMF), followed by addition of 1.5% (v/v) triethylamine (Et;N). A stock solution of the
[FesS4]™™ cluster ([PhsP]a[FesS4(SCH,CH,0H),]) was prepared by dissolving crystals of the
cluster in dry DMF. Assays were performed in 9.4 mL assay vials with crimped butyl rubber
serum stoppers. Each assay contained, in a total volume of 1 mL, 100 mM Et;NH(BF,), 2 uM
[FesS4]™™, and 20 mM SmIx(THF»). In addition, the headspace of each assay contained 100%
CO or CO,, which was determined as the optimum concentration that yielded the maximum
amount of products via titration against increasing concentrations of CO or CO,. The negative
controls had the same composition as the assays, except for the omission of either the cluster or

the substrate. The reaction was initiated with the addition of [Fe4S4]™", followed immediately by
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injection of Sml, via a syringe. All assays and controls were incubated in a 30 °C water bath
shaker until the reaction was complete (10 min) before the headspace samples were taken and
examined for hydrocarbon formation (see Section 6.4.9 below). The CO-reduction controls with
FeCl; and FeCly/Na,S lacked [FesS4]™" but, instead, contained FeCls with equimolar Fe to that
of [Fe4S4]™", either in the absence or presence of Na,S at a 1:1 molar ratio to FeCls. The reaction
was initiated with the addition of FeCl; or FeCls/Na,S, followed immediately by injection of
Sml, via a syringe and incubation in a 30 °C water bath shaker until the reaction was complete
(10 min), when the headspace samples were taken and examined for hydrocarbon formation (see
Section 6.4.9 below).
6.4.7 Assays of CO- and CO,-reduction with [Fe,S4]**" and Eu"-DTPA

The Eu'-DTPA stock solution was prepared by dissolving equimolar amounts of
europium (II) chloride (EuCl,) and diethylenetriaminepentaacetic acid (HsDTPA) to a final
concentration of 200 mM in 1M Tris-HCI (pH 8.0) buffer. Assays were performed in 9.4 mL
assay vials with crimped butyl rubber serum stoppers. Each assay for CO; reduction contained,
in a total volume of 1 mL, 500 mM Tris-HCI (pH 9.8), 20 mM Eu"-DTPA, and 5 pM [Fe4S4]™",
with 100% CO2 in the headspace. This solution was allowed to sparge under CO; for 30 min
until it reached saturation, when the pH of the solution stabilized at 7.8. Each reaction for CO
reduction contained, in a total volume of 1 mL, 50 mM Tris-HCI (pH 7.8), 20 mM Eu'-DTPA,
and 5 uM [Fe4S4]™", with 100% CO in the headspace atmosphere. The negative controls had the
same composition as the assays, except for the omission of either the cluster or the substrate. The

Syn

reaction was initiated by the addition of [Fe;S4]™", followed immediately by injection of Eu'-

DTPA via a syringe. All assays and controls were incubated in a 30 °C water bath shaker until
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the reaction was complete (60 min), when the headspace samples were taken and examined for
hydrocarbon formation (see Section 6.4.9 below).
6.4.8 Quantification of CO and CO,

The amount of CO or CO, generated in the in vitro assays was determined through
headspace analysis using a Thermo Scientific Trace 1300 Gas Chromatography with flame-
ionization detector (GC—FID), in which the detector was interfaced with a methanizer (Thermo
Electron). CO or CO; in the headspace sample was separated on a TG-BOND Msieve 5A
column (30 m x 0.32 mm ID x 30 um film; Thermo Electron), which was held at 45 °C for 1 min
before it was heated to 110 °C at a rate of 25 °C per min. Subsequently, CO or CO, was
hydrogenated at 350 °C by the methanizer, and the resulting CH4 was measured by GC—FID. The
amount of CO or CO, was determined based on a linear standard curve (R* > 99.5) that was
derived from the measurement of varying amounts of CO or CO, using the same instrument. The
detection limit for CO or CO; was 2 ppm.

6.4.9 Quantification of Hydrocarbons

The hydrocarbon products CH4, C,H4, C,Hg, CsHg, CsHg, 1-C4Hs, n-C4H;, 1-CsHjo and
n-CsHj, were measured on an activated alumina column (Grace) in an SRI 8610C GC (SRI
Instruments) equipped with a flame ionization detector (FID). From each headspace sample, a
total of 250 puL gas was injected into the GC. The heating program for separating the gaseous
products in the Eu'-DTPA-driven, aqueous assays was as follows: held at 55 °C for 1 min;
heated to 180 °C at a rate of 12.5 °C/min; and then held at 180 °C for 0.6 min. The heating
program for separating the gaseous products in the Sml,-driven, DMF-based assays was as

follows: held at 55 °C for 1 min; heated to 200 °C at 12.5 °C/min; and then held at 200 °C for 3.6
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min. The quantities of all products were determined as described previously using a purchased
gas mixture containing ~15 ppm of each hydrocarbon compound (Praxair).'**'%
6.4.10 Gas Chromatography—mass spectrometry (GC-MS) Analysis
Isotopic CO- and CO,-reduction assays were prepared in the presence of *CO/*CO and

12C0,/"*CO,, respectively, for GC-MS analysis as outlined above (see Section 6.4.4). The
reaction products were then analyzed by GC-MS using a Thermo Scientific Trace 1300 GC
system coupled to a Thermo ISQ QD (Thermo Electron North America LLC) by comparing its
mass and retention time with those of the *CO or *CO standard (>99.9% purity), C,-Cs alkane
hydrocarbon standard (containing 15 ppm of each gas), or a C;-Cs alkene hydrocarbon standard
(containing 15 ppm of each gas). For each sample or standard, a total of 250 puLL gas was injected
into a split/splitless injector operated at 150 °C in split mode with a split ratio of 10. Gas
separation was achieved on a HP-PLOT/Q+PT column (30 m x 0.32 mm ID x 20 pm film;
Agilent Technologies), which was held at 30 °C for 3 min, heated to 200 °C at a rate of 15
°C/min, and held at 200 °C for 5 min. The rate at which the carrier gas, helium (He) passed
through the column was held at 0.7 mL/min for 4 min, increased to 1.4 mL/min at a rate of 0.5
mL/min, and held at 1.4 mL/min for the duration of the run. The mass spectrometer was operated
in electron impact (EI) ionization mode. The fragmentation patterns of the products were
compared to standards and are consistent with those deposited in the NIST database
(http://webbook.nist.gov).
6.4.11 Density Functional Theory Calculations

Density functional theory (DFT) calculations of the mechanism of CO, reduction were
carried out with the DFT programs in the Turbomole package, version 7.0. Atomistic models of

[FesS4](SCH2CH,0H), ([FesS4]™™) (see Lewis model in Supplemental Figure 6.12A) and its
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carbon species-bound intermediates were built with Molden and all atoms were allowed to relax
fully during structure optimizations.”” Solvent effects were calculated implicitly by the
conductor-like solvent screening model COSMO as implemented in Turbomole, with a dielectric
constant of &€ = 37 and a solvent radius of 2.65 A to represent the solvent DMF.*”” The models
were treated as open-shell systems in the unrestricted Kohn-Sham framework. Structural
optimizations were performed with the TPSS functional and a def2-TZVP basis set assigned to
all model atoms.”*®*'® Computational time was reduced by utilizing the resolution-of-the-
identity approximation.”''*'* Antiferromagnetic coupling in the FeS cluster was accounted for by
the broken symmetry approach.”>?" All intermediates were optimized for at least three
different spin states (S = 1/2, 3/2, 5/2 for systems with an odd number of electrons, and S =0, 1,
(2), 4 for those with an even number) in order to obtain low-energy solutions. All protonation
energies were obtained by considering the optimized cluster structure (TPSS, def2-TZVP,
COSMO &=37) and explicitly calculating the deprotonation energy of Et;NH —the proton donor
used in the DMF-based, cluster-catalyzed reactions—in DMF (see Supplemental Figure 6.12B).
The energies of all coordinating and dissociating species, including HSCH,CH,OH (Figure 6.3,
step 6), were calculated with the same settings. The energy of HSCH,CH,OH was also used to
calculate the energy for re-ligating the cluster, where HSCH,CH,OH simultaneously acted as a
proton donor (Figure 6.3, steps 20a, 20b). Reduction energies were first calculated by assuming
transfer of a free electron with zero kinetic energy. In order to obtain approximate redox free
energies that better describe the energetics of the system, the resulting energies were then
corrected with the reported experimental electrode potential of Sml,, E* = —1.5 V vs. SHE,
following a previously described procedure.”'®*!” This value was adapted to the DMF solvent

with a previously reported value for the relative electrode potential, AE (SHE) = —4.34 V.*'® The
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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).”'®*'” For Sml,, this value is -65.5 kcal mol™.

6.5 Supplemental Results

6.5.1 DFT Calculations
6.5.1.1 Transition States for the Steps of C-C Bond Formation

For the rate-determining steps of the mechanisms depicted in Figure 6.3 and Figure 6.4,
possible transition states were identified by optimizing distance-constrained structures along the
expected reaction coordinates (C-C bond formation), followed by calculating the Hessian using
the NumForce script provided with the Turbomole package and visualizing the normal modes
with Jmol. Promising guess structures were then optimized with the statpt script provided with
Turbomole, employing an eigenvector-following approach. Both transition states reported herein
(Supplemental Figure 6.13) show exactly one imaginary frequency, and the associated normal
modes are consistent with the expected reaction coordinates. The transition states were further
verified by calculating the reaction paths leading to the formation of product and reactant.
6.5.1.2 Other Considered Reaction Pathways Involving Protonation of the Cluster Sulfur

Atoms

Protonation of the sulfur atoms of the all-ferrous [FesS4] cluster is exothermic by -14.3
kcal/mol. However, this protonation event disrupts and opens up the compact cubane structure
by weakening the bond between the newly formed SH group and the proximal Fe atom
(Supplemental Figure 6.15), which provides an avenue for cluster destruction and contradicts our
experimental findings of sustained catalytic turnover. Moreover, the x-ray crystallographic

structure of the all-ferrous Fe protein further argues against disruption of its [FesS4] cluster, as
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the cluster remains intact in the all-ferrous state.” Nevertheless, we considered possible
mechanistic routes starting from this unlikely cluster geometry for the sake of completeness
(Supplemental Figure 6.16).

Coordination of CO; to the protonated cluster is highly endothermic by +54.9 kcal/mol,
(highlighted as a red box in Supplemental Figure 6.16, step 2), and the subsequent reduction of
its unlikely reaction product is exothermic by -37.0 kcal/mol (Supplemental Figure 6.16, step 3).
Taken together, these two initial steps of this reaction route would still be endothermic.
However, we still considered plausible reaction events that occur subsequent to these initial
steps. As can be seen from the scheme in Supplemental Figure 6.16, reaction steps analogous to
those proposed in Figure 6.3 and Figure 6.4 could in principle occur, which involve protonation
of the CO, moiety, dissociation of an H,O molecule, and consecutive e /H" transfers, yielding an
Fe-bound CHs-species upon dissociation of an additional H,O molecule (Supplemental Figure
6.16, step 11). In analogy to the mechanisms presented in Figure 6.3 and Figure 6.4, further
electron/proton transfer steps result in exothermic methane formation (Supplemental Figure 6.16,
step 12). In two alternative scenarios, a second CO molecule can either coordinate to the Fe atom
that is already bound with a CH3 species (exothermic by -18.6 kcal/mol, Supplemental Figure
6.16, step 14), thereby resembling the mechanism proposed in Figure 6.3, or to the neighboring
Fe atom (exothermic by -4.3 kcal/mol, Supplemental Figure 6.16, step 15), which corresponds to
the scheme presented in Figure 6.4. The first route, however, results in a dead-end; specifically,
the migratory insertion step depicted in Figure 6.3 cannot occur in the case of the open cluster, as
structural optimization of an activated complex leads to the re-formation of the end product of
step 14. The second alternative, on the other hand, proceeds analogously to the mechanism

depicted in Figure 6.4, thereby corroborating the originally considered reaction steps.
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In addition to the mechanism discussed in Supplemental Figure 6.16, we considered the
energetics of proton and coupled electron/proton transfer steps to various intermediates of the
main mechanisms presented in Figure 6.3 and Figure 6.4. The results are shown in Supplemental
Figure 6.17, which again indicate substantial cluster distortion and unfavorable energetics caused
by protonation of the cluster sulfur atoms.

Taken together, given the initial strong endothermic coordination of CO; and structural
destabilization of the cluster upon sulfur protonation, we strongly favor the mechanisms
presented in Figure 6.3 and Figure 6.4 to those involving the protonation of cluster sulfur atoms.
6.5.1.3 Coordination of CO, to the Cluster

As reported previously for the coordination of CO, to the [FesS4] cluster of the A.
vinelandii Fe protein, we only observed exothermic binding when CO, was directly coordinated
to one of the Fe atoms of the all-ferrous [FesS4]° cluster in a singlet spin state (S = 0).%
Alternative scenarios for different charge and spin states, or alternative binding sites, such as
ligand and cluster S atoms, or sites exposed by opening of the cluster, resulted in strongly
endothermic reaction energies. Previous EPR spectroscopic data suggest that the cluster can
indeed adopt an S = 0 spin state.*® With the DFT approach described herein, the S = 0 state of the
ligand-free cluster is slightly less stable than the S = 4 state (by =4-5 kcal/mol). At ambient
temperatures, the cluster might be represented best by a mixture of spin states. For all other
forms that can be formally considered as existing in the all-ferrous state, the low-spin solution is
more stable than the S = 4 state [i.e., -2 to -3 kcal/mol for the CO,-bound form (see Figure 6.3
and Figure 6.4), -5 to -6 kcal/mol for the CO,H-bound form (see Figure 6.3 and Figure 6.4), and
~ -10 kcal/mol for the CHCH3-bound cluster (see Figure 6.4, where the most favorable spin state

is S=1)].
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6.6 Supplemental Tables and Figures

10 mM 20 mM 40 mM 100 mM

Eu'-DTPA Eu'-DTPA Eu'-DTPA Eu'-DTPA

68.5 % CO 52.2 % CO 29.4 % CO 4.4% CO

(8.12 + 0.04) (9.10 + 0.38) (6.97 + 0.61) (229 + 0.06)
\{ \ \/ \

4 4 4 4
31.5% HC 47.8 % HC 70.6 % HC 95.6 % HC
(3.73 £ 0.34) (8.32 £ 0.79) (16.76 + 1.76) (49.22 + 4.03)

ﬂ

Figure 6.6 Product distribution of CO; reduction in the presence of increasing amounts of
reductant. Data are taken from Figure 6.1A. The activity of CO or hydrocarbon (HC) formation
from the reduction of CO, by MaNifH is expressed as nmol electrons that appear in CO or HC
per nmol cluster and shown in parentheses. The percentage distributions of electrons in CO and
HC were calculated based on these numbers. The total amount of electrons that appear in
products (both CO and HC) increases concomitantly with a shift toward HC formation when CO,
is reduced by MaNifH in the presence of increasing Eu"-DTPA concentrations.
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Figure 6.7 Titration of product yield versus CO concentration. Shown are the yields of
hydrocarbons generated from increasing amounts of CO by AvNifH or MaNifH. Yields were
calculated based on nmol reduced C in hydrocarbons per nmol cluster.
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Figure 6.8 Redox properties of protein-bound [FesS4] clusters. (A) Yields of CO, generated
from the oxidation of CO by AvNifH or MaNifH in the presence of 20 mM IDS. (B) Titration of
the +1/42 redox couple of the [FesS4] cluster of MaNifH. The oxidation of the cluster from the
+1 to the +2 state was monitored by the absorbance at 420 nm. (C) Redox potentials of the +1/+2
couples of the [FesS4] clusters of MaNifH and AvNifH. The potential of MaNifH was determined
as described in b, and the potential of AVNifH was determined in a previous work.®* The redox
titration experiment was performed 3 times, and the representative result is shown in B.
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Figure 6.9 Reduction of CO to hydrocarbons by protein-bound [FesS4] clusters using
dithionite as a reductant. (A) Time-dependent formation of hydrocarbons from CO reduction
by MaNifH. (B) Distribution of hydrocarbons generated by MaNifH from the reaction of CO
reduction.
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Figure 6.10 Structures of protein-bound and synthetic [FesS4] clusters. Shown are x-ray
crystal structures of (A) AvNifH-associated [FesS4] cluster with four protein-bound Cys ligands
and (B) synthetic [PPh4][FesS4(SCH.CH,OH),] compound (designated [FesS4]™") with four p-

mercaptoethanol thiolate ligands.”>'”"'** Element color code: Fe, orange; S, yellow; C, light
gray; O, red.
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Figure 6.11 Formation of hydrocarbons by [Fe,S4]*" and Fe-containing controls. Shown are
the percentage yields of hydrocarbons generated from the reduction of (A) CO; or (B) CO by
[FesS4]™™, or by FesCls in the presence and absence of Na,S. The experiments were conducted in
20 mM Sml,, and the hydrocarbon yield of the [FesS4]*"-based reaction was set as 100%.
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Figure 6.12 Structures of the catalyst and proton source for DFT calculations. (A) Lewis
Structure of the [FesS4] cluster considered in the computational investigation. (B) Deprotonation
reaction of NHEt" considered for calculations of all protonation energies.

158



i27.68 cm-!
i214.09 cm-!

Figure 6.13 Transition states for the proposed mechanisms. Shown are the transition states
(TPSS/def2-TZVP) for (A) migratory insertion (see Figure 6.3, step 15) and (B) CH,-CHj; bond

formation (see Figure 6.4, step 18). Element color code: Fe, orange; S, yellow; C, light gray; O,
red; H, gray.
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Figure 6.14 Cumulative reaction energies of CO; reduction pathways catalyzed by the
[FesS4] cluster. Shown are the energies for the pathways of CO formation, methane formation,
and C-C coupling that are depicted in (A) Figure 6.3 and (B) in Figure 6.4. The steps of CO
formation, methane formation, and C-C coupling are indicated by red circles.
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Figure 6.15 Protonation of the [FesS4] cluster. Shown is the optimized structure (TPSS/def2-
TZVP, COSMO &=37) of the all-ferrous [FesS4] cluster protonated at one of its S atoms.
Protonation leads to significant distortion of the cluster and consequently opens up the cubane.
Element color code: Fe, orange; S, yellow; C, light gray; O, red; H, gray.
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CH,
e
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Figure 6.16 Reaction mechanism starting with the protonation of one of the S atoms of the

[FesS4] cluster. Reaction energies were derived from the energies of the structurally optimized
compounds (TPSS/def2-TZVP, COSMO &=37). Cluster models were considered fully
coordinated by SC;H4OH". Only the ligand of the open Fe site is depicted. SR, SC,H,OH".
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Figure 6.17 Examples of endothermic proton or electron/proton transfer reactions to the
sulfur atoms of the [FesS4] cluster. Reaction energies were derived from the energies of the
structurally optimized compounds (TPSS/def2-TZVP, COSMO ¢=37). Cluster models were
considered fully coordinated by SC;H4OH". Proton or electron/proton transfer is indicated by a
red arrow. Only the ligand of the open Fe site is depicted. SR, SC,H4OH".

6.7 Supplemental Discussion

The ambient reduction of CO to hydrocarbons is highly interesting because of its industrial
potential and its plausible relevance to prebiotic chemistry. Here, we compare the reactivities of
biogenic and synthetic [FesS4] clusters toward CO with those of several other notable systems,
such as (1) the nitrogenase-based catalysts, including the catalytic component of nitrogenases
(e.g., MoFe and VFe proteins) and the nitrogenase cofactors (e.g., M- and V-clusters); (2) the
Fe/S-based catalysts, including those generated by synthetic approaches (e.g., synthetic FeS
clusters) and those associated with prebiotic chemistry (e.g., Fe/S precipitates); and (3) the non-
Fe/S catalysts, including homogeneous molecular catalysts (i.e. synthetic compounds) and
heterogeneous surface catalysts (e.g., the Fischer-Tropsch catalysts).
6.7.1 Fe Protein (FesSy) vs. Nitrogenase (Cofactor)
6.7.1.1 Fe Protein vs. Nitrogenase

The V-nitrogenase is the most active enzyme known to convert CO to hydrocarbons

under ambient conditions.'”® Using its Fe protein component (4vVnfH) to deliver electrons to its
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catalytic VFe protein component (4vVnfDGK) in the presence of ATP and dithionite, the holo
V-nitrogenase of A. vinelandii averages approximately 14 turnovers of CO per minute in an in
vitro assay and produces more than 50 times the yield of hydrocarbons relative to that produced
by MaNifH.">'* In contrast, the holo Mo-nitrogenase of A. vinelandii reduces CO to
hydrocarbons at a rate that is approximately 800-fold lower than that the V-nitrogenase when it
utilizes its Fe protein component (4vNifH) to deliver electrons to its catalytic MoFe protein
component (4vNifDK) in the presence of ATP and dithionite in an in vitro assay.'® Under
improved conditions, such as upon substitution of D,O for H,O in the assay, the yield of

10 In addition,

hydrocarbon formation by Mo-nitrogenase is comparable to that by MaNifH.
certain variants of M-nitrogenase have been reported to achieve 20-30 turnovers over the course
of the reaction, which is comparable to that of MaNifH.'”

The higher activity of the holo nitrogenase than its Fe protein component in CO reduction
is not surprising, given the intricate two-component mechanism employed by nitrogenase that
renders it efficient in transferring electrons to the cofactor site, rendering the cofactor in a
sufficiently low redox potential for substrate binding and reduction. Moreover, the high-
nuclearity metallocofactors likely provide more reaction sites than the smaller [FesS4] clusters,
which could further account for a higher activity of these clusters in catalyzing CO reduction.
The disadvantages of this system, however, are the complexity of the reaction mechanism and
the ATP-dependent nature of the reaction, making it difficult to use this system for mechanistic
investigations of CO reduction, as well as potential applications for industrial use in the future.

In comparison, the Fe protein (i.e. MaNifH) is a unique, stand-alone catalyst that can work in an

ATP-independent manner, which makes it a simplified template for mechanistic investigations of
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FeS-based CO activation, as well as future development of strategies for ambient conversion of
CO and CO; into useful chemical commodities.
6.7.1.2 Fe4S4 Cluster vs. Cofactor

Other than the holo enzyme systems, simplified systems that are ATP-free and consist of
only reductants and the cofactors isolated from the Mo- and V-nitrogenases (i.e., the M- and V-
clusters) have been shown to reduce CO to hydrocarbons."**'”*"” Both Eu'-DTPA and Sml, are
effective in driving the reduction of CO to hydrocarbons by these systems. In the presence of
Eu"-DTPA, the hydrocarbon yields of both M- and V-clusters are similar to that of [FesS4]™"

219

under the same reaction conditions.”~ In the presence of Sml,, the hydrocarbon yields of both

M- and V-clusters are improved, and a recent study shows a TON of greater than 200 for the M-

S reported in this work.” The

cluster, which is approximately twice the TON of [FesS4]
corresponding number for the V-cluster-catalyzed CO reduction under the same reaction
conditions has not been reported so far.

The higher activity of the isolated cofactor than the [FesS4] cluster in this reaction again
illustrates the effectiveness of the complex, high-nuclearity metallocofactors in CO reduction,
possibly due to the presence of more reaction sites on these larger clusters. However, the
disadvantage of this system is the laborious process to isolate sufficient amounts of cofactors
from the nitrogenase enzymes. In this light, the current report is unique in demonstrating the
surprising ability of a much more accessible, synthetic [FesS4] cluster to drive difficult reactions
of CO;- and CO-reduction at reasonable yields prior to any optimization, suggesting this system

as a potential candidate for future development of strategies of FeS-based conversion of CO and

CO; to hydrocarbons under ambient conditions.

164



6.7.2 FesS4 Cluster vs. Other Fe/S-based Catalysts
6.7.2.1 Fe4S4 Cluster vs. Synthetic FeS-based Catalysts

While a large number of synthetic or biomimetic FeS-based clusters have been reported
in the literature, only a few of them have been described for their abilities to activate small

220-223

molecules. These handful of examples include the sub-stoichiometric reduction of

acetylene to ethylene by a synthetic [FesS4] cluster, and the catalytic reduction of hydrazine to

22322 In addition, a report from 1992 describes

ammonia by [MoFe;S4] and [VFe;S4] clusters.
the 2¢™-reduction of CO, by a [Mo2FeeSs(SEt)s]> catalyst to a product which then reacts with a
thioester (CH;COSEt in this case) to produce a B-ketoacid (RCOCOO") and SEt.**° The scarcity
of early examples for CO,/CO reduction to hydrocarbons highlights the difficulty of these
reactions to occur under ambient conditions. Recently, in light of the discovery of the reactivity
of nitrogenase toward CO, two synthetic nitrogenase cofactor mimics—namely, a
[Et;N]4[FesSo(SEt)2] cluster (synthesized by the Holm group) and a [Cp*MoFesSo(SH)]* cluster
(synthesized by the Tatsumi group), which represent a homometallic and a heterometallic analog
of the cofactor, respectively—were examined for their abilities to reduce CO and CO; to
hydrocarbons.”**” Interestingly, these two cofactor mimics demonstrated activities of
hydrocarbon production from CO- and CO,-reduction that were comparable with, but lower than

99228 These results point to

those of the nitrogenase cofactors under the same reaction conditions.
the possibility that more reports along this line will surface in the near future, which could help

bridge the gap of our current knowledge on the reactivities of synthetic FeS-based catalytic

systems toward CO, and CO.
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6.7.2.2 Fe4S4 Cluster vs. Fe/S-containing Precipitates

In their seminal work published in 1997, Huber and Wéchtershduser show that CO can
react with CH3SH on co-precipitated NiS and FeS to form CH;COOH and H,S, with CH3-CO-
SCH; being the potential intermediate of this reaction.'”® This result suggests a prebiotic CO
fixation pathway that might be employed by the earliest organisms living around the
hyperthermal vents underneath the deep oceans. Based on this work, a series of follow-up studies
using CO as a carbon feedstock and/or an electron donor show that the product profile of this
reaction can be substantially extended to include long chain carboxylic acids, carbohydrates (i.e.,
hydroxyl acids) and amino acids (when CN™ or NHy" is used as a co-reactant), with each of them
correlated to the emergence of primordial lipids, sugars and peptides/proteins, respectively, on
Earth."””?"* By analogy, the reduction of CO by FeS clusters in a speculated, highly reducing
early atmosphere might represent another prebiotic route of CO activation, which generates
small alkenes and alkanes as carbon and/or electron sources for certain methane- and ethene-

assimilating microorganisms.*’>**>

It has been postulated that in the Archean era, there was a
methane- and CO-rich atmosphere and anoxic oceans inhabited by iron- and sulfur-metabolizing
microbes, such as purple- and green-sulfur bacteria.™™ It is plausible that these microorganisms
could produce small hydrocarbons via secondary metabolic pathways that parallel that reported
in the case of 4. vinelandii, which were then assimilated by microorganisms utilizing
hydrocarbons for cell growth.>'

There are some notable differences between these prebiotic synthesis systems and the
[FesS4] cluster-based system reported in this work. One, the reaction described in our work is, in

essence, a reductive coupling reaction of CO or CO; on the [FesS4] cluster (see mechanisms

depicted in the main text); whereas the general reaction described in the pre-biotic synthesis

166



models involves the capture of CO on a given carbon backbone through carbonylation, followed
by further reaction of the carbonyl moiety to generate carboxylic acids or amino acids.
Consequently, hydrocarbons have seldomly been reported as products generated by these models
of pre-biotic synthesis. Two, the reaction reported in this work utilizes a homogeneous catalyst
(i.e. the [FesS4] cluster); whereas the primordial model systems are essentially semi-
heterogeneous, where substrates are activated on a slurry of material particles. Three, our
reaction is driven by low reduction potentials delivered by strong reductants; whereas the
prebiotic synthesis reactions are powered by high temperatures (above the boiling point) and

often high pressures, and they are allowed to proceed over a much longer reaction time frame.'”®

201

6.7.3 FesS4 Cluster vs. Non-Fe/S Catalysts
6.7.3.1 FesS4 Cluster vs. Homogeneous Non-Fe/S Catalysts

Several notable attempts have been made to convert the inactive carbon oxides to useful
chemical compounds by combining these molecules with reactive or pre-activated organic
compounds, such as the poly- and cyclic carbonate syntheses from CO, and the Monsanto acetic

acid synthesis from CO.>***

In addition, synthetic compounds have been explored for their
abilities to directly transform CO and CO; into hydrocarbons. One such example was reported by
Hou et al. in 2006, where tetranuclear lanthanide polyhydrido clusters were used for selective
formation of C,Hy4 from CO.> This type of reaction is remarkable in that it achieves selective C-
C coupling and cleavage of C-O bond at ambient temperature and pressure; however, the

. . + .
reactions are not catalytic because of the absence of a H source in these systems and,

consequently, the need to remove O atoms from CO in the forms of LnsO4 and Si-O-Si species,
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resulting in the conversion of the catalysts into dead-end byproducts, i.e., LnsO4 clusters (Ln =Y
or Lu).
6.7.3.2 FesS4 Cluster vs. Heterogeneous Non-Fe/S Catalysts

The best-known example of the heterogeneous catalysis of CO reduction is the Fischer-
Tropsch (FT) process, which combines CO with H; into hydrocarbons. There are a number of
points that distinguish the FT process with the reaction reported in this work.”*** One, our
reaction occurs at ambient temperature and pressure; whereas the FT process, which is a gas-
solid two-phase reaction, typically requires high temperature and pressure. Two, contrary to the
reaction described in this report, the reactivity and product selectivity of the FT process vary
greatly depending on the reaction conditions and the choice of catalysts. Three, the reaction
catalyzed by the [FesS4] cluster utilizes protons as the hydrogen source; whereas the reducing
power of the FT process is provided in the form of molecular hydrogen. Other than the FT
process, alternative strategies for the conversion of CO and CO; to hydrocarbons, such as the
electrochemical reduction of these carbon oxides, have also been explored to circumvent the
requirement of high temperature and pressure for the 2-phase catalysis. The products generated
by these alternative approaches are mainly methane and ethene, and they typically require a
metal surface, such as copper, for catalysis to occur.”>”** While this electrode-based approach
has the shortcomings in needing a relatively large overpotential for preferential hydrocarbon
production and having a relatively low selectivity of products comparing to FT synthesis, it bears
potential in supplying a continuous flow of electrons that may be combined with the [FesS4]
cluster-based reaction to generate a continuous system for ambient conversion of CO and CO, to

hydrocarbons.
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Chapter 7 Structural Implications for the
Formation of Hydrocarbons from CO; and
CO by Nitrogenase Iron Proteins
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7.1 Introduction

Nitrogenase iron (Fe) proteins are best known for their ability to transfer electrons to the
catalytic component and assist in the assembly of the two metalloclusters of said component so

3,4,7,71

that nitrogen fixation can occur. However, it was recently shown that Fe proteins could

function to reduce CO, and/or CO, a finding that may result in the generation of new catalysts

that can perform Fischer-Tropsch type reactions.'®"**!

Through the use of a synthetic
([Ph4P]2[FesS4(SCHLCH,0H)4]) compound (Figure 7.1), designated [FesS4]*™ cluster, that has a
[FesS4] cluster core and four cysteine-like f—mercaptoethanol (BME) thiolate ligands [FesS4]
cluster, it was shown that the [FesS4] cluster, which resides near the surface of the protein,

catalyzes the reduction of CO, and CO in the presence of the strong reductant europium (II)

diethylenetriaminepentaacetic acid (Eu"-DTPA; E° =—1.14 V at pH 8.0).*"'

R

Figure 7.1 Structure of the synthetic [Fe;S4] clusters. The synthetic
[PPh4][FesS4(SCH,CH,OH)4] compound (designated [FesS4]™™) with four B-mercaptoethanol
thiolate ligands.m’192 Element color code: Fe, orange; S, yellow; C, light gray; O, red.

As discussed in Chapter 6, different Fe protein homologs have exhibited different product

**! The molybdenum (Mo-) and vanadium (V-) nitrogenase Fe proteins from Azotobacter

profiles.
vinelandii, AvNifH and AvVnfH, respectively, can reduce CO, to form CO, but are unable to
produce hydrocarbons in the presence of CO, or CO.****! The Mo-nitrogenase Fe protein from
Methanosarcina acetivorans, MaNifH, was shown to be able to reduce CO, to both CO and

241

hydrocarbons, and CO to hydrocarbons.”" The difference in the product profiles of various Fe

protein homologs is of interest because the [FesS4]™" catalyst was shown to be able to reduce
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CO; to CO and hydrocarbons, as well as CO to hydrocarbons; and it would therefore be expected
that each of the Fe protein homologs would be able to generate the same products because they

. .. . 241
contain a similar cluster near the surface of the protein.

To further investigate the product
profiles of Fe protein homologs, an additional Mo-nitrogenase Fe protein from the bacteria

Desulfovibrio vulgaris was heterologously expressed in Escherichia coli and analyzed for its

ability to reduce CO; and CO.
7.2 Electron Paramagnetic Resonance (EPR) Spectroscopy

EPR spectroscopy has been used as a diagnostic tool to compare the [FesS4] clusters of
Fe proteins, and was used to characterize the cluster of DvNifH for comparison against AvNifH
to determine whether DvNifH should be expected to behave in a similar fashion to that of
AVNifH."** 4vNifH has been well characterized and shown to occupy three oxidation states:
[FesSa]™, [FesS4]', and [FesS4]°, depending on the conditions. Indigo disulfonate (IDS) is used
to oxidize the cluster to the [FesS4]*" state. In this state, the cluster occupies an S = 0 spin state,
as determined by Mdssbauer spectroscopy, is diamagnetic and does not display an EPR signal.’
The [FesS4]'" state is obtained in the presence of dithionite (NayS,04, DT), and exists as a
mixture of an § = 1/2 and § = 3/2 species, with the predominant feature being the rhombic line-
shape at S = 1/2, with g-values of 2.01, 1.93, and 1.85.>%*% Eu'-DTPA is used to reduce the
cluster to the “all-ferrous” [Fe4S,]° state, which exhibits a g = 15.9 resonance in the parallel-

. . . 67-70
mode, consistent with an S = 4 species.””’

Because DvNifH displays the same EPR spectral
features as AVNifH and MaNifH in IDS (Figure 7.2A), dithionite (Figure 7.2B), and Eu'-DTPA

(Figure 7.2C), it is assumed that the cluster can occupy the same oxidation and spin states as

AvNifH and should therefore also be able to interact with CO, and CO."**
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Figure 7.2 EPR spectra of DvNifH in the IDS-oxidized ([FesS4]*", A), DT-reduced ([FesS4]"",
B), Eu"-reduced all-ferrous states ([FesS4]’, C). The g-values are indicated by vertical lines.
IDS = indigo disulfonate, DT = dithionite, Eu'-DTPA = europium (II)
diethylenetriaminepentaacetic acid. Conditions: four (A and B) or ten scans (C) were run at 10 K
with a microwave power of 50 mW and a microwave frequency of 9.62 GHz.

7.3 Comparison of the CO, and CO Reduction Capabilities of AvNifH,
MaNifH, and DvNifH

Comparative CO, (Figure 7.3A) and CO (Figure 7.3B) reduction assays indicate that the
product profile of DyNifH is more similar to that of the [FesS4]™" cluster and MaNifH than
AvNifH because this homolog can reduce CO; to CO and hydrocarbons (Figure 7.3A), and CO to
hydrocarbons (Figure 7.3B), albeit at rates on the range of ~9.8% and ~10.2% total carbon

turnover per cluster, respectively, compared to MaNifH.

173



nmol product per nmol cluster
nmol product per nmol cluster

w9

Figure 7.3 Comparative CO; (A) and CO (B) Reduction Assays of Fe Protein Homologs.
Yield of CO (black) and hydrocarbons (colored) from the reduction of CO; or CO using 100 mM
Eu'-DTPA as a reductant. Products are identified in the key.

7.4 Crystal Structures of DvNifH

To better understand how the protein and the [FesS4] cluster particularly play roles in the
reduction of these substrates, work was undertaken to obtain crystal structures of these Fe protein
homologs. A higher resolution structure of AvNifH and also an MaNifH structure have been
obtained and will be shortly published. Table 7.1 summarizes the data collection and refinement
statistics for these crystal structures. In addition, DvNifH crystals were grown using a microbatch
method and X-ray diffraction patterns of these crystals were solved at 2.8 A (Figure 7.4).
DvNifH belonged to the P6,22 space group, with cell dimensions of a = 103.33 A, b =103.33 A,

and ¢ = 197.02 A. Table 7.2 summarizes the data collection and refinement statistics for DvNifH.
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Figure 7.4 The crystal structure of DvNifH at 2.8 A resolution. Atoms are colored as follows:
Fe, rust; S, yellow. PyMOL was used to generate this figure.*®

7.5 Role of Cluster Location and Accessibility

Because of the role of the cluster to assist in reduction of substrate, the location of and
accessibility to the cluster likely contributes to the decreased reaction rates observed with the
DvNifH homolog compared to MaNifH. Structural alignment and a cluster location comparison,
performed by calculating the average atom displacement for each corresponding vertices of the
clusters, of the Fe protein homologs (Figure 7.5A) reveal that the cluster of DvNifH most closely
approximates that of AvNifH, the most biochemically and structurally characterized Fe protein
(Figure 7.5B). The average atom displacement for each vertex of the [FesS4] clusters between
AvNifH (Figure 7.5, cyan) and DvNifH (Figure 7.5B, orange) or MaNifH (Figure 7.5C, violet)
are 0.2 A and 1.4 A, respectively. As the cluster of DvNifH is buried ~1.4 A further into the
protein than the cluster of MaNifH, diffusion of substrate and products to and from the catalytic

surface would slow the turnover.
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Figure 7.5 Comparison of the location of the [FesS4] cluster of DvNifH and MaNifH to
AvNifH. Structural alignment of AvNifH, DvNifH, and MaNifH (A) reveals that the average
atom displacement between the corresponding [FesS4] atoms of DvNifH to those of AvNifH are
~0.2 A, most of which is a horizontal translation, but does include a slight translation away from
the surface of the protein (B). The displacement of the [FesS4] atoms of MaNifH to those of
AVNifH are ~1.4 A nearer the surface of the protein (C). Proteins and clusters are colored as
followgé AvNifH, cyan; DvNifH, orange; and MaNifH, violet. PyMOL was used to generate this
figure.

Surface analysis also shows that FeS cluster accessibility also differs in these three
homologs (Figure 7.6), and that it also correlates to the observed activity of the Fe protein
homologs. MaNifH, which exhibits the most prolific substrate reducing ability in that it can
reduce CO; to CO and hydrocarbons as well as CO to hydrocarbons, has a more exposed [FesS4]
cluster (Figure 7.6B) than AvNifH (Figure 7.6A), which can only reduce CO; to CO. The cluster
of DvNifH is the least accessible, with an additional loop that partially covers the cluster (Figure
7.6C) and it exhibited ~10% activity in reducing both CO, and CO as mentioned earlier. It is,
however, important to note that DvNifH was able to reduce both substrates, unlike AvNifH, and
it therefore follows that cluster accessibility is likely not the only contributing factor that affects
the ability of the Fe protein to reduce substrate. Further investigation will also be required to
determine how the local protein environment may also be contributing to the reactivity of these
Fe protein homologs. For instance, there is a conserved arginine residue, Arg'” in AvNifH, that
resides near the FeS cluster that may bind CO,, allowing the substrate to occupy a conformation
more amenable for reduction. This needs to be further investigated through DFT calculations and

experimentally though point mutations.
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Figure 7.6 Cluster Accessibility comparison of AvNifH, MaNifH, and DvNifH. Surface
presentations of AvNifH (A), MaNifH (B), and DvNifH (C) show that the cluster of MaNifH is
more accessible than AvNifH or DvNifH. An additional loop over the cluster of DvNifH provides
an additional cover over the FeS cluster that is not observed in the other Fe protein homologs.
PyMOL was used to generate this figure.*®

7.6 Characterization of MaVnfH

To further investigate the substrate reducing abilities of Fe protein homologs, the V-
nitrogenase Fe protein from M. acetivorans, MaVnfH, was also characterized. Comparative CO,
and CO reduction assays (Figure 7.7A and B, respectively) were run of the four Fe proteins to
determine the catalytic effectiveness of MaVnfH to reduce these substrates. Interestingly,

MaVnfH generated no detectable amounts of CO or hydrocarbons in the CO, reduction assays,
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but it was able to generate hydrocarbons when CO was used as a substrate. While hydrocarbon

production by MaVnfH in the CO reduction assay is ~11% that of MaNifH.
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Figure 7.7 Reduction of CO; and CO by Fe Protein Homologs. The amount of CO (gray) and
hydrocarbons (blue) generated from the reduction of CO; (A) or CO (B) by Fe protein homologs
in the presence of 100 mM Eu"-DTPA. Yields are calculated based on the amount of nmol of
reduced C per nmol cluster. HC = hydrocarbons.

7.7 Crystal Structures of MaVnfH

Crystal structures of MaVnfH with the FeS cluster in the 1+ and 0 oxidation states were
obtained. Brown-colored monoclinic crystals were grown using a microbatch method and X-ray
diffraction patterns of these crystals were solved at 1.81 A. The structure (Figure 7.8A) was
determined with auto-build using MaNifH as template for the dithionite-reduced (Na,S,04, DT)
[FesS4]'" structure. The crystal contained one MaVnfH structure in the unit and belonged to the P
1 21 1 space group, with cell dimensions of a = 46.25 A, b = 79.34 A, and ¢ = 87.43 A (Table

7.3). Additionally, an all-ferrous [Fe4S4]° structure was obtained by soaking the DT-reduced
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MaVnfH crystals with Eu"-DTPA. Within 30 minutes, the crystals changed from brown to pink
and were immediately frozen. The pink crystal color was maintained throughout data collection,
similar to what was observed when the all-ferrous AvNifH structure was solved.” X-ray
diffraction patterns for the all-ferrous crystals were solved at 1.75 A. The structure (Figure 7.8B)
was determined with auto-build using the MaVnfH [FesS4]'" structure as a template, and
belonged to the P 1 21 1 space group with cell dimensions of a = 45.0789 A, b =75.9596 A, and

c=87.259 A (Table 7.3).

Figure 7.8 The 1.81 A and 1.75 A crystal structures of MaVnfH in the DT-reduced
([FesS4]'", A) and Eu"-DTPA-reduced states ([FesS4]’, B), respectively. Atoms are colored as
follows: Fe, rust; S, yellow. PyMOL was used to generate this figure.”®

7.8 The Cluster Location and Accessibility of MaVnfH

A cluster location comparison was also performed with the additional crystal structure of
MaVnfH (Figure 7.9) and compared to AvNifH, as in Figure 7.5. This analysis reveals that the
average atom displacement of the [Fe4S4] cluster of MaVnfH are shifted ~1.0 A closer to the
surface of the protein than what is observed in AvNifH (Figure 7.9B). Likewise, surface analysis
comparison of MaVnfH shows that cluster accessibility most closely resembles that of MaNifH

when compared to the other Fe protein homologs (see Figure 7.6).
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Figure 7.9 Comparison of the location of the [FesS,] cluster of AvNifH and MaVnfH and
accessibility to the FeS cluster of MaVnfH. Structural alignment of AvNifH and MaVnfH (A)
reveals that the average atom displacement between the corresponding [FesS4] atoms of MaVnfH
are ~1.0 A nearer the surface of the protein than those of AVNifH (B). A surface presentation of
MaVntH (C) shows that cluster accessibility is most similar to MaNifH rather than AvNifH or
DvNifH (see Figure 7.6) Proteins and clusters are colored as follows: AvNifH, cyan; and
MaVnfH, blue. PyMOL was used to generate this figure.*®

7.9 EPR Spectroscopy of MaVnfH

EPR spectroscopy was used to characterize the FeS cluster of MaVnfH. The IDS-
oxidized, DT-reduced, and Eu"-DTPA-reduced samples representing the cluster in the [FesS4]*",
[FesS4]'", and [FesS4]° oxidation states are represented in Figure 7.10A-C, respectively.>*¢>¢7
703% MaVnfH has a greater S = 3/2 spin contribution in the DT-reduced state (Figure 7.10B) than

the other homologs, which typically have the rhombic S = 1/2 signal as the major component

when purified in these conditions.”** It is uncertain what effect, if any, the altered spin
p y p
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contribution may have on the ability of this homolog to reduce CO, or CO. Interestingly, this
study revealed that when the DT-reduced MaVnfH sample is analyzed in parallel mode that it
exhibits a small signal at g = 15.9 (Figure 7.10D) consistent with that observed in the Eu"-DTPA
sample (Figure 7.10C). The appearance of the all-ferrous signal in the DT-reduced sample is
unique to this MaVnfH, and may indicate that the reduction potential for the all-ferrous state of
MaVnfH is more positive than the other Fe protein homologs. A more positive reduction
potential may contribute to the protein’s inability to reduce the more stable CO,, but not CO.
Additional work is required to determine the reduction potential of the other Fe protein homologs

as only a reduction potential for 4vNifH, -790 mV versus NHE, has been reported.®**
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Figure 7.10 EPR spectra of MaVnfH in the IDS-oxidized ([Fe4S4]2+, A), DT-reduced
([FesSs]"", B), Eu'-reduced all-ferrous states ([Fe;Ss]’, C), and the observed all-ferrous
signal observed in the DT-reduced state ([FesS4]'", D). The g-values are indicated by vertical
lines. IDS = indigo disulfonate, DT = dithionite, Eu"-DTPA = europium (II)
diethylenetriaminepentaacetic acid. Conditions: four (A and B) or ten scans (C and D) were run
at 10 K with a microwave power of 50 mW and a microwave frequency of 9.62 GHz.

7.10 Summary and Conclusion

The intrinsic ability of the [FesS4]™" cluster to reduce CO, and CO implicates the FeS
cluster of the various Fe protein homologs to be responsible for the same reaction that has been
by these proteins. However, as has been observed, these Fe proteins exhibit unique product
profiles. Work was undertaken to investigate the role that the protein scaffold may play on the

ability to catalyze this reaction. Cluster location and accessibility appear to be contributing
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factors that can be used explain the difference in activity of MaNifH and DvNifH. The inability
of MaVnfH to reduce CO,, despite cluster accessibility similar to that of the most prolific Fe
protein to reduce substrate — MaNifH, indicates that other factors also likely contribute to the
reactivity of these proteins. It was observed that the cluster of MaVnfH can partially occupy the
all-ferrous state in a weaker reductant than other Fe protein homologs, and this may contribute to
the reduced activity observed by this Fe protein, also indicating that the reduction potential of
this protein may be more positive than other Fe protein homologs. Additional work is required to
obtain the reduction potential of the homologs and to determine whether other factors, including
the local protein environment, also contribute to the unique product profiles observed. This work
may provide structural insights into how synthetic catalysts could be designed to generate fuel

from CO, or CO.
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7.11 Supplemental Tables and Figures

Table 7.1 Data Collection and Refinement Statistics for the AvNifH® and MaNifH'¢

Structures.
AVNifH’ MaNifH'®
Data Collection
Space group P1211 P6522
Cell dimensions
a,b,c(A) 57.071, 93.045, 60.796 96.169, 96.169, 320.273
o, B,y (®) 90, 98.875, 90 90, 90, 120
Wavelength (A) 0.98557 0.97741

Number of reflections measured
Number of unique reflections
Resolution (A)
Rineas
CCin
Mean l/o(I)
Completeness (%)
Multiplicity
Refinement
Ryork/ Riree (%)
Number of atoms
Overall
Protein / Ligand / Water
Average B factors (A%
Overall
Protein / Ligand / Water
Ramachandran plot statistics
Favored / Allowed (%)
R.M.S. deviations
Bond lengths (A)
Bond angles (°)

164723 (15578)"

82895 (5292)

35.89 - 1.588 (1.645 - 1.588)
0.04522 (0.7816)

0.997 (0.628)

8.12 (0.92)

99.0 (96.0)

2.0(1.9)

19.96/22.38

4754
4357/8/0

35.59
35.04/18.74/42.05

96/3.5

0.014
1.54

1251298 (111956)

36265 (3530)

83.28 -2.38 (2.465 -2.38)
0.7685 (1.751)

0.76 (0.641)

20.99 (2.53)

99.94 (99.77)

34.5 (31.6)

18.72/22.52

4216
4092/27/97

49.43
49.62/42.55/43.19

94.81/4.26

0.032
2.28

" Values in parentheses represent the highest resolution shell.
"R-work is calculated using 95% of the data included in refinement and R-free of the 5% excluded.
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Table 7.2 Data Collection and Refinement Statistics for the DvNifH Structure in the DT-
reduced state.

Data collection

Space group P6,22
Cell dimensions

a, b, c(A) 103.4,103.4, 197.1

a, B, 7 (°) 90.0, 90.0, 120.0
Wavelength (A) 0.9999
Number of reflections measured 1,091,807
Number of unique reflections 17,326
Resolution (A) 89.5-2.7
Rineas (%) 10.9 (78.9)"
CCip 0.999 (0.862)
Mean I/o(I) 6.2 (1.0)
Completeness (%) 97.9 (98.8)
Multiplicity 14.0 (14.3)
Refinement
Ryork/ Riee (%) 23.37/27.74
Number of atoms

Overall 4,056

Protein / Ligand / Water 3,998 /20/38
Average B factors (A%

Overall 51.97

Protein / Ligand / Water 52.11/39.81/43.79
Ramachandran plot statistics

Favored / Allowed (%) 95.73/4.27
R.M.S. deviations

Bond lengths (A) 0.002

Bond angles (°) 0.51

" Values in parentheses represent the highest resolution shell.
" R-work is calculated using 95% of the data included in refinement and R-free of the 5%
excluded.

185



Table 7.3 Data Collection and Refinement Statistics for the MaVnfH Structures in the DT-
reduced [Fe4S4]1+ and Eu"-DTPA-reduced [Fe4S4]0 states.

MaVnfH [FesS4]"

MaVnfH [Fe,S,]°

Data Collection

Space group P2, P2,
Cell dimensions
a,b,c(A) 46.2,79.3,87.4 45.0,75.9,87.2
o, B, 7 (°) B=96.6 =99.29
Wavelength (A) 0.9794 0.9999
Number of reflections measured 443,697 2,647,524
Number of unique reflections 43,841 45,864

Resolution (A) 50.0 - 1.95 (2.06— 1.95) 100.0 — 1.90 (2.0 - 1.90)
Rineas 8.6 (53.0) 10.8 (46.8)
CCip 0.992 (0.897) 0.995 (0.893)
Mean /(1) 3.6 (1.4) 4.6 (1.6)
Completeness (%) 93.9 (95.7) 100.0 (100.0)
Multiplicity 2.6 (2.7) 5.8(5.9)
Refinement
Ruork/ Reree (%) 19.65/22.34 19.94/23.29
Number of atoms

Overall 4,084 4,191

Protein / Ligand / Water 3,971/8/105 3,994/28/169
Average B factors (A%

Overall 38.44 25.59

Protein / Ligand / Water 38.41/30.58/39.91 25.37/31.76/29.77
Ramachandran plot statistics

Favored / Allowed (%) 98.16/1.84 98.52/1.48
R.M.S. deviations

Bond lengths (A) 0.010 0.007

Bond angles (°) 1.013 0.788

" Values in parentheses represent the highest resolution shell.
"R-work is calculated using 95% of the data included in refinement and R-free of the 5% excluded.

7.12 Materials and Methods

7.12.1 Experimental Section

Unless otherwise specified, all chemicals were purchased from Thermo-Fisher Scientific
and Sigma-Aldrich. Air-free manipulations were performed in a Vacuum Atmospheres Omni-lab
glovebox with an argon atmosphere operating at < 2 ppm O,. Water was purified using a

Barnstead E-Pure water purification system (Thermo Scientific).
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7.12.2 Cell Growth and Protein Purification
Non-tagged, Mo-nitrogenase Fe protein from A. vinelandii, designated AvNifH, was

: 15,22
grown as described elsewhere. ™

His-tagged Mo- and V-nitrogenase Fe proteins from M.
acetivorans, designated as MaNifH and MaVnfH, respectively, and His-tagged Mo-nitrogenase
Fe protein from Desulfovibrio vulgaris were grown in E. coli as reported earlier.** Published
methods were used for the purification of these homologs from their respective expression
strains.'>*>!3
7.12.3 Assays of CO- and CO;-reduction with Fe Proteins

In vitro CO and CO, reduction assays were carried out in the presence of 100 mM
europium (II) diethylenetriaminepentaacetate (Eu"-DTPA) following previously published
protocols and quantified using the techniques outlined.****!
7.12.4 Crystallization and Data Collection

AVNIfH was crystallized after Strop e al., with some modifications.” The purified
protein was buffer exchanged on a Sephadex G-25 fine (GE Healthcare) column equilibrated
with 50 mM tris (pH 8.0), 450 mM NaCl, 20% glycerol, and then spin concentrated to 25 mg/mL
in an Amicon Ultra 30 kDa MWCO centrifuge filter (Merck Millipore). A solution of 100 mM
europium (II)-ethylene glycol-bis(2-aminoethylether)-N,N,N’,N'-tetraacetic acid (Eu"-EGTA)
in 1 M tris pH 8.0 was added to the protein to a final concentration of 10 mM Eu"-EGTA. Upon
addition of this strong reductant, the protein solution instantly turned from brown to red,
indicating the reduction of the protein-bound cluster to the all-ferrous state. AvNifH was

crystallized by the liquid-liquid diffusion technique in glass capillaries by layering the protein

solution beneath a filtered precipitant solution containing 100 mM Tris (pH 8.0), 900 mM NaCl,

187



and 27% PEG 4,000. Pink crystals appeared within one day and were frozen after a week. Data
were collected at -170 °C SSRL beamline 9-2 on a Dectris Pilatus 6M detector.

MaNifH, DvNifH, and MaVnfH were crystallized by the microbatch-under-oil method in
microbatch trays (Greiner) under a layer of Al's oil (Hampton Research). MaNifH protein was
desalted on a G-25 column equilibrated with 10mM EPPS (pH 8.0), 100 mM NaCl, 10%
glycerol, 2 mM dithionite and then spin concentrated to 10 mg/mL. The crystallization drops
contained 1 pL protein solution combined with a 3uL of a precipitating solution consisting of 2.3
M ammonium sulfate, 7% PEG 3350, 67 mM sodium malonate, and 2 mM dithionite. Crystals
appeared after two weeks and were frozen after four weeks. Data were collected at -170 °C ALS
beamline 8.2.1 equipped with an ADSC Q315r CCD array detector.

DvNifH crystals were grown from 1 pL of precipitation solution containing 0.1 M cobalt
(IT) chloride hexahydrate, 0.1 M MES monohydrate pH 6.5, and 1.8 M ammonium sulfate.
Crystals appeared after one week and were frozen. Data were collected at -170 °C ALS beamline
8.2.1 equipped with an ADSC Q315r CCD array detector.

MaVnfH crystals were grown from 1 pL of precipitation solution containing 2% v/v
Tacsimate (pH 6.0), 0.1 M Bis-Tris (pH 6.5), and 20% w/v PEG 3,350 and 1 pL of protein
solution containing 10 mg/mL of MaVnfH in 50 mM Tris (pH 8.0), 500 mM NacCl, 250 mM
imidazole, 10% glycerol, and 2 mM dithionite. MaVnfH crystals appeared after one week. The
conditions were appropriate for the cluster to occupy the 1+ oxidation state. Additional crystals
were soaked in 5 uL of solution consisting of 10 mM Eu"-DTPA, 0.04 M citric acid, 0.06 M bis-
tris propane (pH 6.4), and 20% w/v PEG 3,350. The crystals in this solution changed from brown

to pink, indicative of an all-ferrous state, within 15 minutes of adding the Eu'-DTPA solution.”
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The pink crystals were immediately frozen for later analysis. Data were collected at -170 °C
SSRL beamline 9-2 on a Dectris Pilatus 6M detector.
7.13 Contributions

Caleb Hiller performed the biochemistry work related to proteins, crystallized the
proteins DvNifH, and collected the data set. Wonchull Kang solved the DvNifH structure. Lee
Rettberg and Caleb Hiller worked together to obtain crystals of MaNifH, and Lee solved the
structures of MaNifH used in this chapter. Caleb Hiller crystallized both oxidation states of

MaVnfH and solved the structures.
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