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ABSTRACT 

Nitrogen fixation, the process of converting dinitrogen to ammonia, is performed 

industrially and biologically by the Haber-Bosch process and nitrogenase, respectively. The 

resulting ammonia is largely used as fertilizer. Since there is a finite amount of ammonia 

produced by nitrogenase, we are heavily dependent on the Haber-Bosch process ς only two-

ŦƛŦǘƘǎ ƻŦ ǘƘŜ ǿƻǊƭŘΩǎ ǇƻǇǳƭŀǘƛƻƴ ŎƻǳƭŘ ōŜ ŦŜŘ ǿƛǘƘƻǳǘ ƛǘΦ !ƭǘƘƻǳƎƘ ǘƘŜ ƛƳǇƻǊǘŀƴŎŜ ƻŦ ǘƘŜ IŀōŜǊ-

Bosch process cannot be overstated, our dependence on it has several drawbacks, including 

significant energy costs (~5% of the annual natural gas consumption), greenhouse gas emissions, 

and nitrate runoffs. By understanding the biological mechanism of nitrogen fixation, we may be 

able to (1) develop more efficient nitrogen fixing catalysts to replace those in the Haber-Bosch 

process or (2) express de novo nitrogen fixing proteins in plants so crops can essentially fertilize 

themselves. The projects described in this thesis aim to contribute to our understanding of the 

mechanism of biological nitrogen fixation through structural studies of nitrogenase. Nitrogenase 

consists of the iron and molybdenum-iron (MoFe) proteins, the latter of which contains the 

active site, the FeMo-cofactor. Throughout my work, I compare the MoFe proteins from 

Azotobacter vinelandii (Av1) and Clostridium pasteurianum (Cp1), the two most structurally 

divergent molybdenum nitrogenases known. Determining the similarities and differences 

between these proteins may aid our understanding of biological nitrogen fixation. My first 

project (Chapter III) compares a 1.08 Å Cp1 X-ray structure to a previously published 1.0 Å Av1 

structure. I determined that the center atom of the Cp1 FeMo-cofactor is carbon, showing 

conservation of cofactor structure among molybdenum nitrogenases. Next, I compared 

substrate pathways in Av1 and Cp1 via Xe pressurization and identification of small molecule 

binding sites (Chapter IV). My most significant results include the structural and electronic 

characterization of a reversible protonated resting state of Av1 and Cp1 (Chapter VII).   
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KEY NOMENCLATURE 

ADP: Adenosine diphosphate, a nucleotide, is the product of ATP hydrolysis. ADP temporarily 

exists in two binding sites in the Fe protein until it can be replaced with ATP. 

ATP: Adenosine triphosphate is a nucleotide. There are two ATP binding sites in the Fe protein. 

During nitrogen reduction, 16 ATP molecules are hydrolyzed to ADP. The resulting energy drives 

electron transfer between the Fe and MoFe proteins.  

Av1: The MoFe protein from Azotobacter vinelandii. 

Av2: The Fe protein from Azotobacter vinelandii. 

Azotobacter vinelandii: An aerobic soil bacterium that expresses nitrogenase; the most 

commonly studied species of nitrogenase in structural, spectroscopic, and biosynthetic 

investigations.  

Clostridium pasteurianum: An anaerobic soil bacterium that expresses nitrogenase; this species 

of Clostridium is nonpathogenic. 

Cp1: The MoFe protein from Clostridium pasteurianum. 

Cp2: The Fe protein from Clostridium pasteurianum. 

EPR: In this work, electron paramagnetic resonance (EPR) spectroscopy is used to probe the 

electronic structure of the FeMo-cofactor. 

Fe protein: The iron protein of nitrogenase; a homodimeric protein containing one [4Fe:4S] 

cluster and two nucleotide binding sites (one in each subunit). 

FeMo-cofactor: A [7Fe:Mo:9S:C:R-homocitrate] cluster that resides in the alpha subunit of the 

MoFe protein and is the active site of nitrogenase.  

Klebsiella pneumoniae: An aerobic soil bacterium that expresses nitrogenase. 

Kp1: The MoFe protein from Klebsiella pneumoniae. 

Kp2: The Fe protein from Klebsiella pneumoniae. 

MoFe protein: The molybdenum-iron protein of nitrogenase; a heterodimeric protein in which 

each dimer contains one [8Fe:7S] P-cluster and one [7Fe:Mo:9S:C:R-homocitrate] FeMo-

cofactor. 

Neutron crystallography: A technique used to determine the atomic structure of crystallized 

molecules based on the diffraction neutrons from the nuclei of atoms in the molecules.  

P-cluster: A [8Fe:7S] cluster that resides at the interface of the alpha and beta subunits in the 

MoFe protein. This cluster receives electrons from the [4Fe:4S] cluster in the Fe protein and 

transfers them to the FeMo-cofactor.  

X-ray crystallography: A technique used to determine the atomic structure of crystallized 

molecules based on the diffraction of X-rays off of electrons in the molecule.  
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C h a p t e r I 

Conceptual Framework 

 

 

I.A. Motivation 

The first mention of nitrogenase in published scientific work is in 1934.1,2 Over 80 years 

later, its mysteries are being probed with ever increasing vigor. This enzyme catalyzes the 

reduction of atmospheric dinitrogen to its bioavailable form, ammonia, in a process called 

nitrogen fixation. Nitrogenase has intrigued so many scientists over the years because of its role 

in the nitrogen cycle, its complex structure and function, and its potential impact on sustainable 

agriculture. Its complexity is illustrated by the fact that after decades of work, the mechanism of 

biological nitrogen fixation remains enigmatic. The work described in this thesis aims to 

contribute to our understanding of the mechanism of biological nitrogen fixation through 

studies of the nitrogenase component proteins that (1) compare and contrast the structure of 

two different species of nitrogenase to understand what structural features are conserved and 

may therefore be mechanistically important, (2) identify small molecule binding sites within the 

proteins as a means of elucidating potential pathways and other functionally relevant aspects of 

the enzyme, and (3) investigate the atomic and electronic structure of a protonated resting state 

of the active site to learn about the protonation events on and near the active site during 

catalytic turnover.  

A complete understanding of the biological nitrogen fixation mechanism has the 

potential to greatly impact sustainable agriculture. Quoting Vaclav Smil, environmental scientist, 

policy analyst, and author of Enriching the Earth: Fritz Haber, Carl Bosch, and the 
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Transformation of World Food ProductionΣ ά!ƎǊƛŎǳƭǘǳǊŜΩǎ ǇǊƛƴŎƛǇŀƭ ƻōƧŜŎǘƛǾŜ ƛǎ ǘƘŜ ǇǊƻŘǳŎǘƛƻƴ ƻŦ 

digestible nƛǘǊƻƎŜƴέ.3 Digestible nitrogen ς ammonia ς has been manufactured by the Haber-

.ƻǎŎƘ ǇǊƻŎŜǎǎ ǎƛƴŎŜ ƛǘǎ ƛƴǾŜƴǘƛƻƴ ƛƴ ǘƘŜ ŜŀǊƭȅ мфллΩǎΦ ¢ƻŘŀȅΣ ǘƘŜ IŀōŜǊ-Bosch process (Scheme I-

1) yields about 275 billion pounds of ammonia per year,4 the vast majority of which is used in 

synthetic fertilizers. Less than two-fifths of the current world population could be fed without 

synthetic nitrogen fertilizers, making the Haber-Bosch process a chief component of 

agriculture.3 It is estimated that roughly half of the nitrogen atoms in a human body originate 

from biological nitrogen fixation and the other half from synthetic fertilizers.3 While the 

importance of synthetic fertilizers can be overstated, we face the problem of the unsustainable 

energetic and environmental costs of this process. For example, the Haber-Bosch process is 

responsible for ~5% of ǘƘŜ ǿƻǊƭŘΩǎ annual consumption of natural gas, whose steam reforming 

releases greenhouse gases.3,4 Also, excess fertilizer that is not incorporated into crops leads to 

nitrate runoffs resulting in algal blooms that can be toxic.5,6  

 

Scheme I-1. Outline of synthetic ammonia production via the Haber-Bosch process  

 
 

 

We may be able to lessen our dependence on the Haber-Bosch process by 

understanding how biological nitrogen fixation works and incorporating this knowledge into 

new industrial catalysts or genetic engineering of crops to express de novo nitrogen-fixing 

CH4  +  H2O              3 H2  +  CO2     

Iron catalysts 
Temperature: ~300-550° C 

Pressure: ~150-250 atm 

 N2  +  3 H2                                     2 NH3 

steam methane 
reforming 

Greenhouse gas Excess fertilizer 
converts to nitrates 
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proteins that allow plants to make their own ammonia. Regarding the former, some synthetic 

inorganic groups are exploring non-biological nitrogen-fixing catalysts. For example, the 

formation and isolation of intermediates in small molecule nitrogen fixing catalysts suggests that 

dinitrogen reduction occurs by a mixed alternating and distal mechanism (Scheme I-2).7,8 

Related studies have explained the importance of a labile bond to the iron, which ecludiates the 

purpose of the interstitial carbide in the FeMo-cofactor.9,10  

 

Scheme I-2. Distal and alternating pathways for dinitrogen reduction as well as the hybrid 
crossover pathway. 

 
 

 

What we currently understand about nitrogenase has already inspired creative 

approaches to sustainable ammonia production.11 For example, scientists are using our 

knowledge of the nitrogenase biosynthetic pathway12 to engineer the enzyme in cereal crops.13ς

15 A hurdle in expressing functional nitrogenase in non-native species is ensuring that all of the 
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20+ proteins required to yield active nitrogenase are artificially present in the genome and 

properly expressed in an anaerobic cellular environment.12,13 As an alternative, imagine an 

engineered nitrogen-fixing protein with a simpler genome. Such a protein would likely consist of 

an iron-sulfur cluster similar to the active site of nitrogenase. Work is being done elsewhere on 

the self-assembly of proteins;16ς18 however, a thorough understanding of the nitrogenase 

mechanism could inform us on ideal geometry and coordination of metal centers and the 

nearby protein environment of de novo nitrogen-fixing proteins. Engineering such a protein for 

expression in crops would essentially allow plants to provide themselves with fertilizer; thus, 

reaching a state of sustainable agriculture.  

 

I.B. Structure of nitrogenase 

Nitrogenase (Figure I-1) is an enzyme consisting of two proteins.19 The simpler of the 

two is the homodimeric iron (Fe) protein, which has a mass of about 60 kDa and contains a 

[4Fe:4S] cubane cluster at the interface of the two subunits as well as two nucleotide binding 

sites (one in each subunit) that bind ATP.20 The molybdenum-iron (MoFe) protein, about 240 

kDa, is a heterodimer containing ǘǿƻ ŎƻǇƛŜǎ ŜŀŎƘ ƻŦ ʰ- ŀƴŘ ʲ-ǎǳōǳƴƛǘǎΦ Lƴ ŜŀŎƘ ʰʲ-dimer of the 

aƻCŜ ǇǊƻǘŜƛƴΣ ǘƘŜǊŜ ƛǎ ƻƴŜ ώуCŜΥт{ϐ άt-ŎƭǳǎǘŜǊέ at ǘƘŜ ʰʲ-subunit interface and one 

[7Fe:Mo:9S:C:R-ƘƻƳƻŎƛǘǊŀǘŜϐ άCŜaƻ-ŎƻŦŀŎǘƻǊέ ōǳǊƛŜŘ ƛƴ ǘƘŜ ʰ-subunit, the latter of which is the 

active site.21,22 Additionally, there is a mono-nuclear iron site, named Fe16, at the two interfaces 

ƻŦ ǘƘŜ ʲ- ŀƴŘ ʲΩ-subunits. The purpose of Fe16 is not known.23  

Nitrogenase proteins are named based on their bacterial species and the protein 

component number, where component 1 and 2 refer to the MoFe and Fe proteins, respectively. 

For example, the MoFe and Fe proteins expressed in Clostridium pasteurianum are called Cp1 
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and Cp2, respectively. Nitrogenases are divided into six groups based on their structure: (1) 

MoFe proteins homologous to Av1, (2) MoFe proteins homologous to Cp1, (3 and 4) MoFe 

ǇǊƻǘŜƛƴǎ ǿƛǘƘ ǎƳŀƭƭ ƛƴǎŜǊǘƛƻƴǎ ƻǊ ŘŜƭŜǘƛƻƴǎ ƛƴ ǘƘŜ ʰ- ŀƴŘ ʲ-subunits, (Anf) FeFe proteins, and 

(Vnf) FeV proteins.24 FeFe and FeV refer to component 1 proteins containing Fe or V at the 

molybdenum site in the FeMo-cofactor. The focus of this work is on MoFe proteins from groups 

1 and 2. Most structural, spectroscopic, and biosynthetic investigations of nitrogenase are 

performed with Av nitrogenase. Cp1 differs by two insertion/deletion chains of about 50 

residues each; it has a sequence identity of ~36% compared to Av1. The cofactors are conserved 

both in structure and location, as is most of the protein secondary structure elements. The 

similarities and differences between Cp1 and Av1 may shed light on the features important to 

the mechanism of biological nitrogen fixation and is fundamental to the work presented herein. 

 

 
Figure I-1. (left) Nitrogenase consists of two proteins, the MoFe (cyan) and Fe proteins (green). 
During turnover, ATP hydrolyzes and electrons transfer from the [4Fe:4S] cluster in the Fe 
protein to the P-cluster and FeMo-cofactor in the MoFe protein (right). Substrates bind and are 
reduced at the FeMo-cofactor. For simplicity, only one heterodimer of the MoFe protein is 
illustrated with cofactors and Fe protein binding. The proteins are shown in cartoon 
representation, and the cofactors are shown in ball-and-stick models and colored by element 
(yellow: S; orange: Fe; gray: C; cyan: Mo; red: O).  
 

Fe Protein 

MoFe Protein 

[4Fe:4S] 

P-cluster 
[8Fe:7S] 

FeMo-cofactor 
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I.C. Mechanism of biological nitrogen fixation 

 

Scheme I-3. Standard model of biological nitrogen fixation 

N2  +  8 H+  +  8 e-  +  16 ATP  O   2 NH3  +  H2  +  16 (ADP  +  Pi) 
 
 

The standard model of biological nitrogen fixation is given in Scheme I-3. For substrate 

reduction to occur, sufficient buildup of electrons and protons (including bridging hydrides) at 

the FeMo-cofactor is required. This is achieved through the following steps:25,26 

(1) The Fe protein binds with the MoFe protein by hinging at the [4Fe:4S] cluster and 

gripping the MoFe protein so that the shortest possible distance between the 

[4Fe:4S] cluster and the P-cluster is achieved.27,28 Structural studies on Av1 and Av2 

complexes with no nucleotide, MgADP, and MgAMPPCP suggest that the Fe protein 

may rock across the Av1-Av2 interface during the process of electron transfer.28 

(2) One electron transfers from the [4Fe:4S] cluster to the P-cluster upon hydrolysis of 

two ATP molecules located in the Fe protein.29ς32  

(3) The Fe protein and MoFe protein dissociate from each other.  

(4) The Fe protein exchanges two ADP for two ATP and is re-reduced by ferredoxin or 

flavodoxin.29  

(5) In the MoFe protein, electrons transfer from the P-cluster to the FeMo-cofactor, and 

substrates are reduced at the FeMo-cofactor.  

This process repeats eight times to reduce dinitrogen.33 Six of these electrons reduce dinitrogen 

to ammonia, and two are used for hydrogen evolution that occurs upon substrate binding to the 

FeMo-cofactor.34,35 Although it is unknown exactly where substrates are bound and reduced, the 

nitrogenase scientific community generally favors an iron-based reduction mechanism over a 
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molybdenum-based mechanism; however, both types are observed using small molecules.9,36 

Recent studies with CO and Se suggest that a substrate molecule may bind to Fe2 and/or Fe6 by 

displacing a belt sulfur.37,38 Regarding the flow of electrons during substrate turnover, ŀ άdeficit-

ǎǇŜƴŘƛƴƎέ model has been proposed in which electrons first transfer from the P-cluster to the 

FeMo-cofactor, which gives the P-cluster a sufficiently low reduction potential to attract 

electrons from the [4Fe:4S] cluster.39 

The accepted scheme for the kinetics of biological fixation is given by the Lowe-

Thorneley model and reparametrized by the Watt group (Figure I-2).40ς45 The En states, in which 

n varies from 0-7, refers to the number of electrons transferred to the MoFe protein; E0 is the 

resting state. During the progression from the resting state to more reduced states of the MoFe 

protein, molecular hydrogen may be formed at En (where n > 1) and released from the FeMo-

cofactor, causing relaxation to En-2. Dinitrogen binding occurs at E3 and E4. Acetylene, which is 

commonly used to study the substrate turnover activity of nitrogenase, can bind and be reduced 

to ethylene in the E1 and E2 state.  

 

 

Figure I-2. A summary of the Lowe-Thorneley model.45 Modeled from Scheme 3 of the following 
reference.40 

2NH3 
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I hope you enjoy the following chapters, which describe general methodology employed 

for working with nitrogenase proteins as well as detailed descriptions of several projects that 

aim to contribute to our understanding of the mechanism of biological nitrogen fixation.  
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C h a p t e r I I 

Methodology 

 

 

II.A. Introduction to and characterization of Cp 

Clostridium pasteurianum (Cp) is a Gram-positive bacterium with a low-G+C content 

from the class Firmibacteria.46 It is a strict anaerobe found widespread in soil and a diazotroph 

capable of producing endospores.46 The Rees group originally obtained lyophilized Cp (strain 

W5, accession number 6013) from the American Type Culture Collection (ATCC) in the early 

мффлΩǎ.20 To verify the identity of the bacterium, I performed several experiments. Microscopy 

images of a liquid culture show the general rod-like shape of Cp when it is healthy and at the 

spore-producing phase (Figure II-1). The gel from polymerase chain reaction (PCR) using 

bacterial and universal primers for the RNA of the small ribosomal subunit (16S rRNA) gene 

(Figure II-2) shows one band at ~1500 nucleotides with the bacterial primer and one band at 

~1000 nucleotides with the universal primer. Lack of additional bands indicates that the Cp 

culture is free from non-bacterial contamination. Also, RNA sequencing of the small ribosomal 

subunit gave an identity of 99% (589/596), confirming that the culture is Cp.  

 

       
Figure II-1. All images are at 1000x magnification (left) Live view of Cp culture. Short rods and 
spherical objects are Cp cells orientated at an angle. (middle) DAPI stained Cp culture fixed on a 
glass slide. (right) DAPI stained Cp culture at the spore-producing phase.  
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Figure II-2. Gel of PCR product using bacterial and universal primers for the RNA of the small 
ribosomal subunit (16S) gene. The gels show that there is no non-bacterial contamination. 
 
 

II.B. Cell growths  

II.B.i. Growth in mineral and potato media  

Cp cultures were permanently stored in 1 mL aliquots (0.5 mL culture and 0.5 mL 50% 

sterilized glycerol) in liquid nitrogen. The frozen cell stock was replenished from 100 mL mineral 

medium cultures in the growth phase (<24 hours growth). Live cultures were maintained on 

mineral medium agar plates with no ammonium source at 4° C. New plates were streaked once 

per month. Every six months, new plates were streaked from frozen cell pellets; two consecutive 

generations of plate growths were required to obtain healthy cells. Agar plates were prepared 

with mineral medium according Table II-1. Contrary to liquid medium cultures, no ammonium 

chloride or calcium carbonate was added. 1.5% agar was added to the medium for plates prior 

to autoclaving. Calcium chloride was not added until after autoclaving, and a 100x calcium 

chloride stock was used rather than 1000x as for liquid medium cultures. This prevents calcium 

Ladder 

Bacterial primer 

Universal primer 

1500 nucleotides 

1000 nucleotides 
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phosphate precipitation, which appears as small white flakes in the cooled gel. Media for plates 

was generally made at volumes of 400 mL (20 plates). 

To prepare cells for harvesting from a 15-L growth in a carboy, five new plates were 

streaked near an open flame with a sterilized loop. Plates were incubated upside-down at 30° C 

in a sealed jar kept anaerobic with an Oxoid AnaeroGen sachet for 36-48 hours. If plates were 

streaked from freshly grown plates at 30° C, only 36 hours was required for full growth. If plates 

were streaked from plates stored at 4° C, 48 hours was required for growth.  

While the plates incubated, all media, long needles (~18 Gauge; used for purging the 

media of oxygen), rubber stoppers, and filters (made by inserting half a cotton ball into a Luer-

Lok syringe) were prepared and autoclaved. Liquid mineral media were prepared in Erlenmeyer 

flasks with at least three times the headspace volume as liquid volume to allow room for gas 

production during cell growth. The openings of the media flasks were covered with aluminum 

foil and sealed with parafilm upon cooling to room temperature after autoclaving. Media stored 

at room temperature was not used if made more than three weeks in advance.  

Once the plates were ready, two flasks of 100 mL mineral media were purged with 

filtered nitrogen gas. The flask opening remained completely covered with aluminum foil to 

avoid exposure to contaminants and air. The required amounts of phosphate, biotin, and 

ammonium chloride were added at the start of the purging. The phosphate was slowly added 

and while shaking the flask. After about 30 minutes, cells were inoculated into media from 

plates near an open flame. Upon opening the anaerobic jar, one plate was immediately sealed 

with parafilm and stored at 4° C as the new master plate. To the other four plates, working two 

plates at a time, 4 mL of the purged media was transferred to the plate. Cells were suspended 

by gently rubbing a cooled, flame-sterilized cell spreader around the plate. The suspended cells 

were inoculated into the purged media. The cultures continued to purge for another 20 
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minutes, after which the purging needle was slowly removed as a sterilized rubber stopper was 

simultaneously depressed into the flask on top of the foil. The stopper was pushed down as far 

as possible on top of the foil, and then the flask was completely sealed with parafilm and tape. 

Cultures were incubated at 30° C and 200 rpm for 18 - 24 hours. The optical density (OD) of the 

cultures was monitored visually or with a UV-vis spectrophotometer at 600 nm. Cultures grew to 

an OD600 of 6-10. Healthy cultures had a small layer of foam (0.5-1 cm). Generally, two liquid 

cultures were grown in duplicate. The pH range for optimum growth is 5.8 to 6.5.47 The calcium 

carbonate and phosphate in the liquid mineral medium act as pH buffers.47  

Cultures were scaled up to 250 mL by inoculating from the 100 mL starter cultures at a 

dilution of 1:10. 250 mL cultures were grown for ~12 hours. The culture was then scaled up to 

1.5 L with a starting OD600 of 0.5-0.8. For the 1.5-L cultures, the media was purged using a tubed 

septum rather than needles, as illustrated in Figure II-3. 1.5 L cultures were grown for 8-9 hours.  

 

 

Figure II-3. 1.5 L cultures were purged through glass tubes fitted into the rubber stopper. 

N2(g) inlet 
   Gas outlet 
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Figure II-4. The carboy setup for 15-L cell growths. Heating tape was wrapped around the 
carboy. Another layer of aluminum foil was wrapped around the outside of the carboy (not 
shown) to avoid heat loss to the atmosphere. A stir bar at 300 rpm was used to keep the culture 
agitated. A thermometer between the first aluminum foil layer and the carboy was used to 
monitor the approximate temperature of the culture. Continuous nitrogen was given to the 
carboy through rubber tubing. The nitrogen flow rate was monitored from bubbling the out-gas 
into a flask of water.  
 
 

While the 1.5 L culture was growing, the 20 L carboy was prepared with 15 L of mineral 

medium. The setup is shown and described in Figure II-4. The carboy was purged with nitrogen 

gas for at least six hours prior to inoculation. During this time, the temperature stabilized at 30° 

C. One hour before inoculation, the appropriate amount of phosphate, biotin, and ammonium 

chloride was added. Only a 2.5 mM ammonium supplement was provided to activate 

nitrogenase expression. (The pre-cultures may also be grown on limited or no ammonium 

supplement; however, it was easier to keep cells alive with an ammonium supplement.) After 

adding all solutions to the carboy, the nitrogen flow rate was increased to a vigorous bubble: 

higher flow rates increased nitrogenase activity.  
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The OD600 of the carboy was measured at inoculation and every hour starting at 5 hours. 

Nitrogenase activity (section II.D.) was measured every hour starting at 5 hours. Just after the 

activity/OD600 peaked, cells were harvested by collecting the culture in 1-L centrifuge bottles on 

ice. (Stirring was turned off during collection to avoid collecting calcium carbonate.) The culture 

was centrifuged in several batches at 7000 rpm for 20 minutes and 4° C. The supernatant was 

discarded and the cell pellets were immediately frozen in liquid nitrogen. From a 15 L culture, it 

was common to obtain >50 g cell pellet, which was stored in liquid nitrogen or at -80° C. The cell 

pellets are spongy as a result of gas escaping from the cells and are light brown in color.  

For all cell growths, the starting OD600 of each culture was controlled to avoid 

overgrowth. Overgrown cultures sometimes experienced an acid crash as a result of too much 

butyric and other acids. This causes the Cp metabolism to shift toward the production of 

alcohols and is characterized by a sweeter smell than the typical rancid smell of butyric acid.49ς52  

 

Table II-1. Recipe used to make mineral media 

Components of mineral medium 
Quantity needed for various culture sizes 

100 mL 250 mL 1.5 L 15 L 

Sucrose (g) 2 5 30 300 

Water (mL) 90 225 1350 13.5 L 

Mineral stock (1000x, mL) 0.1 0.25 1.5 15 

FeMoCa (500x, mL) 0.2 0.5 3 30 

CaCl2 stock (1000x, mL) 0.1 0.25 1.5 15 

MgSO4 stock (1000x, mL) 0.1 0.25 1.5 15 

CaCO3 (g) 0.5 1.25 7.5 ~17 **  

Phosphate stock (10x, mL) *  10 25 150 1500 

NH4Cl (3M, mL) for 10 mM *  0.333 0.8325 4.995 12.5 (2.5 mM) 

Biotin (100x, mL) *  1 2.5 15 150 

* Chemicals added before inoculation when the media is purged with nitrogen. 
**  Limited CaCO3 is added to the carboy media to prevent the stir bar from sticking in the solid.  
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Table II-2. Recipes for mineral media stock solutions 

Chemical 
Mol. Wt. 
(g/mol) 

Conc. 
(mM) 

Mass per volume (g) 
Notes 

500 mL 1 L 1.5 L 

Mineral stock (1000x) 

Do not autoclave 

CoCl2·6H2O 237.93 1  0.24 
 

CuSO4 159.61 1  0.16 
 

ZnCl2 136.28 1  0.14 
 

MnSO4·H2O 169.02 10  1.69 
 

NiSO4·6H2O 262.86 1  0.26 
 

Phosphate stock pH6.4 (10x) 

Autoclave separately KH2PO4 136.09 800 54.44 108.87 163.31 

Na2HPO4 141.96 200 14.20 28.39 42.59 

3 M NH4Cl stock Autoclave separately; 
make batches 500 mL 

or less 
NH4Cl 53.49 3000 80.24   

0.9M CaCl2·2H2O (1000x) Only make in 500-mL 
batches CaCl2·2H2O 131.02 900 66.2   

1.67M MgSO4·7H2O (1000x) Only make in 500-mL 
batches MgSO4·7H2O 246.47 1670 205.8   

FeMoCa (500x) 
Dissolve citric acid in 
water first, then add 

Fe and Mo 

Citric Acid·H2O 210.14 90  18.91  

FeSO4·7H2O 278.01 18  5.00  

Na2MoO4·2H2O 241.95 1  0.24  

Biotin (100x) Dissolve in 100% 
ethanol. Store at 4° C. Biotin 244.31 1 

 
0.24431 

 
Citric Acid 

Do not autoclave Citric acid 
monohydrate 

210.14 1 M 105 210 315 

 
 

Potato medium was sometimes employed to jumpstart Cp growth from agar plates to 

liquid media. Although Cp readily grow in potato medium, the subsequent growths in mineral 

medium were more difficult to control, likely due to potato contaminations. To prepare potato 

medium (Figure II-5), 3-4 mm layer of calcium carbonate was added to the bottom of each of 

ten test tubes (16 x 150 mm). A fresh (Russet) potato from the supermarket was sliced into 

small cubes about 0.5 x 0.5 x 0.5 cm3. Each test tube was filled one-third (~5 cm) with potato 

cubes and then two-thirds (~10 cm) with 2% sucrose solution. Tubes were capped with a metal 

cap and autoclaved.  
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Figure II-5. (left) Potato tubes before autoclaving, showing the relative amounts of CaCO3, 
potato cubes, and sucrose solution. (right) Potato tubes with fully grown Cp ready to be 
inoculated into mineral media. 
 

 

Immediately after autoclaving, the metal caps were removed, and the top of each tube 

was plugged with half a sterile cotton ball. ~5 drops each of concentrated potassium carbonate 

and pyrogallol were added to each cotton ball to remove oxygen from the tube. Tubes were 

promptly and tightly capped with a rubber septum and then allowed to stand at room 

temperature to cool. While cooling, ~5 mL mineral medium was added to plates to suspend 

cells. To inoculate the potato tubes, the cotton plug was removed and 1 mL suspended cells was 

added to each tube. A new cotton plug was placed in each tube with the same treatment of 

alkaline pyrogallol. The rubber stoppers were placed back in each tube, and each tube was 

sealed with parafilm and tape. (The tape is necessary so the rubber stoppers do not eject during 

cell growth.) Cells were ready to inoculate into mineral media once vigorous bubbling was 

observed and the potato culture was opaque (Figure II-5). During inoculation into mineral 

media, care was taken to not transfer potato chunks.  
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II.B.ii. Growth curves 

Cp growth patterns depend on the amount of ammonium supplied to the mineral 

media.53 To determine the optimum level of ammonium, carboy growths were performed at 

different initial concentrations of ammonium chloride. The cultures were monitored until 

activity ceased. The results are shown in Charts II-1, 2, and 3. A description of activity calculation 

is provided in section II.D.ii. Although lack of ammonium supplement produces the highest 

activity, the peak activity occurs at a low OD (Chart II-1), which is unfavorable for harvesting 

large quantities of cells. The opposite is observed with 10 mM ammonium supplement: the peak 

activity is low and occurs at a high OD (Figure II-3). The best condition is with a limited 

ammonium supplement in which the peak activity per OD occurs at a reasonably high activity 

and OD (Chart II-2).53  

All 15 L harvest cultures were provided with 2.5 mM ammonium supplement (Chart II-

4). Growth increases at a steady rate while the initial ammonium supplement is consumed (~0-4 

hours), after which the growth reaches a lag phase where the cells begin to express nitrogenase 

(~4-6 hours). Once a sufficient amount of active nitrogenase is available, cell growth resumes 

using of the ammonium produced by nitrogenase (~6-9 hours). Cells are harvested after the 

activity/OD peaks, ~9 hours.  
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Chart II-1. 15 L culture with no ammonium supplement 

 
 

 

 

Chart II-2. 15 L culture with 2.5 mM ammonium supplement 
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Chart II-3. 15 L culture with 10 mM ammonium supplement 

 
 
 

Chart II-4. Example growth curve for harvest cultures at 2.5 mM ammonium supplement 
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II.C. Protein purification 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure II-6. Flow diagram of the Cp1 and Cp2 purification process. 
 
 

II.C.i. Preparation of IEC and SEC columns and buffer solutions 

II.C.i.a. IEC column 

Diethylaminoethyl (DEAE) sepharose, a positively charged resin, was used for ion 

exchange column chromatography (IEC). If the column had no cracks and protein did not 

precipitate during the previous purification, the resin was recycled without unpacking the 

i. Prepare buffer solutions and equilibrate IEC and SEC columns overnight 
 
 
 
 
ii. Cell lysis 
 
 
 
 
 
 

iii. Anion exchange chromatography (DEAE-Sepharose) 
 
 
 
 
 
 

iv. Size exclusion chromatography (Superdex 200) 
 
 
 
 

v. Protein concentration 
 
 

vi. SDS-PAGE 

Day 1 

Day 2 

Days 3 and 4 

Pellet 

Hydrogenase  

Supernatant 

¶ Frozen cell stock, 50 g 

¶ Resuspend 1:10 (w/v) with cracking buffer (50 mM Tris, pH=7.5, 0 mM NaCl, 0 mM DT)  

¶ Lyse with EmulsiFlexC5 psi and centrifuge 45 min at 14,000 rpm (JA 14) and 14 °C 

¶ Hydrogenase wash: 150 mM NaCl, no DT 

¶ Protein loading at 2 mL/min, wash at highest possible rate 

¶ Gradient: 2150 ς 500 mM NaCl over 15 CV 

Cp1 and Cp2 fractions 
¶ Stable at RT overnight 

¶ Concentrate prior to SEC loading 

 

¶ 10 mL fractions only 

¶ Cp1: 200 mM NaCl 

¶ Cp2: 0 mM NaCl 
 

 

¶ MoFe: 100 kDa cutoff at <50 psi 

¶ Fe: 50 kDa cutoff at <35 psi 
 

Prepare and degas buffers, pack IEC column if needed, degas collection vials, equilibrate IEC 

column overnight 
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column. In this case, 2-3 column volumes each of the following solutions (in order) were run 

through the column: 1 M NaCl, 100 mM NaCl, 1 M NaCl, 100 mM NaCl, water, 0.5 M NaOH, 

water, 0.5 M HCl. The column was stored in 20% ethanol if not in use for longer than a few days.  

Unpacked resin was stored in a plastic bottle at 4° C in 30% ethanol with 50 mM Tris/HCl 

pH 8.0. To recycle the resin for use, the resin was soaked in 6 M urea for at least two hours. 

Next, the following washing procedure was executed: wash resin with 8 L water; suspend resin 

in 1 L of 0.5 M sodium hydroxide in a plastic beaker for 30 minutes; wash with 10 L water; 

suspend in 1 L of 0.5 M HCl for 30 minutes; wash with 12 L water. All wash cycles were 

performed using vacuum filtration and a large Büchner funnel with filter paper. The resin was 

never allowed to dry out while filtering. During the suspension stages, the resin was stirred 

occasionally with a glass rod. Prior to packing the column, the recycled resin was degassed on 

the vacuum manifold with eight cycles of 5-minute vacuum and 30-seconds argon. Instead of 

using a stir bar, which could sheer the resin particles, the flask was manually shaken. Generally, 

a column diameter of 2.5 cm was selected and packed no taller than 20 cm (~100 mL of packed 

resin). After packing, the IEC column was washed with water to remove any ethanol, which 

could cause NaCl in the buffer solutions to precipitate. After several column volumes of water 

were washed through the column, it was equilibrated overnight with a buffer of the same salt 

concentration as the cracking buffer (buffer A).  

 

II.C.i.b. SEC column 

A typical size exclusion column (SEC) included ~475 mL of Superdex S200 resin. After 

washing with water, the column was equilibrated overnight with the EF (elution) buffer. After 

use, the column was flushed with more elution buffer, washed with several column volumes of 

water, and then stored under 20% ethanol. Flow rates never exceeded 2 mL/min.  
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II.C.i.c. Buffer solutions 

Buffer solutions were prepared according to Table II-3. First, NaCl and Tris base were 

dissolved in water. After the solids completely dissolved, the pH was lowered with 6 M HCl. The 

buffers were diluted to the appropriate volume, after which all buffers (excluding the cracking 

buffer) were vacuum filtered. The cracking buffer and small volume of buffer A were transferred 

to 2 L and 1 L round bottom flasks, respectively, with a stir bar and capped with a septum. The 

other buffers were transferred to large round bottom flasks (3-5 L) and capped with an adapter 

that supports the inward flow of argon and the outward, anaerobic flow of buffer to the column. 

The buffers were degassed on the vacuum manifold with 10 cycles of 10-minutes vacuum and 2-

minutes argon. Flasks were occasionally manually shaken during the vacuum cycles. Wheaton 

vials used to collect fractions eluted from the columns were also degassed on the Schlenk line.  

After degassing was complete, the cracking buffer and small volume of buffer A were 

transferred to the anaerobic tent. The cracking buffer was divided into two portions: 500 mL 

and 250 mL. To the three 5-L flasks still on the Schlenk line, sodium dithionite (Na2S2O4) solutions 

were added according to Table II-4, after which three additional cycles of vacuum and argon 

were performed.  

The IEC column was equilibrated overnight using a combination of buffers A and B equal 

to the cracking buffer salt concentration. Also, the following materials were brought into the 

anaerobic tent in preparation for use: protein concentrating systems, four 250-mL centrifuge 

bottles, homogenizer, 100% glycerol (degassed), three 1000-mL round bottom flasks (for cell 

suspension, collecting lysed cells, and IEC loading protein), 1000 mL beaker and stir bar, 500 mL 

round bottom flask, assorted sizes of auto-pipettes, and a 500 mL graduated cylinder.  
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Table II-3. Buffer solutions for protein purification experiments 

Buffer Purpose 
NaCl Tris base 

pH 
Amount 

(L) 
Filtered? 

mM g mM g 

Cracking  Lyse cells 50 3.0 50 6.06 7.75 1 no 

Buffer A  IEC 0 0 50 18.2 7.75 3 yes 

Buffer A  Dilute Fe protein after IEC 0 0 50 3.03 7.75 0.5 yes 

Buffer EF  SEC, Fe protein 50 8.8 50 18.2 7.75 3 yes 

Buffer EM  SEC, MoFe protein 200 35.1 50 18.2 7.75 3 yes 

Buffer B  IEC 500 58.5 50 12.1 7.75 2 yes 

 
 

Table II-4. Sodium dithionite solutions added to buffers 

Buffer Amount 
Na2S2O4 
(mM) 

0.5 M Tris 
base (mL) 

Na2S2O4 
(g) 

Quantity  

Cracking buffer & buffer 
A (for Fe protein dilution) 

500 mL 5 2.5 0.435 2 

Cracking buffer 250 mL 50 12.5 2.176 1 

Buffers A, EF, EM  3 L 5 15 2.612 3 

Buffer B  2 L 5 10 1.741 1 

 
 

II.C.ii. Cell lysis 

Cells were lysed under pressure with an EmulsiFlex C5 (Figure II-7). Frozen cell stock was 

thawed in cracking buffer (typically 50 g cells in 500 mL cracking buffer) with stirring until the 

suspension was homogenous (~20 minutes). 200 µL glycerol was added as an anti-foam reagent. 

In 50 mL portions, the cell suspension was homogenized and collected in a 1000-mL round 

bottom flask. The cell suspension, an empty 1000 mL flask, and 250 mL cracking buffer with 50 

mM dithionite (flush solution for EmulsiFlex) were removed from the tent, put under positive 

argon pressure, and placed in an ice bath (to dissipate heat acquired from the EmulsiFlex during 

lysis). The EmulsiFlex was washed with water and the flush solution, after which the cell 

suspension was ruptured at ~2500 psi. The lysate was collected in the empty 1000 mL flask. 

After use, the EmulsiFlex was washed with flush solution and water and stored under 20% 
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ethanol. The cell suspension was centrifuged at 30,000 × g for 45 minutes at 15° C. A successful 

lysis yielded a dark brown supernatant and a pellet with three layers (lipids, cytosol, calcium 

carbonate). The supernatant was transferred to a round bottom flask for loading onto the IEC. 

 

 
Figure II-7. Setup of cell lysis via the EmulsiFlex C5. 

Cell Suspension Collection Flask 

Flush solution 

DD water 

Controls maximum pressure 

To Ar 
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II.C.iii. Anion exchange chromatography 

The flask containing protein was removed from the anaerobic tent and immediately put 

under positive argon pressure and placed on ice to avoid protein precipitation. Without 

introducing any air bubbles into the system, the protein was loaded onto the IEC at 2 mL/min 

through a long needle using an ÄKTA system (Pharmacia Biotech ÄKTA Explorer Air100). Since 

there is typically ~500 mL of protein solution, the loading process takes several hours. When 

experimenting with new buffers, the protein was loaded using an FPLC pump (which is less 

easily clogged compared to the ÄKTA) in case protein or lipids precipitated during loading.  

 

Chart II-5. Sample chromatogram from the IEC 

 
 
 

After protein loading was complete, elution was monitored at 280, 410, and 550 nm. For 

the column wash and elution, the flowrate was as fast as possible without exceeding a 

backpressure of 0.5 MPa (usually, 3.0-4.0 mL/min). The column was washed with 5-10 column 

volumes of 150 mM NaCl (mixture of buffers A and B) to elute hydrogenase and other unwanted 

material from the crude extract. After the column looked clean and no more peaks were visible 

in the chromatogram, a gradient was started using buffers A and B. A typical gradient was 150-

-3000

-2000

-1000

0

1000

2000

3000

4000

0

100

200

300

400

500

600

700

150 170 190 210 230 250 270 290 310 330

A
2
8
0

A
4
1
0

Time (min)

Sample Chromatogram from an Ion Exchange Column

A410 (mAU)

A280 (mAU)

Cp1 

Cp2 

Hydrogenase and 
other impurities 

wash gradient 



Chapter II  26 
 
500 mM NaCl over 15 column volumes with flow rate of ~3-4 mL/min. Cp1 elutes first, typically 

~250 mM NaCl; Cp2 follows closely behind at ~300 mM NaCl; ferredoxin elutes ~450 mM NaCl. A 

sample chromatogram is shown in Chart II-5. All bands were some shade of brown or black. 

Protein fractions were collected in anaerobic Wheaton vials. Cp1 and Cp2 were left overnight at 

room temperature if proceeding to SEC the following day; otherwise, the proteins were frozen 

and stored in liquid nitrogen. After running several column volumes of 500 mM NaCl over the 

IEC, it was washed according to the procedure previously described.  

 

II.C.iv. Size exclusion chromatography 

The SEC was washed with several column volumes of water and equilibrated overnight 

with EF buffer. In the morning, the Cp1 and Cp2 solutions were concentrated in an Amicon 

Stirred Cell under argon pressure with a 100 and 50 kDa membrane, respectively. Concentrated 

protein was loaded on the SEC in 10-mL fractions at 1-1.5 mL/min and eluted at 2 mL/min using 

the buffers stated in Table II-3. The backpressure was not allowed to exceed 0.25 MPa. After 

collecting purified protein, the SEC column was flushed with additional elution buffer, washed 

with water, and stored in 20% ethanol. A typical SEC chromatogram is shown in Chart II-6. 

 

Chart II-6. Sample SEC chromatogram 
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II.C.v. Protein concentration 

Cp1 and Cp2 fractions were concentrated in an Amicon Stirred Cell under argon 

pressure using 100 kDa and 30 kDa cutoff filters, respectively. The pressure during Cp1 and Cp2 

concentration was <50 psi and <35 psi, respectively. A Cary 300 Scan UV-visible 

spectrophotometer was used to determine the concentration of the purified protein. The 

instrument was first calibrated to the SEC elution buffer with 100% and 0% transmission. To 980 

µL of the buffer, 20 µL of concentrated, purified protein was added. The cuvette was capped 

with a septum so maintain an anaerobic environment. The entire absorbance spectrum was 

collected. To determine the specific cƻƴŎŜƴǘǊŀǘƛƻƴΣ .ŜŜǊΩǎ [ŀǿ ǿŀǎ ŜƳǇƭƻȅŜŘΥ όǎŀƳǇƭŜ Řƛƭǳǘƛƻƴύ 

* [(absorbance at 410 nm) - (absorbance at 280 nm)] * (extinction coefficient) * (path length, 1 

cm) = protein concentration. The extinction coefficients for the Fe and MoFe proteins are 6.702 

(at 430 nm) and 3.066 mM-1cm-1, respectively.54 The target protein concentration was 25-35 

mg/mL. The purified protein was frozen and stored in liquid nitrogen in 0.1 mL aliquots.  

 

II.C.vi. SDS-PAGE 

To confirm the purity and identity of the purified protein, sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) was performed on small samples from all stages 

of the protein purification. Samples were prepared by adding 20-ол ˃[ ƻŦ ƭƻŀŘƛƴƎ ŘȅŜ ǘƻ рл ˃[ ƻŦ 

each sample. Highly concentrated samples, such as the purified protein, were diluted with water 

before adding loading dye. 1% SDS was added to any sample containing insoluble material, such 

ŀǎ ǘƘŜ ŎŜƭƭ ǇŜƭƭŜǘΦ мл ˃[ ƻŦ ŜŀŎƘ ǎŀƳǇƭŜ ǿŀǎ ƭƻŀŘŜŘ ƛƴǘƻ мн҈ ¢ǊƛǎκI/ƭ ƎŜƭǎ ŀǎ ǿŜƭƭ ŀǎ ŀ ǇǊƻǘŜƛƴ 

ladder. Gels were run at 200 V for ~45 minutes, after which the gels stained for one hour and 

then de-stained for at least one hour. A typical gel is shown in Figure II-8. 
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Figure II-8. Sample gel for protein purification. 
 

 

II.D. Acetylene reduction activity assays  

 Although there are many substrates of nitrogenase,55 acetylene reduction to ethylene is 

typically used to characterize the activity of nitrogenase because acetylene and ethylene are 

easily detected with high sensitivity using gas chromatography (GC).  

 

II.D.i. Whole cell acetylene reduction assays 

Whole cell assays were used to monitor nitrogenase activity during cell growth. Prior to 

starting the activity assays, a 500-mL sealed round bottom flask was filled with acetylene by 

evacuation of water with acetylene pressure. 2.5 mL of 5 mM sodium dithionite in 500 mM Tris 

base was injected into the flask. The dithionite solution was swirled around the flask, and the 

flask stood at room temperature for approximately one hour to remove excess oxygen.  
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Activity assay vials that have been in the anaerobic tent for at least 24 hours were 

capped with small rubber septa inside the anaerobic tent. Once removed from the tent, they 

were kept under positive argon pressure on the vacuum manifold. To perform the assays, 2 mL 

cell culture was injected into each of two assay vials. 1 mL acetylene was injected into the vials, 

and they were immediately placed in a water bath at 30° C and 120 rpm. After exactly 20 

minutes, the assays were quenched with 0.25 mL concentrated citric acid. A negative control 

containing 2 mL water instead of cell culture was also prepared. A рл ˃[ ǎŀƳǇƭŜ ƻŦ ǘƘŜ 

headspace of each vial was injected into the GC. All GC runs were done at 110° C for 5 minutes. 

The area and percent area of the three peaks (methane/impurity at ~0.16 minutes, ethylene at 

~0.8 minutes, and acetylene at ~2.3 minutes) were detected with a flame ionization detector 

(FID) and recorded. Calculations were done as described in section II.D.ii. 

 

II.D.ii. Protein component acetylene reduction assays  

Protein component acetylene reduction assays were performed to characterize the 

activity of purified protein and MoFe and Fe protein titrations. Each assay includes the MoFe 

protein, the Fe protein, an electron source (such as dithionite), ATP, an ATP regenerating system 

(creatine phosphokinase, phosphocreatine disodium, and magnesium chloride), and acetylene. 

The ATP regenerating system is required since ADP can inhibit nitrogenase.56 Experimental 

details are provided in Table II-5. Solutions of 250 mM ATP, 2.5 mg/mL creatine phosphokinase 

(PCK), 100 mM phosphocreatine disodium (PC), and 500 mM MgCl2 were made by dissolving the 

solid in assay buffer (0.5 M Tris/HCl at pH 7.5, 200 mM NaCl). ATP, PCK, and PC were kept on ice 

until added to the assay mixture in order to avoid degradation. Higher Tris concentration is used 

for the assays to ensure the pH is properly maintained, thereby avoiding decomposition of 

dithionite upon acidic conditions. 
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Table II-5. The following conditions lead to a total reaction volume of 1.300 mL (including 1.000 
mL assay buffer and 0.300 mL protein and SEC buffer). Typically, experiments were performed in 
triplicate. The buffer used in the assays consists of 50 mM Tris/HCl and 200 mM NaCl at pH 7.5. 
Three protein stocks were prepared: Cp1 at 0.6 mg/mL, Cp2 at 1.29 mg/mL, and Cp2 at 0.32 
mg/mL. Experiments requiring the more concentrated Cp2 stock solution are marked with an 
asterisk. A more concentrated Cp2 stock solution is necessary for the larger component ratios 
because otherwise an excessive amount of the more dilute Cp2 stock solution would be 
required in the assay mixture.  

 



Chapter II  31 
 

To 7.2 mL of a 50 mM Tris buffer (pH 7.5), 2 mL of the PC solution, 200 µL of the ATP 

solution, 100 µL of the MgCl2 solution, and 500 µL of the PCK solution were added in the stated 

order (to avoid precipitation). 1 mL of this solution was added to each assay vial. Vials were 

purged on a Schlenk line with 12 cycles of 2.5-minutes vacuum and 0.5-minutes argon flush. 

During the purging, the acetylene flask was prepared as described in the previous section. The 

MoFe and Fe protein stock solutions were diluted in the anaerobic chamber as needed with a 50 

mM Tris/HCl pH 7.5, 200 mM NaCl solution. The final protein dilutions contained 5 mM sodium 

dithionite. After purgingΣ рл ˃[ ƻŦ рлл Ƴa ǎƻŘƛǳƳ ŘƛǘƘƛƻƴƛǘŜ ǎƻƭǳǘƛƻƴ όŘƛǎǎƻƭǾŜŘ ƛƴ лΦр a 

Tris/HCl pH 7.5, 200 mM NaCl) was added to each vial. The final composition of the assay 

mixture was 50 mM Tris/HCl at pH 7.5, 5 mM ATP, 5 mM MgCl2, 20 mM PC, 2.5 mg/mL PCK, and 

~19 mM sodium dithionite. The nitrogenase proteins are sensitive to salt concentration; 

therefore, the ionic strength should be kept constant (~at 48 mM NaCl) in each assay vial. 

Adjustments may be made using the salt concentration of the protein-free buffer as needed.  

Prior to performing the titration experiments, a calibration curve was constructed by 

injecting 20, 30, and 40 µL of acetylene into the GC and determining the moles of acetylene in 

each measurement from the resulting peak area (Chart II-7). Three trials of each protein 

component ratio were typically run. For each assay vial, 1 mL headspace was replaced with 1 mL 

acetylene after which the vial was incubated at 30° C for 5 minutes. After incubating, MoFe 

protein and SEC buffer were added. Addition of Fe protein initiated the reaction. Assays were 

run for 10 minutes while incubating a water bath at 30° C and 120 rpm. After exactly 10 

minutes, reactions were quenched with 0.25 mL concentrated citric acid. 50 ˃ L of headspace 

was injected into the GC. All GC runs were done at 110° C for 5 minutes. The area and percent 

area of the methane/impurity, ethylene, and acetylene peaks were detected with a flame 

ionization detector (FID) and recorded. 
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To calculate the specific activity of the protein as a function of component ratio or 

dilution, ethylene formation is calculated for each vial by v = (P/216.92)*((8.80-t)/0.05)/10, 

where P is the original ethylene peak area reading and t is total volume (mL) of liquid in the vial 

(1.3 mL). 216.92 is the correction factor for converting the peak area to nanomoles ethylene; 

8.80 refers to the total volume of the activity assay volume in mL; лΦлр ǊŜŦŜǊǎ ǘƻ рл ˃[ 

headspace injected into the GC, and 10 is the reaction time in minutes. The ethylene peak area 

should be corrected by subtracting the ethylene peak area of a control assay to account for 

ethylene impurities in the acetylene. The maximum ethylene formation velocity is evaluated by 

Michaelis-Menton fitting of the resulting titration curve (titrant amount vs. v). The maximum 

velocity divided by the amount of titrated protein in the vial is the final specific activity 

presented in nanomole ethylene per minute per milligram protein. A sample titration curve is 

shown in Chart II-8. 

 

Chart II-7. Sample calibration curve for acetylene reduction activity assays 
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Chart II-8. Average specific activity of Cp1 titration assays 

 
 
 

II.E. Crystallization 

24-well Cryschem Plates were purchased from Hampton Research. Plates and 1.5-mL 

Eppendorf tubes were brought into the anaerobic tent (95% argon, 5% hydrogen) at least two 

days prior to use to allow all oxygen to diffuse out of the plastic. All solutions used in 
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Millipore) and were then purged of oxygen using Schlenk lines (10 cycles of 3-minutes vacuum 

and 40-seconds argon) with stirring. Care was taken when subjecting poly(ethylene)glycol (PEG) 

solutions to vacuum so as not to suck up bubbles into the vacuum line.  

In the anaerobic tent, crystallization solutions for each well were prepared in 1.5 mL 

Eppendorf tubes. The appropriate amount of double-distilled water and PEG was added to each 

tube. Tubes were then closed and inverted 20 times to create a homogenous solution. All 

remaining components, such as salt and Tris, were added. Additionally, freshly prepared 5 mM 
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sodium dithionite was added to each condition. Tubes were closed and inverted another 20 

times. Tubes were allowed to sit for at least 45 minutes at room temperature before setting 

trays. During that time, protein was removed from the liquid nitrogen dewars and brought into 

the anaerobic tent to thaw.  

Crystallization plates were setup using the sitting drop vapor diffusion method (Figure II-

11). To each reservoir of the first 12 wells, 500 or 1000 ˃[ ŎǊȅǎǘŀƭƭƛȊŀǘƛƻƴ ǎƻƭǳǘƛƻƴ ǿŀǎ ŀŘŘŜŘ. 

0.5-нΦл ˃[ ǇǊƻǘŜƛƴ ǿas then added to the crystal well followed by an equal amount of reservoir 

solution. These 12 wells were then sealed with clear tape. The process was repeated for the 

remaining 12 wells. Plates stood undisturbed at room temperature. Most crystals started to 

form within 24 hours. Plates were checked for crystals using a low power setting on a 

microscope in the anaerobic tent to avoid heat or radiation damage to the crystals. Typical 

crystal morphologies observed included bars, triangular prisms, and hexagonal prisms (Figure II-

9).  

 

    

Figure II-9. (left) In sitting drop vapor diffusion crystallization, each well is sealed and water in 
the crystallization drop evaporates. At critical concentration, the protein precipitates or 
crystallizes. (right) Typical crystal morphologies observed include blocks, triangular prisms, and 
hexagonal prisms. 
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II.F. X-ray crystallography and structure solution 

II.F.i. Crystal harvesting onto loops for cryogenic X-ray or neutron diffraction 

The most reliable cryo-protection method was adding 2-methyl-2,4-pentanediol (MPD) 

and a few drops of Fomblin Y 16/6 oil directly to the crystallization drop. First, the sealing tape 

was sliced away. Under a microscope, the skin (a thin film of protein) of the crystal drop was 

removed by gently dragging a needle over the surface of the drop. Next, 1л ˃[ ǊŜǎŜǊǾƻƛǊ ǎƻƭǳǘƛƻƴ 

and 1-н ˃[ degassed 100% MPD was added to the drop. Under a microscope, a needle was used 

to gently mix the solution around the crystal. A small layer of degassed Fomblin Y 16/6 oil (~3 

drops) was added to the crystal drop, which remained on the top of the drop. Cryogenic loops 

were used to fish crystals out of the wells. Once looped, a crystal was slowly dragged through 

the oil layer. If the crystal was surrounded by an aqueous solution bubble, it was carefully 

dragged through the drop until the bubble disappeared. Once removed from the well, the 

looped crystal was immersed in liquid nitrogen as quickly as possible. After equilibrating to the 

liquid nitrogen temperature, it was carefully placed inside a cryo-vial. Crystals were stored in 

liquid nitrogen dewars. 

 

II.F.ii. Crystal harvesting into capillaries for room temperature X-ray or neutron diffraction 

For room temperature experiments, crystals must be in air-tight quartz capillaries. First, 

quartz capillaries were brought into the anaerobic tent at least 48 hours prior to harvesting to 

allow any oxygen in the capillary to diffuse out. At the time of harvesting, the tape on the 

crystallization well was removed, as was the skin on top of the crystal drop, as described in 

section II.F.i. 1л ˃[ ǊŜǎŜǊǾƻƛǊ ǎƻƭǳǘƛƻƴ ǿŀǎ ŀŘŘŜŘ ǘƻ ǘƘŜ ŎǊȅǎǘŀƭ ŘǊƻǇΦ !ƴ ŀŘŘƛǘƛƻƴŀƭ нл ˃[ 

reservoir solution was transferred to a clean, random spot on the top of the plate. The crystal 

was fished with a loop and transferred to the drop on the top of the plate.  
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Next, the capillary, with a diameter about 1/3 larger than the crystal, was prepared. A 

tiny piece of the capillary was snipped off the small opening. If the opening was not even, it was 

gently tapped on a smooth surface or re-snipped. The larger opening of the capillary was 

inserted into piece of rubber tubing about 18 inches long, which was connected to a pipette tip 

with its small end snipped off by a few millimeters. Using a pipette, the crystal was gently 

sucked into the middle of the capillary.  

Once the crystal was in the capillary, it was situated to roughly the middle of the 

capillary using the pipette. Next, most of the solution was removed from the capillary using 

wicks. The crystal remained in a drop of solution as small as possible (to minimize background 

scattering) with a nearby solution plug of at least a few millimeters in length to keep the 

capillary environment humid (Figure II-10). After the crystal and solution plug were positioned, 

the small opening of the capillary was sealed with wax. The large end was then snipped off and 

sealed. Care was taken to not heat the crystal while applying hot wax to the capillary. At this 

point, the capillaries could be removed from the tent. Capillaries were placed level in a small 

box and loosely held in place with a wadded Kim wipe.  

 

 
Figure II-10. The crystal is positioned in the middle with a small plug of solution nearby. The 
capillary is stored in a small box and is loosely held in place with a wadded Kim wipe. 

Crystal 

Solution plug 
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II.F.iii. Data collection 

Diffraction data was either collected in-house on a Rigaku MicroMax 007-HF X-ray 

generator with a Rigaku RAXIS-IV++ detector or remotely from the Stanford Synchrotron 

Radiation Lightsource (SSRL) on beamline 12-2 with a DECTRIS Pilatus 6M detector. For in-house 

experiments, 360 diffraction images were collected with an oscillation angle of 1° and 360° 

rotation. In a typical diffraction experiment at the SSRL, sets of 1440 diffraction images were 

collected at 12,999.97 eV with an oscillation angle of 0.25° (about half the mosaicity) and 360° 

rotation.  

 

II.F.iv. Structure solution 

Data sets were indexed and integrated with the XDS program package or MOSFLM.57,58 

Typically, MOSFLM was used to assess the quality of the reflections; indexing and integrating 

were performed with XDS. Scaling and merging were carried out with the CCP4 suite (POINTLESS 

and SCALA or AIMLESS), from which the resolution cutoff was determined by various metrics.58 

Phasing was calculated experimentally or by molecular replacement (PHASER or MOLREP). Initial 

structure refinement was carried out with CNS, and alternative conformations and isotropic B-

factors were refined with REFMAC5.59ς61 For data sets near 1 Å resolution, anisotropic 

refinement was also performed. Simulated annealing was calculated using PHENIX.62 Structures 

were further refined in COOT using the validation tools, including examining Ramachandran 

plot, searching for un-modeled blobs with electron density above 0.7 e/Å3, and checking the 

difference density, waters, geometry, peptide omega angles, B-factors, Gln and Asn outliers, 

rotamer probability, and density fit. Figures were made in PyMOL.63 For anomalous data, 

CǊƛŜŘŜƭΩǎ [ŀǿ ǿŀǎ ǎŜǘ ǘƻ ŦŀƭǎŜ ŘǳǊƛƴƎ ƛƴƛǘƛŀƭ Řŀǘŀ ǇǊƻŎŜǎǎƛƴƎΦ CƻƭƭƻǿƛƴƎ ƳŜǊƎƛƴƎΣ structure factors 

were calculated using SFALL and Fourier transformation was carried out using FFT in CCP4. 
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C h a p t e r I I I 

Nitrogenase MoFe Protein from Clostridium pasteurianum at 1.08 Å 

Resolution: Comparison to the Azotobacter vinelandii MoFe Protein 

 

This chapter summarizes my contributions to the publication of the same title written by Prof. 

Limei Zhang.64 doi: 10.1107/S1399004714025243.  

 

 

III.A. Abstract 

The MoFe protein from Azotobacter vinelandii (Av1) is the most heavily studied 

nitrogenase protein for its structural and spectroscopic properties. Herein, we report the 

structural characterization of the most structurally divergent MoFe protein known, that from 

Clostridium pasteurianum (Cp1). The Cp1 structure was published in 1992 for the first (and, until 

this work, only) time with a resolution of 3.0 Å.65 While this was useful for comparisons of the 

secondary protein structure, a detailed comparison of atomic positions, especially at the 

cofactors, could not be made. This work includes detailed comparisons of Av1 and Cp1, with an 

emphasis on the Fe protein docking site on the MoFe protein, the identity of the interstitial 

atom, and the P-cluster binding pocket. The results show that the structure of the cofactors is 

strictly conserved between Av1 and Cp1 homologs; however, differences in the secondary 

structure at the Fe protein docking site and in the P-cluster binding pocket may suggest some 

variation in the function of Av1 and Cp1.  
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III.B. Introduction 

There are dozens of bacterial species that express nitrogenase; they are identified by 

the presence of nitrogen-fixing, άƴƛŦέ, genes in their genome.24 Based on sequence alignment, 

these nitrogenases have been divided into six groups.24 The two major groups are those with 

sequences similar to Azotobacter vinelandii (Av, group I) and Clostridium pasteurianum (Cp, 

group II). Groups III and IV are similar to Av but have small insertions or deletions; groups V and 

VI are nitrogenases that contain Fe or V in the FeMo-cofactor instead of Mo. The vast majority 

of nitrogenase work is performed using Av proteins.19,22,28,37,38 By identifying similarities and 

differences between the MoFe proteins in different groups, we may further our understanding 

of the biological nitrogen fixation mechanism. Prior to this study, the only structure of a MoFe 

protein not from group I was the MoFe protein from Cp (Cp1) at 3.00 Å (PDB ID 1MIO).21 This 

was a major accomplishment in understanding the greater structural differences between group 

I and II homologs; however, the resolution was too low to make definitive conclusions on atomic 

positions or the structure of the FeMo-cofactor. In this work, we report a high resolution 

structure of Cp1 and compare it to the high resolution structure of Av1 (PDB ID 3U7Q).22  

 

III.B. Results  

The published Cp1 structure, PDB ID 4WES, was solved to 1.08 Å resolution.64 I used a 

dataset from a different crystal to create a structure solved to 1.12 Å resolution. The 1.12-Å Cp1 

structure was determined by experimental phasing from multi-wavelength anomalous 

diffraction (MAD) data. Data processing and refinement statistics are provided in Table III-1. 10 

of the 11 outliers in the Ramachandran plot include -hLƭŜпуΣ ʰ-{ŜǊмумΣ ʰ-DƭȅопрΣ ʰ-Ser346, and 

-hAla463, all of which are found in the interior of the protein and have well-defined electron 

density. These residues are not conserved in Av1, and may therefore be a characteristic of Cp1.  
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Four residues in the Cp1 structure have a peptide angle significantly distorted from 

180°: -h[Ŝǳнпл όϤсϲύΣ ʰ-Dƭȅпуу όϤмлϲύΣ ʲ-tƘŜнлм όϤоофϲύΣ ŀƴŘ ʲ-Phe411 (~351°). None of these 

residues are in areas of the protein identified as mechanistically important. The latter three exist 

ƛƴ ƭƻƻǇ ǊŜƎƛƻƴǎ ŀƴŘ ŀǊŜ ŦƻƭƭƻǿŜŘ ōȅ ŀ ǇǊƻƭƛƴŜΦ ʰ-Leu240 occurs between two threonine residues, 

the three of which make up the terminal strand of a beta sheet. -h[Ŝǳнпл ŀƴŘ ʰ-Thr241 make a 

non-proline cis-peptide bond; this is the only non-proline cis-peptide bond observed in the 

MoFe protein.22,66 In group I, the cis-peptide residues ό-h¢ǊǇнро ŀƴŘ ʰ-Ser254 in Av1) are 

ŎƻƴǎŜǊǾŜŘ ут҈Τ ǘƘƻǎŜ ƛƴ ƎǊƻǳǇ LL όʰ-[Ŝǳнпл ŀƴŘ ʰ-Thr241 in Cp1) are conserved 39%, indicating 

that the cis-peptide is more conserved among the Av1 homologs than the Cp1 homologs.  

 

Table III-1. Data processing and refinement statistics for Cp1 at 1.12 Å 

 Cp1 at 1.12 Å 

Data Collection Statistics 

Resolution range  (Å) 38.91 ς 1.12 (1.18-1.12) 

Wavelength (Å) 0.9537 

Space group P21 

Unit cell constants 
a = 72.8 Å 
b = 170.7 Å 
c = 87.5 Å 

 h= 90.00° 
 ̡= 91.64° 
 ɹ= 90.00° 

Unique reflections 737,219 (86,732)*  

Completeness (%) 90.7 (73.1)* 

Redundancy 3.5 (3.4)* 

IκˋόI) 17.3 (3.2) 

Rmerge 0.030 (0.317)* 

Refinement Statistics 

Protein residues 1951/1982 

Mean B value (Å2) 11.6 

Rwork 0.129 

Rfree 0.151 

Ramachandran outliers 11 (0.59%) 

RMSD bond lengths (Å) 0.015 

RMSD bond angles (°) 1.80 
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In the publication of the original Cp1 structure, two crystal forms, obtained from 

crystallization with magnesium chloride or cesium chloride (PDB ID 1MIO), were reported.65 The 

unit cell dimensions of the structure presented here are similar to cesium chloride form; 

however, no cesium was used in the crystallization condition. Superposition of the secondary 

structure elements (1917/1951 residues) of 1MIO and the 1.12-Å structure gives a root mean 

square deviation of 0.152 Å.  

 

III.C. Comparison to the Av1 structure 

III.C.i. Insertion sequences 

The shared sequence identity of Cp1 compared to Av1 is 37.7%.  Superposition of the 

secondary structure elements (1738/1951 residues) of Av1 (PDB ID 3U7Q) and the 1.12-Å 

structure gives a root mean square deviation of 1.56 Å. The metalloclusters are identical, and 

the secondary structure elements are similar with two notable exceptions (Figure III-1): (1) an 

insertion sequence in the Cp1 -hsubunit on the protein surface inǾƻƭǾƛƴƎ /Ǉм ǊŜǎƛŘǳŜǎ ʰ-

Glu376ςh-Gly428 and (2) a deletion in the Cp1 ̡ -subunit on the protein surface involving Av1 

ǊŜǎƛŘǳŜǎ ʲ-Met1ς̡-Thr48.21 Herein, these sequences are referred to as the Cp1 and Av1 

insertion sequences, respectively. 

The Cp1 insertion sequence consists of a flexible loop flanked with alpha helices; loop 

ǊŜǎƛŘǳŜǎ ʰ-387ςh-391 block the docking of the Fe protein when compared to Av1-Av2 

complexes.28,67 This is according to overlays with four different Av1-Av2 complexes (Figure III-2). 

These complexes were formed using additives to mimic nucleotide-free and nucleotide-bound 

conditions representing different conformations at various stages of electron transfer during 

substrate reduction.28,67 Notably, Av1 and Cp2 form an inactive complex,68,69 suggesting that 

there is something unique about the Cp1-Cp2 complex compared to the other nitrogenase 
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species, which likely involves the insertion sequence. Perhaps a different docking formation is 

adopted, or perhaps the loop flexes away from the protein in solution to open up the docking 

site. The latter is supported by the fact that there are only four polar contacts between residues 

in the loop portion of the insertion sequence and the rest of the protein.  

 

 

Figure III-1. Overlay of Cp1 (green) and Av1 (red, PDB ID 3U7Q) with insertion loops displayed as 
spheres. The insertion loops are shown in only one of the heterodimers.  

 

   

Figure III-2. Two orientations of overlays of Av2 (various colors) and Cp1 (green). The complexes 
include ADP·AlF4

- stabilized Av1-Av2 (PDB ID 1M34, magenta), nucleotide-free Av1-Av2 (PDB ID 
2AFH, yellow), MgAMPPCP-bound Av1-Av2 (PDB ID 2AFK, cyan), and MgADP-bound Av1-Av2 
(PDB ID 2AFI, blue).27,28 Av1 was used to create the superposition, but is hidden in the figure.  
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The Av1 insertion sequence ƛƴƛǘƛŀǘŜǎ ǘƘŜ ʲ-subunit: the first quarter consists of a loop, 

followed by an alpha helix, another loop section, and another alpha helix. The Av1 insertion 

sequence partially covers opening of the interstitial water channel that connects the protein 

surface to the active site. This may impede access of small molecules to and from the active site. 

There are many polar contacts between the Av1 insertion sequence and the rest of the protein, 

which may indicate that the insertion sequence is not flexible.  

 

    

Figure III-3. (left) Av1 and (right) Cp1 with the water molecules of the interstitial channel shown 
in blue spheres. The residues of the Av1 insertion loops are displayed as sticks in the left figure. 
The Av1 insertion loop partially blocks the mouth of the interstitial channel. The FeMo-cofactor 
in both figures is shown with ball and stick and colored by element.   
 

 

III.C.ii. Inter-subunit contacts 

The contacts between the hΣ ʲΣ ʰΩΣ ŀƴŘ ʲΩ subunits of Cp1 were determined using the 

program NCONT in the CCP4 suite (Table III-2).58 A contact is defined as a distance of Җ3.5 Å 

between two atoms of different subunits. Contacts that are hydrogen bonds or electrostatic 

interactions are identified as salt bridges. There is a similar number of total contacts between all 

subunits in Av1 and Cp1, and most are salt bridges. The total number of salt bridges between all 

subunits is also similar, except in the case of the Cp1  ̡and ̡ Ω, which have about 50% more salt 
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bridges compared to other subunit interactions. The conservation of total contacts and salt 

bridges indicates that the interaction between subunits is not highly conserved.  

 

Table III-2. Inter-subunit contacts in Av1 and Cp1 

Subunits Av1 ̡ , ̡ Ω Cp1 ̡ , ̡ Ω Av1 h Σ  ̡ Cp1 h Σ  ̡

Total number of contacts 58 59 58 59 

Number of salt bridges 33 46 31 33 

Conservation of total contacts in Av1 and Cp1 24 (41%) 29 (54%) 

Conservation of salt bridges in Av1 and Cp1 25 (63%) 17 (55%) 

 

 

III.C.iii. Conservation of tryptophan 

The conservation of tryptophan residues was investigated since this amino acid is often 

involved in protein electron transfer reactions.70 There are only six tryptophan residues in Cp1 

(Figure III-4), compared to 18 in Av1 and 15 in Kp1. Of the six Cp1 tryptophan residues, four are 

conserved in Av1 and Kp1, including -h¢ǊǇнноΣ ʰ-¢ǊǇнумΣ ʰ-¢ǊǇрмнΣ ŀƴŘ ʰ-Trp519 (Table III-3). 

Only -hTrp84 resides near a cofactor; thus, this residue may have a role for in the substrate 

reduction mechanism. ¢ƘŜ ŦƛǾŜ ǘǊȅǇǘƻǇƘŀƴ ǊŜǎƛŘǳŜǎ ƛƴ ǘƘŜ ʰ-subunit are all highly conserved.  

 

Table III-3. Conservation of Cp1 tryptophan residues in groups I and II 

 -hTrp84 -hTrp223 -hTrp281 -hTrp512 -hTrp519 -̡Trp380 

Conservation in 
group I (single 

variant mutant) 
82% (Arg) 100% 100% 98% (Ile) 87% 0% 

Conservation in 
group II (single 
variant mutant) 

100% 72% 100% 94% (Phe) 89% (Phe) 67% 

Overall 
conservation 

87% 92% 100% 97% 87% 19% 

Distance to 
FeMo-co (Å) 

12 15 15 21 38 26 

Distance to P-
cluster (Å) 

11 28 30 30 41 34 
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Figure III-4. Location of Cp1 Trp residues; their conservation in groups I and II are given in 
parenthesesΦ ¢ƘŜ ʰ ǎǳōǳƴƛǘǎ ŀǊŜ ǎƘƻǿƴ ƛƴ ƎǊŜŜƴ ŀƴŘ ǘƘŜ ʲ ǎǳōǳƴƛǘǎ ŀǊŜ ǎƘƻǿƴ ƛƴ ŎȅŀƴΦ ¢ƘŜ 
cofactors and the tryptophan residues are displayed with ball-and-stick and are colored by 
element. 
 

 

III.C.iv. FeMo-cofactor insertion pathway 

A pathway has been postulated for FeMo-cofactor insertion into the apo-MoFe 

protein.71 ¢Ƙƛǎ ǇŀǘƘǿŀȅ ǿŀǎ ŦƻǳƴŘ ƛƴ ŀ ǎǘǊǳŎǘǳǊŜ ƻŦ ǘƘŜ ɲnifB protein, which lacks the FeMo-

cofactor; the pathway is of sufficient width and is positively charged so as to accommodate the 

size and negative charge of the FeMo-cofactor. This pathway consists of three sections: (1) the 

lid-loop region ό-h353ςh-364), which may guide the FeMo-cofactor to the pathway, (2) the His-

triad ό-hHis274Σ ʰ-IƛǎппнΣ ŀƴŘ ʰ-His451), which may provide binding site for the FeMo-cofactor 

during its journey, and (3) the switch/lock region ό-hIƛǎппн ŀƴŘ ʰ-Trp444), which may secure 

the FeMo-cofactor in place by movement of residue side chains. Conservation of residues in the 

lid-loop, His-triad, and switch/lock regions are well conserved in group I (the Av1 homologs), 

-hTrp281 (100%) 

-hTrp223 (92%) 

-hTrp512 (97%) 

-hTrp519 (87%) 

-hTrp84 (87%) 

-̡Trp380 (87%) 
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with a total of 88% conservation. The corresponding residues of the lid-loop, His-triad, and 

switch/lock regions in Cp1 are conserved in group II at 71%, suggesting that the FeMo-cofactor 

may have a different insertion pathway in Cp1 compared to Av1. Mutation studies as well as 

ǎǘǊǳŎǘǳǊŀƭ ŀƴŀƭȅǎƛǎ ƻŦ ǘƘŜ ɲnifB Cp1 protein would be more conclusive.  

 

III.C.v. Conservation of the contacts between the MoFe and Fe proteins 

 
 

 
Figure III-5. Overlay of Av1 (red) and Cp1 (green). Of the 38 Av1 residues that have contact with 
Av2, 11 are conserved 100% among group I and II homologs. These residues are shown in ball-
and-stick and are labeled. The P-cluster is shown in ball-and-stick and colored by element, and 
residues of the Cp1 insertion loop are shown in blue ball-and-sticks.  

 
 

38 surface Av1 residues have contacts with Av2,27,28 of which 15 are conserved 100% 

among group I homologs and may therefore serve in Fe protein docking. No Cp1-Cp2 structure 

has yet been reported. It is expected that the docking may have a different conformation due to 

!Ǿм ʰ-Asp162, 
/Ǉм ʰ-Asp153 !Ǿм ʰ-Asp161, 

/Ǉм ʰ-Asp152 

!Ǿм ʰ-Gly160, 
/Ǉм ʰ-Gly151 

!Ǿм ʰ-Ile159, 
/Ǉм ʰ-Ile150 

!Ǿм ʰ-Leu158, 
/Ǉм ʰ-Leu149 

!Ǿм ʲ-Asp161, 
/Ǉм ʲ-Asp114 

!Ǿм ʲ-Gly159, 
/Ǉм ʲ-Gly112 

!Ǿм ʲ-Glu156, 
/Ǉм ʲ-Glu109 

!Ǿм ʲ-Val124, 
/Ǉм ʲ-Val77 

!Ǿм ʲ-Glu120, 
/Ǉм ʲ-Glu73 

!Ǿм ʰ-Gly157, 
/Ǉм ʰ-Gly156 
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the Cp1 insertion sequence. Conservation of the Cp1 residues corresponding to the 18 Av1 

residues with highly conserved contacts to Av2 was investigated. 11 of these 18 residues are 

conserved 100% in group II (Figure III-5). These residues are within close proximity of the P-

cluster and are not blocked surface access by the Cp1 insertion loop. Because of this and the 

high conservation of these residues, they may be involved in the docking of Cp2 onto Cp1.  

 

III.D. The interstitial atom of the FeMo-cofactor 

Identification of the interstitial atom in the Av1 FeMo-cofactor as carbon was achieved 

in 2011 through a combination of X-ray crystallography, electron spin echo envelope 

modulation, and X-ray excitation spectroscopy.22,72 Accurate electron density calculations from 

an X-ray crystal structure require atomic resolution due to Fourier series termination effects 

from the six iron atoms encasing the interstitial atom in a trigonal prism. This effect led to the 

masking of all electron density at the interstitial cavity for structures with resolutions worse 

than 1.5 Å and the incorrect identification of the interstitial atom as nitrogen in a 1.16 Å 

structure.21,66,65,73ς75  

Using the 1.08 Å Cp1 crystal structure, the electron density as a function of the radius 

from the atom center was calculated for all carbon, nitrogen, and oxygen atoms in the protein 

structure with a B-factor <30 Å2 (Figure III-6). The electron density of the interstitial atom aligns 

best with the average carbon in the protein structure (Figure III-7). Although the interstitial 

atom of the FeMo-cofactor is likely electronically different from the average carbon in the 

protein scaffold, these methods were previously verified as reliable by spectroscopic techniques 

for use on structures at atomic resolution.72  
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Figure III-6. Distribution plots of the electron density of all carbon, nitrogen, and oxygen atoms 
as a function of integration radius. The electron density of the interstitial atoms (solid lines) is 
overlaid on each plot. The overlay with the highest correlation is carbon. Two patterns are 
apparent from examination of the distribution plots. First, the distribution broadens as the 
integration radius decreases. This occurs because at larger integration radii, different 
distributions of the electrons in each electron cloud cause greater variations in the overall 
electron density. Second, the electron density decreases as the integration radius increases. 
Because the electron cloud is the most concentrated near the atom center, the average electron 
density at any given point in the electron cloud decreases at larger integration radii. 
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Figure III-7. Summary of results from Figure III-6 with Gaussian fitting. The error bars show one 
standard deviation from the mean electron density at each integration radius. The best 
correlation for the interstitial atom is carbon. The electron density of the interstitial atoms 
increases quite significantly at an integration radius 1.4 Å compared to other carbon atoms in 
the protein structure. This may result from incorporation of electron density of neighboring Fe 
atoms in the FeMo-cofactor, which are 2 Å from the interstitial carbon. 
 

 

It was evident that there are different types of carbon and oxygen atoms in the protein 

structure from shoulders in the distribution plots of carbon and oxygen (Figure III-8). Further 

analysis showed that the right-hand shoulder in the carbon distributions is from sp2 carbon 

atoms, which have greater electron density than sp3 carbon atoms due to shorter bond lengths 

of double bonds compared to single bonds. The electron density of the interstitial atom 

correlates best with sp3 carbon atoms compared to sp2 carbon atoms. Although the interstitial 

carbon atom is coordinated to six iron atoms and exists as carbide (C4-), the electron density 

distributions suggest that the iron atoms pull enough electron density away from the interstitial 

carbon such that it mimics the electron density of sp3 carbons. Regarding the oxygen 

distributions, the left-hand shoulder is from oxygen atoms in water molecules (Figure III-8). The 

water oxygen atoms have less electron density than the protein backbone oxygen atoms 
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because the hydrogen atoms in a water molecule provide very little additional electron density 

compared to the carbon atoms in the protein scaffold. 

From the X-ray crystallography data, the electron density at the atom center of each 

carbon, nitrogen, and oxygen atom was calculated as a function of B-factor and compared to 

that of the interstitial atoms (Figure III-9). Based on this comparison, the best fit for the 

interstitial atoms is carbon, as also concluded from electron density calculations and observed in 

Av1. This aligns with the observed minimal deviation in bond length (<0.09 Å) between all atoms 

in the cofactors (Table III-S1), which suggests that atomic identity is conserved in Av1 and Cp1.  

 

 
 

 
Figure III-8. Electron density distributions for carbon and oxygen at 1.4 Å show that different 
bonding environments lead to different electron densities. 
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Figure III-9. Electron density of carbon, nitrogen, and oxygen atoms as a function of B factor. 
 

 

III.F. The P-cluster  

III.F.i. Comparing the reduced and oxidized states 

As illustrated in Figure III-10, the P-cluster is stabilized by the following contacts in Av1: 

-hCys154 to CŜмΣ ʰ-/ȅǎсн ǘƻ CŜоΣ ʲ-/ȅǎфр ǘƻ CŜн ŀƴŘ CŜуΣ ʰ-/ȅǎуу ǘƻ CŜпΣ ʲ-Cys70 to Fe7 

(corresponding to /Ǉм ǊŜǎƛŘǳŜǎ ʰ-Cys145, -h/ȅǎроΣ ʲ-/ȅǎпуΣ ʰ-/ȅǎтфΣ ʲ-Cys23, respectively). In 

the open state of the P-ŎƭǳǎǘŜǊΣ CŜр ŀƴŘ CŜс ŀǊŜ ǎǘŀōƛƭƛȊŜŘ ōȅ !Ǿм ʰ-Cyǎуу ό/Ǉм ʰ-Cys79) and Av1 

-̡{ŜǊмуу ό/Ǉм ʲ-{ŜǊмпмύΣ ǊŜǎǇŜŎǘƛǾŜƭȅΦ Lƴ ǘƘŜ ŎƭƻǎŜŘ ǎǘŀǘŜΣ CŜр ŀƴŘ CŜс ŀǊŜ ǎǘŀōƛƭƛȊŜŘ ōȅ !Ǿм ʰ-

/ȅǎуу ό/Ǉм ʰ-Cys79ύ ŀƴŘ !Ǿм ʲ-/ȅǎмро ό/Ǉм ʲ-Cys106), respectively. The open and closed states 

of the P-cluster are the oxidized and dithionite-reduced forms, respectively.75 X-ray crystal 

structures of Cp1 and Av1 typically show that the P-cluster is in the dithionite-reduced state or a 

mixed state. In a mixed state, Fe5 and Fe6 are modeled in both the closed and open 

conformations with a combined occupancy of 100%.  
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Figure III-10. The open (a) and closed (b) states of the P-cluster, corresponding to the putative 
oxidized and dithionite-reduced states, respectively. Fe5 and Fe6 are labeled as well as the bond 
length between these atoms and S1. The distance between S1 and Fe5,6 decreases from ~3.6 Å 
to 2.4 Å when going from the open to closed state. In both figures, the protein scaffold is shown 
in green cartoon and residues coordinated to the P-cluster are shown in sticks. The atoms of the 
P-cluster are represented with spheres and colored by element.  
 
 

wŜǎƛŘǳŜ ʲ-Ser92 in Av1 may have a functional role in the MoFe protein, as deduced from 

its two alternate conformations in the reduced and oxidized Kp1 structures.66 In the oxidized-

state, the serine sidechain hydrogen bonds to a water molecule; in the reduced-state structure, 

the sidechain hydrogen bonds with S2A in the P-cluster. In the (dithionite-reduced) Cp1 

structure presented here, the distance between Cp1 -̡Ser45 and S2A is 2.9 Å. The dependence 

of this residue on the oxidation state of the cofactors and its strict conservation in groups I and II 

suggests that it could be involved in redox reactions and/or may provide structural support for 

the reduced-state P-cluster.  

When the P-cluster is in the reduced state, Fe5 and Fe6 open up so as to form more 

hydrogen bonds ōŜǘǿŜŜƴ CŜс ŀƴŘ ʲ-Ser188 in Av1 and ̡ -Ser141 in Cp1. In group II, this serine is 

strictly conserved. In group I, however, ̡ -Ser188 is conserved only 60%, and the only variant is 

(a) (b) -hCys53 

-hCys145 

-̡Ser48 
-hCys79 

-̡Cys106 

-̡Ser141 -̡Cys23 

-hCys53 

-hCys145 

-̡Ser48 
-hCys79 

-̡Cys106 

-̡Ser141 -̡Cys23 

3.6 Å 

3.5 Å 

Fe6 

Fe5 
2.4 Å 

Fe6 
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alanine. Although alanine is roughly the same size as serine, it is not capable of electrostatic 

interactions with the P-cluster. Interestingly, there are no nearby residues able to interact with 

Fe6 in the case of the Ser188Ala substitutions in Av1. This suggests that this serine may not be 

essential to the structure or function of nitrogenase.  

 

III.G. Conclusions 

This work showcases the first high resolution structure of a MoFe protein from group II, 

allowing detailed comparisons to be made between the most structurally divergent nitrogenase 

MoFe protein groups known. Notably, the interstitial carbon atom in the FeMo-cofactor in 

conserved, from which we can conclude that the structure of the cofactors (including the P-

cluster) are identical in groups I and II. There are, however, differences in the structure of the 

protein scaffold that suggest alternative Fe protein docking, substrate and product pathways, 

FeMo-cofactor insertion pathways, and cofactor environment. These differences and their 

potential impact on the mechanism of substrate reduction will be better understood by 

characterizing Av1 and Cp1 under turnover conditions as well as Cp1-Cp2 complexes.  

 

III.H. Experimental (see publication for further detail)64 

III.H.i. Protein purification and crystallization 

Purification of Cp1 was performed as previously described.21 Cp1 was crystallized using 

the sitting-drop vapor diffusion method with a reservoir solution containing 0.2 M lithium 

citrate and 20% (w/v) PEG 3350 at room temperature in an anaerobic chamber. The resulting 

crystals were soaked in reservoir solution containing 10% 2-methyl-2,4-pentanediol (MPD) and 5 

mM sodium dithionite for 15 min before flash-freezing in liquid nitrogen. 
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III.H.ii. Data collection and processing 

X-ray diffraction data were collected on beam line 12-2 at the Stanford Synchrotron 

Radiation Lightsource (SSRL), with a Pilatus 6M pixel array detector. The 1.12 Å-resolution 

diffraction data set was collected at 14,000 eV with an oscillation angle of 0.15°. The data were 

integrated with the XDS program package.57 The model was built manually in COOT using the 

electron density map from experimental phasing,21,76 and the structure was refined with 

REFMAC5.60 Structure validation analysis was done using MolProbity v4.02.77 Intermolecular 

contacts were analyzed using the CCP4 program CONTACT.58 Figures were prepared in PyMOL.63 

Electron density analyses was carried out using proprietary software. First, all atoms of 

interest were selected from the PDB file, which include those with B-factor <30 Å2 and a 

correlation factor of 1. The electron density map was then divided into a 400 x 600 x 400 grid, 

yielding about 9.6 x 107 cubes, each with dimensions of 0.182 x 0.284 x 0.219 Å. Due to the small 

size of each cube compared to the size of an atom, it is assumed that each cube has uniform 

electron density. The masked electron density distribution file was then overlaid onto the PDB 

file. The program calculated the electron density of each atom at a given radius from the atom 

center by averaging the electron density of each box contained in the given radius. The electron 

density was calculated for each atom from the atom center (0.0 Å) to 1.4 Å with 0.2 Å intervals.  

 

III.H.iii. Protein Data Bank accession numbers 

Atomic coordinates and structure factors for the 1.08 Å structure were deposited in the 

Protein Data Bank with ID 4WES. 
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III.J. Supporting information 

Table III-S1. Comparison of Bond Lengths in the FeMo-cofactor and P-cluster of the Atomic 
Resolution structures of Av1 (PDB ID 3U7Q) and Cp122 

Bond 3U7Q 1.12 Å Cp1 Difference 

FeMo-cofactor 

FE1-S1A 2.31 2.29 0.02 

FE1-S2A 2.27 2.31 0.04 

FE1-S4A 2.29 2.30 0.005 

S1A-FE2 2.26 2.28 0.02 

S1A-FE4 2.29 2.28 0.015 

S2A-FE2 2.25 2.30 0.045 

S2A-FE3 2.28 2.28 0.005 

S4A-FE4 2.29 2.29 0.005 

S4A-FE3 2.25 2.29 0.035 

FE2-S2B 2.21 2.24 0.03 

FE2-CX 2.01 2.02 0.01 

FE3-S5A 2.23 2.23 0 

FE3-CX 1.99 2.00 0.01 

FE4-S3A 2.24 2.24 0.005 

FE4-CX 2.00 1.97 0.03 

FE5-S3A 2.26 2.20 0.06 

FE5-CX 2.01 1.98 0.03 

FE5-S1B 2.27 2.22 0.05 

FE5-S4B 2.26 2.25 0.01 

FE6-S2B 2.18 2.23 0.05 

FE6-CX 2.02 2.03 0.015 
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FE6-S3B 2.22 2.25 0.025 

FE6-S1B 2.24 2.25 0.01 

FE7-S5A 2.21 2.23 0.015 

FE7-CX 1.99 2.01 0.02 

FE7-S4B 2.22 2.24 0.02 

FE7-S3B 2.25 2.23 0.02 

S1B-MO1 2.36 2.35 0.005 

S3B-MO1 2.37 2.35 0.02 

S4B-MO1 2.35 2.38 0.03 

P-Cluster 

FE3-S2A 2.29 2.33 0.04 

FE3-S3A 2.32 2.35 0.03 

FE3-S4A 2.26 2.30 0.04 

S2A-FE1 2.31 2.35 0.04 

S2A-FE2 2.30 2.31 0.01 

S3A-FE4 2.30 2.33 0.03 

S3A-FE1 2.31 2.34 0.025 

S4A-FE2 2.28 2.32 0.035 

S4A-FE4 2.29 2.29 0 

FE1-S1 2.39 2.38 0.01 

FE2-S1 2.48 2.48 0.005 

FE4-S1 2.38 2.39 0.01 

S1-FE5,B 2.60 2.54 0.065 

S1-FE5,A 3.81 3.72 0.085 

S1-FE6,B 2.56 2.53 0.035 

S1-FE6,A 3.86 3.80 0.065 

S1-FE8 2.36 2.39 0.03 

FE5,A-S4B 2.31 2.34 0.025 

FE5,B-S4B 2.21 2.25 0.04 

FE5,A-S2B 2.27 2.22 0.05 

FE5,B-S2B 2.45 2.47 0.02 

FE6,A-S2B 2.33 2.35 0.015 

FE6,B-S2B 2.57 2.52 0.045 

FE6,A-S3B 2.36 2.34 0.015 

FE6,B-S3B 2.32 2.33 0.01 

FE8-S3B 2.28 2.28 0.005 

FE8-S4B 2.32 2.33 0.005 

S2B-FE7 2.32 2.32 0 

S3B-FE7 2.32 2.33 0.005 

S4B-FE7 2.29 2.32 0.03 
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C h a p t e r        I V 

Substrate Pathways in the Nitrogenase MoFe Protein by Experimental 

Identification of Small Molecule Binding Sites 

 

This chapter is a copy of the article published in Biochemistry under the ACS AuthorChoice 

license (http://pubs.acs.org/doi/full/10.1021/bi501313k).78 Some additional work is also 

included herein, and it is noted accordingly.  

 

 

IV.A. Abstract 

In the nitrogenase molybdenum-iron (MoFe) protein, we have identified five potential 

substrate access pathways from the protein surface to the FeMo-cofactor (the active site) or the 

P-cluster using experimental structures of Xe pressurized into MoFe protein crystals from 

Azotobacter vinelandii and Clostridium pasteurianum. Additionally, all published structures of 

the MoFe protein, including those from Klebsiella pneumoniae, were analyzed for the presence 

of non-water, small molecules bound to the protein interior. Each pathway is based on 

identification of plausible routes from buried small molecule binding sites to both the protein 

surface and a metallocluster. Of these five pathways, two have been previously suggested as 

substrate access pathways. While the small molecule binding sites are not conserved among the 

three species of MoFe protein, residues lining the pathways are generally conserved, indicating 

that the proposed pathways may be accessible in all three species. These observations imply 

that there is unlikely a unique pathway utilized for substrate access from the protein surface to 

the active site; however, there may be preferred pathways such as those described here. 

 



Chapter IV  58 
 
IV.B. Introduction 

Nitrogen fixation is the process by which atmospheric dinitrogen (N2) is reduced to a 

biologically active form of nitrogen, ammonia (NH3).79 This reaction is achieved on the industrial 

scale by the Haber-Bosch process, producing enough ammonia for nitrogen fertilizers to sustain 

нтҍпл҈ ƻŦ ǘƘŜ ǿƻǊƭŘΩǎ ǇƻǇǳƭŀǘƛƻƴΦ80 Because of the dependence of the Haber-Bosch process on 

molecular hydrogen obtained from natural gas, this process accounts for more than 1.5% of the 

global energy consumption each year.80 Industrial nitrogen fixation uses heterogeneous iron 

catalysts, pressures near 250 atm, and temperatures between 400 and 600 °C to reduce 

dinitrogen.80,81 In contrast, the biological catalyst, nitrogenase, reduces N2 to NH3 at ambient 

temperature and atmospheric pressure. Understanding the process by which nitrogenase 

functions may facilitate the development of environmentally cleaner alternatives to the Haber-

Bosch process, making nitrogenase an attractive enzyme to study for biotechnological NH3 

production. Although the enzyme has been studied for many decades, the detailed mechanism 

of N2 reduction remains poorly understood. For example, certain stoichiometric aspects of the 

standard model of biological nitrogen fixation (Scheme IV-1) are still under discussion, including 

the ATP/eҍ ratio and the obligatory nature of H2 evolution.82 Furthermore, N2 reduction requires 

at least six protons, but the specific form of ammonia evolved (NH3 versus NH4+) and the 

possibility of H2 evolution may require up to 10 or more protons for N2 reduction.  

 

Scheme IV-1. The standard model for biological nitrogen fixation 

 

 

Nitrogenase consists of two proteins: the hetero-tetrameric molybdenum-iron (MoFe) 

protein and the homodimeric iron (Fe) protein. The Fe protein houses two ATP binding sites and 

N2  +  8 H+  +  8 e-  +  16 ATP       2 NH3  +  H2  +  16 ADP  +  16 Pi 
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ǘƘŜ ώпCŜΥп{ϐ ŎǳōŀƴŜ ŎƭǳǎǘŜǊΦ ¢ƘŜ aƻCŜ ǇǊƻǘŜƛƴ Ŏƻƴǎƛǎǘǎ ƻŦ ǘǿƻ ʰʲ ŘƛƳŜǊǎ ŀƴŘ Ŏƻntains three 

ǘȅǇŜǎ ƻŦ ƳŜǘŀƭ ŎŜƴǘŜǊǎΥ όмύ ǘǿƻ ώуCŜΥт{ϐ άt-ŎƭǳǎǘŜǊǎέ ŀǘ ǘƘŜ ʰ- ŀƴŘ ʲ-subunit interfaces, (2) two 

active sites, a [7Fe:9S:Mo:C:R-homocitrate] cluster called the FeMo-ŎƻŦŀŎǘƻǊ ƛƴ ǘƘŜ ʰ-subunits, 

and (3) two mononuclear iron sites, named Fe16, bŜǘǿŜŜƴ ǘƘŜ ʲ- ŀƴŘ ʲ-subunits.23 During 

substrate turnover, electrons flow from the [4Fe:4S] cluster to the P-cluster to the FeMo-

cofactor, at which most, if not all, substrate reduction occurs upon sufficient buildup of protons 

and electrons.30 Considering only the inorganic components, the FeMo-cofactor adopts near C3v 

symmetry, with a central, trigonal prismatic core composed of three faces and three edges 

parallel to the C3 axis that are made from six Fe atoms, numbered Fe2, 3, 4, 5, 6, and 7. A 

particular face may be identified by listing the four Fe atoms composing that face, such as 

Fe2,3,6,7. Similarly, an edge is identified by listing the two Fe atoms composing that edge. 

Examined in isolation, the edges and faces would be indistinguishable from each other, but 

variation in neighboring protein residues creates nonequivalent environments around the 

FeMo-cofactor inside the protein. The edges and faces may therefore each have different 

mechanistic roles. For example, CO has been shown to bind in a bridging fashion to Fe2,6.37  

In this work, five possible pathways for substrate access from the protein surface to the 

FeMo-cofactor or P-cluster are experimentally identified. To accomplish this, Azotobacter 

vinelandii (Av) and Clostridium pasteurianum (Cp) MoFe protein crystals were pressurized with 

xenon (Xe) gas. Additionally, all published structures of the MoFe protein, including those from 

Klebsiella pneumoniae (Kp), were analyzed for the presence of nonwater, small molecules 

bound to the protein interior. The native Av, Cp, and Kp MoFe proteins are called Av1, Cp1, and 

Kp1, respectively, and the corresponding Xe-pressurized proteins are referred to as Av1-Xe and 

Cp1-Xe. Kp1 and Av1 are structurally similar (73% sequence identity), while their comparison to 
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Cp1 shows an insertion and a deletion, each Ḑ50 residues, as well as primary structure 

differences (36% sequence identity between Cp1 and Av1).  

Although Xe is monatomic, unlike nitrogenase substrates, several advantages exist for 

using Xe as a model for nitrogenase substrates such as N2: (1) Xe and N2 are neutral, polarizable, 

water-soluble, and unable to form hydrogen bonds; (2) the atomic radius of Xe (1.08 Å) is 

comparable to the NN bond distance (1.10 Å), so sterically, N2 may travel similar pathways as 

those penetrable by Xe; and (3) Xe is easily detected by X-ray crystallography due to its high 

electron density and strong anomalous scattering. Furthermore, Xe pressurization is well 

established as a tool for probing gaseous substrate pathways in several biological molecules, 

including myoglobin,83ς86 copper amine oxidase,87,88 laccase,89 methane monooxygenase 

hydroxylase,90,91 cytochrome c oxidase,92 cytochrome ba3 oxidase,93,94 acetyl-CoA 

synthase/carbon monoxide dehydrogenase,95 and antibodies that oxidize water.96 Finally, 

several molecular dynamic simulations support using Xe binding sites as markers for substrate 

pathways.97ς101  

X-ray crystallography, 129Xe-NMR, and computational work on previous Xe studies 

indicate that Xe typically induces minimal distortion in the protein structure and occupies 

existing cavities in a protein either by displacing water molecules or filling otherwise empty 

pockets.83ς85,87ς90,92,95,96 Reflecting the inertness of Xe, it tends to bind to the protein using mostly 

noncovalent, weak van der Waals forces with limited polarization interactions.97 The Xe binding 

sites are usually hydrophobic, and the closest contacts (3.5-6.0 Å) are typically aliphatic and 

aromatic side-chains but can be polar groups.79ς81,83ς86,88,91,92 These studies also show that 

pathways tend to travel parallel to secondary structure elements rather than through them.97  

Previous studies on nitrogenase have identified four possible pathways to the active 

site. First, a water channel extending from the protein surface to the FeMo-cofactor, called the 
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interstitial channel, was identified from structural analysis of Av1, Cp1, and Kp1, and has been 

expected to facilitate access to the active site for protons and possibly larger substrates.102ς106 

Use of the water-filled interstitial channel as an access pathway to the active site does not 

preclude the existence of other pathways since nonpolar substrates may prefer a less polar 

route. Second, Seefeldt and co-workers used the program CAVENV from the CCP4 suite with a 

probe radius of 2.5 Å to identify a hydrophobic substrate pathway, herein called the IS pathway 

(for authors Igarashi and Seefeldt).29 The third previously proposed pathway, called the NH3 

egress pathway by its authors, was identified by a computational cavity analysis of Av1 and Kp1; 

it extends through the protein scaffoƭŘ ŦǊƻƳ ǘƘŜ ʲ-subunit surface to the FeMo-cofactor.102 

Fourth, molecular dynamic calculations yielded a possible substrate pathway that traces the 

shortest path from the protein surface to the FeMo-cofactor.101 Like the NH3 egress and IS 

pathways, it does not utilize any water channels but rather tunnels through the protein scaffold. 

Since nitrogenase has a relatively leisurely turnover rate of about 1 N2/sec per active site, 

migration through the protein scaffold in the absence of permanent pathways should not be 

rate limiting, by analogy to O2 binding to the buried heme of myoglobin and hemoglobin.19,107 

Compared to the four previously proposed pathways, only the interstitial water channel and the 

IS pathway coincide with pathways identified in the present work, suggesting that there are 

multiple potential pathways connecting the surface to the active site of nitrogenase. 

 

IV.C. Results and discussion 

Xe sites were determined from the X-ray crystal structures of one Av1 and two Cp1 Xe-

pressurized crystals (Figure IV-1 and Table IV-1). Similar to previous Xe binding studies,79ς81,83ς

86,88,91,92 the Xe atoms in the MoFe proteins displace water or other small molecules or fill empty 

pockets, rather than displacing residue side chains (Table VI-2). The three Xe sites in Av1-Xe are 
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ŎƻƴǎŜǊǾŜŘ ƛƴ ōƻǘƘ ŎǊȅǎǘŀƭƭƻƎǊŀǇƘƛŎŀƭƭȅ ƛƴŘŜǇŜƴŘŜƴǘ ʰʲ ŘƛƳŜǊǎ ƻŦ ǘƘŜ ǇǊƻǘŜƛƴΣ ŀǎ ŀǊŜ ǘƘŜ ǘƘǊŜŜ ·Ŝ 

binding sites in Cp1-Xe. The root-mean-square deviations (RMSD) between the Xe-pressurized 

protein structures compared to their native structures is Ḑ0.20 Å. The RMSD of only the Xe 

binding pockets is between 0.15 and 0.23 Å, indicating little protein distortion from Xe 

incorporation (Table IV-S1).  

 

Table IV-1. X-ray crystallographic data collection and refinement statistics for Av1 and Cp1 

 Av1-Xe (4WNA) Cp1-Xe (4WN9) 

Data Collection Statistics 

Resolution range  (Å) 39.62 ς 2.00 (2.00-2.11) 39.75 ς 1.90 (1.90-1.93) 

Wavelength (Å) 1.5418 0.9537 

Space group P21 P1 

Unit cell constants 
a = 77.12 Å 
b = 129.8 Å 
c = 107.5 Å 

ʰ Ґ флϲ 
ʲ Ґ млуΦфϲ 
ʴ Ґ флϲ 

a = 67.31 Å 
b = 73.45 Å 
c = 108.7 Å 

ʰ Ґ тоΦптϲ 
ʲ Ґ утΦрсϲ 
ʴ Ґ уоΦфуϲ 

Unique reflections 133,045 (6,500) *  137,866 (6,709) *  

Completeness (%) 98.6 (98.6) *  96.7 (86.1) *  

Redundancy 3.5 (3.3) *  3.9 (3.7) *  

IκˋόI) 9.2 (3.2) *  16.0 (2.0) *  

Rmerge 0.079 (0.301) *  0.055 (0.660) *  

Refinement Statistics 

Protein residues 1998/2054 1951/1984 

Mean B value (Å2) 23.0 31.0 

Rwork 0.177 0.192 

Rfree 0.225 0.246 

Ramachandran outliers 10 (0.51%) 14 (0.73%) 

RMSD bond lengths (Å) 0.009 0.008 

RMSD bond angles (°) 1.29 1.21 

*Numbers in parentheses represent data in the highest resolution shell. 
 
 

Xe binding sites in Av1-Xe (PDB ID 4WNA) and Cp1-Xe (PDB ID 4WN9), as well as the PRL 

site in the Cp1-Xe structure, were analyzed for potential access routes to the FeMo-cofactor. 

Access to the P-cluster was also explored. In addition, imidazole (IMD), ethylene glycol (EDO), 

carbon monoxide (CO), and sulfur (S) binding sites from previously reported Av1, Cp1, and Kp1 
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structures were examined (Table IV-S2).22,37,64,66 For all these small molecule binding sites (with 

the exception of the S site that may be derived from a cofactor sulfur37), we can conclude with 

certainty that a route from the protein surface to the binding site exists; however, routes from 

the binding sites to the cofactors are inherently less certain, and indeed, may not exist. Potential 

pathways were generated using the program CAVER. For reference, Figure IV-2 and the movie 

provided in the Supporting Information (section IV.I.) summarize all of the known water 

channels and proposed substrate pathways from this study and previously published studies. 

Residues involved in all pathways are provided in Table IV-S3, and close contacts for each small 

molecule binding site are provided in Tables IV-S6 ς IV-S13.  

 

Table IV-2. Properties of small molecule binding sites in Av1 and Cp1 Xe-pressurized crystals 

Crystal Site 
Displaced 
species in 

native protein 

B-factor 
(Å2) 

Occupancy 
(%) 

Peak heights in 
anomalous 

Fourier ƳŀǇ όˋύ 

Distance* to (Å) 

FeMo-
cofactor 

surface 

Av1-Xe 
(4WNA) 

Xe1 
Fills empty 

pocket 
27.30 77 18.51 

11.2 10.9 
28.16 81 20.23 

Xe2 HOH 
31.29 49 8.48 

15.1 0 
31.40 46 7.12 

Xe3 Imidazole 
31.48 62 9.62 

33.1 0 
29.51 54 10.84 

Cp1-Xe 
(4WN9) 

Xe1 HOH 
41.89 28 5.20 

28.1 0 
39.52 34 5.78 

Xe2 MPD 
64.15 46 5.93 

23.8 0 
44.89 50 7.64 

Xe3 HOH 
29.20 22 4.18 

13.6 7.4 
33.79 19 5.53 

PRL HOH 
20.65 100 N/A 

24.5 7.7 
23.76 100 N/A 

* Distances were measured from Xe or PRL to the closest non-solvent atom in the FeMo-
cofactor or at the protein surface. 
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IV.D.i. AI/IS and AII pathways: FeMo-cofactor access based on Xe binding sites  

Xe binding sites in Cp1 and Av1 were examined to identify potential substrate pathways 

to the active site. We focused on buried Xe, as these sites have already penetrated into the 

ǇǊƻǘŜƛƴ ƛƴǘŜǊƛƻǊΦ ²Ŝ ŦǳǊǘƘŜǊ ŦƻŎǳǎŜŘ ƻƴ ·Ŝ ǎƛǘŜǎ ŦƻǳƴŘ ƛƴ ǘƘŜ ʰ-subunit, since these are closer to 

the FeMo-ŎƻŦŀŎǘƻǊ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ ǘǿƻ ·Ŝ ǊŜǎƛŘƛƴƎ ƛƴ ǘƘŜ ʲ-ǎǳōǳƴƛǘΥ ·Ŝ ƛƴ ǘƘŜ ʰ-subunit (Av1-

Xe1, Av1-Xe2, Cp1-Xe2) are 15, 13, and 23 Å away from the closest Fe atom in the FeMo-

ŎƻŦŀŎǘƻǊΣ ǊŜǎǇŜŎǘƛǾŜƭȅΣ ǿƘƛƭŜ ·Ŝ ƛƴ ǘƘŜ ʲ-subunit (Cp1-Xe1 and Av1-Xe3) are 28 and 33 Å away, 

respectively. These constraints narrow the relevant Xe sites to Av1-Xe1 and Cp1-Xe3.  

 
 
Figure IV-1. Ribbon representation of Cp1 showing locations for all Xe, PRL, and other small 
ƳƻƭŜŎǳƭŜ ōƛƴŘƛƴƎ ǎƛǘŜǎΦ ¢ƘŜ ʰ- ŀƴŘ ʲ-subunits are colored in green and cyan, respectively. The 
FeMo-cofactor, P-cluster, Fe16, and small molecules are displayed as small spheres colored by 
element. Av1 and Cp1 Xe sites are shown in large blue and magenta spheres, respectively. 
Binding sites observed in Av1 and Kp1 structures are superposed onto the Cp1 structure. (Cp1-
Xe PDB ID: 4WN9; Av1-Xe PDB ID: 4WNA).  
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Figure IV-2. Ribbon representation of Av1 illustrating the channels and pathways discussed in 
ǘƘƛǎ ǎǘǳŘȅΦ ¢ƘŜ ʰ-ǎǳōǳƴƛǘǎ ŀǊŜ ŎƻƭƻǊŜŘ ƎǊŜŜƴ ŀƴŘ ƳŀƎŜƴǘŀΣ ŀƴŘ ǘƘŜ ʲ-subunits are colored cyan 
and yellow. The cofactors are shown in ball-and-stick representation colored by element. 
Pathways were calculated using CAVER and are displayed as surfaces within the protein 
structure.108 This figure was created in PyMOL.63 
 

 

We propose two substrate pathways based on Av1-Xe1 and Cp1-Xe3, called AI and AII, 

respectively (Figure IV-3). In both pathways, two routes were calculated: one from the protein 

surface to the binding site and another from the binding site to the FeMo-cofactor. The AI 

pathway, as calculated by CAVER, may include the surface site Av1-Xe2 as the point of substrate 

penetration through the protein surface; it is in close proximity (11 Å) to Av1-Xe1. A portion of 

the AI pathway is conserved in the previously published pathway by Seefeldt and co-workers 

(herein called the IS pathway) using the program CAVENV.29 The IS pathway differs from the AI 

pathway at the point that it breaches the protein surface. The program utilized in this paper, 

CAVER, also identified the breaching point of the IS pathway as more favorable than the 

breaching point of the AI pathway: the average bottleneck radius of the IS and AI pathways from 

the Av1-Xe1 atom to the protein surface are 0.83 and 0.48 Å, respectively, and the lengths of 
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the pathways are 18.5 and 21.2 Å, respectively. In fact, the IS pathway is the most favored 

pathway as calculated by CAVER. However, binding of the Av1-Xe2 suggests that there may be 

multiple entry routes for the AI/IS pathway. Therefore, we present both entry/exit points as 

possible substrate pathways. Notably, the AI/IS pathway is predominantly hydrophobic, with the 

exception of residues at the protein surface and a couple around the water surrounding the 

FeMo-ŎƻŦŀŎǘƻǊΦ ¢ƘŜǎŜ ŦŜŀǘǳǊŜǎ ǎǳǇǇƻǊǘ {ŜŜŦŜƭŘǘΩǎ Ǉƻǎǘǳƭŀǘƛƻƴ ǘƘŀǘ ǘƘƛǎ ǇŀǘƘǿŀȅ ƛǎ ƭƛƪŜƭȅ ǳǎŜŘ ōȅ 

nonpolar substrates and/or reduction products. The AI/IS and AII pathways provide access to 

two of the three faces of the FeMo-cofactor, namely, the Fe2,3,6,7 and Fe3,4,5,7 faces. Since Xe 

is nonpolar and the interior Xe sites do not overlap with any polar species from other MoFe 

crystal structures, the AI and AII pathways may be primarily used by nonpolar substrates and/or 

reaction products.  
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Figure IV-3. (a) The AI/IS pathway. From the protein surface to the Xe binding site, the AI and IS 
pathways follow the light purple and cyan pathways, respectively. From the Xe binding site to 
the FeMo-cofactor, the pathways (slate blue) are the same. Substrates may penetrate the 
protein surface at the Av1-Xe2 binding site following the light blue pathway or as illustrated by 
the cyan pathway. Upon reaching the Av1-Xe1 binding site, substrates may continue toward the 
FeMo-cofactor following the slate blue pathway. The Fe atoms accessed on the FeMo-cofactor 
by this pathway are labelled. Av1-Xe1 and Av1-Xe2 are displayed as large blue spheres. (b) The 
AII pathway (magenta and light pink surfaces). Substrates may reach the Cp1-Xe3 binding site 
following the light pink pathway and then continue toward the FeMo-cofactor following the 
magenta pathway. Cp1-Xe3 is displayed as a large magenta sphere. In both figures, residues 
ƭƛƴƛƴƎ ǘƘŜ ǇŀǘƘǿŀȅǎ ŀǊŜ ƭŀōŜƭƭŜŘΦ ¢ƘŜ ʰΣ ʲΣ ŀƴŘ ʲΩ ǎǳōǳƴƛǘǎ ŀǊŜ ǎƘƻǿƴ ƛƴ ƎǊŜŜƴΣ ŎȅŀƴΣ ŀƴŘ ȅŜƭƭƻǿΣ 
respectively. 
 
 

IV.D.ii. BI pathway: FeMo-cofactor access based on PRL binding sites 

¢ƘŜ ƴŜŀǊŜǎǘ ƴŜƛƎƘōƻǊǎ ƻŦ tw[ ƛƴ /Ǉм ŀǊŜ ŦƛǾŜ ŀǊƻƳŀǘƛŎ ǊŜǎƛŘǳŜǎΣ ǘƻƎŜǘƘŜǊ ǿƛǘƘ ʲ-Glu323 

ŀƴŘ ʲ-Lys424 (Figure IV-S2 and Table IV-S12). PRL resides in an arm of the center channel that 

curves toward the cofactors (Figure IV-4). The arm terminates before reaching the FeMo-

cofactor; thus, substrates would need to continue through the protein scaffold to reach the 

active site. With CAVER, we deduced a possible substrate pathway from the PRL binding site to 

the FeMo-cofactor (pathway BI), which accesses the FeMo-cofactor at the Fe2,3,6,7 face.  
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Figure IV-4. (a) PRL binds in an arm of the center channel (brown surface) that reaches toward 
the cofactors. The arm terminates before reaching the FeMo-cofactor, so substrates must 
continue to the cofactors within the protein scaffold. The most likely pathway (in terms of size) 
ƛǎ ōŜǘǿŜŜƴ ǘƘŜ ʰ- ŀƴŘ ʲ-subunits. Branching from this pathway, substrates may either head 
toward the FeMo-cofactor (forest green surface, pathway BI) or toward the P-cluster (green 
surface, pathway CI). (b) A close-up view of the BI and CI pathways leading to the FeMo-cofactor 
and P-ŎƭǳǎǘŜǊΣ ǊŜǎǇŜŎǘƛǾŜƭȅΦ Lƴ ōƻǘƘ ŦƛƎǳǊŜǎΣ ǘƘŜ ʰΣ ʲΣ ŀƴŘ ʲΩ ǎǳōǳƴƛǘǎ ŀǊŜ ǎƘƻǿƴ ƛƴ ƎǊŜŜƴΣ ŎȅŀƴΣ 
and yellow, respectively. Residues lining the pathway are shown in sticks and labelled. The 
cofactors and PRL are displayed as spheres colored by element.  
 
 

IV.D.iii. CI pathway: P-cluster access based on PRL binding sites  

Although generally considered as functioning in electron transfer between the Fe 

protein and FeMo-cofactor, ligand access to and from the P-cluster may be necessary since 

there is likely elimination of a sulfur atom during P-cluster biosynthesis.109 Also, the redox 
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properties of the P-cluster indicate that it could potentially reduce protons and perhaps other 

substrates.82,110 A possible substrate pathway, CI, from the PRL site to the P-cluster (Figure IV-4) 

was calculated by CAVER. The PRL is 16 Å away from the P-cluster and 24 Å away from the 

FeMo-cofactor; however, the closest metal center to the PRL binding site is Fe16, at a distance 

of 14 Å. Although the identity of this third metal site has been confirmed, its function is not 

currently known.23  

Because the volume of the center channel is in excess of 1500 Å3, the walls of the center 

channel are essentially an extension of the protein surface. As such, the MoFe protein resembles 

an oblong donut, in which the center channel is the donut hole.21 Water molecules, nonpolar 

atoms (Xe), and polar molecules (IMD, EDO, MPD) are all found on the protein surface so it is 

not unexpected that these species have binding sites in the center channel as well. Therefore, 

the BI and CI pathways may facilitate access to the FeMo-cofactor for all species.  

 

IV.D.iv. DI pathway/interstitial water channel: FeMo-cofactor access based on IMD, EDO, CO, 

and S binding sites  

All published structures of native Av1, Cp1, and Kp1 were investigated for additional 

non-water, small molecule binding sites. Those containing small molecules are listed in Table IV-

S2. These guest molecules come from crystallization solutions, cryo-protectants, or pressurized 

gas and include imidazole (IMD), 2-methyl-2,4-pentanediol (MPD), Mg2+, 1,2-ethanediol (EDO), 

and carbon monoxide (CO); the sulfur (S) may be derived from the FeMo-cofactor.22,37,64,66  

We focused on small molecules bound to the protein interior, of which there are five 

from previously reported MoFe protein structures (Table IV-SB). Several of these bind in or near 

the interstitial channel (Figure IV-5), which has been previously proposed to function as a 

substrate access pathway, as deduced from the conserved water network in Av1, Cp1, and Kp1. 
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The exogenous small molecules observed to bind within this channel include IMD in Av1 (3U7Q) 

and EDO in Kp1 (1QGU) (Table IV-S4).22,66 The CO and S in Av1 (4TKV) bind in a protrusion from 

the interstitial channel. This protrusion (purple surface in Figure IV-S5) ŜȄǘŜƴŘǎ ǘƘǊƻǳƎƘ ǘƘŜ ʲ-

subunit to the protein surface; however, it is narrower and longer than the DI pathway. 

Therefore, only the short protrusion from the DI pathway containing the CO and S atoms is 

shown. The IMD and EDO sites directly overlap and are 4.8 and 7.7 Å from the CO and S, 

respectively. The polarity of IMD, EDO, and CO indicates that this channel may be utilized as an 

access pathway for polar substrates in addition to water or protons. The DI pathway accesses 

both the Fe2,3,6,7 and Fe3,4,5,7 faces, which are also accessed by the AI and AII pathways.  

 

 
Figure IV-5. The DI pathway (orange surface). The EDO and IMD molecules bind in the DI 
pathway/interstitial channel that connects the protein surface to the Fe2,3,6,7 and Fe3,4,5,7 
FeMo-cofactor faces (orange surface). The CO and S bind in a channel that extends from the DI 
ǇŀǘƘǿŀȅ όǇǳǊǇƭŜ ǎǳǊŦŀŎŜύΦ ¢ƘŜ ʰΣ ʲΣ ŀƴŘ ʲΩ ǎǳōǳƴƛǘǎ ŀǊŜ ǎƘƻǿƴ ƛƴ ƎǊŜŜƴΣ ŎȅŀƴΣ ŀƴŘ ȅŜƭƭƻǿΣ 
respectively. Residues lining the pathway are shown in sticks and labelled. The substrates and 
FeMo-cofactor are displayed as spheres colored by element.  
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IV.D.v. Pathway conservation  

It is noteworthy that the Av1 and Cp1 Xe binding sites differ, given that Xe is used as an 

electron dense surrogate for crystallographic analysis of gas binding sites in enzymes. 

Furthermore, while a diverse set of small molecules have been found to bind to the protein 

interiors of Cp1, Av1, and Kp1, it is also the case that these binding sites are not identical 

between the structures. To assess whether the different pathways may be generally relevant to 

the functioning of nitrogenase or instead primarily reflect the behavior of specific MoFe 

proteins, the conservations of specific residue and residue type (hydrophobic or hydrophilic) in 

Av1 and Cp1 were evaluated for (1) all residues in the protein, (2) surface residues, and (3) 

nonsurface residues (Table IV-S5). This was compared to the conservation of specific residues 

and residue type for residues lining the substrate binding pockets and proposed pathways 

(Tables IV-SN ҍ SU). The conservation of specific residue for all nonsurface residues compared to 

that of residues lining the substrate binding pockets and pathways is 38% and 63% respectively, 

and the conservation of residue type is 63% and 86%, respectively. This shows higher 

conservation of specific residue and residue type at the substrate pockets and in the proposed 

pathways, indicating that the AI, AII, BI, and CI pathways may be accessible in Av1 and Cp1. The 

differences in Xe and another small molecule binding sites in these structures may reflect details 

of the surrounding residues that alter the thermodynamics of ligand binding, but not necessarily 

the dynamic accessibility.  

 

IV.D.vi. Comparison to other forms of the MoFe protein  

The access pathways were compared to two other forms of the MoFe protein. First, 

examination of the proposed access pathways in complexes of the MoFe and Fe proteins 

indicates that the docking of the Fe protein onto the MoFe protein does not block any of the 
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proposed substrate pathways (Figure IV-S3).28,67 This suggests that binding of the Fe protein may 

not sterically interfere with substrate access between the protein interior and exterior. This 

observation is of interest since the Thorneley-Lowe kinetic model assumes that substrates and 

products can only bind/leave the free MoFe protein.44 Of course, differences in internal 

structure or protein dynamics could alter the behavior of the MoFe-protein between free and 

complexed states. Second, an overlay of the FeMo-cofactor-deficient Av1 protein structure 

shows that the AII pathway partially overlaps with the channel utilized by the FeMo-cofactor to 

access its binding pocket (Figure IV-S4).111 ¢Ƙƛǎ ǎǳƎƎŜǎǘǎ ǘƘŀǘ ǘƘŜ ŦǳƴƴŜƭ ōŜǘǿŜŜƴ ǘƘŜ ʰ-subunit 

domains mediating the transfer of the FeMo-cofactor into the active site region of the FeMo-

cofactor-less protein may have multiple roles. 

 

IV.D. Conclusion 

On the basis of the Xe binding sites, we have identified in Av1 and Cp1, together with 

small molecule binding sites observed in Av1, Cp1, and Kp1, three new substrate and/or product 

pathways that can potentially connect the protein surface and the nitrogenase metalloclusters. 

The AI and AII pathways, deduced from Xe binding sites, are possible pathways for nonpolar 

substrates. Notably, the AI pathway is mostly conserved in the previously published pathway 

based on computational analysis by Seefeldt and co-workers. From the PRL binding site, there is 

a possible pathway to both the FeMocofactor (pathway BI) and the P-cluster (CI), the latter of 

which may provide a pathway for proton access. Both pathways contain part of the center water 

channel and then extend into the protein scaffold toward the metalloclusters. Given the polarity 

of the small molecules and the binding pocket environment, the BI and CI pathways may 

facilitate metallocluster access for both polar and nonpolar substrates/ products. IMD, EDO, CO, 

and S sites in Av1 and Kp1 suggest that the DI pathway/interstitial channel may be used as a 
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polar substrate pathway; it is conserved in all MoFe proteins. All pathways access the Fe2,3,6,7 

and/or Fe3,4,5,7 faces of the FeMo-cofactor; however, this does not necessarily indicate that 

these faces are the primary targets for substrate binding since substrates may be able to move 

around the FeMo-cofactor. Overall, our studies establish that a variety of small molecules can 

access the interior of the MoFe-protein through multiple pathways (see the movie in the 

Supporting Information). This is based on experimental identification of nonwater, small 

molecule binding sites in the interior of Av1 and Cp1, which are two of the most structurally 

divergent bacterial MoFe proteins known. While there may be more favored pathways, given 

the variety of potential routes available, these observations indicate that there is unlikely to be a 

unique pathway utilized for substrate access from the protein surface to the active site; in 

effect, this is a molecular-ƭŜǾŜƭ ŜȄŀƳǇƭŜ ƻŦ άŀƭƭ ǊƻŀŘǎ ƭŜŀŘ ǘƻ wƻƳŜέΦ 

 

IV.E. Experimental 

IV.C.i. Cell growth and protein purification 

Av1 and Cp1 protein were obtained using cell growth and protein purification 

procedures previously described.64,73  

 

IV.C.ii. Crystallization 

Crystals were grown in 24-well plates using the sitting-drop method at room 

temperature in an anaerobic chamber with an atmosphere of Ḑ95% argon and Ḑ5% hydrogen. 

All crystallization solutions were purged with argon prior to use. Av1 crystals were obtained as 

described previously.73 For Cp1, the reservoir and crystallization solutions consisted of double-

distilled water, 23% polyethylene glycol (MW 3350 g/mol, Hampton Research), 0.2 M lithium 
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citrate (Aldrich), and 5 mM sodium dithionite (J.T. Baker). Several crystals of hexagonal and 

block morphology formed after 2 days, but only the block crystals diffracted well.  

 

IV.C.iii. Xenon pressurization (expanded from published article) 

Crystals were grown inside an anaerobic chamber as described above. Working with one 

well at a time, the taǇŜ ŎƻǾŜǊƛƴƎ ǘƘŜ ǿŜƭƭ ǿŀǎ Ŏǳǘ ŀƴŘ ǊŜƳƻǾŜŘΦ млл ˃[ ƻŦ ǘƘŜ ǊŜǎŜǊǾƻƛǊ ǎƻƭǳǘƛƻƴ 

was transferred to an Eppendorf tube. A thin film on top of the crystallization drop was removed 

with a needle. 2-3 drops of the Fomblin Y mineral oil (cryo-protectant, Sigma-Aldrich) was added 

to the top of the crystallization drop. The well was re-sealed with tape, and the tray was 

removed from the tent. A gas pressurization device was made by Michael Stowell.112 On the 

pressurization device (Figure IV-6), a small wad of Kim wipe was placed at the bottom of the 

pressurization chamber and was soaked with a couple drops of the reservoir solution from the 

Eppendorf tube. This is necessary to maintain a relatively constant vapor pressure during the 

pressurization process.  

  

 

Figure IV-6. Homemade gas pressurization device.112 
 

 

Pressurization 
chamber 

Valve to control 
pressurization rate 
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The sealing tape covering the well was cut and removed. Using a microscope, the crystal 

was collected on a nylon loop. The crystal was slowly lifted through the cryo-protectant layer of 

the drop and then very quickly moved to the pressurization chamber of the pressurization 

device. While lightly venting Xe (Matheson) through the device, the cap to the pressurization 

chamber was tightened. This process must be done carefully to ensure that all oxygen is forced 

out of the device without increasing the pressure too quickly, which causes the crystal to crack 

or become lost from the loop. After fully closing the device to the atmosphere, the pressure was 

increased to 14 atm over approximately six seconds. The device stood undisturbed for 10-15 

minutes after which the pressure in the chamber was slowly released. Here also the pressure 

change must be done slowly to avoid losing or cracking the crystal. Once the pressure was 

equilibrated to atmospheric pressure, the crystal was very quickly transferred to liquid nitrogen 

for storage. 

 

IV.C.iv. Data collection and refinement 

Diffraction data for Cp1-Xe was collected remotely from the Stanford Synchrotron 

Radiation Lightsource (SSRL) on beamline 12-2 with a DECTRIS Pilatus 6 M detector. Reference 

sets of 1440 diffraction images were collected at 12999.97 eV with an oscillation angle of 0.25° 

over 360° rotation. To confirm the identity of the Xe sites, diffraction data were also collected at 

6690.11 eV using the same strategy. Although well above the Ledge, Xe exhibits significant 

ŀƴƻƳŀƭƻǳǎ ǎŎŀǘǘŜǊƛƴƎ ŀǘ ǘƘƛǎ ŜƴŜǊƎȅ ǿƛǘƘ ɲŦ  Ғ мл ŜƭŜŎǘǊƻƴǎΦ 5ƛŦŦǊŀŎǘƛƻƴ Řŀǘŀ ŦƻǊ !Ǿм-Xe was 

collected in-house on a Rigaku MicroMax 007-HF X-ray generator with a Rigaku RAXIS-IV++ 

detector. All data sets were integrated with the XDS program package.57 Scaling was carried out 

with the CCP4 suite,58 and phasing was determined by molecular replacement against Av1 (PDB 

ID 3U7Q) and Cp1 (4WES).22,64 Initial refinement was carried out with CNS,59 and alternative 
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conformations and isotropic B-factors were refined with REFMAC5.60,61 Simulated annealing was 

performed using PHENIX.62  

 

IV.C.v. Determination of small molecule binding sites 

The presence and occupancy of each Xe site were evaluated by examination of electron 

density maps, anomalous difference Fourier peaks, and the B-factor of Xe and the surrounding 

residues (Table IV-2). Electron density and anomalous difference maps are shown for each Xe 

binding site in Figure IV-S1.  

Nonprotein electron density was evident in the Cp1-Xe structure that was modeled as a 

proline ligand (PRL, Figure IV-S2). We propose PRL for use in the model because it nicely fits the 

observed electron density; however, the actual identity and origin of this species are not 

conclusively known. It is unlikely that the electron density represents ill-defined water 

molecules because neighboring water molecules are well-ŘŜŦƛƴŜŘΣ ŀƴŘ сҍт ǿŀǘŜǊ ƳƻƭŜŎǳƭŜǎ 

would be needed to accurately model the observed electron and difference density, which is 

more than the space can accommodate. Furthermore, the ring of PRL could favorably interact 

with the five neighboring aromatic side chains in this binding pocket.113,114 Finally, the acid group 

ŎƻǳƭŘ ƛƴǘŜǊŀŎǘ ǿƛǘƘ ʲ-[ȅǎпнп ŀƴŘ ʲ-Glu323 via hydrogen bonding. While we will refer to the 

species throughout the manuscript as PRL (to distinguish it from proline in the peptide chain), 

we cannot unambiguously identify the species at this site. As it is clearly a nonwater ligand, 

however, we include it in the present analysis.  

 

IV.C.vi. Pathway calculations and display  

Pathways were calculated using the software CAVER.108 Coordinates of the small 

molecules were provided as the starting point for pathway calculations. CAVER calculates 
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pathways from the grid point closest to the provided coordinates, so some starting points are 

slightly offset from the Xe atoms. The probe radius, shell radius, and shell depth were set to 0.5, 

4, and 5 Å, respectively. For each small molecule, two pathways were selected: one from the 

protein surface to the small molecule binding site and the other from the binding site to a 

cofactor. For any given starting point, many pathways exist; however, the most probable 

pathways are those with the shortest length and largest width, and are prioritized by CAVER. 

Pathways are displayed throughout the manuscript as surfaces generated in PyMOL.63  

 

IV.F. Accession codes 

Accession Codes The structural model and structure factors have been deposited with 

the Protein Data Bank. The PDB ID for the Av1-Xe and Cp1-Xe structures are 4WNA and 4WN9, 

respectively. 
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IV.H. Abbreviations 

Cp, Clostridium pasteurianum; Av, Azotobacter vinelandii; Kp, Klebsiella pneumonia; 

IMD, imidazole; EDO, 1,2-ethanediol; MPD, 2-methyl-2,4-pentanediol; PRL, proline (ligand) 

 

IV.I. Supporting information 

IV.I.i. Movie 

A movie is accessible, free of charge, at 

http://pubs.acs.org/doi/suppl/10.1021/bi501313k. In this movie, the MoFe protein is rotated 

around the vertical axis to show the location of all pathways discussed in the manuscript, 

including newly identified and previously published pathways (blue: AI/IS pathway; magenta: AII 

pathway; forest green: BI pathway; green: CI pathway; orange: DI pathway/interstitial water 

channel; brown: center water channel; yellow: ammonia egress pathway; red: molecular 

dynamics pathway). The h  subunits of the protein are shown as green and magenta ribbon, and 

the ̡  subunits are shown in cyan and yellow ribbon. One FeMo-cofactor and P-cluster are 

shown as ball and sticks colored by element (yellow: sulfur; orange: iron; cyan: molybdenum; 

red: oxygen; grey: carbon). The two black Fe atoms in the FeMo-cofactor are Fe2 and Fe6, which 

bind the reversible inhibitor, carbon monoxide, in a bridging fashion. The three large black 

spheres are Xe binding sites in Av1 and Cp1. For clarity, the pathways, cofactors, and Xe binding 

sites are only displayed in one h -̡subunit of the protein. The protein scaffold is that of Av1 (PDB 

ID 4WNA) onto which the Cp1 pathways and Xe binding site have been superposed. The movie 

was made in PyMOL. 
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IV.I.ii. Tables 

Table IV-S1. RMSD of MoFe protein Xe binding pockets compared to native structures 

 
Av1-Xe structure compared 
to Av1 (1.0 Å, 3U7Q) 

Cp1-Xe structure compared 
to Cp1 (1.08 Å, 4WES) 

RMSD of whole protein (Å) 0.192 0.215 

RMSD of Xe1 binding site (Å)* 0.153 0.210 

RMSD of Xe2 binding site (Å)* 0.151 0.232 

RMSD of Xe3 binding site (Å)* 0.119 0.211 

* Residues within 6 Å of the Xe site were used in the RMSD calculations. 
 
 

 

Table IV-S2. Small molecules and ions in published MoFe protein structures 

Protein (resolution) PDB ID 
Small molecule (total 
number observed) 

Binding location 

Av1 (1.0 Å) 3U7Q22 

IMD (4) Surface 

Mg2+ (2) Surface 

IMD Interior 

Av1 (1.5 Å) 4TKV37 
CO (3) 

Surface 

Interior (2) 

S Interior 

Cp1 (1.08 Å) 4WES64 MPD Surface 

Kp1 (1.60 Å) 1QGU, 1QH866 

Mg2+ (5) Surface 

EDO (14) Surface 

EDO Surface 

EDO Interior 
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Table IV-S3. Residues involved in proposed pathways from previous and current studies 

Pathway 
target  

Pathway Residues lining pathway (Av1 numbering) 

FeMo-
cofactor 

AI  h
Val70, Val71, Trp72, Ile75, His195, His196, Asn199, Asp200, 
Val202, Arg203, Tyr229, Trp253, Ser254, Cys275, Ser278, 
Met279, Tyr281, Ile282 

AII 

 h
Ile59, Tyr354, Ile355, Glu380, Gly422, Ser423, Gly424, Lys426, 
Glu427, Arg439, Glu440, Met441, His442, Asp445, Ser447, 
Tyr450, Phe459, Asp462, Met463 

ʲϥ Thr360 

BI 

 h
Ala65, Gly66, Gly69, Val70, Gln90, Tyr91, Ser92, Arg93, Ala94, 
Gly95, Arg96, Gln191, His195 

 ̡
Ala67, Lys68, Ala69, Leu67, Tyr102, Arg105, His106, Phe107, 
His193, Phe230, Thr232, Gly368, Asp369, Phe372, Asn445, 
Tyr447, Gly470, Phe471, Pro472, Phe474, Thr484 

P-
cluster 

CI 

 h Gly61, Cys62, Tyr64, Ala65, Gln90, Tyr91, Ser92 

 ̡

Ala67, Lys68, Ala69, Leu77, Gly94, Ala97, Tyr98, Ser100, Tyr102, 
Arg105, His106, Phe107, His193, Phe230, Glu231, Gly368, 
Asp369, Phe372, Asn445, Tyr447, Gly470, Phe471, Pro472, 
Phe474, Thr484 

FeMo-
cofactor 

Interstitial 
water 

channel104/DI 

 h
Lys68, Gly69, Gly73, Ser92, Arg93, Ala94, Gly95, Arg96, Arg97, 
Asn98, Tyr99, Tyr100, Ile101, Thr104, Val110, Thr111, Ile231, 
His442, Ser443, Tyr446 

 ̡ Leu16, Lys21, Leu24, Arg28, Tyr98, Arg105, Phe450, Arg453 

ʲϥ 
Gln513, Ala514, Asp516, Tyr517, Asn518, His519, Asp520, 
Leu521, Val522 

IS  h
Val70, Val71, Trp72, Ile75, Met78, Arg96, Val179, His195, 
Val202, Trp205, Lys209, Tyr229, Trp253, Ile262, Glu263, Met279 

NH3 egress102 
 h

Gln53, Met57, Thr58, Ile59, Arg60, Ala65, Gln191, Glu380, 
Asp403, Lys426 

 ̡ Gln93, Gly94, Ser115, Ser117 

MD 

simulation101 
 h

Asn49, Gly66, Val70, Ser190, Gln191, Ser192, Leu193, His195, 
His196, Asn199, Arg277, Ser278, Met279, Asn280, Tyr281, 
Gly357, Phe381, Ala382, His383 
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Table IV-S4. IMD, CO, S, and EDO binding sites in Av1 and Kp1 

Crystal 
(PDB ID) 

Site 
Displaced species in 
native protein 

Occupancy (%) 
Distance* to (Å) 

FeMo-
cofactor 

surface 

Av1 (3U7Q) IMD HOH 100 11.5 11.6 

Av1 (4TKV) CO HOH 60% 17.0 8.7 

Av1 (4TKV) S Empty pocket 100% 19.0 10.9 

Kp1 (1QGU) EDO HOH 100 11.6 10.1 

* Distances were measured from the closest substrate atom to the closest metal in the FeMo-
cofactor or to the closest non-solvent atom on the protein surface. 
 

 

Table IV-S5. Conservation of specific residues and residue type in Av1 and Cp1 

Residue 
conservation 

Native protein Xe/PRL binding 
pockets and AI, AII, 
BI, CI pathways 

All residues 
Non-surface 
residues 

Surface 
residues 

Conservation of 
specific residue 

38.0% 38.4% 24.8% 62.5% 

Conservation of 
residue type 
(hydrophobic or 
hydrophilic) 

73.7% 63.4% 53.2% 85.6% 
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Table IV-S6. Close contacts and residue conservation for Av1-Xe1 (protein interior) 

 Residue Atom Distance from Xe (Å) Corresponding residue in Cp1 

1 -hVal71 CG1 3.88 -hVal60 

2 -hTrp72 CE3 4.48 -hMet61 

3 -hIle75 CD1 3.29 -hIle64 

4 -hAla198 O 5.95 -hAla187 

5 -hVal202 CG2 3.59 -hVal191 

6 -hTrp253 CE3 4.34 -hLeu238 

7 -hSer254 CB 4.31 -hThr239 

8 -hIle262 CD1 4.59 -hVal247 

9 -hMet279 CE 4.49 -hIle264 

Hydrophobic residues: 89% 
Conservation of specific residue: 44%  
Conservation of residue type*: 100% 

* Residues are categorized as hydrophilic or hydrophobic 

 

 

 

Table IV-S7. Close contacts and residue conservation for Av1-Xe2 (protein surface) 

 Residue Atom Distance from Xe (Å) Corresponding residue in Cp1 

1 -hHis196 CD2 5.20 -hHis185 

2 -hAsn199 O 3.98 -hAsn188 

3 -hAsp200 OD1 3.08 -hAsn189 

4 -hArg203 NE 4.17 -hMet192 

5 -hTyr281 O 3.67 -hTyr266 

6 -hIle282 CD1 3.87 -hIle267 

7 -hHis285 CB 4.18 -hMet270 

Hydrophobic residues: 29% 
Conservation of specific residue: 57% 
Conservation of residue type*: 71% 

* Residues are categorized as hydrophilic or hydrophobic 
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Table IV-S8. Close contacts and residue conservation for Av1-Xe3 (protein surface) 

 Residue Atom Distance from Xe (Å) Corresponding residue in Cp1 

1 -̡Tyr233 OH 5.24 -̡Gly180 

2 -̡Arg468 O 5.61 -̡Arg408 

3 -̡Ile469 CD1 4.36 -̡Phe409 

4 -̡Ser482 CB 4.50 -̡Asn422 

5 -̡Thr483 C 4.81 -̡Pro423 

6 -̡Thr484 O 3.92 -̡Lys424 

7 -̡Gly489 O 5.10 -̡Gly429 

8 -̡Gln492 CB 4.19 -̡Arg432 

9 -̡Ile493 CG1 3.83 -̡Leu433 

10 -̡Thr496 OG1 4.44 -̡Glu436 

Hydrophobic residues: 40% 
Conservation of specific residue: 20% 
Conservation of residue type*: 90% 

* Residues are categorized as hydrophilic or hydrophobic 
 

 

 

Table IV-S9. Close contacts and residue conservation for Cp1-Xe1 (protein surface) 

 Residue Atom Distance from Xe (Å) Corresponding residue in Av1 

1 -hAsp107 OD2 5.84 -hAsp117 

2 -hLys120 CE 5.99 -hLys130 

3 -hGlu127 OE1 5.40 -hGlu137 

4 -̡Arg12 O 3.81 -̡Arg59 

5 -̡Lys13 C 4.11 -̡Glu60 

6 -̡Ala14 N 3.93 -̡Ala61 

7 -̡Leu15 O 3.51 -̡Leu62 

8 -̡Arg16 NH1 3.73 -̡Thr63 

9 -̡Ile17 N 5.81 -̡Val64 

10 -̡Glu371 O 5.84 -̡Gly424 

11 -̡Asp373 OD2 5.09 -̡Asp426 

Hydrophobic residues: 27% 
Conservation of specific residue: 64% 
Conservation of residue type*: 91% 

* Residues are categorized as hydrophilic or hydrophobic 
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Table IV-S10. Close contacts and residue conservation for Cp1-Xe2 (protein surface) 

 Residue Atom Distance from Xe (Å) Corresponding residue in Av1 

1 -hAsp254 O 3.57 -hLys269 

2 -hLeu255 CB 4.30 -hLeu270 

3 -hPro278 CG 5.41 -hPro293 

4 -hCys300 O 3.38 -hLys315 

5 -hPhe301 CZ 3.84 -hPhe316 

6 -hVal406 CG1 3.90 n/a 

7 -hIle407 CD1 4.18 n/a 

Hydrophobic residues: 71% 
Conservation of specific residue: 43% 
Conservation of residue type*: 80% 

* Residues are categorized as hydrophilic or hydrophobic 
 

 

 

Table IV-S11. Close contacts and residue conservation for Cp1-Xe3 (protein interior) 

 Residue Atom Distance from Xe (Å) Corresponding residue in Av1 

1 -hPhe460 CE1 4.63 -hGly422 

2 -hLys477 CG 3.95 -hArg439 

3 -hLeu479 CD2 5.55 -hMet441 

4 -hAsp483 OD2 5.94 -hAsp445 

5 -hTyr488 OH 3.61 -hTyr450 

6 -hAsn496 O 5.39 -hIle458 

7 -hPhe497 CD1 3.29 -hPhe459 

8 -hGly498 N 5.37 -hAla460 

9 -hGlu500 CB 3.83 -hAsp462 

10 -hLeu501 N 3.71 -hMet463 

Hydrophobic residues: 60% 
Conservation of specific residue: 30% 
Conservation of residue type*: 90% 

* Residues are categorized as hydrophilic or hydrophobic 
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Table IV-S12. Close contacts for Cp1-PRL 

 Residue Atom Distance from ligand (Å) Corresponding residue in Av1 

1 -̡Tyr30 CZ 3.7 -̡Leu77 

2 -̡His59 NE2 3.7 -̡His106 

3 -̡Phe60 CZ 3.8 -̡Phe107 

4 -̡Phe178 CE2 3.4 -̡Phe230 

5 -̡Val179 CA 3.5 -̡Glu231 

6 -̡Gly180 C3 3.4 -̡Thr232 

7 -̡Asp183 OD2 4.1 -̡Asn236 

8 -̡Glu323 OE2 3.0 -̡Phe375 

9 -̡Gly410 O 3.8 -̡Gly470 

10 -̡Phe411 C1 3.8 -̡Phe471 

11 -̡Lys424 NZ 2.7 -̡Thr424 

Conservation of specific residue: 46% 
Conservation of residue type*: 73% 

* Residues are categorized as hydrophilic or hydrophobic 
 

 

 

Table IV-S13. Close contacts for Av1-IMD 

 Residue Atom Distance from ligand (Å) Corresponding residue in Cp1 

1 -hAla94 O 4.1 -hGly85 

2 -hGly95 N 5.2 -hGly86 

3 -hArg96 O 3.1 -hArg87 

4 -hArg97 CA 3.9 -hArg88 

5 -hAsn98 ND2 3.9 -hPhe89 

6 -hTyr99 CE1 3.3 -hLys90 

7 -hTyr100 CE2 4.2 -hPro91 

8 -hVal110 CG1 4.2 -hAsn102 

9 -hThr111 CG2 3.9 -hGlu103 

10 ʲϥ-Asp516 O 5.7 ʲϥ-Glu451 

11 ʲϥ-Tyr517 C5 4.1 ʲϥ-Glu452 

12 ʲϥ-Asn518 N 6.0 ʲϥ-Asp453 

13 ʲϥ-His519 C 5.4 ʲϥ-Phe454 

14 ʲϥ-Asp520 OD1 3.7 ʲϥ-Glu455 

15 ʲϥ-Leu521 N 4.9 ʲϥ-Val456 

Conservation of specific residue: 20% 
Conservation of residue type*: 60% 

* Residues are categorized as hydrophilic or hydrophobic 
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Table IV-S14. Residues lining the AI pathway in Av1 and Cp1 

AI pathway in Av1 AI pathway in Cp1 

-hVal70  -hVal59 

-hVal71 -hVal60 

-hTrp72 -hMet61 

-hIle75 -hIle64 

-hHis195 -hHis184 

-hHis196 -hHis185 

-hAsn199 -hAsn188 

-hAsp200 -hAsn189 

-hVal202 -hVal191 

-hArg203 -hMet192 

-hTyr229 -hTyr214 

-hTrp253 -hLeu238 

-hSer254 -hThr239 

-hCys275 -hCys260 

-hSer278 -hSer263 

-hMet279 -hIle264 

-hTyr281 -hTyr266 

-hIle282 -hIle267 

Conservation of specific residue: 67% 
Conservation of residue type*: 94% 

* Residues are categorized as hydrophilic or hydrophobic 
 

  



Chapter IV  88 
 
Table IV-S15. Residues lining the AII pathway in Cp1 and Av1 

AII pathway in Av1 AII pathway in Cp1 

-hIle59 -hAla48 

-hTyr354 -hTyr340 

-hIle355 -hVal341 

-hGlu380 -hGlu366 

-hGly422 -hPhe460 

-hSer423 -hAla461 

-hGly424 -hGly462 

-hLys426 -hLys464 

-hGlu427 -hGlu465 

-hArg439 -hLys477 

-hGlu440 -hGln478 

-hMet441 -hLeu479 

-hHis442 -hHis480 

-hAsp445 -hAsp483 

-hSer447 -hAsn485 

-hTyr450 -hTyr488 

-hPhe459 -hPhe497 

-hAsp462 -hGlu500 

-hMet463 -hLeu501 

ʲϥ-Thr360 ʲϥ-Gln308 

Conservation of specific residue: 45% 
Conservation of residue type*: 90% 

* Residues are categorized as hydrophilic or hydrophobic 
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Table IV-S16. Residues lining the BI pathway in Cp1 and Av1  

BI pathway in Av1 BI pathway in Cp1 

-hAla65 -hAla54 

-hGly66 -hGly55 

-hGly69 -hGly58 

-hVal70 -hVal59 

-hGln90 -hPhe79 

-hTyr91 -hTyr80 

-hSer92 -hThr81 

-hArg93 -hTrp82 

-hAla94 -hGly83 

-hGly95 -hGly84 

-hArg96 -hArg85 

-hGln191 -hGln180 

-hHis195 -hHis184 

-̡Ala67 -̡Ala20 

-̡Lys68 -̡Lys21 

-̡Ala69 -̡Thr22 

-̡Leu67 -̡Tyr30 

-̡Tyr102 -̡Val55 

-̡Arg105 -̡Arg58 

-̡His106 -̡His59 

-̡Phe107 -̡Phe60 

-̡His193 -̡His146 

-̡Phe230 -̡Phe178 

-̡Thr232 -̡Val179 

-̡Gly368 -̡Gly319 

-̡Asp369 -̡Asp320 

-̡Phe372 -̡Glu323 

-̡Asn445 -̡Asn392 

-̡Tyr447 -̡Tyr394 

-̡Gly470 -̡Gly410 

-̡Phe471 -̡Phe411 

-̡Pro472 -̡Pro412 

-̡Phe474 -̡Met414 

-̡Thr484 -̡Lys424 

Conservation of specific residue: 68% 
Conservation of residue type*: 82% 

* Residues are categorized as hydrophilic or hydrophobic 
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Table IV-S17. Residues lining the CI pathway in Cp1 and Av1 

CI pathway in Av1 CI pathway in Cp1 

-hGly61 -hGly50 

-hCys62 -hCys51 

-hTyr64 -hTyr53 

-hAla65 -hAla54 

-hGln90 -hPhe79 

-hTyr91 -hTyr80 

-hSer92 -hThr82 

-̡Ala67 -̡Ala20 

-̡Lys68 -̡Lys21 

-̡Ala69 -̡Thr22 

-̡Leu77 -̡Tyr30 

-̡Gly94 -̡Gly47 

-̡Ala97 -̡Ser50 

-̡Tyr98 -̡Tyr51 

-̡Ser100 -̡Thr54 

-̡Tyr102 -̡Val55 

-̡Arg105 -̡Arg58 

-̡His106 -̡His59 

-̡Phe107 -̡Phe60 

-̡His193 -̡His146 

-̡Phe230 -̡Phe178 

-̡Glu231 -̡Val179 

-̡Gly368 -̡Gly319 

-̡Asp369 -̡Asp320 

-̡Phe372 -̡Glu323 

-̡Asn445 -̡Asn392 

-̡Tyr447 -̡Tyr394 

-̡Gly470 -̡Gly410 

-̡Phe471 -̡Phe411 

-̡Pro472 -̡Pro412 

-̡Phe474 -̡Met414 

-̡Thr484 -̡Lys424 

Conservation of specific residue: 66% 
Conservation of residue type*: 81% 

* Residues are categorized as hydrophilic or hydrophobic 
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Table IV-S18. Residues lining the DI pathway/interstitial water channel in Cp1 and Av1  

DI pathway in Av1 DI pathway in Cp1 

-hLys68 -hLys57 

-hGly69 -hGly58 

-hGly73 -hGly62 

-hSer92 -hThr81 

-hArg93 -hTrp82 

-hArg96 -hArg85 

-hArg97 -hArg86 

-hAsn98 -hSer89 

-hTyr99 -hLys90 

-hTyr100 -hPro91 

-hIle101 -hGlu92 

-hThr104 -hThr95 

-hVal110 -hAsn100 

-hThr111 -hGlu101 

-hIle231 -hIle216 

-hHis442 -hHis480 

-hSer443 -hSer481 

-hTyr446 -hTyr482 

-̡Leu16 n/a 

-̡Lys21 n/a 

-̡Leu24 n/a 

-̡Arg28 n/a 

-̡Tyr98 -̡Tyr50 

-̡Arg105 -̡Arg57 

-̡Phe450 -̡Phe397 

-̡Arg453 -̡Arg400 

ʲΩ-Gln513 n/a 

ʲΩ-Ala514 ʲΩ-Cys449 

ʲΩ-Asp516 ʲΩ-Glu451 

ʲΩ-Tyr517 ʲΩ-Glu452 

ʲΩ-Asn518 ʲΩ-Asp453 

ʲΩ-His519 ʲΩ-Phe454 

ʲΩ-Asp520 ʲΩ-Glu455 

ʲΩ-Leu521 ʲΩ-Val456 

ʲΩ-Val522 ʲΩ-Val457 

Conservation of specific residue: 50% 
Conservation of residue type*: 87% 

* Residues are categorized as hydrophilic or hydrophobic 
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Table IV-S19. Residues lining the IS pathway in Av1 and Cp1 

IS pathway in Av1 IS pathway in Cp1 

-hVal70 -hVal59 

-hVal71 -hVal60 

-hTrp72 -hMet61 

-hIle75 -hIle64 

-hMet78 -hMet67 

-hArg96 -hArg85 

-hVal179 -hHis168 

-hHis195 -hHis184 

-hVal202 -hVal191 

-hTrp205 -hGlu194 

-hLys209 -hLys198 

-hTyr229 -hTyr214 

-hTrp253 -hLeu238 

-hIle262 -hVal247 

-hGlu263 -hGln248 

-hMet279 -hIle264 

Conservation of specific residue: 56% 
Conservation of residue type*: 94% 

* Residues are categorized as hydrophilic or hydrophobic 
 

 

 

Table IV-S20. Residues lining DŀƴŎŜΩǎ bI3 egress pathway in Av1 and Cp1102 

NH3 egress pathway in Av1 NH3 egress pathway in Cp1 

-hGln53 -hVal42 

-hMet57 -hIle46 

-hThr58 -hThr47 

-hIle59 -hAla48 

-hArg60 -hArg49 

-hAla65 -hAla54 

-hGln191 -hGln180 

-hGlu380 -hGlu366 

-hAsp403 -hAsp441 

-hLys426 -hLys464 

-̡Gln93 -̡Gln46 

-̡Gly94 -̡Gly47 

-̡Ser115 -̡Thr68 

-̡Ser117 -̡Ser70 

Conservation of specific residue: 71% 
Conservation of residue type*: 93% 

* Residues are categorized as hydrophilic or hydrophobic  
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Table IV-S21. Residues lƛƴƛƴƎ {ƳƛǘƘΩǎ molecular dynamics pathway in Cp1 and Av1101 

MD pathway in Av1 MD pathway in Cp1 

-hAsn49 -hAsn38 

-hGly66 -hGly55 

-hVal70 -hVal59 

-hSer190 -hSer179 

-hGln191 -hGln180 

-hSer192 -hSer181 

-hLeu193 -hAla182 

-hHis195 -hHis184 

-hHis196 -hHis185 

-hAsn199 -hAsn188 

-hArg277 -hArg262 

-hSer278 -hSer263 

-hMet279 -hIle264 

-hAsn280 -hAsn265 

-hTyr281 -hTyr268 

-hGly357 -hGly343 

-hPhe381 -hPhe367 

-hAla382 -hAla368 

-hHis383 -hHis369 

Conservation of specific residue: 90% 
Conservation of residue type*: 100% 

* Residues are categorized as hydrophilic or hydrophobic 
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IV.I.iii. Figures 

 

   

 

 

 

 

 

   

 

 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

 
 
 
 
 
 
Figure IV-S1. Electron density maps (blue mesh) and anomalous difference maps (orange mesh) 
for each Xe binding site, including noncrystallographically-related pairs, and their surrounding 
ŜƴǾƛǊƻƴƳŜƴǘΦ .ƻǘƘ ƳŀǇǎ ŀǊŜ ŎƻƴǘƻǳǊŜŘ ǘƻ о ˋΦ wŜǎƛŘǳŜǎ ǿƛǘƘ ŀǘ ƭŜŀǎǘ ƻƴŜ ŀǘƻƳ ǘƘŀt is 4 Å or 
closer to the Xe atom are shown in sticks. Note that the electron density for Cp1-Xe3 is not 
ǾƛǎƛōƭŜ ŀōƻǾŜ ǘƘŜ ƻǊŀƴƎŜ ·Ŝ ŀǘƻƳ ŀǘ о ˋ ŘǳŜ ǘƻ ƭƻǿ ǎƛǘŜ ƻŎŎǳǇŀƴŎȅΦ  
 

  

Av1-Xe1 and -Xe2 
 

Av1-Xe3 
 

Cp1-Xe1 
 

Cp1-Xe2 
 

Cp1-Xe3 
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Figure IV-S2. PRL binding site with the neighboring residues in sticks. The PRL molecule is shown 
with spheres and sticks and is colored by element. The electron density of the PRL and nearby 
water ƳƻƭŜŎǳƭŜǎ ŀǊŜ ǎƘƻǿƴ ƛƴ ōƭǳŜ ƳŜǎƘ ŎƻƴǘƻǳǊŜŘ ǘƻ нΦл ˋΦ 5ƛǎǘŀƴŎŜǎ ōŜǘǿŜŜƴ ǘƘŜ ŎƭƻǎŜǎǘ b 
ŀǘƻƳ ƻŦ tw[ ŀƴŘ ǘƘŜ b ƻŦ ʲ-[ȅǎпнп ŀƴŘ h9н ƻŦ ʲ-Glu323 are given. Note the well-defined 
electron density of the water molecules. See Experimental section of the main text for further 
discussion. 
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Figure IV-S3. Overlays of four different Av1-Av2 complexes: ADP·AlF4

- stabilized Av1-Av2 (PDB ID 
1M34, red cartoon), nucleotide-free Av1-Av2 (PDB ID 2AFH, blue cartoon), MgAMPPCP-bound 
Av1-Av2 (PDB ID 2AFK, forest green cartoon), and MgADP-bound Av1-Av2 (PDB ID 2AFI, orange 
cartoon). The docking of the Fe protein does not block any of the proposed substrate 
pathways.28,67  
 

 

 

  
Figure IV-S4. Overlay of the molecular surface of the FeMo-cofactor-deficient Av1 protein 
(wheat surface, PDB ID 1L5H).111 The channel used for transportation of the FeMo-cofactor is 
visible as the hole in the wheat surface that connects the protein surface to the location of the 
FeMo-ŎƻŦŀŎǘƻǊ ƛƴ ǘƘŜ ƳŀǘǳǊŜ ǇǊƻǘŜƛƴΦ ¢ƘŜ ƎǊŜŜƴ ǇǊƻǘŜƛƴ ōŀŎƪōƻƴŜ ƛǎ ǘƘŜ ʰ-subunit of the Av1-
Xe structure, and the other colored surfaces belong to the substrate access pathways. Three are 
visible: the AI (blue surface), AII (magenta surface), and NH3 egress (yellow surface) pathways. 
Part of the AII pathway overlaps with the FeMo-cofactor insertion pathway. 
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