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ABSTRACT

Nitrogenase is the only enzyme known to reduce atmospheric dinitrogen to ammo-
nia, producing a biologically available form of nitrogen. The primary component of
nitrogenase, the molybdenum-iron (MoFe) protein, binds and turns over substrate
after reduction by multiple electron equivalents, which are supplied by the obligate
reductase, the iron (Fe) protein. Previous high-resolution X-ray crystal structures
have provided pictures of the nitrogenase proteins and revealed the geometry of their
metalloclusters. In this thesis, we study MoFe protein crystal isoforms and their
crystal pathologies to classify isomorphous candidates suitable for crystallographic
merging. We then leverage this classification to determine a high-resolution struc-
ture of the MoFe protein with improved geometric accuracy and lower coordinate
error than currently available models. The reduced states of the MoFe protein are
challenging to capture and therefore have been minimally characterized. We ex-
plore the structural consequences of introducing reductants and oxidants into MoFe
protein crystals and study the effects of X-ray induced photoreduction on the metal-
loclusters. Further, we determine the radiation damage-free X-ray crystal structure
of MoFe protein. The Fe protein adopts various conformational states as it functions
in ATP-coupled electron transfer to the MoFe protein. We examine a set of proteins
that are evolutionarily related to the Fe protein and have diverse functionalities, but
retain similarity in their ATP-dependent function and allostery as a result of their
conserved structural features. Finally, we characterize the structural and functional
aspects of the Fe protein lacking an iron-sulfur cluster. These studies expand our
understanding of the structural properties of nitrogenase and shed light on previously
uncharacterized states of these proteins.
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C h a p t e r 1

INTRODUCTION

Nitrogen is an essential component of living organisms as it is woven into the most
fundamental biomolecules of life, such as amino acids and nucleotides. Although
there is an abundance of nitrogen in Earth’s atmosphere in the form of N2 gas, it
must first be “fixed” or converted to a reduced form before it can be used by most
organisms. For billions of years this process of nitrogen fixation was performed in
small part by the geophysical process of lightning and in large part by a special set
of microorganisms, called diazotrophs.

Diazotrophs are widespread in Earth’s soils and oceans. They can even be found
in the planet’s most specialized environments, such as within a fern’s leaflet [1, 2]
or inside the skeletons of coral [3] where they facilitate symbiotic growth.[4] These
diverse diazotrophs comprise both archaea and bacteria and have in common a spe-
cialized set of proteins that make up the enzyme nitrogenase. Nitrogenase catalyzes
nitrogen fixation by the conversion of N2 to bio-available ammonia. Remarkably,
nitrogenase stands as the only known enzyme able to activate the otherwise inert
N2 molecule, making nitrogenase integral to the biogeochemical nitrogen cycle. In
this thesis, we study nitrogenase isolated from the Gram-negative soil bacterium,
Azotobacter vinelandii (Av),[5] which has been established as a model system for
nitrogenase.

Nitrogenase consists of two primary enzymatic components Fig. 1.[6, 7] These are
the larger (230 kDa inAv) molybdenum-iron (MoFe) protein and the smaller (64 kDa
in Av) iron (Fe) protein, which serves as the obligate reductase for the MoFe protein.
Research on nitrogenases unveiled the presence of two unique metalloclusters in
the MoFe protein. The first is the active site iron-molybdenum cofactor (FeMo-
cofactor) where substrates bind [8, 9] and the second is the P-cluster, which relays
electrons from the Fe protein to the MoFe protein for catalysis.[10–13] More recently,
alternative forms of the MoFe protein have been discovered, whereby molybdenum
is replaced by either vanadium or iron.[14] Our understanding of these alternative
nitrogenases has greatly expanded during the time of my graduate research,[15–20]
which has been a pleasure to witness; however, my work has only focused on the
molybdenum-containing form.
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Figure 1.1: Surface representation of the a2b2 MoFe protein heterotetramer (white
and blue) complexed to two copies of the g2 Fe protein homodimer (green). The
metalloclusters are shown as spheres and colored as follows: iron (orange), sulfur
(yellow), molybdenum (teal). Homocitrate molecules are shown as white, AlF4

�

as white and gray, magnesium as green, and ADP molecules as pink spheres. This
figure was generated using the coordinates from Schmid, et al. (PDB 1M34).[21]

The last several decades of intense spectroscopic and structural studies have revealed
the nature and geometry of these metalloclusters. Some of those structural studies
will be briefly discussed in this introduction. For in-depth reviews on structural
studies, see Einsle & Rees (2020) [22] and Lycus et al. (2023).[23] For reviews
on spectroscopic studies, see Hoffman et al. (2014) [24] and Van Stappen et al.
(2020).[25]

There were multiple early attempts to discern the structure of the nitrogenase proteins
using X-ray crystallography.[22] These studies were facilitated by the ability to
obtain crystals and preliminary diffraction data.[26–30] But it was not until 1992
when Kim et al. published the first phased structure of the MoFe protein that a
picture of nitrogenase came into view.[10, 31] The MoFe protein is composed of
an a2b2-heterotetramer of two ab-heterodimers related by twofold symmetry. The
genes that encode the a-subunit (nifD) and the b-subunit (nifK) have 24% amino acid
sequence identity (in Av) and likely arose from an early gene duplication event.[32]
Both the a- and b-subunits have three globular domains that each adopt a Rossmann-
fold (bab-fold), which consist of a four or five-stranded parallel b-sheet flanked on
both sides by a-helices. A key discovery from early MoFe protein structures was the
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relative location of the FeMo-cofactors and P-clusters. At the time, it was known
from spectroscopic and elemental studies that the MoFe protein contained two copies
of the FeMo-cofactor and two copies of the P-cluster and that the FeMo-cofactors
were approximately 70 Å apart.[33] However, the crystal structures revealed that
the FeMo-cofactors are buried in the a-subunits and the P-clusters straddle the
a/b-subunit interface.[10, 11, 31, 34] Thus, the FeMo-cofactor and P-cluster are
approximately 15 Å apart. Furthermore, the structures suggested that each a/b-
dimer likely functions separately from the other heterodimer. However, these initial
structures were not yet high enough resolution to unambiguously determine the
constituents and the geometry of the clusters.

The crystal structure of the Fe protein was determined at the same time as the MoFe
protein.[35] The Fe protein is encoded by the nifH gene and forms a g2-homodimer.
The two monomers are connected by a bridging [4Fe:4S] cluster, which is covalently
linked by Cys97 and Cys132 (numbering from Av) from each monomer. The overall
architecture of each subunit comprises an eight-stranded b-sheet surrounded by a-
helices on both sides and harbors an N-terminal nucleotide binding site. Three loops
at the ends of b-strands sit at the dimer interface between the nucleotide binding
site and the [4Fe:4S] cluster. These loops adopt discrete nucleotide-dependent
conformations that enable the [4Fe:4S] cluster to be directly coupled to the nucleotide
binding site.[20, 35, 36] Although most iron-sulfur proteins have buried clusters, the
[4Fe:4S] cluster of the Fe protein is surface exposed, making it highly sensitive to
degradation by oxygen and accessible to chemical chelators. The surface exposure
of the cluster enables efficient electron transfer across a protein-protein interface,
which became apparent from subsequent structures of the Fe protein complexed to
MoFe protein.

The Fe protein transiently binds the MoFe protein to deliver electrons sequestered
from endogenous sources within the cell.[37] As this electron delivery step is coupled
to ATP-hydrolysis, the Fe protein could be stably complexed to MoFe protein by
introducing the ATP transition-state analogue, ADP-AlF4

�.[38] Structures using
ATP-analogues for this purpose revealed two Fe protein dimers bound to the MoFe
protein, closest to the P-cluster.[21, 36] Remarkably, the [4Fe:4S] cluster of the Fe
protein was shifted 4 Å towards the MoFe protein, putting the [4Fe:4S] cluster and
the P-cluster only 16 Å apart. Subsequent complexed structures revealed Fe protein
binding modes that are choreographed with nucleotide states.[39–43]
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High resolution X-ray crystal structures of the nitrogenase MoFe protein have re-
vealed a wealth of information. The original structures at 2.7 Å resolution [10, 11]
were subsequently improved to 2.2 Å resolution [34] and then 2.0 Å resolution,[44]
which enabled the proper assignment of the P-cluster as an [8Fe:7S] fused double-
cubane cluster that undergoes redox-dependent conformational changes. However,
a watershed moment for the field came with the 1.16 Å resolution structure of the
Av MoFe protein.[45] This structure revealed a central light atom encased within
the trigonal prismatic core the FeMo-cofactor. It took another 10 years of study and
a seemingly modest increase in resolution to 1.0 Å before the identity of the central
atom was determined.[46] The most likely candidates for the central atom were
nitrogen, oxygen, or carbon. Ultimately, a combination of Fe Kb X-ray emission
spectroscopy,[47] biochemical studies of the precursor clusters and biosynthetic ma-
chinery,[48] 13C-labeled MoFe protein probed by ESEEM electron paramagnetic
resonance,[46] and the 1.0 Å resolution crystal structure definitively established the
mystery atom as a central carbide. Thus, the constituents of the FeMo-cofactor are
[Mo:7Fe:9S:C]-R-homocitrate.

Drawing on the wealth of knowledge derived from the 1.16 and 1.0 Å resolution
MoFe protein structures, one can envision that profound insights await discovery
through further improvement in resolution. Some outstanding questions involve the
number and locations of hydrogens throughout the structure, particularly around the
cofactor. In Chapter 2, we describe the analysis of Av MoFe protein crystals and
their crystal pathologies to classify common crystal isoforms. We leveraged this
classification to identify the most isomorphous datasets as candidates for crystallo-
graphic merging. Although each MoFe protein crystallographic dataset was near
1.0 Å resolution individually, this computational analysis and merging procedure
improved the electron density maps. The merged dataset of 50 million observa-
tions had higher redundancy and yielded a model with lower coordinate error than
that of the previously published 1.0 Å resolution structure. Further, the resultant
electron density maps contained information about the locations of some hydrogens
throughout the structure, including in important regions such as the water pool
around homocitrate. This improved structure could be used in future studies to
explore mechanisms of nitrogenase through computation modeling.

In Chapter 3, we explore the effects of chemical reductants, oxidants, and X-
ray induced photoreduction on MoFe protein crystals. We found that the potent
reductants, Eu(II)-DTPA and Ti(III)-citrate, convert the MoFe protein P-cluster
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from the closed (P# ) conformation to the open (P2‚) conformation. We identified
radiation damage effects on MoFe protein crystals from extended X-ray irradiation
using a combination of diffraction and X-ray absorption to monitor damage levels.
Further, we obtained X-ray radiation damage-free structures of the MoFe protein
using an X-ray free electron laser. This damage-free structure of resting state MoFe
protein provides a foundation for future work to capture structures of activated MoFe
protein.

An analysis of the Fe protein dimer dynamics and its connection to ancestrally
related Walker A proteins is discussed in Chapter 4. In Chapter 5 we present
the structure of the Fe protein lacking the [4Fe:4S] cluster and characterize the Fe
protein in this apo form. Taken together, these studies expand our understanding of
nitrogenase proteins and the structural states that they adopt.

Finally, in Chapter 6, we structurally characterize an engineered cytochrome P450
that is capable of new-to-nature C(sp3)-H cyanomethylation. Through our investiga-
tion of its structure, we identify modifications in the active site that affect the shape
and electrostatics of the substrate binding pocket. These observed alterations likely
account for the distinctive reactivity exhibited by this engineered P450 enzyme in
comparison to the native enzyme and its closely related counterparts.
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C h a p t e r 2

VARIABLE UNIT CELL ANALYSIS AND HIGH-RESOLUTION
STRUCTURE DETERMINATION OF AV MOFE PROTEIN

CRYSTALS

2.1 Introduction
The proposed mechanisms of N2 reduction by nitrogenase are founded on models
that infer various protonation states of N2, its reduced intermediates, and the FeMoco
during catalysis. However, measurements of the protonation states of the FeMoco
are challenging due to the large combination of possible electronic and geometric
states that the FeMoco can access. Although the FeMoco is likely unprotonated
in the resting state,[1] FeMoco may become protonated in its more reduced states
during catalysis.[1–3] During catalysis, hydrogens can be extracted from neighbor-
ing residues, homocitrate, or a nearby reservoir of water molecules. Thus, there is
considerable interest in mapping their locations as this may influence the catalytic
mechanism. In theory, this can be achieved by solving very high-resolution struc-
tures of the MoFe protein. However, in practice, even a 1 Å resolution structure
[4] of the resting state protein has not provided definitive evidence for all of the hy-
drogen locations. The visualization of hydrogens is further complicated by Fourier
series termination ripples that occur around electron rich metal centers and obscure
the density for light atoms.[5]

As we have obtained several crystallographic datasets near, but not significantly be-
low 1 Å resolution, we focused on computational efforts to combine these datasets
to increase the data quality. This chapter discusses an analysis of Azotobacter
vinelandii MoFe protein crystals and their crystal defects, which led us to systemat-
ically characterize the various crystal isoforms. We leveraged the classification of
these variations to identify the most isomorphous datasets as candidates for crys-
tallographic merging. A single merged dataset originating from 6 crystals and 50
million observations gave rise to a high data-to-parameter ratio X-ray crystal struc-
ture of the MoFe protein. Although this dataset is ostensibly the same resolution as
the best MoFe protein crystal structure published to date (the 1 Å resolution PDB
3U7Q )[4], our merged dataset that is derived from more diffraction data has higher
redundancy (34.4 versus 6.4 for 3U7Q) and the resultant model has lower coordinate
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error (0.018 versus 0.027 for 3U7Q) than that of PDB 3U7Q. Our merged dataset
has electron difference density for hydrogens around the most ordered regions of the
protein and some difference density for hydrogens around the active site, homoc-
itrate, and active site water pool. The noise level and reliability of the difference
maps around these important regions in the active site are discussed herein. Al-
together, this variable unit cell classification algorithm is applicable where many
nearly isomorphous crystallographic datasets are collected on a single protein target,
which is the case for the Av MoFe protein. Further, the resultant electron density
maps that contain information of the location of some hydrogens may serve as the
basis for improved models for computational analysis on the mechanism of nitrogen
reduction.

2.2 Results
Variable unit cell parameters of Av MoFe protein crystals
Many Av MoFe protein crystals are plate-shaped and adopt a monoclinic unit cell.
Monoclinic unit cells have three unequal cell lengths (a, b, and c) and one interaxial
angle (b) that is not equal to 90�. Although it is not unusual for crystals to have
slight variations in their unit cell parameters, I found that my MoFe protein crystals
had relatively large variations in their unit cell parameters, while remaining in the
P21 space group. For example, two crystals listed as set 1 and set 2 in Table 1, have
a-axis lengths that differ by �6%, amounting to a roughly 5 Å difference in the total
axis lengths (76.3 versus 80.9 Å). Furthermore, some crystals such as set 3 in Table
1 had unit cell parameters with double the typical a-axis length, being roughly 160
Å in one direction rather than 80 Å. These crystals with large variations in their
cell parameters would sometimes come from the same crystal drop, treated with the
same cryoprotectant, and had no differences in their visual appearance.

To learn whether this was a property of just my crystals or whether this variation
in unit cells extends to MoFe protein crystals made by other members of our lab
and other labs, I looked at the unit cell parameters of previously published Av
MoFe protein crystals, several of which are listed in Table 1. From these selected
examples, it appears that other researchers also crystallize MoFe protein that adopt
a variety of unit cell parameters (sets 4-12). These parameters are not resolution
dependent, as exhibited by sets 4 and 9, which only differ in their a-axis lengths
by 0.5%. Other individual researchers also obtain crystals with multiple unit cell
parameters. For example, the crystals from sets 5 and 6 that were generated by the
same crystallographer under the same crystallization condition have�5% differences
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Table 2.1: Selected MoFe protein crystals and their unit cell parameters.

Figure 2.1: Correlation plots of the unit cell parameters (a, b, c, and b) from
MoFe protein crystals. For simplicity, only �100 datasets are shown. The unit cell
parameters cluster into two distinct populations.

in their a-axis lengths (77.2 versus 80.9 Å). Furthermore, the variable unit cell
parameters are not dependent on the MoFe protein preparation, as demonstrated by
MoFe protein inhibited states (sets 5 and 7) and sequence variants (sets 8-9). Thus,
it is possible that the variable P21 unit cell parameters are general phenomenon of



13

Av MoFe protein crystals.

The variations in the unit cell parameters result in seemingly insignificant differences
in the final structure solution of the MoFe protein. More specifically, the resultant
coordinates from sets 1 and 2 overlay with a root mean standard deviation of 0.16
Å. However, the unit cell parameters were not isomorphous enough for successful
crystallographic merging. Thus, we systematically characterized several hundred
MoFe protein crystal diffraction datasets to classify and cluster them into the most
isomorphous unit cells.

From the correlations between each MoFe protein crystal unit cell parameter, we
found that the unit cells clustered into two distinct populations (Fig. 1). These
two populations were generally distributed into a cluster of unit cells with either a
“short” a-axis (colored blue in Fig. 2) with an average length of 77.1 +/- 0.05 Å or
a “long” a-axis (colored orange in Fig. 2) with an average length of 80.9 +/- 0.05 Å.

Figure 2.2: Distributions of each unit cell parameter (a, b, c, a, b, and g) from the
same MoFe protein crystals as shown in Figure 1. The a-axis is distributed into two
populations based on their a-axis lengths, designated “short a” (blue) and “long a”
(orange). The a and g angles are uniformly distributed at 90�, as all the datasets are
from monoclinic P21 crystals.

The pairwise correlations and distributions of these two populations between each
unit cell parameter are shown in Fig. 3A, where the unit cells with a short a-axis
are colored in blue and the unit cells with a long a-axis are colored in orange. To
discern the structural differences between members of these clusters, we selected
three datasets that were on the extreme ends of each cluster for further analysis.
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Since all the c-axis lengths were uniformly distributed as a single species with
an average length of 107.2 +/- 0.05 Å, we selected candidates based only on the
differences in their a- and b-axes lengths. The first dataset we chose has long a-
and long b-axes (80.9, 130.9, 107.1 Å and b = 110.6�) (teal hexagon in Fig. 3A).

Figure 2.3: A) Pairplot of the pairwise relationship between and distributions of the
unit cell parameters of the same MoFe protein crystals as shown in Figure 1, colored
by whether they contain a short (blue) or long (orange) a-axis. All the unit cells
have a normally distributed c-axis. The unit cells with long b-axes generally also
have long a-axes. The unit cells with short a-axes are bimodally distributed in their
b-axes lengths. Thus, we selected three datasets for further analysis to compare their
crystallographic packing arrangements with: 1) long a and long b (teal hexagon), 2)
short a and short b (green hexagon), and 3) short a and long b (pink hexagon) axes
lengths. B) Schematic of a monoclinic unit cell with sides a, b, and c and angle b.
Angles a and g (not shown) are 90�.
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Because the unit cells with short a-axis lengths were bimodally distributed in their
b-axis lengths, we chose two datasets with short a-axis lengths: one that had both a
short a- and short b-axis (76.3, 127.5, 107.0 Å and b = 109.1�) (green hexagon in
Fig. 3A) and one that had a short a- and long b-axis (77.3, 130.9, 107.0 Å and b =
109.0� ) (pink hexagon in Fig. 3A).

We used these three representative datasets to identify differences in the solved
structures from each unit cell parameter cluster and to analyze their crystal pack-
ings. Each dataset was processed using the following methods: the data were
indexed, integrated, and scaled using HKL3000.[6] We obtained phases by molec-
ular replacement with CCP4 PHASER [7] using only the protein atoms of PDB
3U7Q. Model building was performed using Coot [8] and further refined using
REFMAC5 [9] and Phenix [10]. The three resultant structures had an all-atom
super position root mean standard deviation of �0.15 Å, which was consistent with
there being minimal differences in their structures. However, there were differences
in the lattice packing, which accounted for changes in the unit cell lengths. Fig. 4A
shows the superposition of the MoFe proteins in the “short a short b” and “short a
long b” datasets. By looking at the symmetry mates, we found that the neighboring
molecules were farther apart in the b-c plane and the b-a plane in the dataset with the
longer b-axis parameter. The same was true in the comparison between the “short
a short b” and “long a long b” datasets (Fig. 4B). Because of the differing amounts
of space between the neighboring molecules, there were slight differences in these
three datasets in the helices and loops (a-subunit residues 35-41, 121-124, 344-348
and b-subunit residues 400-414) that reside at the lattice packing interface. In the
case of the datasets that contained short a-axes, the interfacial a-subunit residues
35-41 were disordered (Fig. 4C).




