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ABSTRACT 

Methane Bioreforming for the Biosynthesis of Reduced Molecules at 

Ambient Pressure and Temperature 

by 

Anna Morgan Crumbley 

The inherent principles of biology offer access to low temperature and pressure 

reactions with high selectivity in single-reactor vessels as an efficient route to chemical 

production through value-added biomanufacturing. Remote methane (CH4), a low-cost, 

but high-energy, gaseous hydrocarbon comprises a potentially-attractive feedstock 

distributed globally and produced by both renewable and traditional sources. Utilizing 

CH4 as a feedstock for value-added biomanufacturing of products such as ammonia 

(NH3), an expensive but essential source of N in agriculture, would facilitate NH3 

production in remote areas by addressing current technological challenges related to high 

temperature and pressure systems. This work details the development of a biological 

pathway producing NH3 from CH4, oxygen (O2), and nitrogen (N2) in the air at ambient 

pressure and temperature. A proof-of-concept system discussed herein demonstrates a 

syntrophic microbial consortium of Azotobacter vinelandii M5I3 and Methylomicrobium 

buryatense 5GB1 pAMR4-dtom1 performing methane bioreforming (MBR) and 

powering biological nitrogen fixation (BNF) through extracellular carbon and energy 

transfer. Using a co-culture of bacteria synthetically engineered to secrete extracellular 

electron carrier lactic acid and NH3 derived from CH4 and air, this work demonstrates 

accumulated extracellular carbon and nitrogen products in the proof-of-concept system. 



 
 

Through a combination of iterative refinement, control, and stable-isotope 
15

N2 labeling 

experiments, the work further demonstrates active BNF in the co-culture, albeit at a low 

level. The downstream portion of the pathway was optimized using in silico kinetic 

modeling tools and experimental synthetic biology modifications to further enhance NH3 

production by the system. While overall NH3 yields remain low after implementing these 

modifications, in part due to gas-solubility mass transfer challenges, this work suggests 

that carbon and energy present in CH4 are capable of being utilized in a methane 

bioreforming manner to power enzymatic activity beyond carbon-based product 

generation. Furthermore, electron transfer to nitrogenase represents a bottleneck for 

efficient NH3 production in native biological nitrogen-fixing organisms.  
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Chapter 1 

Introduction 

Advances in technology over the last fifty years have opened the biological sphere 

as a new route to producing products and intermediate chemicals essential to modern-day 

life. From biofuel for cars to enhanced-action washing detergent, “biologic” 

pharmaceuticals, and advanced ternary wastewater treatment, biotechnology processes 

have gained a niche foothold in a society traditionally dominated by classic chemistry [1–

4]. At its core, microbial biotechnology involves the strategic use of microorganisms for 

the product of goods used in society. The primary method of biochemical production is 

microbial fermentation using feedstocks dominated by carbon, nitrogen, hydrogen, and 

oxygen. For example, beer is produced by a natural fermentation process using sugar as 

the feedstock. Once the biochemical is produced, it is separated from the aqueous 

fermentation broth containing cells and waste byproducts, and processed for further 

refinement or for the production of more complex goods as needed (Figure 1).  



 2 

 

Figure 1. The biochemical process includes fermentation, separation, and additional 

refinement for the production of fuels and chemicals.  

In some cases, waste streams can be partially recycled, and cellular debris can be re-

purposed to reduce waste streams and maximize efficiency. 

Fermentation takes place inside the bioreactor, where microorganisms perform 

chemical reactions using enzymes, which are biological catalysts that are highly 

specialized to convert specific chemicals. Organism activities are controlled by their 

ability to sense the environment and the presence of specific sequences of 

deoxyribonucleic acids (DNA) inside the cells specifying their functions. One way to 

think about DNA is to consider a computer code, composed of 0s and 1s, which are read 

together to create a program. The DNA inside the cells is read using transcription for the 

synthesis of short-lived ribonucleic acids (RNA), which are used as a template for the 

translational synthesis of cellular protein. Proteins make up enzymes, which work 

together to form a network of reactions that make up the metabolism. Cellular behavior is 

primarily driven by concentration gradients, which organisms sense and use to change 

their behavior, such as to find food, with the goal to maximize their fitness in the system 

with the goal of survival. Environmental parameters can be manipulated to change 
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culture behavior naturally, but organisms used for biotechnology can also be synthetically 

modified to boost productivity, increase system stability, and produce novel chemicals 

through techniques including addition of DNA to add new enzymes with novel 

capabilities, change of existing DNA, promoters, ribosomal binding sites (RBS), or other 

sequences, or deletion of existing genes to eliminate an undesirable function. Advances in 

synthetic biology strategy over the past few decades now allow highly specific and 

extremely precise DNA construction, which can be inserted into microorganisms of 

interest and evaluated for desired applications. Metabolic engineering of microorganisms 

is the rational application of metabolism control strategies based on stoichiometric and 

kinetic principles to modify the cellular reaction network and optimize functions such as 

the production of a desired biochemical. Just like all chemical systems, biochemical 

systems can be assumed to adhere to the Law of Conservation of Mass, and 

stoichiometric modifications can be achieved through insertion, deletion, or changing the 

expression level of enzymes present in the organism to change the products generated 

(Equation 1). Likewise, reaction kinetics principles determine the speed of enzyme 

activity, and altering enzyme expression levels or catalytic ability at the molecular level 

can change the cellular rate of chemical production.  

Accumulation = In − Out + Generation − Consumption 

Equation 1. Law of Conservation of Mass.  
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Figure 2. Zooming in on microbial fermentation driving forces in a biochemical 

process.  

Cells living and growing in a bioreactor, represented here as a bubble column, 

experience concentration gradients, which drive intracellular enzyme production 

defined by both naturally-occuring and engineered DNA, where engineereed DNA 

such as the diagrammed plasmid can include modified promoters, which activate 

gene expression, ribosomal binding sites (RBS) which enhance gene expression, and 

specified stop codons (red octagon) to end activated gene expression. Enzymes work 

together to form the cellular metabolism network.  

Early on, carbohydrate feedstocks were primarily used for biotechnology 

initiatives because they offered straightforward and efficient solutions to growing large 

numbers of microbial organisms [5, 6]. However, the relatively high costs associated with 

sugar-based feedstocks has limited the value proposition for efficient biomanufacturing 

of chemicals outside specific niche markets, such as pharmaceuticals and specialty 

chemicals [7, 8]. Furthermore, recent calls to promote general manufacturing strategies 

based on the consumption of waste and renewable resources have created an opportunity 

for the integration of smaller-scale-amenable industrial biomanufacturing facilities closer 

to the recovery source of waste and renewable feedstocks [9].  
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Hydrocarbon feedstocks are the backbone of the traditional chemical production 

industry, responsible for the production of chemicals through processes including 

Fischer-Tropsch synthesis, Steam Methane Reforming (SMR), ammonia synthesis (NH3), 

and methanol (MeOH), which occur at large scales and using energy-intensive high 

temperature and pressure technology [10–12]. The manufacturing facilities are 

constructed and operated on the large scale to be economically feasible and, therefore, 

require large volumes and constant supply of raw materials, however, this limits their 

ability to use smaller-scale volumes of waste and renewable feedstocks [9]. Furthermore, 

the inflammable nature of waste hydrocarbon materials, such as methane (CH4), is cited 

as a rationale for the lack of incentive to recover co-produced CH4 material even at larger 

hydrocarbon production sites, resulting in flaring being the predominate disposal method 

[13]. Finally, while annual global volumes of flared and vented CH4 represent enough 

carbon (C) to supply a year’s worth of seven chemical building blocks for industrial 

purposes, direct routes for chemical transformation of CH4 into multi-chain C products 

currently remain energy-intensive processes, requiring high temperature and pressure 

operation facilities [9, 10].  

Integrating industrial biomanufacturing with the utilization of CH4 as a primary 

biotechnology feedstock offers a route to addressing several of the above challenges. 

These include the ability to develop smaller-scale facilities close to the point-of-source 

for CH4 production, to produce higher-value products from a lower-cost waste and 

renewable raw material, to address environmental challenges associated with venting and 

flaring of CH4 to the atmosphere, and to utilize inherent biotechnological principles to 

perform chemical transformation at ambient temperature and pressure [7, 9, 14, 15]. 
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However, two drawbacks to the above are that lower chemical transformation efficiency 

is observed for microbial organisms grown on non-carbohydrate compounds, particularly 

utilizing current CH4 activation enzymes, and CH4 has relatively low solubility in 

aqueous solutions especially at ambient pressures, which limits C availability to the CH4-

consuming microbes [16, 17]. Assuming the above can be addressed, strategic product 

choice can limit the required complexity of downstream separation processes, which can 

substantially contribute to operating costs [18]. This work addresses three of these points, 

namely, applying inherent biotechnological principles to perform chemical 

transformation at ambient temperature and pressure, targeting a strategic product to 

increase the potential for efficient separations, and evaluating the expression of an 

essential pathway enzyme in an organism well-established for efficient protein expression 

to maximize available activity. However, technological advances in a few remaining 

areas would need to occur for this work to move beyond the proof-of-concept stage.   

This work aims to explore the space surrounding biological CH4 utilization 

through an industrial biomanufacturing lens, particularly in regards to what it would take 

to expand the scope of higher-value products generated from methane-derived energy at 

ambient temperature and pressure. This work sought to develop a metabolic route from 

CH4 based on the concept of methane bioreforming to achieve this goal. Herein, methane 

bioreforming is defined as the partial oxidation of methane at low temperatures and 

pressures by enzyme(s) or microorganism(s) resulting in liquid or gaseous products. As 

developed, the resulting system uses CH4 as the sole carbon and energy source for the 

production of ammonia (NH3), a higher-value product with extensive marketability 

worldwide. We based this strategy on the oxidation of CH4 to carbon dioxide (CO2) by 
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methanotrophic bacteria, which generate extracellular reducing equivalent shuttle 

molecules using the energy contained in CH4. We further sought to improve the 

efficiency of NH3-production in the system through kinetic modeling of the biological 

nitrogen fixation (BNF) space and demonstrated the doubling of NH3 output through the 

implementation of classic metabolic engineering strategies in vivo. Finally, we explored 

the opportunity for heterologous expression of methane bioreforming capability using a 

novel putative enzyme, which would have expanded the space for higher-value product 

synthesis industrially. Accordingly, this work accomplished several objectives, including 

(1) demonstration of methane bioreforming for the production of NH3 using CH4 as the 

sole carbon and energy source in vivo using a co-culture in vivo, (2) modular optimization 

of higher-value product generation through the doubling of NH3 output, and (3) 

characterization and evaluation of a putative soluble methane monooxygenase (sMMO) 

enzyme towards the heterologous expression of methane bioreforming activity in a non-

methanotrophic organism for a single-organisms strategy (Figure 3). The results of this 

work contribute to both the expansion of CH4 utilization opportunities and the 

understanding of foundational principles for BNF efficiency.  
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Figure 3. Projects in this work focus on fermentation of CH4 as a primary carbon 

source as well as optimizing biological production of NH3 using biotechnological 

principles.  
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Chapter 2 

Cracking “Economies of Scale”: 

Biomanufacturing on Methane-Rich 

Feedstock 

Methane is considered a “dream energy package” for chemical production. Each 

molecule of methane (CH4) stores a substantial amount of energy, and the current market 

trend towards lower CH4 price make the use of CH4 as a carbon and energy source for 

higher-value chemical production desirable. With a substantial stored energy capacity of 

47 MJ/kg as determined by the lower heating value (LHV), CH4 represents a driving 

force, behind only hydrogen (120 MJ/kg) and liquid natural gas (LNG) (49 MJ/kg), as a 

high-energy feedstock for chemical production [19]. Recent CH4 prices put methane costs 

around $5/thousand cubic feet in 2016, one of the lowest trends since the early 2000s 

(Figure 4A) [20].  
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Figure 4.Trends in natural gas and methane recovery.  

(A, B.) Industrial natural gas prices have fallen and production has risen with the 

increase in implementation of hydraulic fracturing technology since 2008. Data 

from references [21, 22]. 

While CH4 production volumes are increasing, due in part to transitions in oil and 

gas recovery techniques (Figure 4B), the distributed and small-scale nature of many sites, 

together with CH4’s inherent chemical properties including flammability and gaseous 

nature, complicate recovery and transportation using conventional technology (Figure 5) 

[22]. Instead, standard protocols at distributed or small-scale sites typically rely on flaring 

or venting of CH4 to the atmosphere to remove the gas [23]. Remote CH4, however, 

represents a potentially lucrative opportunity given viable technology to recover and 

transform CH4 into a more readily-transportable form, such as a liquid or solid value-

added product [7, 9, 16]. Unique opportunities for industrial biomanufacturing 

traditionally infeasible for chemical manufacturing may be well-suited to several address 

challenges associated with remote CH4 recovery, such as utilizing small feedstock 

volumes, erecting compact facility operations at or near well sites, pursuing biological 
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mechanisms for direct conversion of CH4 to higher-value fuels and chemicals in liquid or 

solid form, and considering early separations requirements during process design for 

efficient scale-up to commercial operation.     

       

Figure 5. Economically feasible strategies for natural gas transport by location. 

While much of the natural gas produced is recovered, gas produced in remote areas 

and/or in small quantities is not considered to be economically feasible for recovery 

through standard operations and is often labeled “remote.” Modified from [9, 24]. 

CNG: Compressed natural gas; LNG: Liquefied natural gas; GTL: Gas-to-liquids; 

NGH: Natural gas hydrates.  

2.1. Flipping the Economy of Scale Mantra: “Smaller Is Better” 

“Bigger is better” has been the status quo for traditional chemical production 

since its 18th-century infancy, when adhering to the economy-of-scale model meant 

fewer but larger conversion facilities, feedstock streams, and production volumes, and 

lower production costs. According to the economy-of-scale model, increasing the number 
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of units produced by a single facility proportionally decreases the cost per unit towards an 

absolute minimum amount. Today, however, the costs associated with constructing these 

behemoth facilities often reach into the billions of dollars, and in some cases require 

decades of construction labor, limiting the market to a few organizations with the funds 

and expertise to compete at this scale and long-reaching factory outlooks with facilities 

often designed for operation over 10-40 years [9]. Considering that the financial 

investments required to construct the modern facilities used for manufacturing are 

considerable, sometimes reaching upwards of $8-15 billion U.S. dollars, large-scale 

facilities constructed are expected to operate well beyond the time required to recoup 

expenses [9]. Accordingly, the “bigger is better” economy of scale model could hinder 

the ability of the traditional chemical production industry to adapt to change when 

factoring in the modern-day challenges of globalization, raw feedstock diversification, 

calls for energy efficiency in manufacturing, and a movement towards alternative 

feedstocks. Potential future challenges in the spheres of environment, geography, politics, 

and economics include natural changes to local environmental conditions, expansion of 

the global economy to manufacturing in regions which offer non-traditional resources, 

political shifts, and emerging economic attractions to recovering and utilizing smaller-

scale and waste feedstock resources, such as waste C1 feedstocks. Therefore, while the 

economy of scale model has revolutionized modern life over the past few hundred years, 

the model also potentially leaves traditional chemical manufacturing operations 

vulnerable to accelerating trend shifts in global manufacturing through slow adoption of 

change in the chemical manufacturing sphere.   
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Industrial Biomanufacturing: Evidence of an Alternative Manufacturing 

Model? 

A case study of corn-based bioethanol plants, the most widely-implemented 

example of industrial biomanufacturing to date, identified an alternative manufacturing 

model for chemical production. The model, known as the “economy of unit numbers,”  

developed from observations that large numbers of smaller-scale facilities, constructed 

near the feedstock source, appeared to be successfully competing in productivity with 

single, larger-scale facilities which required large volumes of feedstocks trucked from far 

distances (Figure 6A, B) [9]. 
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Figure 6. Comparison of petroleum refining to industrial biomanufacturing.  

(A) Geographical distribution of oil refineries (blue/ blue flame) and corn-ethanol 

plants (green/ green leaf) in the United States of America. Corn-ethanol production 

facilities are concentrated in major corn growing regions, represented by the 

interior of the dark green polygonal region. Minor corn growing regions are 

represented by the interiors of the multiple lighter green polygonal regions. Icon 

size correlated with production at each site. Production capacity represented in 

BOE/day, Barrels oil equivalent per day. Adapted from [9]. Data obtained from 

references [25, 26, 35–39, 27–34]. [Mapping and georeferencing © OpenStreetMap 

contributors, © CARTO, respectively]. (B) Corn-ethanol (light green) and oil 

refinery (dark blue) frequency distribution in the United States of America as a 

function of plant capacity on an equivalent energy basis (thousand BOE/day). 

Adapted from [9]. Data obtained from references [25, 26, 35–39, 27–34]. (C) Satellite 
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images of a corn-ethanol bioconversion facility and a petroleum refinery emphasize 

differences in land-area coverage. Aerial productivity (BOE/ha/hr) was calculated 

for the facilities by considering production capacity and land coverage estimated 

from Google Map Imagery. Adapted from [9]. [Imagery © 2016 Google, Map data © 

2016 Google]. 

Remote, distant sources of CH4 represent a similarly-situated feedstock to which 

the economy of unit number principles could be well-suited for methane-based 

biomanufacturing. Methane’s flammable, gaseous nature, coupled with its origination in 

regions distant from transportation facilities or in small quantities, makes efficient 

recovery using presently-available methods unfeasible at remote sites. The economy of 

unit numbers model represents an alternative manufacturing method that could be 

relevant for the development of industrial biomanufacturing using waste and renewable 

C1 feedstocks, such as methane, and later expanded to capitalize on deposits of other 

small-scale resources.  
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Figure 7. Capital costs for U.S. ethanol plants substantially reduced since 1977. 

The economy of scale principle slightly reduced capital costs within a given study, 

but non-scale impacts, such as improvements in technological design and the 

implementation of disruptive technology, had a more substantial impact. Hollow 

centers represent feasibility study markers. All CapEx adjusted to 2002 U.S. dollars 

for comparison. Adapted from [9, 40]. Data obtained from references [40–49]. 

The compact nature of industrial biomanufacturing lends itself to smaller-scale 

facilities, a boon when considering the implementation of industrial biomanufacturing 

processes near smaller-scale feedstock sources. Corn-ethanol production facilities 

compare favorably with larger refineries when considered on a productivity-per-land-area 

basis (Figure 6C) [9]. When comparing hourly output per hectare of land, as measured 
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via aerial satellite imagery, the Big River United Energy corn-ethanol plant in Dyersville, 

Iowa, produced on a barrel of oil equivalent (BOE/h/ha) per hour per hectare of land 

basis comparable with ExxonMobil Baytown Refinery in Baytown, Texas. Big River 

United Energy published a production capacity of 4,500 BOE/day on 12 hectares of land 

in 2016, while ExxonMobil Baytown Refinery published a production capacity of 

584,000 BOE/day on 1375 hectares of land during the same period [9]. When compared 

using a production per land usage metric, Big River United Energy produced at a rate of 

32 BOE/hectare/hour while ExxonMobil Baytown Refinery produced at a rate of 18 

BOE/hectare/hour [9]. Considering the remote nature of many CH4 recovery sites, the 

development of compact industrial biomanufacturing facilities near the CH4 source would 

reduce industrial sprawl and facilitate waste-gas feedstock recovery and utilization at the 

point of source. 

 Analysis of capital expenditures (CapEx), defined as costs associated with start-

up equipment and facilities, associated with corn-ethanol plants analyzed for the 

economy of unit number model suggested a more substantial trend of decreasing CapEx 

since 1977 than the traditional economy of scale effect, which projected only a slight 

decrease in per-unit costs as facility size increased. The standard economy of scale 

CapEx increases with decreasing production volume and is scaled using a cost ratio such 

as the 6/10
ths

 rule favored for the sizing of standard chemical operations equipment [50]. 

Published figures for corn-ethanol facility capital costs from 1977 to 2009 indicate that, 

while CapEx decreased per ethanol unit as the size of the facility increased during any 

single year when examined over several decades, the more substantial trend showed a 

substantial decrease in CapEx beyond gains made by the economy of scale activities 
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alone (Figure 7) [9]. Non-scale impacts, such as improvements in technological design, 

appeared to have occurred through the implementation of disruptive technology and 

feedback learning efforts. One feedback learning model, “learning by doing,” 

incorporates strategies similar to those applied in metabolic engineering and other fields, 

such as the “design, build, test, learn” model [9]. An “economy of the unit number” also 

suggests a trend towards modular, “off the shelf,” equipment strategies similar to those 

trends developing in the pharmaceutical industry, where an entire feedstock conversion 

process occurs in a single disposable reactor to reduce interfering external contamination 

[51]. As the industrial biomanufacturing industry continues to become well-established, a 

rise in modular-style facility components and manufacturing strategies has the potential 

to drop CapEx costs further as well as streamline facility construction.  

As biomanufacturing process development advances, biocatalyst technology and 

bioreactor design will become the primary bottlenecks to utilizing industrial 

biotechnology as an alternative approach to traditional chemical manufacturing. With 

several tools and strategies, such as CRIPSR/cas9 gene editing, genome sequencing and 

mapping, and computational modeling of intracellular interactions continuing to become 

more advanced, research scientists such as those in the fields of metabolic engineering 

and systems and synthetic biology increasingly have control over the development of 

chemical pathways and microbial strain production efficiencies [52–56]. Remaining 

challenges for the bioindustrial sector include increasing biological conversion rates, 

which are typically lower than chemical conversion rates, overcoming product toxicity to 

cells, and achieving efficient downstream product separations through increased yields 

and early strategic focus [57–61]. Specifically, when assessing the state of C1 feedstocks, 
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addressing kinetic challenges for utilization of CH4, such as through bioreactor design 

and strategic operation, and identifying more energetically-favorable molecule activation 

strategies remain paramount [16].  

The economy of unit number model represents an alternative manufacturing 

approach which can facilitate placing smaller scale manufacturing sites at or near the 

feedstock source, thereby incentivizing remote feedstock recovery, encouraging market 

adaptability, and diversifying the industry to include more contributors such as those in a 

few developing nations which possess substantial volumes of remote CH4 feedstocks [9]. 

Potential benefits of applying the economy of unit numbers principle to CH4-based 

industrial biomanufacturing include encouraging competition in the areas of design and 

process engineering research as well as CapEx and operational activities, expanding the 

commercial industry, and promoting strategic innovation.  

2.2. C1 Feedstocks: Economic and Environmental Impacts of 

Remote CH4 Recovery 

When considering C1 waste feedstocks, distributed production facilities become 

increasingly attractive. Mapping and quantifying small-scale, remote CH4 feedstocks 

across the United States identified more than 1900 sites across the country at which 

methane was flared or vented in 2014, most often in the form of natural gas (Figure 8). 

While larger-scale methane production sites recover CH4 via tanker rail car or natural gas 

pipeline, methane sites defined as “remote” are either located far from processing and 

transportation facilities or else produce at small volumes and represent economically 

unfeasible sites for methane recovery using conventional CH4 recovery processes (Figure 
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5). Currently, CH4 is flared at remote sites, although venting of CH4 directly to the 

atmosphere also occurs [23, 62, 63]. Flaring of unrecoverable gas is considered the 

preferred action on an environmental basis since current estimates place CH4 as being 

approximately twenty-five times more harmful to the atmosphere than an equivalent 

amount of carbon dioxide (CO2)  over the same period [14]. While the individually small 

cost of flaring or venting CH4 at these sites each represents a minor economic and 

environmental loss, collective analysis of the total non-recovered CH4 in 2014 equated to 

nearly 500 billion cubic feet/year [9]. Taking the 2014 year-end average industrial price 

for natural gas at $5.58/thousand cubic feet, if the entirety of the CH4 reported as flared 

or released to the atmosphere in 2014 would have instead been recovered, it would have 

represented almost $2.8 billion (USD) alone in economic impact, not to mention the 

potential impact of higher-value product generation [9, 20]. In addition to a lost economic 

impact, the large total volume of methane released in 2014 also had a notable 

environmental impact, potentially equivalent to 835 billion m
3
 CO2, or over 600 times 

estimated U.S. automobile emissions in 2014 [9, 64, 65]. Considering global emissions 

on the order of 4 trillion cubic feet of CH4 over the same period, the economic and 

environmental loss was extensive, representing enough carbon to satisfy global 

production of seven essential building block organic chemicals, a list including methanol, 

ethylene, propylene, butadiene, xylene, benzene, and toluene [9]. Accordingly, 

developing technology for the capture and conversion of currently underutilized waste 

CH4 resources using technology such as C1-based industrial biomanufacturing represents 

an attractive opportunity for the industrial biomanufacturing industry to employ an 
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economy of unit numbers principles during the recovery and conversion of remote CH4 

resources.  

      

Figure 8 Remote sources of CH4 are distributed across the U.S. and represent 

opportunities for bioconversion-based methane utilization facilities.  

(A) Flaring/venting or capturing of CH4 at natural gas wells (red), landfill sites 

(green), and agricultural biogas facilities (blue) in the United States of America. 

Natural gas flaring/venting regions are largely correlated with major natural gas 

production sites, represented by the interiors of the multiple gray polygonal regions. 

Icon size correlated with production at each site. Production capacity represented in 
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BOE/day, Barrels oil equivalent per day. Data obtained from references [62, 66–69]. 

[Mapping and georeferencing © OpenStreetMap contributors, © CARTO, 

respectively]. (B) Flaring/venting (red), landfills (green), and agricultural (blue) 

frequency distribution in the United States of America as a function of natural gas 

production rate (BOE/day). Data collected from 490 VIIRS-identified petroleum 

flaring wells (totaling 16,118.20 BOE/day), 1233 EIA-reporting landfills with 

capture/flaring capabilities (totaling 88,779.25 BOE/day), and 239 EIA-reporting 

agricultural sites with biogas generation capabilities (totaling 1597.434 BOE/day) in 

2014. Data obtained from references [62, 66–68]. 

2.3. Methane Bioconversion: Microbial Incorporation of C1 

Feedstocks 

Capture and utilization of small-scale methane resources nationwide through 

industrial biomanufacturing centers on the development of robust and efficient microbial 

organisms that consume methane and other one-carbon feedstocks and produce value-

added fuels and chemicals for the consumer market. Methanotrophs are the group of 

organisms that consume methane and methanol as sole sources of carbon and energy. 

While historical efforts to use these bacteria industrially faced slow growth rates and 

limited strategies for genetic modification, methanotrophs with faster growth rates have 

since been identified, such as Methylomicrobium buryatense 5GB1, and tools for genetic 

modification have been developed, including an electroporation protocol, expanding the 

opportunities for working with methanotrophs and C1-related systems [70, 71]. 

Additionally, although reports detail the expression of C1-related enzyme pathways in E. 

coli for the consumption of and metabolic integration of methanol into the central carbon 

metabolism, robust heterologous expression of methane monooxygenase (MMO), the 

primary known aerobic enzyme for methane consumption in bacteria, has yet to be 

reported [9, 72, 73].  
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Four enzymes are involved in aerobic methane oxidation. These include methane 

monooxygenase (MMO), methanol dehydrogenase (MeDH), formaldehyde 

dehydrogenase (FalDH), and formate dehydrogenase (FDH). Methane-derived carbon 

assimilation occurs at the level of formaldehyde via the Ribulose-monophosphate 

(RuMP) cycle or serine cycle, formate via the serine cycle, or CO2 via the Calvin-

Benson-Bassham (CBB), depending on the specific metabolism of the bacterial species, 

in order to drive biomass production [74, 75].  

2.3.1. Methane monooxygenase (MMO) 

Two versions of the MMO enzyme catalyze the first step for methane 

bioconversion in aerobic methanotrophs. These enzymes are known as soluble methane 

monooxygenase (sMMO) and particulate methane monooxygenase (pMMO). While both 

perform a similar function, copper concentration regulates MMO enzyme expression 

[76–79]. Equation 2 details the chemical reaction catalyzed by methane monooxygenase. 

While the electron donor for pMMO is still under investigation (see below), electron 

transfer for sMMO is driven by NAD(P)H. 

CH4 + O2 + reduced 2e− + H+ →  CH3OH + H2O + oxidized 2e− 

Equation 2. The chemical equation for methane monooxygenase (MMO) activity.  

pMMO is the membrane-bound form expressed in the presence of less than 2μM 

copper in the medium [80]. pMMO genes are ubiquitous if not universal amongst 

methanotrophic organisms [81, 82]. Transcription of pMMO is controlled by three genes, 

recognized for their production of three protein subunits. The subunits of the α3β3γ3 
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trimeric enzyme are identified by their molecular masses [83]. The α subunit, expressed 

by the gene pmoB, has a molecular mass of approximately 45,000 kDa, the β subunit, 

expressed by pmoC, has a molecular mass of approximately 26,000 kDa, and the γ 

subunit, expressed by pmoA, has a molecular mass of 26,000 kDa [84]. pMMO catalyzes 

the oxidation of a broad range of substrates. Substrates up to five carbons in length, a list 

including ethane, n-butane, n-propane, propene, ethylene, and propylene, among others, 

have been reported for the purified pMMO enzyme, although its natural substrate is 

methane [83, 85]. Heterologous expression of enzymes with pMMO functionality has 

been reported in the literature [86, 87].  

In contrast to ubiquitous pMMO, sMMO genes exist only in a subset of known 

methanotrophs and are only expressed by those organisms in the absence of copper [78]. 

Soluble methane monooxygenase in aerobic methanotrophs includes a hydroxylase 

encoded by three genes, mmoX, mmoY, and mmoZ, a regulatory protein for electron flow 

known as protein B, encoded by mmoB, and the reductase encoded by mmoC [88]. The 

hydroxylase (mmoXYZ), a dimeric enzyme with the structure α2β2γ2, contains the enzyme 

active site [89]. The reductase (mmoC), an iron-sulfur protein, transfers electrons from 

NADH to the hydroxylase  

sMMO catalyzes a more broad range of substrates than the pMMO enzyme. 

Notably, sMMO can oxidize a range of hydrocarbon compounds including ethane, 

ethene, ethylbenzene, flurobenzene, fluromethane, hexane, heptane, dichloroethylene, 

methylamine, naphthalene, nitrobenzene, octane, phenylalanine, propane, propene, 

propylene, toluene, trichloromethane (chloroform), trichloroethylene (TCE), and 

xylene[90]. Degradation of several compounds, including chloroform and TCE, has been 
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the focus of intense efforts for environmental bioremediation of contaminated soils and 

aqueous systems using methanotrophic-based sMMO [91–93]. Despite the interest, 

however, demonstrated functional activity of heterologously expressed sMMO from 

obligate methanotrophs in non-Alphaproteobacteria remains limited [88, 89, 91, 94–96].  

2.3.2. Methanol dehydrogenase (MeDH) 

In cells possessing MMO capability, methanol products must be modified further before 

insertion into the central carbon metabolism. Methanol dehydrogenase (MeDH) is a 

pyrroloquinoline quinone (PQQ)-containing enzyme catalyzing the oxidation of methanol 

to formaldehyde through the transfer of an electron from methanol to the electron 

acceptor cytochrome cL [97]. MDH is typically present in the periplasm and has often 

been found in membranes [98]. MMO and MDH appear to form a temporary association 

during activity, which may play a role in electron transport between the individual 

proteins [98]. 

 

CH3OH + oxidized 2e− →  CH2O + reduced 2e− 

Equation 3. The chemical equation for methanol dehydrogenase. 

The methanol dehydrogenase gene cluster in methanotrophs comprises as many as 

14 genes, includes a biosynthetic pathway for the essential cofactor PQQ, and requires 

cytochrome cL for electron transfer in the enzyme [99]. Two primary genes clusters, mxa 

and xoxF, are responsible for expressing MDH in methanotrophs, with xoxF expressed in 
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the presence of lanthanides [100, 101]. Functional heterologous expression of Mdh has 

been reported in E. coli, although growth on MeOH as a sole substrate remains limited 

[73, 102, 103]. 

2.3.3. Formaldehyde uptake in methanotrophs 

Formaldehyde (CH2O) is a critical intermediate in the oxidation of CH4 to CO2 

and is the site of a metabolic branch point. Formaldehyde can either be directed to either 

be oxidized to CHO via the intermediate formate or build biomass via carbon 

assimilation via the serine or ribulose monophosphate pathways [104]. While several 

routes to integrate CH2O into the central carbon metabolism occur through both natural 

and de novo routes, efforts to elucidate the state of the formaldehyde dehydrogenase 

(FalDH) enzyme in Mc. capsulatus BATH determined that at high copper concentrations, 

above 5μM CuSO4, formaldehyde dehydrogenase DL-FalDH is present with an 

associated pyrroloquinoline quinone (PQQ) FalDF that couples to the electron transport 

chain via a b-type cytochrome or quinone,” [73, 104–107]. 

At the formaldehyde branch point, the one-carbon (C1)-based molecule is 

assimilated into central metabolism in methanotrophs primarily by either the Serine or 

Ribulose Monophosphate (RuMP) pathways, depending on the specific characteristics of 

the bacterial species, in order to drive cell biomass production [108]. Figure 9 details the 

pathways for the assimilation of one-carbon (C1) products in microbial organisms. A few 

methanotrophs can assimilate formaldehyde via both the RuMP and Serine pathways 

[108, 109].  
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Figure 9. Microbial Metabolic Pathways for Assimilation of C1 Products 

The Ribulose Monophosphate pathway (RuMP; top right, dark blue) incorporates 

one-carbon (C1) units via formaldehyde into microbial central carbon metabolism. 

The Serine cycle (bottom left, orange) interacts with the glyoxylate cycle (far left, 

pink) for biosynthesis and acetyl-coA production. Methanotrophs were recently 

confirmed to possess the central carbon metabolism Embden-Meyerhof-Parnas 

(EMP) pathway [74]. The Calvin-Benson-Bassham cycle (top left, bright green) for 

CO2 fixation, the MCR Methanogenesis Reversal pathway (top right, red), and the 

computationally-designed formolase (FLS) enzyme (middle, light blue) represent 

other methods for incorporation of C1 products into bacterial carbon metabolism; 

however, these pathways are either synthetic pathways not found in nature or else 

not typically found in popularly-studied methanotrophs. Rationally engineered 

product pathways presented in gray. Pathways obtained from references [74, 105, 

110–114].  

Abbreviations: Dihydroxyacetone phosphate (DHAP), Phosphoenolpyruvate (PEP), 

Ribulose-5-phosphate (Ru5P), Ribulose-1,5-phosphate (Ru1,5P2), 3-

phosphoglycerate (3PG), 1,3-Biphosphoglycerate (1,3P2G), Glyceraldehyde 3-
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phosphate (G3P), Fructose 1,6-biphosphate (F1,6P2), Fructose 6-phosphate (F6P), 

Xylose 5-phosphate (X5P), Ribose-5-phosphate (R5P), Sedoheptulose 7-phosphate 

(S7P), Sedoheptulose 1,7-biphosphate (S1,7P2), Erythrose 4-phosphate (E4P), 5,10-

methylene tetrahydrofolate (5,10-MTHF), Serine (SER), Hydroxypyruvate (HPYR), 

Glycerate (GLYC), 2-phosphoglycerate (2PG), 3-phosphoglycerate (3PG), 

Oxaloacetate (OAA), Malate (MAL), Glyoxylate (GLYOX), Glycine (GLY), Citrate 

(CITR), cis-Aconite (cisA), Succinate (SUCC), Acyl-Acyl carrier protein (Acyl-

ACP), Free Fatty Acid (FAA), Fatty Acid Methyl Ester (FAME), Farnesyl 

pyrophosphate (FPP), Geranylgeranyl pyrophosphate (GGPP), 

Hydroxymethylglutyral-coA (HMG-coA), (R)-3-hydroxybutyrl-coA ((R)-3-HB-coA), 

poly(3-hydroxybutyrate) (PHB). 

2.4. Expanding the product space for CH4 bioconversion 

Looking to remote CH4 conversion, the distant and small-scale nature of 

renewable and remote CH4 release sites suggests capitalizing on the economic and 

environmental advantages of remote CH4 will require innovative solutions with 

disruptive technology, such as the implementation of novel CH4 activation routes in 

collaboration with advancements in industrial biomanufacturing microbial engineering 

and process design. A few products have demonstrated to be produced by methane 

bioconversion to date, including BioProtein, polyhydroxybutyrate (PHB), carotenoids, 

vitamins, and methanol, and, more recently, fermentation of organic acids, specifically 

lactic acid and C4 carboxylic acids (Figure 9) [9, 71, 115–118]. However, these products 

primarily still require additional modification before being utilized in the local economy, 

necessitating their recovery and transport to downstream processing facilities.  

One solution would be the generation of a product with direct local applicability, 

which would bypass the recovery, transportation, and downstream processing 

requirements. Point-of-use, just-in-time chemical generation strategies are well 

established for the production of highly-hazardous materials as a safety precaution related 
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to their transportation and long-term storage [119]. A central sector for distributed 

utilization of products produced by the traditional chemical industry is agriculture, which 

accounts for approximately 10% of the global chemical market in 2020 [120, 121]. 

Within the agricultural chemical market, fertilizer is a substantially-relevant product, 

representing approximately 40% of the agrochemicals market in 2019 and supporting 

food production for approximately one in two global residents worldwide [11, 122]. As 

discussed above, the generation of a local-use product such as an agricultural N fertilizer 

from remote and renewable CH4 sources remains by economy of scale factors. For 

agricultural fertilizer ammonia (NH3), which represented 40% of the global N fertilizer 

market in 2017, economy-of-scale limitations to distributed production include high 

pressure and temperature catalytic conditions and overall process efficiency [123]. The 

integration of bio-based NH3 production with CH4 bioreforming would represent the 

production of a higher-value product with direct application in the local market generated 

from remote and renewable sources of CH4 at ambient temperatures and pressures. 

Furthermore, the establishment of platforms developed to implement a CH4-driven NH3-

producing system would open the door for expanded utilization of CH4 bioconversion 

processes beyond N- based products.  

2.4.1. Biological production of NH3 as an energy-intensive test platform 

Nitrogen is abundant in the atmosphere, comprising approximately 79% of the 

atmosphere. Despite this seeming abundance, biologically usable forms of nitrogen are a 

natural limitation on growth. Nitrogen is an element central to both DNA and protein; 

therefore, sources of biologically available nitrogen are essential to the food chain. As 

diagrammed in Figure 10, atmospheric nitrogen (N2) can be “fixed” to biologically 
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available forms, specifically ammonia (NH3/NH4
+
), nitrite (NO2

-
), and nitrate (NO3

-
) 

[124]. Some organisms are capable of immediate NH3 uptake under certain conditions, 

while others require the further transformation of fixed nitrogen in the aqueous form of 

NH4
+
 or gaseous form of NH3 through conversion by nitrifying bacteria to NO2

- 
and 

NO3
-
, which can then be taken up and assimilated [124]. Consumption of N-containing 

plants or heterotrophic animals which have consumed N-containing plants transfers 

nitrogen to the consumer for the completion of essential metabolic processes. 

Degradation of plants and animals releases fixed N back into the environment, while the 

denitrification processes release nitrogen back into the environment as diatomic nitrogen 

gas (N2), completing the cycle.  

        

Figure 10. The Nitrogen Cycle.  

Three primary methods for fixation of atmospheric nitrogen include bacterial 

fixation, industrial fixation, and lightning fixation. These methods comprise 

approximately 60%, 25%, and 15% of nitrogen fixation, respectively [125].  
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Biological nitrogen fixation (BNF) by diazotrophic bacteria produces ammonia 

(NH3) from diatomic atmospheric nitrogen (N2) present in the air using the nitrogenase 

enzyme complex and an electron donor at ambient temperature and pressure [126]. BNF 

is energy-intensive, requiring approximately eight moles of ATP and four electrons per 

mole of NH3 produced [126].  

       𝐍𝟐 + 𝟖𝐞− + 𝐇+ + 𝟏𝟔𝐌𝐠𝐀𝐓𝐏 → 𝟐 𝐍𝐇𝟑 + 𝟏𝟔𝐌𝐠𝐀𝐃𝐏 + 𝟏𝟔𝐏𝐢 + 𝐇𝟐  

Equation 4. The chemical equation for biological nitrogen fixation. 

Diazotrophs, nitrogen-fixing organisms possessing homologs of the nitrogenase enzyme, 

exclusively perform BNF. These organisms are found in four of the seven major bacterial 

and archaeal phyla, including all four classes of the Proteobacteria, Firmicutes, 

Cyanobacteria, and Euryarchae [127]. Within diazotrophs, both symbiotic and free-living 

relationships exist, and BNF is performed by both anaerobic and aerobic organisms, 

which is notable since the nitrogenase enzyme is inherently oxygen-sensitive [125, 126].  

As the only known enzyme performing BNF to date, nitrogenase catalyzes the 

reduction of N2 to NH3. The enzyme is considered a complex metalloenzyme with widely 

conserved structural and mechanistic features [126]. Nitrogenase is composed of two 

components, with the smaller dimeric component (Fe) functioning as an ATP-dependent 

electron donor to the larger heterotetrameric (Mo-Fe) component, which contains the 

enzymatic catalytic site [126]. Several variations of the nitrogenase enzyme complex are 

recognized, named according to the metals which make up the core. While all nitrogen-

fixing species appear to express a molybdenum-iron (Mo-Fe) nitrogenase, some strains 

also possess a vanadium-iron (V-Fe) and iron-iron (Fe-Fe) enzyme [126, 128]. The 
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expression of the different forms of the enzyme results from environmental conditions 

where metal availability is the critical factor [126, 128]. The nitrogenase enzyme is 

extremely oxygen (O2)-sensitive. As a result of exposed [4Fe-4S] cluster bridging in the 

Fe protein, any O2-exposed nitrogenase irreversibly inactivated almost immediately [126, 

129–131]. The presence of the Fe protein in all nitrogenase enzyme clusters indicates that 

all versions are inherently oxygen sensitive. However, despite the extreme oxygen 

sensitivity of nitrogenase, aerobic diazotrophs, such as the obligate aerobe Azotobacter 

vinelandii, have evolved to utilize several protective mechanisms, including 

transcriptional and translational regulation, respiratory protection, reversible nitrogenase 

inactivation by FeSII proteins in the presence of oxygen, and the accumulation of 

extracellular polysaccharides such as alginate (Figure 11) [131, 132, 141, 142, 133–140]. 

Alternatively, some organisms, such as Rhodobacter sphaeroides, have evolved temporal 

and light-induced regulation of gene expression to address the transient incompatibility of 

enzymes essential to supporting growth [143].  
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Figure 11. Levels of regulatory control on nitrogenase expression in Azotobacter 

vinelandii.  

At the transcriptional control level, transcriptional repressor nifL responds to levels 

of carbon, fixed nitrogen, and oxygen sensed by the cell and interacts with 

transcriptional activator nifA under adverse conditions for expression [144]. Under 

conditions perceived to be amenable for nitrogenase expression, transcriptional 

activator nifA activates transcription of nif gene clusters across the chromosome by 

binding to upstream Universal Activation Sites (UAS) to initiate transcription [145]. 

At the translational control level, nitrogenase-specific housekeeping protein ClpX2 

degrades RNA fragments responsible for initiating protein synthesis of nitrogenase 

precursors [146]. At the protein control level, FeSII (Shethna) protein reversibly 

binds to active nitrogenase in the presence of intracellular O2 to prevent permanent 

inactivation of the nitrogenase enzyme [139].  

The fastidious conditions for BNF nitrogenase activity, coupled with the large 

number of essential subunits required for its functional expression, pose an opportunity 
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for creativity to utilize BNF in industrial biomanufacturing, particularly when attempting 

to pair the process with CH4 bioreforming. Three primary approaches are available for 

metabolic engineering of bacteria aimed at capitalizing on the inherent value of product 

generation in vivo: (1) manipulation of regulatory strategies inherent in an organism to 

maximize production of a natural product [147–152], (2) insertion of heterologous genes 

with properties of interest into an industrially-relevant host organism [153–155], and (3) 

co-culture of organisms together to spatially isolate enzymes of interest while capitalizing 

on the chemical opportunities afforded by both organisms [149, 156, 157]. Each route has 

been explored using diazotrophic organisms fed carbohydrate feedstocks previously, but 

to date, no groups have reported engineering towards CH4-fed BNF.    

2.4.2. Co-culture for the Biosynthesis of Reduced Products as Fuels and 

Chemicals 

The simultaneous culturing of organisms in the same bioreactor for a single 

purpose has precedent in the utilization of bacterial consortia for wastewater purification, 

bioremediation, and in nature [158–161]. Anammox bacteria, which consume nitrogen 

compounds, are now used for wastewater revitalization in Europe but  have yet to be 

isolated in pure culture, instead used exclusively in microbial consortia-based reactors 

[162–164]. Bioremediation of soil and groundwater has targeted the removal of 

chlorinated hydrocarbons, including trichloroethylene (TCE), vinyl chloride, benzene, 

and toluene using both natural and engineered consortiums [159, 165, 166]. Likewise, 

bacteria in nature are commonly found in concert with each other, whereas bacteria are 

more likely to be found in pure culture in a laboratory setting [161].  
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Engineering of microbial consortia has advantages in both developing a greater 

understanding of how bacteria work together and capitalizing on increased natural 

efficiency as a result of separations of labor, reducing individual metabolic burden[167–

169]. Synthetic engineering of microbial co-cultures can also afford advantages when 

working with engineered organisms, particularly when pursuing industrial 

biomanufacturing initiatives. Co-culture systems have demonstrated the ability of 

bacteria to co-function for completion of complex activities within a single population, 

while also in some instances demonstrating enhanced robusticity against environmental 

fluctuations [170, 171]. Furthermore, co-culture systems allow for diversification of 

functions and tasks, such as the utilization of complex substrates; compartmentalization 

of function, such as co-expression of proteins with incompatible intracellular 

environments; modular systems optimization, such as optimization of the function of 

synthetically-modified strains in parallel as well as fine-tuning strain-to-strain ratios; 

opportunities to develop engineerable dependencies, such as economical use of resources 

and positive feedback loops to overcome the potential for intra-environment competition; 

and reduction of individual organism burden through the division of labor, supporting 

higher bioconversion efficiency [172]. Biohydrometallurgy, catalyzing the regeneration 

of ferric iron from ferrous iron, utilizes a top-down, semi-defined consortia approach for 

its objectives [173]. Multi-sugar fermentation has also utilized the co-culture technique, 

facilitating the co-consumption of xylose and glucose feedstocks to produce up to 1.4 g/L 

ethanol in 15% less time [174]. Natural products synthesis demonstrated separation of 

pathways into strains of E. coli and eukaryotic organism Saccharomyces cerevisiae to 
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capitalize on the inherent enhanced ability of eukaryotic organisms to synthesize P450 

cytochromes [175].  

Two primary approaches for the development of engineered, synthetic co-cultures 

are commonly recognized– a top-down re-engineering of natural microbial consortia and 

a bottom-up artificial co-culture design with a focus on conditions amenable to growth of 

both organisms. While the top-down approach is typically employed when engineering 

multi-species cultures containing three or more different bacteria, identifying all of the 

necessary conditions required for the recreation of a natural microbial consortium can be 

challenging [167, 176]. Accordingly, the literature details many examples of consortia 

engineered from the bottom up and comprising one or two strains for various purposes. 

Jia et al. extensively reviewed recent applications of engineered microbial consortia in 

the literature, including application to single and dual-species systems using interactions 

such as quorum sensing, auxotrophy, detoxification, and electron transfer, and briefly 

discusses uses natural consortia as a model for multi-component systems such as phenol 

degradation and lignocellulose fermentation to ethanol at high yield (Figure 12) [167].  
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Figure 12. Interaction principles used for species control in microbial consortia.  

Organisms utilized in co-culture can be either two strains from the same species, or 

different species, as shown here. Key: star, quorum sensing; triangle, 

auxotrophy/nutrient complementation; diamond-bolt, detoxification of cellular 

byproducts; H2, electron transfer in the form of hydrogen or another electron 

transfer agent, such as formate. Principles adapted from Jia et al. [167, 177, 178].  

When synthetically engineering a microbial consortium, early consideration of 

system design and microbe choices is essential. Many factors, including temperature, 

level of aerobicity, essential trace media components, and antagonistic effects produced 

by culturing the bacteria in close proximity can limit culturing of species in the same 

vessel [175]. Development of a commonly-tolerated minimal medium for co-culturing 

can be time-consuming and bench-intensive, since bacteria typically desirable for co-

culture are often accompanied by stringent nutrient requirements which, even when not 

strictly incompatible, are not always readily accepted at the concentrations optimized for 

a pure culture of those bacteria [157, 167]. Assessment of growth rates under the 

conditions developed and determination of inoculation ratios, which result in desirable 
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levels of components, are additional considerations since co-culture systems can become 

disrupted if the design ratio for co-culture dependency becomes unbalanced [157]. 

Finally, if using engineered strains that require different induction times for initiation of 

protein synthesis, a temporal regulation strategy should also be developed [169].    

Both diazotrophic Azotobacter vinelandii and methanotrophs have previously 

participated in engineered microbial consortia. An engineered microbial consortium 

developed by Smith et al. demonstrated the viability of co-culturing A. vinelandii with the 

cyanobacterium Synechococcus elongates for production of polyhydroxybutarate (PBH), 

a popular polymer for bioplastic development, from atmospheric N2 and light [157]. In 

the A. vinelandii - S. elongatus co-culture, sucrose production by S. elongatus was 

complemented with N-compound secretion by A. vinelandii to complete the co-culture 

dependency cycle, with PHB produced by A. vinelandii as the final product [157]. Other 

authors have previously used A. vinelandii for the introduction of nitrogen into co-culture 

with microalgae for bio-oil production, in addition to demonstrating increased root 

biomass in cucumber plants cultured in the presence of A. vinelandii engineered to 

secrete NH3 into the extracellular environment [149–151]. Likewise, using natural 

consortia containing methanotrophic bacteria for product production and bioremediation 

has also been documented in the literature, including the production of single-cell protein 

and poly-3-hydroxybutyrate (PHB), as well as degradation of chlorinated hydrocarbons 

[165, 179]. However, implementation of a co-culture strategy to utilize a low-cost CH4 

feedstock for NH3 production has not been demonstrated yet, and challenges include 

potential incompatibility of the identified strains in co-culture, potential incompatibility 

of the feedstock and product streams, and potential for limited success engineering strains 
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for the secretion of NH3 and L-lactate into the culture media. This work includes an 

exploration of multiple strategies towards addressing these concerns to reach stated goals.  

2.5. Opportunities for Continuous Bioprocessing with CH4 as a 

feedstock  

Batch production has historically dominated commercial biomanufacturing 

processes, for reasons including to meet goals regarding strict product quality 

requirements, increased operational flexibility, and limited or seasonal feedstock 

availability [50]. Processes traditionally employing batch-based biomanufacturing 

include commercial ethanol and pharmaceutical production, representing an ideal 

solution for chemicals required or safely manufactured only in small amounts, produced 

from expensive feedstocks, or regulated by stringent controls as required for 

pharmaceuticals. However, trade-offs for continuous processing in C1-based 

manufacturing, in some cases, may outweigh traditional batch-process benefits. When 

considering safety, processing efficiency, and storage of the gaseous C1 material 

methane, downsides of batch processing include losses due to spillage, the potential for 

gas release during material transfer steps, and less stable reactor systems due to frequent 

start-up and shut-down cycles [50].  

One solution would be to operate a continuous process utilizing waste gaseous C1 

feedstocks. Doing so would reduce the loss of substrate gas during storage and transport 

and increase operational safety by implementing immediate feedback controls regulating 

conditions to both prevent the creation of a reactor atmosphere within the explosive 

envelope (5-15% CH4 in the air) [180]. Additionally, continuous CH4 processing would 
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facilitate maximum CH4 mass transfer, as well as maximize CH4 recycling for overall 

process efficiency, as has been demonstrated for hydrogen (H2)-gas culturing systems 

[181]. Particularly given the relatively low solubility of methane (approximately 22 mg/L 

at 20C and 1 atmosphere), the tight process control opportunities associated with a 

continuous system could be optimized to more effectively provide CH4 than what current 

benchtop technology has demonstrated, improving overall methane bioreforming system 

performance [182]. Additionally, the use of continuous processes for gas-based 

fermentations would allow for around-the-clock feedstock recycling, increasing overall 

conversion efficiency. Finally, continuous systems are typically designed for steady-state 

reactor operation, offering two benefits. One, safety records at continuous operation 

plants are typically higher than those at batch processing facilities. Two, maintaining 

reactor operation at steady-state allows more stringent process control monitoring and 

completion of fermentation at optimal conditions for peak bioreactor performance (Figure 

13).  
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Figure 13. Continuous Operation for CH4-based Industrial Biomanufacturing.  

Employing continuous operation concepts can enable feedstock recycling, steady-

state operation, and increased process efficiency and can be developed after 

performing initial strain development work and small-scale fermentations. 

As industrial biomanufacturing continues to expand commercially, a transition to 

continuous processing offers further opportunities such as the ability to reduce facility 

footprint size, streamline time to product, and eliminate challenges associated with 

intermediate chemical and raw feedstock storage, a particular benefit for work with 

explosive gases such as the C1 feedstock methane (CH4). Additional advantages of 

continuous processes include extended reactor operation at steady-state, fewer non-value-

added processing steps and an accompanying reduction in required equipment volume 

capacity, streamlined process flow, shorter feedstock-to-product cycle times, scaling back 

of required manual labor, and less product spillage compared to batch transfer processes 

[51, 183]. However, efforts to move towards continuous bioprocessing routinely cite 
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mindsets of low risk tolerance, the prevalence of off-the-shelf batch principle-designed 

equipment, “the legacy effect of depreciated production plants,” and regulatory body 

precedents and stringent oversight requirements as dis-incentivizing the movement - in 

addition to traditional batch process-favoring factors such as seasonal biomass-based 

feedstocks and slow reaction rates [50, 51]. Furthermore, specific concerns to be 

addressed include the potential for genetic modification of the culture population over 

time, limited ability to switch products once a process is on-line, more stringent 

requirements for sterilization of all process inputs, and, particularly in the case of CH4-

driven systems producing gaseous products such as NH3, efficient recovery and 

separation of reactor effluents [51, 184]. Evaluating these considerations and their impact 

during the early stages of process development will be essential to the strategic 

implementation of continuous bioprocessing where appropriate.  
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Chapter 3 

A synthetic co-culture for bioproduction of 

ammonia from methane and air 

3.1. Introduction 

The reduction of atmospheric nitrogen (N2) to biologically-available fixed 

nitrogen (N) is essential to life since protein biosynthesis requires sources of fixed N. 

Despite being a historically limited resource, today chemical fixation of N into ammonia 

(NH3) is a centralized large-scale industry supplying N fertilizers to feed 50% of the 

world’s population [11]. Modern N fertilizer production is based on the energy-intensive 

Haber-Bosch process, combining nitrogen gas (N2) from the air with hydrogen gas (H2) 

generated by steam methane reforming (SMR) to perform the chemical reaction N2 + 3 

H2 → 2 NH3 over metal catalysts at high temperatures (650-700K) and pressures (50-200 

bar) [185].  

However, large-scale centralized chemical manufacturing limits global upward 

mobility since inequitable access to supplemental nitrogen remains a barrier to 
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agricultural efficiency globally (Figure 14) [9, 186]. Furthermore, advocates for a H2 

economy call for NH3-based fuel storage solutions, which will require diversified NH3 

synthesis strategies built on the utilization of renewable energy resources to 

accommodate global access [187, 188]. Although several technologies are expanding 

opportunities for distributed NH3 synthesis, these routes remain limited by issues, 

including the use of high temperature and pressure catalysis [189, 190]. Accordingly, 

developing versatile NH3 synthesis technology at ambient temperature and pressure in a 

single pot would be transformational in both the agricultural and transportation sectors.     

 
Figure 14. Renewable CH4 Opportunities for Innovation in Global Nitrogen 

Fixation.  

As this map of croplands (black dots), nitrogen fertilizer use per capita (shades of 

blue), and renewable methane sites indicates (red, U.S.A. EPA, and orange, global), 

sources of renewable methane are widely distributed and could represent an 

opportunity to integrate renewable methane and ammonia production if a process 

could be developed that is sustainable at a smaller scale. Municipal solid waste 

(MSW) sites represent one source of renewable CH4 distributed globally. 

Geographic profile of cropland (black ●) worldwide [191]. Estimated CH4 emissions 

from MSW sites identified near cities over 100,000 people (thousand BOE/day, 

MBOE/day) and scaled on volume (orange ) [192, 193]. Reported CH4 emissions 

from MSW landfill sites reported to the United States of America Environmental 
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Protection Agency (EPA) (thousand BOE/day, MBOE/day) and scale on volume 

(red ●) [9]. Average Nitrogen fertilizer use per capita, log10 scale (kg N total 

nutrients/person) [194, 195]. 

Renewable methane (CH4) is a high-energy and low-cost C1 feedstock and 

represents a globally-abundant energy source for distributed biomanufacturing [196]. 

Remote renewable CH4 is defined as originating at landfill, wastewater, and agricultural 

sites distant from established market infrastructure and, or, being produced at less than 

5000 BOE/day (< 29 million ft
3
/day), represents almost 240 billion cubic feet of CH4 

released in the United States of America annually and is equivalent to almost seven 

percent of the CH4 used for NH3 production every year [9, 197]. However, the use of 

remote CH4 for centralized NH3 manufacturing is infeasible due to transportation and 

logistical challenges. Therefore, a technological paradigm shift to smaller-scale NH3 

production using a decentralized strategy would be necessary to utilize abundant 

renewable CH4 sources. This work demonstrates the biological production of NH3 from 

atmospheric N2 using CH4 as the sole carbon and energy source in a single-pot at ambient 

pressure and temperature, a route to NH3 that could be developed to support compact 

NH3 production facilities amenable to distributed biomanufacturing. Biological nitrogen 

fixation (BNF) reduces atmospheric N2 in the air (N2 + O2) to produce NH3 using an 

enzymatic process performed by diazotrophic organisms [126]. Multiple energy carriers 

supply reducing equivalents to BNF, including those ultimately derived from the methane 

oxidation by methanotrophic organisms [198, 199].  

Integrating CH4 consumption and NH3 production requires synergism of two 

distinct metabolic processes.C1 conversion to higher-value products represents an 
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industrially feasible technology using efficient and genetically tractable methanotrophs, 

such as Methylomicrobium buryatense, which activate CH4 by direct oxidation of CH4 to 

formaldehyde (CH2O) [200]. Methane monooxygenase (MMO), the first enzyme in CH4 

bioconversion, activates the relatively inert CH4 molecule and combines it with molecular 

oxygen from the air to produce methanol (CH3OH), further catalyzed to CH2O by 

methanol dehydrogenase (MDH) (Figure 15) [9]. Formaldehyde-derived carbon and 

redox carriers then integrate into the central carbon metabolism through the Embden-

Meyerhof-Parnas (EMP) pathway, where metabolic engineering can prioritize 

biomanufacturing of organic acids such as L-lactate(C3H6O3) [116]. CH4-derived energy 

carriers drive nitrogen fixation to NH3 using nitrogenase, which reduces atmospheric 

nitrogen (N2) to NH3 using up to 16 ATP and 8 reducing equivalents via the chemical 

reaction N2 + 8H
+
 + 16 ATP + 8 e

-
  2 NH3 + H2+ 16 ADP + 16 PO4

-
[126]. Since 

breaking the high-energy N2 triple bond (NN)  is energy-intensive, diazotrophs heavily 

regulate BNF activity in order to protect the organism from excess energy expenditure, 

but can be manipulated to increase production through regulatory system disruption 

(Figure 15) [126, 147]. While most diazotrophs require strictly anaerobic environments to 

protect oxygen-sensitive nitrogenase activity, a few have evolved to accommodate BNF 

in aerobic environments, including Azotobacter vinelandii, a genetically tractable model 

organism for aerobic BNF capable of using L-lactate as a feedstock [126].  

This report describes the development of synthetic co-culture for the microbial 

reduction of N2 to NH3 powered by CH4 in a single vessel at ambient temperature and 

pressure. The proof-of-concept system includes a methanotroph producing L-lactate from 
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CH4 in co-culture with a diazotroph secreting NH3 from atmospheric N2 powered by 

CH4-derived L-lactate. 
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Figure 15. Conceptual design of a modular synthetic co-culture of Azotobacter 

vinelandii M5I3 and Methylomicrobium buryatense 5GB1C pAMR4-dtom1 reducing 

atmospheric N2 in air to NH3 powered by carbon and energy from CH4  

 Methylomicrobium buryatense 5GB1 possessing plasmid pAMR4-dtom1 uses 

the methane oxidation pathway, comprising enzymes methane monooxygenase 

(MMO) transforming CH4 to methanol (CH3OH), methanol dehydrogenase (MDH) 

transforming CH3OH to formaldehyde (CHOH), and the ribulose monophosphate 

(RuMP) cycle to condense carbon from CH4 into dihydroxyacetone phosphate 
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(DHAP) which enters the Embden-Meyerhof-Parnas pathway (EMP) [9]. Plasmid 

pAMR4-dtom1 harbors the constitutive promoter pAMR, ribosomal binding site 

RBS4, and L-lactate dehydrogenase (Lhldh) from Lactobacillus helveticus[117]. 

Lhldh heterologous expression siphons pyruvate from the CCM to generate L-lactic 

acid (C3H6O3) using redox energy (NADH) derived from the methane oxidation 

pathway.  

 Diazotroph Azotobacter vinelandii transformed with pZT3 consumes lactic 

acid (C3H6O3) and produces ATP and redox equivalents used by the cell to drive 

reduction of N2 in air to NH3 through BNF using maximized expression of the 

enzyme nitrogenase. Nitrogenase gene expression is highly regulated by 

transcriptional repressor protein nifL forming a complex with activator protein nifA 

under non-optimal conditions for BNF [201]. Chromosomal modification of A. 

vinelandii with pZT3 inserted the lac operon upstream of nifA, alleviating nifL 

regulatory control on nitrogenase activity in the presence of sensed NH3 

concentration increase [147].  

3.2. Results & Discussion 

Figure 15 illustrates the conceptual design for a synthetic microbial co-culture 

using CH4 bioreforming to drive BNF and generate NH3 from atmospheric N2, where 

CH4 bioreforming is defined as the partial oxidation of methane at low temperatures and 

pressures by enzyme(s) or microorganism(s) resulting in liquid or gaseous products. The 

design employs a modular co-culture using division of labor strategies to protect 

nitrogenase and maximize CH4 oxidation efficiency [126, 202, 203]. As conceived, with 

no carbon or nitrogen source other than CH4 and N2 provided, the theoretical system 

leverages an obligately mutualistic metabolism, where A. vinelandii M5I3 depends on L-

lactate supplied by M. buryatense 5GB1C pAMR4-dtom1, which in turn relies on a 

portion of the NH3 produced by A. vinelandii M5I3 for its N source [204]. In the proof-

of-concept developed (Figure 16), N2 reduction by BNF uses CH4 as the sole carbon and 

energy source but retains NO3 as a supplementary N source to initiate M. buryatense 

5GB1C growth during system startup. 
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Figure 16. Workflow for the development of a CH4-driven co-culture for the 

bioproduction of NH3.  

Strains were evaluated for sufficient product tolerance, then modified for secretion 

of target chemicals. Both organisms were brought together for co-culture growth 

and evaluated for performance under a number of conditions. Analytical chemistry 

operations were performed to identify key metabolites and quantify target chemical 

production. 

3.2.1. Methane bio-reforming to L-lactate using Methylomicrobium buryatense 

5GB1 

The biological use of CH4 as a feedstock requires carbon chain elongation and 

integration into the central carbon metabolism through the Ribulose Monophosphate 

(RuMP) and the Embden-Meyerhof-Parnas (EMP) pathways in M. buryatense 5GB1C 

for the net production of one ATP and one NADH, usable intracellularly to produce 

value-added products or molecules such as intercellular carbon and energy (C&E) 

carriers (Figure 15) [9]. For this study, L-lactate acts as the C&E carrier because the 

biosynthetic pathway in M. buryatense 5GB1C results in minimal C&E loss during 

synthesis, L-lactate exhibits easy cross-membrane transport, L-lactate is acceptable as the 
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sole C&E source by the co-culture partner A. vinelandii, and L-lactate is tolerated by M. 

buryatense 5GB1 up to 1 g/L [117].  

M. buryatense 5GB1C has a relatively fast growth rate for a methanotroph, 

demonstrated genetic tractability, and observed tolerance to target molecules in this 

system [205]. Previous in-lab efforts to maximize L-lactate production using 

heterologous expression of the Lactobacillus helveticus lactate dehydrogenase gene 

(Lhldh) in M. buryatense 5GB1C focused on evaluating native promoters and ribosomal 

binding site (RBS) sequences using a modular design approach [117]. This work resulted 

in several strains of M. buryatense 5GB1C, including M. buryatense 5GB1C pAMR4, 

which produced more than 0.3 g/L L-lactate production after 96 hours of fed-batch 

cultivation in Hungate tubes  [117]. Additional effort to construct a strain with 

fluorescent marker dTomato1 for co-culture applications resulted in strain M. buryatense 

5GB1C pAMR4-dtom1 (Figure 17A), used in subsequent experiments. 

Additionally, since conflicting reports in the literature discuss inhibitory effects of 

NH3 on methanotroph activity under certain conditions [206, 207], NH3 accumulation 

tolerance and potential for N-free growth were evaluated for  M. buryatense 5GB1C. 

1mM NH4Cl tolerance was initially observed during growth at pH 9.5 when nitrate was 

replaced with variable concentrations of ammonia to make Ammonia Mineral Salts 

(AMS) media (Figure 17B). The ability of M. buryatense 5GB1C to grow on NH4Cl 

appears to be pH-related, with strong NMS2 growth occurring around pH 9.5, while 

slower growth on AMS media can occur at lower pHs [117]. However, attempts to 

transform a strain generated by directed evolution to tolerate up to 45mM NH4Cl at pH 
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7.0 (Figure 18) with plasmid pAMR4-dtom1 were not successful for unknown reasons, so 

further experiments used M. buryatense 5GB1C pAMR4-dtom1. 

 

Figure 17. Constructing and evaluating M. buryatense 5GB1C pAMR4-dtom1 for 

production of the carbon and energy carrier L-lactate.  

(A) Culture growth and L-lactate production for strains of M. buryatense 5GB1. M. 

buryatense 5GB1 pAMR4-dtom1 accumulated over 0.3 g/L L-lactate in fed-batch 

CH4 cultures grown on native NMS2 medium containing 10mM NO3with gas 

change every 24 hours and additionally expressed fluorescent protein dTomato1 

and was chosen for future co-culture work. Samples represent biological duplicates. 

(B) M. buryatense 5GB1 tolerance to NH3 production in AMS medium. Cells were 

assayed for tolerance to aqueous NH3 by quantifying the change in biomass over 

time. Growth of M. buryatense 5GB1C with varied concentrations of NH4Cl. 

Furthermore, since M. buryatense 5GB1C possess nitrite dissimilation genes 

reducing NO3 products to NH3 before assimilation, and additional analysis of the M. 

buryatense 5GB1genome using NCBI BLAST identified BNF homologs suggesting 

potential native nitrogen fixation capability, using total NH3 as an analytical metric 

required knowledge of baseline NH3 secretion during native M. buryatense 5GB1C 



 53 

growth [208, 209]. Any NH3 production by M. buryatense 5GB1C grown in NMS2 

media, however, was below the limit of detection for the assay (Figure 18). Likewise, M. 

buryatense 5GB1C demonstrated no significant growth on N-free NMS2 medium under 

the conditions tested in this work (Figure 17B). 

 

Figure 18. Evolution of M. buryatense  5GB1 to increase its tolerance towards higher 

concentrations of ammonium.  

Initial growth experiments of M. buryatense 5GB1 in AMS media containing 

varying concentrations of ammonium chloride as the sole nitrogen source (A) led to 

strain evolution experiments where M. buryatense 5GB1 was routinely transferred 

to media containing progressively increasing concentrations of ammonium, i.e., 10 

mM and 25 mM (B), 35 mM (C), 40 and 45 mM (D).  All evolution experiments were 

carried out in 2 ml culture volume in 27 ml Hungate tubes with 21% methane-in-air 

atmosphere in headspace, incubated at 30 °C at 200-250 rpm. 
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3.2.2. Conversion of atmospheric nitrogen to ammonia using Azotobacter 

vinelandii  

BNF requires cellular energy input in the form of ATP and reducing equivalents 

to produce NH3 from N2 in the air using nitrogenase [126]. Complete oxidation of L-

lactate to CO2 by A. vinelandii results in the generation of six reducing equivalents per 

mole of L-lactate, which can produce up to 12 ATP through the Electron Transport Chain  

[198, 199, 210]. While nifA activity is negatively regulated under conditions of 

extracellular N excess, intracellular O2 presence, and carbon insufficiency to protect 

nitrogenase from inactivation and minimize excess energy expenditure, nitrogenase 

expression is manipulable using regulatory system disruption strategies [147, 148, 152]. 

Based on these reports, two regulatory disruption strategies were compared in this study 

to generate an NH3-secreting strain of A. vinelandii. These strategies included either an 

intact nifL fragment or a truncated nifL at position D392 in the C-terminal domain, 

labeled as A. vinelandii M5I and M5T, respectively, and chromosomal insertion of a lac-

controlled promoter immediately upstream of nifA within the nifLA operon on the A. 

vinelandii DJ chromosome [147, 148]. Since σ
54

-dependent nitrogenase activator protein 

nifA is negatively regulated through complex formation with nitrogenase transcriptional 

repressor nifL, disrupting the nifL-nifA complex formation by overexpressing nifA results 

in continuous nitrogenase activity even in the presence of elevated NH3 concentration 

[126, 144].   

The intact nifL M5I variant demonstrated a five-fold increase in NH3 over the 

wild-type and truncated (M5T) nifL strains (Figure 19A) when grown on N-free B 

medium containing 20 g/L sucrose and 200μM IPTG. Overall, M5I culture growth 
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matched reported trends for slight biomass decrease with increased NH3 secretion [150]. 

However, the truncated nifL strategy (M5T) resulted in both poor growth and low NH3 

secretion, suggesting that disruption of the C-terminal domain of nifL at D392 

detrimentally altered the strain profile (Figure 19A). Notably, while the M5I strain 

outperformed both the wild-type and M5T A. vinelandii strains, the cultures exhibited 

some variability in measured extracellular NH3, similar to previous reports [149]. The 

best-performing strain, A. vinelandii M5I3, was used for further studies. IPTG 

optimization of A. vinelandii M5I3 behavior at 500 μM resulted in a ten-fold total 

increase in extracellular NH3 accumulation when using 20 g/L glucose as the carbon 

source (Figure 19B). The highest and most stable NH3-secreting induction concentration, 

500μM IPTG, was used for future experiments.  

 

Figure 19. Constructing and evaluating A. vinelandii M5I3 for production of the 

carbon and energy carrier L-lactate and the reduced product NH3.  

(A) A. vinelandii M5I construct produced increased NH3 but saw a slight deficit in 

biomass accumulation when grown in Burk’s media containing 20 g/L glucose and 
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200uM IPTG and compared to the wild-type (WT) strain. Construct M5T had a 

D392-truncated repressor nifL and a lac operon inserted upstream of nifA. 

Construct M5I had an intact nifL inserted upstream of the lac operon only. Error 

bars represent standard deviation of three independent experiments. (B) IPTG 

optimization of nifA expression for maximum NH3 accumulation by strain A. 

vinelandii M5I3 grown in F22 medium with 10 g/L Na L-Lactate. Cell productivity 

calculated using NH3 concentration per cellular optical density. At 65 hours, cell 

productivity for A. vinelandii M5I3 with 200 μM IPTG was 2 mg NH3/L/OD, A. 

vinelandii M5I3 with 500 μM IPTG was 130 mg NH3/L/OD, and A. vinelandii M5I3 

with 750 μM IPTG was 63 mg NH3/L/OD. 

Co-culture integration also required using a carbon-limited compound capable of 

being produced by M. buryatense 5GB1. Early experimentation with wild-type A. 

vinelandii DJ demonstrated no observable growth on (C1) substrates but produced robust 

growth on ethanol (C2) and D- and L-lactic acid (C3) in liquid media (data not shown). 

Since higher-carbon molecules directly correlate with increased NH3 production by A. 

vinelandii, the use of L-lactate for NH3 production limited overall NH3 yields in the 

proof-of-concept system.  

3.2.3.  Design of medium and conditions supporting co-cultivation  

The use of a co-culture strategy required an environment capable of 

accommodating both organisms. M. buryatense and A. vinelandii were isolated from 

different habitats, and native media comparisons for A. vinelandii and M. buryatense 

5GB1C identified substantial pH and salinity differences. Haloalkaliphilic M. buryatense 

5GB1C preferentially grows in NMS2 media containing sodium (Na) concentrations 

above 500mM and an alkaline pH above 9.0 [211]. Conversely, mesophilic soil 

bacterium A. vinelandii prefers neutral pH and additionally contains the enzyme 

nitrogenase inhibited above pH 8.5 [148, 212, 213]. Despite these differences, both M. 
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buryatense 5GB1C and A. vinelandii DJ grow optimally at 30C, and the inclusion of 

21% (v/v) CH4 in the A. vinelandii culture environment produced no discernible impact 

on culture biomass formation (data not shown). Selective pressure markers and induction 

reagents for gene expression also had to be mutually compatible, including considerations 

such as induction agent solvent toxicity [117].  

Twenty-seven iterations of dual mono-culturing converged on a mutually 

compatible medium (Figure 20A) since neither organism grew in the non-native medium 

directly. Starting with a 1:1 ratio of B-glucose (10 g/L glucose) to NMS2 medium, CO2
3- 

and NaCl were varied as detailed in Figure 20B. A. vinelandii DJ tolerated up to 7.5 mM 

carbonate after a lag phase of approximately 50 hours, but concentrations higher than 7.5 

mM were inhibitory to its growth (Figure 20C). Additionally, increasing the NaCl salinity 

increased the lag phase in A. vinelandii cultures. A series of media formulations were 

iteratively evaluated in a higher-throughput manner using the rate of biomass 

accumulation as the performance metric and when replacing CH4 with 0.2% MeOH 

(Figure 20C, 16D). Two media formulations, F18 and F22, were chosen for further 

studies in Hungate tubes because both organisms showed a growth profile similar to 

those seen in their native media (Figure 20D). Finally, since media formulation work 

through F22 used 10g/L glucose as the A. vinelandii carbon source, glucose was replaced 

with C&E carrier L-lactate for medium F25. Monocultures of M. buryatense 5GB1 

pAMR4-dtom1 and A. vinelandii M5I3 cultured in F25 medium containing either 21% 

(v/v) CH4 refreshed every 24 hours or 10 g/L L-lactate, respectively, achieved growth 

rates comparable to those on their native media (Figure 20E).   
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Figure 20. Development of a co-culture system supporting both organisms.  

(A) Cultures growing in F25 medium in Hungate tubes. pH and salinity were the 

most impactful factors when developing a medium capable of supporting both 

organisms. (B) Twenty-eight iterations (20 shown) varied carbonate (CO3
2-

) and 

NaCl concentrations in a 1:1 ratio of 1X B and 1X NMS2 media. (C) Initial 

iterations performed in 2mL culture media in 27 mL sealed Hungate tubes 

containing 21% (v/v) CH4 in air did not adequately support the growth of both 

organisms. (--, A. vinelandii B medium; , A. vinelandii  F1; , A. vinelandii  F8; -

-, M. buryatense  NMS2 medium; , M. buryatense F1; ● M. buryatense F8). (D) 

HT media screening focused on supporting organisms and reducing the lag phase 

were carried out in 1mL medium supplemented with 0.2% (v/v) methanol in place 
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of CH4, and incubated at 30 °C and 1000 RPM. F18 and F22 resulted in biomass 

accumulations similar to those for wild-type strains in native medium (--, A. 

vinelandii B medium; , A. vinelandii  F18; , A. vinelandii  F22; --, M. buryatense 

NMS2 medium; , M. buryatense F18; ● M. buryatense  F22). (E) Final iterations 

aimed to minimize the lag phases and prolong exponential growth and resulted in 

F25 medium were performed using 2mL culture media in 27 mL sealed Hungate 

tubes containing 21% (v/v) CH4 in air. (, A. vinelandii F25; , A. vinelandii F26; 

, M. buryatense F25; ● M. buryatense F26). 

3.2.4. Production of ammonia from atmospheric nitrogen in methane-fed co-

culture 

A modified F25 medium containing 1 g/L L-lactate and 10 mM NO3, with the 

initial pH reduced to 7.5, became the basis for co-culture experiments to accommodate 

strain sensitivities. Monocultures were co-cultivated to verify performance initially, and 

subsequent experiments tracked organism viability (CFU/mL) counting method. Biomass 

(OD), total lactate (g/L), and extracellular aqueous NH3 (mg/L) metrics indicated system 

behavior (Figure 21). Biomass increase in most cultures demonstrated the strains 

survived both alone and together under the modified environmental conditions. 

Accumulation of L-lactate and NH3 in the monocultures suggested that the strains 

retained their modified traits; however, total accumulation was lower in the co-culture 

than in the parallel monocultures (Figure 21B, 17C), which could be due to several 

factors, including competition for limiting resources, metabolite cross-consumption by 

organisms within the culture, or environmental stress on the system.  
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Figure 21. Co-culture for the production of aqueous NH3 using energy derived from 

CH4.  

M. buryatense 5GB1C pAMR4-dtom1 and A. vinelandii M5I3 were combined using 

a 1:1 OD600 ratio and cultured in F25 medium. (A, B, C) Both co-culture and 

monoculture organisms demonstrated accumulated biomass, lactate, and NH3 in 

F25 medium supplemented with 1 g/L Na L-lactate and 10mM NO3. Experiments 
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were conducted in parallel as biological duplicates. Left: (A) Optical Density 

(OD600), (B) total lactate (g/L), and (C) total NH3 (mg/L). (D, E, F) Co-culture 

behavior was further evaluated when omitting 1 g/L L-lactate [minus Lac] and 

additionally omitting other specified nutrients. A. vinelandii CFU/mL at time = 0h 

approximated from Myers et al., 2013 (Myers et al., 2013). Experiments were 

conducted in parallel as biological triplicates using a sacrificial sampling method. 

Right: (D) optical density (OD) at 600 nm and cell viability (CFU/mL), (E) total L-

lactate (g/L), (F) total NH3 (mg/L). 

Further evaluation of the defined minimal medium system explored the case 

omitting supplementary L-lactate, and as well as further omitting L-lactate and NO3, 

CH4, and N2, to represent the CH4-only [minus Lac], N2-only [minus NO3], all carbon-

omitted [minus CH4], and N2-omitted [minus N2], conditions, respectively, to trace the 

impact of nutrients on system operation. [Minus L-lac] cultures demonstrated a 

substantial increase in all metrics for system performance, resulting in a more than four-

fold increase in lactate accumulation to 0.33 g/L L-lactate and a two-fold increase in NH3 

accumulation to 3.42 mg/L NH3, as well as substantial biomass accumulation (Figure 

21D, E, F yellow/square). Specifically, NH3 accumulation in the [minus Lac] culture 

outpaced accumulation in all other co-cultures, especially after 72 hours when the culture 

appeared to shift into the stationary phase in a similar accumulation pattern to those 

observed for preliminary monocultures of A. vinelandii M5I3. Lactate sensitivity is a 

recognized trait of M. buryatense 5GB1, and supplementing early experiments with 1.0 

g/L lactate likely limited initial system performance [116]. A. vinelandii M5I3 viability 

(CFU/mL) also remained relatively constant throughout the experiment, suggesting that 

CH4-derived carbon is capable of sustaining A. vinelandii M5I3 in the system. 

Cultures omitting NO3 [minus NO3] and all carbon [minus CH4], respectively, 

saw neither substantial biomass accumulation nor any accumulation of L-lactate in either 
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condition, although both conditions did report similar accumulations of up to 1 mg/L NH3 

(Figure 21D, E, F green/circle, blue/diamond). Since these components are critical for M. 

buryatense 5GB1 growth in the F25 medium, they also impact its ability to produce 

carbon substrate, limiting the A. vinelandii carbon source. However, M. buryatense 5GB1 

is adaptable to the AMS medium, suggesting that iterative optimization might increase 

performance under the [minus NO3] condition. A small amount of NH3 appeared in the 

both the [minus NO3] and [minus CH4] cultures. However, the stationary NH3 

concentration in the sacrificial samples over time suggests that preliminary activity by the 

cells was not sustainable without the carbon transformation observed in the more 

supported [minus Lac] condition.   

The condition omitting atmospheric nitrogen [minus N2], but retaining NO3, was 

also evaluated to determine the extent to which atmospheric N2 reduction by nitrogenase 

was responsible for NH3 accumulation in the system since NH3 accumulation could also 

theoretically result from amino acid degradation. For the [minus N2] condition, cultures 

were flushed with a 21% O2-balance argon gas mixture to eliminate atmospheric nitrogen 

while retaining O2 essential for MMO enzyme activity [200]. Despite overall biomass 

generation exceeding the [minus Lac] culture, observed NH3 accumulation was three 

orders of magnitude lower than observed for the [minus Lac] condition (Figure 21D, E, F 

black/triangle), strongly suggesting that extracellular NH3 accumulation requires 

atmospheric N2. 
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3.2.5. Tracing the contribution of atmospheric nitrogen to extracellular 

ammonia accumulation 

To further examine the hypothesis that N2 reduction by active nitrogenase was the 

source of NH3 accumulation in the co-culture, a 
15

N stable-isotope labeling experiment 

traced the fate of atmospheric N2 in the system, since the observation of some NH3 

generation in the [minus NO3] cultures observing no biomass accumulation meant that 

amino acid breakdown could not entirely be ruled out as a source for NH3 accumulation 

by omitting N2 alone. However, available laboratory equipment did not support direct 

NH3 quantification, so a derivatization strategy based on the Schotten-Baumann reaction 

(Figure 22) was applied in a manner similar to Mishra et al. (Figure 23) [214].  

 

Figure 22. Schotten-Baumann reaction for the derivatization of NH3 to benzamide. 

The Schotten-Baumann reaction is well-established for the determination of primary 

amines, such as NH3, using carbamate derivatives and is further notable for its ability to 

proceed in an aqueous solution at alkaline pH and its production of high-quality products 

visible on a gas chromatography apparatus [215]. 
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Figure 23. Pictoral method diagram for 
15

N2 derivatization to 
15

N-containing 

benzamide. 

A co-culture was prepared with a 10:1 ratio of A. vinelandii M5I3 to M. 

buryatense 5GB1C pAMR4-dtom1 and incubated with dual-labeled 
15

N2 stable isotope-

labeled gas since the only way to produce 
15

N-labeled NH3 would be through active BNF 

occurring in the culture [126]. A 10:1 ratio of A. vinelandii M5I3 to M. buryatense 

5GB1C pAMR4-dtom1 and additional supplementation of the culture with 0.5 mL fresh 

F25 medium containing 1 g/L L-lactate at 72 hours post-inoculation attempted to 
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maximize NH3 production, since the 
15

N-labeled experiments saw a 21% reduction in 

atmospheric CH4 availability and a 12% reduction in atmospheric O2, to satisfy required 

safety protocols. However, the overall culture demonstrated ten times the previously 

observed biomass accumulation and only 10% of the previously observed NH3 

accumulation (Figure 24). 

 

 

Figure 24. Modified assay conditions for co-culture growth to accommodate the 

replacement of atmospheric 
14

N2 with stable-isotope labeled 
15

N2 resulted in a 

culture with strong biomass production at the expense of increased extracellular 

NH3.  

Co-cultures for 
15

N stable isotope analysis set up in Hungate tubes contained 2 mL 

F25 medium supplemented with 1 g/L Sodium L-lactate, 15mM KNO3, and gas 

conditions as specified in Supplementary Table S3. To eliminate atmospheric 
14

N2 in 

the [
15

N2] condition, sealed Hungate tubes were flushed with 21% (v/v) O2 balance 

Ar gas and re-supplemented with 
15

N2 and CH4 every 24 hours. At 72 hours, the 

system was supplemented in a semi-fed batch manner with 0.5mL of the initial 

media to maximize NH3 production for GC-MS analysis. 
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Derivatization of samples containing NH3 produced benzamide (C7H7N), which 

allowed for GC-MS detection of 
15

N incorporation into 
15

NH3 (Figure 25A). A retention 

time test for benzamide indicated elution of a peak at 8.32 minutes not present in the 

media control. Relative peak intensities for the derivatized fermentation and positive 

control (
14

NH4Cl) samples were comparable for the top ten most intense peak signatures 

(Figure 25B). Comparison of the 14N2 and 
15

N2 samples identified a slight shift in 

intensity for 121 m/z to 122m/z, however, a more significant increase (p < 0.05) in 

relative intensity was observed at the m+1 (122 m/z, benzamide m+0 121 m/z) position 

when comparing samples from cultures supplemented with labeled 
15

N gas to the assay 

standard, prepared by addition of 1mM 
14

N-ammonium chloride (NH4Cl) to the 
14

NO3-

medium. Increased 
15

N observed in samples of the 
14

N2 culture collected over time 

suggested that increased background may have contributed to the decreased observed m/z 

difference between cultured 
14

N2 and 
15

N2 samples when compared to the 
14

NH4Cl-

containing assay control, making a comparison to the uncultured 
14

NH4Cl control 

samples a more rigorous benchmark for analysis. The incomplete shift from 121 m/z to 

122 m/z observed for the 
15

N2-supplemented samples even after subtracting the 

background medium signature is attributed to the relatively low total NH3 concentration 

observed in the assay enhancing visibility of inherent background NH3 accumulation 

denitrification activity by M. buryatense 5GB1C pAMR4-dtom1 [209].  
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Figure 25. GC-MS analysis of
 15

N2 stable-isotope labeling experiment  

A 
15

N stable isotope labeling experiment was conducted to trace the impact of 

atmospheric N2 on NH3 accumulation in the system. To eliminate atmospheric 
14

N2 

in the [
15

N2] condition sealed Hungate tubes containing 2 mL F25 medium 

supplemented with 1 g/L Na L-lactate and 10mM NO3 were flushed with 21% (v/v) 

O2 balance argon gas and re-supplemented with 
15

N2 and CH4 every 24 hours. At 72 

hours, the system was supplemented in a semi-fed batch manner with 0.5mL of the 

initial media to maximize NH3 production for GC-MS analysis.(A) A retention time 
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(RT) of 8.32 min was observed for benzamide in both the control (
14

N2) and 

experimental (
15

N2) samples and confirmed using a benzamide analytical standard 

and NIST 14.1 MS Search.(B) Mass spectrum intensities for 
14

N-benzamide negative 

control (media + 1mM NH4Cl), 
14

N2, and 
15

N2 samples. Addition of 
15

N2 labeled gas 

correlated with an m+1 shift to 122 m/z from 121 m/z (m+0). Analysis of 

independent triplicate replicates using Student’s T-test resulted in statistically 

significant intensity differences for both 121 and 122 m/z; *P = 0.04, and **P = 0.03, 

respectively.  

Furthermore, although recent identification of transcriptional activity related to 

putative nitrogenase genes in M. buryatense 5GB1 has been reported under certain 

conditions [216], it is unlikely that methanotrophic nitrogenase activity would contribute 

substantially to quantifiable extracellular 
15

NH3 accumulation, especially since this work 

observed no extracellular NH3 accumulation in preliminary cultures of M. buryatense 

5GB1C. Accordingly, since the only route for the incorporation of atmospheric 
15

N2 into 

labeled aqueous 
15

NH3 is through BNF, catalyzed by active nitrogenase, combining the 

strong impact of omitting N2 on the co-culture NH3 production with a visible 
15

N m/z 

shift demonstrates that the A. vinelandii BNF system is actively responsible for NH3 

accumulation in the co-culture system. 

3.2.6. Exploring the impact of physical parameters on system outcomes 

Aeration and organism ratio were also explored to examine their effects on the co-

culture system since the impact of physical properties can substantially alter system 

performance and the co-culture system depended on CH4, O2, and N2 transfer for NH3 

production. Aeration, or the gaseous mass transfer rate, can be found using mass transfer 

gas-liquid foundational principles assuming basic two-film theory for a surface aeration 

system (Equation 5), states that [dC/dt] is the change in gas concentration across the 
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boundary, where [kLa] is the mass transfer coefficient, [CL] is the gas concentration in the 

liquid phase, and [CL*] is the equilibrium gas concentration in the liquid phase [217].  

dC

dt
=  kLa ∗ (CL − CL

∗) 

Equation 5. General equation for gas-liquid transfer for surface aeration 

The mass transfer coefficient (kLa) for the chosen gas can be obtained by empirical 

observation using a power law equation with parameters including the Froude number 

((n
2
*d0)/g

2
), Volume number (VL/d

3
), Geometric number (d0/d), Galilei number 

((d
3
*g)/v

2
), and the Schmidt number (v/Dgas) and experimentally-determined exponents 

[218].  

kLa =  

C ∗ (
n2 ∗ d0

g
)

α

∗ (
VL

d3)
β

∗ (
d0

d
)

γ

∗ (
d3 ∗ g

v2 )
δ

∗ (
v

Dgas
)

ε

(
𝑣
g2)

1
3

 

Equation 6. Empirical correlation for determining the mass transfer coefficient kLa. 

Formula obtained from Klöckner (2013).  

Since Equation 5 includes the Volume number, filling volume is an empirical parameter 

that has a direct impact on kLa. Accordingly, changes in total aeration (CH4+air) between 

cultures were evaluated by altering the Hungate tube filling volume from the standard (2 

mL) to one-half the standard volume (1mL) and double the standard volume (4 mL). 

Cultures omitted 1g/L L-lactate supplementation at inoculation to emphasize the direct 

impact of a CH4-only carbon source on system performance. 
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Filling volume produced a substantial impact on system performance. Most 

noticeable was the impact on total culture biomass, with the more-aerated (1 mL) culture 

producing increased biomass (Figure 26). Noticeably, L-lactate accumulation was 

observed to be most reduced in the culture with double the standard volume (4 mL), 

demonstrating that the system was carbon-limited and further underscoring the strong 

impact that CH4 has on activity co-culture system. However, the maximum L-lactate 

accumulation was inversely correlated with NH3 accumulation at the 48 hour time point, 

with the lowest aeration (4 mL) demonstrating maximum NH3 accumulation. Time points 

after 48 hours registered markedly reduced NH3, suggesting a disruptive event may have 

occurred in the system, possibly during gas refresh. 

 

Figure 26. Impact of aeration rate on the co-culture system.  

System was assayed as biological duplicates. (A) Biomass, OD600. 1mL, green circle; 

2 mL control, teal square; 4mL, blue diamond. (B) Total L-lactate (g/L). 1mL, 

green; 2 mL control, teal; 4 mL, blue. (C) Extracellular NH3 (mg/L). 1mL, green; 2 

mL control, teal; 4 mL, blue. 

The substantial difference in both overall and relative NH3 concentrations 

between the 1 mL and 4 mL conditions is attributed to the reduced gas transfer rate in the 
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4 mL condition. A. vinelandii is an obligate aerobe, meaning that it requires O2 and has 

evolved strategies to develop oxygen protection for nitrogenase activity [219]. However, 

Azotobacter is also recognized to be strategically more energy efficient at reduced O2 

tensions, especially when operating BNF, and the relationship between increased rate of 

O2 input and decreased rate of “N2 fixed per unit of carbon energy consumed” has been 

discussed extensively [220]. Accordingly, these findings together suggest that reducing 

gas transfer in the system would likely result in higher overall NH3 production.  

In parallel, the effect of changing the co-culture organism ratio was explored to 

evaluate whether increasing the volume of A. vinelandii M5I3 catalyst would increase 

total NH3 output. In some cases, increasing the rate-limiting organism inoculation 

concentration can improve the overall performance of the system [157]. Likewise, 

increasing total A. vinelandii concentration in a cell culture has been correlated with 

increased nitrogenase activity in the system as a result of the increased total protein 

content [221].  

Organism ratio produced a relatively limited impact on system performance. 

Despite starting at substantially different inoculation ratios, total culture biomass in all 

conditions had converged by 48 hours of incubation (Figure 27). Noticeably, L-lactate 

accumulation was observed to the lowest in the (25:1) culture condition, indicating that 

A. vinelandii activity was likely increased in the system. However, overall NH3 

accumulation at the 48 hour time point was relatively inconclusive, with the slight 

increase in NH3 between the control (1:1) and enhanced (25:1) not statistically 

significant. This assay was performed in parallel with the aeration culture and a similar 

disruptive event was observed at the 72 h time point and beyond. 



 72 

 

Figure 27. Impact of organism ratio on the co-culture system.  

System was assayed as biological duplicates. (A) Biomass, OD600. 1:1 ratio control, 

teal square; 10:1 ratio, blue diamond; 25:1 ratio, green circle. (B) Total L-lactate 

(g/L). 1:1 ratio control, teal; 10:1 ratio, blue; 25:1 ratio, green. (C) Extracellular 

NH3 (mg/L). 1:1 ratio control, teal; 10:1 ratio, blue; 25:1 ratio, green. 

 The relatively small impact of organism ratio on overall culture performance is 

attributed to the lack of L-lactate present in the cultures at inoculation and its relatively 

slow rate of production, which would have resulted in a carbon-limited environment. 

Since carbon concentration is a substantial factor in A. vinelandii growth and BNF 

activity, it is suspected that carbon, or another nutrient, limited NH3 production in the 

system [220].  

Together with the above, these results suggest that reducing gas transfer in the 

system and increasing L-lactate production rate would contribute in higher overall NH3 

production by the system. Additional work in this area would also likely benefit from 

additional rounds of co-culture media optimization with an emphasis on maximizing NH3 

production, such as through increases in trace metal availability [222]. 
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3.2.7. Expanding beyond CH4 to other C1 sources for bioproduction of NH3 

While the majority of this work focused on the use of CH4 as the sole carbon and 

energy source, there are recognized challenges with using a gaseous feedstock with 

limited solubility for the production of multi-chain carbon-and-energy shuttle molecules. 

Methanotroph M. buryatense 5GB1 can grow on both CH4 and CH3OH, although overall 

strain performance can be substantially different depending on the substrate [223]. To 

date, L-lactate production had not been evaluated using CH3OH as the carbon source for 

strains of M. buryatense 5G. Accordingly, this work briefly explored the use of methanol 

(CH3OH) as an alternative co-culture feedstock and for the production of L-lactate by M. 

buryatense 5GB1C. As a liquid single carbon feedstock, CH3OH would offer enhanced 

mass transfer as well as increased safety. CH3OH is also a widely available feedstock, 

both commercially and also in nature, where it is naturally synthesized by plants 

primarily through pectin demethylation and used for signaling and self-defense [224, 

225].  

Before evaluating the system on CH3OH, a basic Gibb’s Free Energy 

thermodynamic calculations were performed to compare the theoretical co-culture system 

operations on CH4 and CH3OH, where Gibb’s Free Energy (ΔG) is defined as the change 

in enthalpy (ΔH) when subtracting the change in entropy (ΔS) at the system temperature 

Equation 7 [226].  

𝚫𝐆 =  𝚫𝐇 − 𝐓 ∗ 𝚫𝐒 

Equation 7. Gibb’s Free Energy. 
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Both systems were observed to be favorable (ΔG <0), with the proposed CH3OH system 

resulting in a smaller ΔG and accordingly a more energy-efficient system (Table 1, Table 

2). 

Table 1. Thermodynamic calculations for co-culture system using CH4. 

 
Table 2. Thermodynamic calculations for co-culture system using CH3OH. 

 

To evaluate the effects of CH3OH on the system, both monocultures of A. 

vinelandii and M. buryatense 5GB1 pAMR4-dtom1 and a 1:1 ratio co-culture were 

prepared in triplicate as above with the replacement of atmospheric CH4 supplementation 

with 0.2% CH3OH and additionally supplemented with 1 g/L L-lactate and 10mM NO3 at 

inoculation. Overall biomass accumulation was relatively low across the board (Figure 

28A). NH3 accumulation in the A. vinelandii monoculture system suggested the culture 

could operate under the CH3OH-supplemented conditions (Figure 28B), but little NH3 

accumulation was observed in the co-culture. Notably, although the CH3OH 

concentration continuously decreased in the M. buryatense monoculture and co-culture 
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systems, no quantifiable L-lactate production was observed (Figure 28C). However, 

formate production increased up to 5 mM by 144 hours incubation in all cultures 

containing M. buryatense 5GB1pAMR4-dtom1 (Figure 28C-E). Fu et al. discusses 

increased formate production, suggesting an overall shift in intracellular metabolism to 

achieve redox balance by consuming excess NADH through formate re-uptake through 

the serine C1 assimilation pathway [223]. Unfortunately, growth on CH3OH also 

appeared to eliminate L-lactate production.  

 

Figure 28. The impact of CH3OH replacement on co-culture performance.  

(A) Biomass, OD600. A. vinelandii M5I3 monoculture, orange diamond; co-culture, 

blue square; M. buryatense 5GB1 pAMR4-dtom1, green triangle. (B) Total NH3 

(mg/L). A. vinelandii M5I3 monoculture, orange; co-culture, blue; M. buryatense 

5GB1 pAMR4-dtom1, green. (C, D, E) Carbon metabolites produced by M. 

buryatense 5GB1 pAMR4-dtom1 monoculture, A. vinelandii monoculture, and co-

culture, respectively. Formate, orange;methanol, blue; acetate, green; lactate, gold.  

Growth in the CH3OH system appeared to substantially alter the system 

performance, but to confirm that the pAMR4-dtom1 plasmid remained present under the 
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culture conditions, a M. buryatense 5GB1 pAMR4-dtom1 monoculture was assayed for 

plasmid stability during growth on both CH4 and CH3OH using PCR. The plasmid was 

present in all cultures (data not shown).  

Overall activity in the co-culture system also appeared to be limited by other 

factors since L-lactate consumption was incomplete in the co-culture. Since formate 

approached 0.5 g/L in the co-culture system, formate concentration was evaluated for its 

impact on A. vinelandii biomass formation. Cultures of A. vinelandii M5I3 grown on 

Burk’s medium containing 20 g/L sucrose and supplemented with 0.75 mM, 1.5 mM, or 

4mM sodium formate (NaHCO3) were evaluated for ability to accumulate biomass 

(OD600) on both N-free (B) and ammonium acetate (NH4OAc) medium (BN). However, 

formate concentration appeared to have no effect on A. vinelandii biomass accumulation.   

 

Figure 29. Impact of sodium formate (NaHCO3) on A. vinelandii biomass formation.  

Nitrogen-free media (B-0.75mM, green square; B-1.5mM, green circle; B-4.0mM; 

green diamond). NH4OAc-supplemented media (BN-0.75mM, light blue hollow 



 77 

square; BN-1.5mM, light blue hollow circle; BN-4.0mM; light blue hollow 

diamond). 

Since reduced L-lactate production appeared to limit overall system performance, 

further experiments moved in a different direction. Future steps for this work could 

include the introduction of a formate dehydrogenase into A. vinelandii in an attempt to 

engineer the organism to utilize formate as a C1 energy source directly, since A. 

vinelandii appears to tolerate concentrations of formate similar to those observed being 

produced in the co-culture system [227]. This would eliminate the need to utilize the L-

lactate pathway and would have the potential to increase the carbon-to-carbon energy 

consumption from methanol by up to three hundred percent. However, the relatively low 

reduced energy value of formate could result in an overall negligible increase in system 

performance without an additional carbon source present.  

3.3. Conclusions 

Remote renewable CH4 represents a distributed high-energy feedstock with the 

potential for biotechnology initiatives. In this report, a microbial co-culture system 

utilized CH4 bioconversion to power BNF at ambient pressure and temperature in a single 

vessel using only CH4 and air (N2 and O2) and demonstrated NH3 production to be the 

result of atmospheric N2 reduction by 
15

N stable-isotope labeling. pH and salinity were 

the primary factors affecting the development of a medium supporting both organisms. 

Carbon and N2 availability heavily influenced NH3 production. Efforts to improve overall 

system performance through altering aeration rate suggested this may be a promising 

direction for future work. However, efforts to explore methanol as an alternative 
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feedstock indicate additional work would be necessary, such as modifying A. vinelandii 

M5I3 for the uptake of an alternative extracellular energy transfer molecule.  
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Chapter 4 

Kinetic modeling of nitrogenase for the 

optimization of NH3 production 

4.1. Introduction 

Transformation of atmospheric nitrogen (N2) to biologically-available fixed 

nitrogen, including ammonia (NH3), is essential to life. Biological nitrogen fixation 

(BNF) by diazotrophic, or nitrogen-fixing, bacteria produces NH3 from atmospheric N2 

using the nitrogenase enzyme complex and an intracellular electron donor at atmospheric 

pressure and temperature and is the sole known enzyme responsible for BNF worldwide 

(Equation 4) [125, 126]. Advances in chemical production of nitrogen-based fertilizers 

supplement natural BNF to provide up to 50% of the food supply for today’s society, but 

runoff from improper fertilizer application can cause environmental challenges with 

wide-ranging consequences [11, 186]. At the same time, financial barriers to construction 

of local nitrogen fertilizer generation facilities and transportation logistical challenges 

limit equitable fertilizer access elsewhere [9, 186, 228]. Accordingly, the development of 



 80 

smaller-scale, economically feasible, and efficient alternative nitrogen fixation solutions, 

including in situ generation solutions proposed by recent advances in biotechnology, 

remain active areas of research [149, 153–155, 229].  

One major biotechnology strategy includes the genetic modification of diazotrophic 

microorganisms performing BNF to increase external secretion of NH3, insights from 

which further have the potential to support the direct integration of BNF capability into 

eukaryotic cell hosts for fertilization in situ [147–149, 222, 230]. However, active BNF 

activity in native organisms is complex (Figure 30), and even upon transferal to 

Escherichia coli, a well-studied heterologous host, BNF activity still requires at least nine 

heterologous genes for basis synthesis and operation under ideal anaerobic conditions 

[153]. 

 

Figure 30. Nitrogenase synthesis and regulation.  

Spheres represent gene products involved in the synthesis of nitrogenase. Arrows 

represent transcriptional activator and repressor proteins. Yellow spheres represent 

products of genes responsible for nitrogenase FeMo-co biosynthesis and maturation 

roles, including nifS, nifU, nifB, nifX, nifV, nifY, nifQ, nifE, nifN, nifY, and nafY. 

Black diamonds represent Fe-S cluster accumulation. Blue spheres are the products 

of nitrogenase structural genes, specifically nifH, nifD, and nifK. The black sphere 

depicted as associated with a portion of the cell membrane, and the white sphere 
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associated with the formed nitrogenase complex are representative of genes with 

electron transfer roles, modeled here as nifJ and nifF, respectively. Striped spheres 

represent genes with supporting roles in nitrogenase maturation, specifically nifZ 

and nifM. Pink-themed components highlight major regulatory roles impacting 

biological nitrogen synthesis at steps from transcription to enzymatic activity. The 

role of nifA as a transcriptional activator is regulated in wild-type organisms by 

interaction with nifL based on cellular sensing of aqueous NH3, intracellular O2, and 

2-oxoglutarate concentrations. Degradation of nifB and nifENX mRNA by specific 

housekeeping gene ClpX2 limits the accumulation of APOnitrogenase precursors. 

The synthesis of nitrogenase in certain aerobically-tolerant diazotrophs involves 

further protection of nitrogenase from oxidation by O2induced conformational 

binding with a regulatory FeSII (Shethna) protein. Cellular NH3 uptake is defined 

as incorporation into L-glutamate, along with any sources of extracellular NH3 

present. Final enzyme components with (*) are symmetric. Protein names and roles 

were verified using the KEGG GENOME A. vinelandii DJ database. Adapted from 

Rubio and Ludden [126, 139, 146, 231–235].  

Moreover, heterologous nitrogen fixation activity in an aerobic environment still has yet 

to be reported, possibly since native diazotrophs employ multi-layered intracellular 

regulation to minimize costs to the native organism and conserve cellular energy 

(Equation 4) [126]. Several regulatory system disruption targets for increasing the NH3 

production capacity of diazotrophs are well-established, including a knockout of the NH3 

transporter gene amtB, knockout and truncation of the nitrogenase transcriptional 

repressor gene nifL to impair binding with transcriptional activator nifA, and 

overexpression of transcriptional activator nifA (Table 3) [147, 148, 152, 222, 236, 237]. 

While numerous studies report the impact of isolated manipulation effects on BNF 

activity in native diazotrophs (Table 6), an integrated analysis to model extracellular NH3 

accumulation, which could be used to identify key restrictions for aerobic BNF activity, 

has yet to be reported. Insights gleaned from an integrated model system would 

contribute to both greater understanding of interactions in the BNF system as well as 
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potentially contribute to work aiming to supplement traditional agricultural strategies 

with direct microbial nitrogen-based fertilizer production [238, 239]. 

Table 3. Literature reports of  nitrogenase regulatory modifications increasing NH3 

output by strains of A. vinelandii 

 

Therefore, it was hypothesized that using a mathematical systems biology 

approach to evaluate the BNF pathway would efficiently identify potential bottlenecks 

and supporting pathways in the BNF, both highlighting potential opportunities to increase 

NH3 production by native diazotrophs in vivo and also identifying key parameters to 

boost NH3 production in heterologous systems. The systems approach would have to 

adhere to a series of design constraints, which included retaining native nitrogenase 

enzymatic activity and oxygen protection, availability of published kinetic constants, and 

limits on computational efficiency (Figure 31). 
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Figure 31. Design considerations impacting nitrogenase model development in silico. 

An ordinary differential equations (ODE)-based dynamic kinetic model of the BNF 

system was constructed based on established reaction pathway interactions in silico 

(Figure 32). Systems analysis identified a series of key reactions, which represented 

potential targets for further evaluation. Since the in silico system was constructed based 

on several relatively simple nitrogenase systems, including the nitrogenase system from 

anaerobe Klebsiella pneumoniae, proposed key reactions were further examined in 

organism-specific gene networks to find enzymes with equivalent functionality. Several 

identified target enzymes were then evaluated experimentally for BNF impact using an 

NH3-secreting reporter organism. Intracellular electron transfer elements (nifF, nifJ) were 

identified as crucial components influencing overall NH3 production in the model system. 
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Figure 32. Modeling and experimental workflow.  

Both modeling and experimental insights influenced design, which drove 

developments within both loops, often in parallel. 

4.2. Results 

4.2.1. Kinetic model validation indicated correlation with experimental findings 

in vivo 

Relationships between enzymes can be defined by mathematical principles to 

develop computational models which describe behavior given specific initial conditions. 

To better understand the multi-layer interactions, nitrogenase enzyme synthesis and 
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regulatory interactions were constructed in silico with deterministic kinetic modeling 

using mass-action kinetic principles, which describe dynamic behavior so that the 

chemical reaction rate is directly proportional to the reactant concentrations, allowing 

simplification of individual reaction rates to a single step and accounting for limited 

publication of kinetic constants in the literature (Figure 33) [240]. Estimated theoretical 

flux can then be calculated at each reaction step, measured as the change in amount of 

species over time. For this system, units were represented as concentration, for a 

compartment volume equal to 1, so the flux for each species remained the change in 

species over time equals the negative flux, where flux is equal to the reaction rate, and 

reaction rate is defined as the change in concentrations according to the rate constants, KF 

and KR, over time.  

 

Figure 33. Model species are consumed and produced during each reaction.  
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Kinetic model development required choice of network structure, kinetic rate 

expressions, model structure, parameter determinations, and validation [239].The model 

represents a single cell compartment with emphasis on the known BNF-related pathways 

and additional contributing pathways (Figure 34). The use of a deterministic model 

allowed for the use of fractional transcriptional ratios calculated for known nitrogenase 

components from reported mRNA concentrations (Table 5)[241, 242]. Since NH3 

secretion is understood to occur through passive diffusion rather than active transport, 

only intracellular NH3 accumulation was built into the system [148].  

To construct the dynamic BNF model system in silico, literature-reported reaction 

synthesis and supporting pathways were used to build an ordinary differential equation 

(ODE) intracellular reaction network in the MATLAB® SimBiology environment using 

literature-reported rate values as mass-action kinetic constants (Table 6). In order to 

minimize computational time, this work made several assumptions, including two related 

to preventing the system trending to infinity, specifically, (1) consumption of the nif 

promoter after transcription of an mRNA, and (2) simulations occurred in a closed 

environment with initial concentrations of oxygen (O2) and N2 added at time zero based 

on concentrations estimated using Henry’s Law at atmospheric temperature and pressure. 

Additional assumptions included defining all nif transcription and translation events to 

occur in concert, with translational ratios accounting for variance in cell amounts of the 

transcripts, and the approximation of central carbon metabolism and the TCA cycle as a 

single reaction producing ATP and reducing equivalents, represented as NADH/NAD
+
, to 

drive nitrogenase activity.  
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Figure 34. Visual representation of the SimBiology reaction network in MATLAB®. 

Reactions are grouped by contribution to the model environment. Reaction 

intersection nodes are represented as yellow circles, while substrates and catalytic 

enzymes are represented by oblong periwinkle ovals. Dashed lines represent the 

inclusion of a catalytic enzyme recycled during the reaction.  
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Since the value of a biological kinetic model lies in its ability to predict, evaluate, 

and explore alternative scenarios and initial conditions mimicking experimental 

conditions in the real world, it was important to evaluate the fit of the constructed system 

using an experimental test data set [239]. Fit-data validation simulations in the 

SimBiology environment using the deterministic stiff SUNDIALS ODE solver served as 

the validation test, and a previously-generated semi-closed environment test dataset for 

Azotobacter vinelandii M5I3 growth on L-lactate served as the comparison dataset 

(Figure 19B). To be able to make comparisons to experimental laboratory data without 

overstating the nitrogenase reaction’s importance in the in vivo culture, two final 

assumptions were made with respect to the model system to prevent overstating proposed 

impacts. First, NH3 produced by the experimental system was measured extracellularly, 

so any NH3 accumulation in the model system was assumed to diffuse immediately into 

the extracellular environment. In practice, this meant that NH3 production inside the cell 

should be greater than reported by the model [147]. Second, the first step in ammonia 

consumption by the organism, Glutamate Synthesis (GS) (Figure 34), was eliminated to 

remove NH3 losses by the system to biomass accumulation [243]. This would also result 

in lower total NH3 concentrations in the model than those observed extracellularly.  

Model simulations demonstrated in silico responsiveness at levels of NH3 

production approximately comparable to experimental data responses (Figure 35). The 

model demonstrated better performance regarding the positive relationship between 

increased IPTG-induced nifA expression and increased NH3 for the 200μM and 500μM 

cases, but responded less well when compared to experimental data for the 750μM IPTG 

case. Since the model as defined does not include an equation for biomass accumulation, 
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it is therefore not designed to evaluate impacts stemming from suspected metabolic 

effects caused by overexpression [244]. 

   

Figure 35. Model response correlates with observed data from preliminary nifA 

experiments and achieved an overall RMSE for the prelim nifA “training” data of 

0.976.  
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A-C) Comparison of built nitrogenase model fit (PRED1) with nifA “training” data 

set (OBS1) from experimental A. vinelandii M5I3 cultures induced with 200μM, 

500μM, and 750μM IPTG (Group), respectively(Figure 19B).  

4.2.2. Electron transfer to nitrogenase is a critical metabolic control point in the 

NH3 production pathway   

Validated models are a tool for rational synthetic biology design [239]. Local 

parameter sensitivity analysis, where the contribution of an individual parameter is 

evaluated with respect to the individual state response, is an established method for the 

exploration of model changes. These include evaluating parameter responses, such as 

state concentrations or reaction fluxes, with respect to changing parameters, such as 

altering the concentration of inducer [239, 245, 246]. Accordingly, local forward 

sensitivity analysis inside the MATLAB® SimBiology environment identified several 

model control points [246]. Figure 36 reports the fully-dedimensionalized cumulative 

time-dependent sensitivities for all substrates and enzymes with respect to initial 

condition and reaction parameters in the model system [246]. Sensitivity analysis results 

produced when simulating a wild-type model with 1μM IPTG over 96 hours (Figure 36) 

shows several model species are affected by transcriptional and translational rates.  



 91 

 

 

Figure 36. Sensitivity analyses on the nitrogenase model identify key impact from 

transcription/translation, synthesis, and electron transfer reactions.  

Reported as aggregate normalized time-dependent sensitivities over 96 hours. WT 

represents wild-type.  
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In addition to transcriptional and translational rates, NH3 species concentration in 

the wild-type model is sensitive to the nitrogenase reaction rate, as well as the electron 

transfer reaction rate. In the modeled system, electron transfer to nitrogenase involves 

two gene products, nifJ and nifF, namely, a pyruvate: flavodoxin oxioreductase and a 

nitrogenase-related flavodoxin, respectively (Figure 30) [241, 247]. The flavodoxin forms 

a tight coupling with the Fe portion of the nitrogenase enzyme and creates a specific 

electron transfer pathway to nitrogenase [241]. The pyruvate: flavodoxin oxioreductase 

couples the oxidation of pyruvate to the reduction of the Fe-attached flavodoxin and 

drives electron transfer to nitrogenase [126, 247]. The model sensitivity analysis (Figure 

36) identifies nifF as being influenced by multiple reaction rates related to the overall 

BNF process and a key model component [241, 248]. Evaluating fold-change in model 

sensitivity parameters when comparing gene expression in both wild-type and 

overexpressed nifA, parameters related to oxygen sensing, NH3 consumption, and 

nitrogenase formation report the most substantial fold change in NH3 (Figure 37).  
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Figure 37. Fold-change in NH3 sensitivity from wild-type IPTG (1 μM) expression to 

500μM IPTG identified reactions with the most substantial impact on NH3 

concentration.  

Fold change was calculated using reported sensitivity values from Simbiology 

sensitivity analysis data. 

4.2.3. Experimental perturbation of electron transfer enzyme rnf1 increased 

NH3 production in aerobic model diazotroph Azotobacter vinelandii in vivo 

While using a simplified model system can limit the transferability of findings, 

sensitivity observations related to functional behavior can still provide general insight 

[239]. Although the transcriptional details of BNF systems differ amongst diazotrophic 

organisms, nitrogenase functionality is highly conserved across diazotrophs, and core 

enzymes and functionalities required for successful heterologous activity have been 

identified, including expression of the eight synthesis genes nifB, nifH, nifD, nifK, nifE, 
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nifN, nifX, and nifV, as well as pathways for electron transport and oxygen protection 

[126, 153]. Accordingly, aerobic model diazotroph Azotobacter vinelandii does not 

possess a copy of pyruvate: flavodoxin oxioreductase nifJ, but other gene complexes 

have been identified which perform a similar function, including the rnf, rnf1, and fix 

gene complexes [198, 199, 222, 232, 249]. Rnf complexes, first identified in diazotrophic 

species Rhodobacter capsulatus, are membrane-bound enzymes that reduce the 

flavodoxin electron carriers that interact with nitrogenase using proton motive force, 

while the fix gene is reported to perform an electron bifurcation reduction [199, 250]. 

Transcriptional studies conducted in A. vinelandii previously only identified upregulated 

quantities of rnf1 mRNA when experimentally inducing nifA overexpression, but 

knockout studies have also shown that electron transfer to nitrogenase in A. vinelandii 

can operate using any of the three gene clusters [199, 222, 232, 249, 250].  

To determine whether the nif-activated gene expression system directly regulated 

any of the other identified electron transfer clusters, so the published A. vinelandii CA 

genome was searched for instances of the reported nif Universal Activating Sequence 

(UAS) sequence in SnapGene® [251, 252]. Genomic analysis of the chromosome, 

annotated using the Kyoto Encyclopedia of Genes and Genomes (KEGG) gene constructs 

for A. vinelandii DJ and searched using the reported [TGT-N10-ACA] nif UAS site, 

revealed 257 instances of the nif UAS site in the chromosome, with 12 nif UAS reported 

within 1000 bases of our genes of interest (GOI) [234, 252]. Of the three identified nifJ-

replacement target genes, only rnf1 was in close proximity to nif UAS sites in its location 

immediately upstream of the nifLAB operon (Figure 38), suggesting that if rnf genes 

contributed to nitrogenase activity, the contribution might be disproportionate during 
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synthetically-induced nifA expression and result in reduced overall performance and 

lower total NH3 yields.  

 

Figure 38. Genomic search for nif UAS sites identifies UAS presence close to nif and 

rnf1 genes, but not rnf or fix genes.  

Genome downloaded from NCBI (GCF_000380335.1_ASM38033v1_genomic) and 

analyzed in SnapGene®. nifA universal activation sites (UAS) highlighted in white.  
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Strains of wild-type A. vinelandii DJ and lac-controlled nifA variant A. vinelandii 

M5I3 were chromosomally edited to replace the native promoters upstream of the rnf, 

rnf1, and fix chromosomal genes with lac-inducible promoter systems and evaluated for 

the contributions of each enzyme to NH3 production ability. Constructs were obtained for 

all but DJ-based fix. All constructs were able to grow in a 30°C incubator after 48 hours; 

however, preliminary analysis of strains resulted in aqueous cultures which performed 

poorly (results not shown). Strains were screened for retaining the ability to secrete NH3 

using a modified presence-absence assay based on pH indicator bromothymol blue (BTB) 

(Figure 39) [253]. 

 

Figure 39. Design, construction, and preliminary screening for strains of A. 

vinelandii with modified gene expression.  

Designs were targeted to insert lac inducible promoters upstream of target genes for 

diable expression. Natural competence was induced through metal omission to 

activate double homologous recombination in strains of A. vinelandii. Quick-

screening indicated constructs raising the local pH, such as occurs during secretion 

of NH3, for further evaluation.  
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Previously, cultures of A. vinelandii M5I3 exhibiting notable NH3 secretion 

demonstrated an increase in culture pH (results not shown). Strains of A. vinelandii 

incubated on B+sucrose media plates supplemented with pH indicator BTB demonstrated 

a marked color change. Specifically, the plates changed from neutral green (pH 6.9) to 

dark blue (pH 7.6+) for most plates streaked with A. vinelandii M5I3 constructs after 96 

hours. However, plates streaked with constructs stemming from parent strain wild-type A. 

vinelandii DJ remained the neutral green color (Figure 40A). Notably, one M5I3-based 

fix construct, fix #7, produced no plate color change, suggesting this variant no longer 

retained the ability to secrete NH3 (Figure 40B). Accordingly, fix #7 was excluded from 

future analyses. Additionally, since A. vinelandii DJ-based constructs lacking induced 

nifA expression did not indicate NH3 secretion in the plate test, only A. vinelandii M5I3-

based constructs were screened for quantitative NH3 production for the duration of the 

project.  
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Figure 40. pH Indicator supplemented plates identified early secretion of NH3 from 

A. vinelandii M5I3-based strains following the ETC modifications.  

(A) A. vinelandii M5I3 host cells demonstrated pH indicator color change after 96 h 

incubation not seen in constructs originating from wild-type A. vinelandii DJ. (B) 

Not all M5I3-derived constructs continued producing NH3 following transformation 

with an ETC vector. (C) Bromothymol blue pH indicator chart abbreviated to the 

relevant pH range [253]. 
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 Indicator-confirmed constructs were assayed to detect IPTG-induced 

accumulation of NH3 in the extracellular media over time during aqueous B 

media+sucrose culture. Cell culture using 10 g/L sucrose resulted in substantially 

increased biomass accumulation, although also resulted in an observed reduction in total 

accumulated extracellular NH3 compared to earlier results reported in this work [212]. A. 

vinelandii M5I3 served as the positive control (Figure 41A) and strains A. vinelandii 

M5I3-rnf1 (Figure 41B), A. vinelandii M5I3-rnf (Figure 41C), and A. vinelandii M5I3-

Fix (Figure 41D) were evaluated for biomass (OD600) and NH3 (mg/L) accumulation at 

100 μM, 250 μM, 325 μM, and 500μM IPTG induction. Rnf1 cultures produced the 

highest total NH3 at the lowest IPTG concentrations, approaching up to 1 mg NH3/L. 

Conversely, while the Fix construct produced less extracellular NH3 overall, the strain 

demonstrated robust biomass accumulation across all induction concentrations. 

Interestingly, while A. vinelandii M5I3-rnf did not produce the highest NH3 overall, the 

strain may be more stable in terms of exponential NH3 production; especially at increased 

induction concentrations (Figure 41C).  
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Figure 41. Overexpressing eletron transfer complexes fix, rnf, and rnf1 slightly 

increased extracellular NH3 accumulation when compared to cultures of A. 

vinelandii  M5I3 overexpressing nitrogenase activator protein nifA under equivalent 

conditions.  

Cell culture biomass (OD600) and extracellular NH3 (mg/L) accumulation for 

cultures beginning 48 hours post-inoculation. (A) A. vinelandii M5I3  represents the 

positive control. (B) A. vinelandii M5I3-rnf1. (C) A. vinelandii M5I3-rnf. (D) A. 

vinelandii M5I3-Fix. 

In order to evaluate the relationship between biomass and NH3 accumulation, 

relative NH3 (mg NH3/L/OD600) was calculated using the 96 hour time point, since most 

cultures approached a similar OD600 by this time point.  
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Figure 42. Normalized NH3 (mg NH3/L/OD600) production by strains with modified 

expression of enzymatic systems supporting nitrogenase.  

Normalizing NH3 production by biomass to eliminate some variation in final 

culture OD for all strains at 96 hours, A. vinelandii M5I3-rnf1 demonstrated more than a 

180% increase in relative NH3 over A. vinelandii M5I3 at three of the concentrations 

tested. Similarly, while neither A. vinelandii M5I3-rnf nor A. vinelandii M5I3-Fix were 

competitive at the lower induction thresholds, A. vinelandii M5I3-rnf demonstrated up to 

a 528% increase in relative NH3, and A. vinelandii M5I3-Fix showed up to a 328% 

increase under optimized conditions.  
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4.3. Discussion 

While biological systems are inherently stochastic, the examination of a simulated 

environment using deterministic modeling tools affords some advantages, including 

replicable and reliable model results over extended time scales and especially in the case 

of modeling regulatory feedback-heavy systems [239, 254]. Although simulation of the 

wild-type model system affords interesting observations (Figure 36), the ability to not 

only quantify the direct impact of model perturbations on state concentrations but also to 

compare changes in influence between wild-type and overexpression conditions is 

another benefit. Examination of the impact of inducing nifA overexpression on parameter 

sensitivity in the BNF model reveals that DNA transcription, “O2 sensing” nifA inhibition 

related-reactions, and nitrogenase synthesis reactions feel the most significant impact, up 

to a 10-fold change in the contribution of transcription when simulating overexpression 

using 500μM IPTG as the induction concentration at t = 0h (Figure 37While some 

modifications, such as overexpressing a single gene or gene complex to address pathway 

bottlenecks, are straightforward, increasing expression of a gene complex responsible for 

electron transfer to nitrogenase, modifying mechanisms responsive to regulatory cascades 

can be complex.   

Since the BNF model reaction catalyzed by nifJ was identified as a key reaction 

sensitivity analyses and represented a relatively straightforward target for genetic 

modification (Figure 36), expression of the nitrogenase-supporting electron transfer genes 

in A. vinelandii were increased and NH3 production evaluated in vivo in an attempt to 

alleviate a bottleneck in nitrogenase activity potentially exacerbated by synthetic 
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nitrogenase overexpression induced by overexpressing nifA [239, 249]. While the nifJ 

pyruvate: flavodoxin oxioreductase gene responsible for electron transfer in the 

deterministic model is not present in all diazotrophs, genes with similar functions, 

including the rnf, rnf1, and fix gene clusters, have been identified to perform similar 

ferredoxin- and flavodoxin-reducing reactions in several nitrogenase-possessing 

organisms [198, 199, 222, 232, 241, 249]. Notably, a study to elucidate the role of rnf 

genes in Rhodobacter capsulatus observed that, when rnf transcription was synthetically 

linked to nifA activation, nitrogenase activity increased 50-100% in vivo [249]. The work 

by Jeong et al. raises two points relevant to this study: (1) diazotrophic organisms may 

natively have non-optimized levels of electron transfer genes relative to maximum 

nitrogenase efficiency; and (2) modifying electron transfer reactions might substantially 

increase extracellular NH3 accumulation [249].  

In this work, A. vinelandii was used as the model organism in vivo, because, as 

one of the few aerobically-tolerant free-living model diazotrophs, it has already become 

an organism of interest for agricultural biotechnology efforts [126, 238, 255]. 

Additionally, unlike R. capsulatus, A. vinelandii does not regulate its nitrogenase 

expression by exposure to light [143]. Furthermore, work on a strain of A. vinelandii 

previously demonstrated to increase NH3 secretion in response to stimulation of an 

inserted lac promoter provided a straightforward host for, and method of, analysis. 

Finally, although an NCBI BLAST search of the A. vinelandii DJ chromosome shows no 

genes with homology to nifJ native to K. pneumoniae, A. vinelandii has been 

demonstrated to possess enzymes, including rnf, rnf1, and fix, that perform similar 

flavodoxin-reducing functions [199, 222, 232, 249]. While a previous report only 
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associated upregulation of rnf1 mRNA with increased nifA expression, knockout studies 

of rnf1 in A. vinelandii have also demonstrated the presence of supplementary electron 

transfer from both rnf and fix genes to nitrogenase in A. vinelandii, neither of which is 

regulated by nifA UAS (Figure 38) [198, 199, 222, 232, 256].  

Using increased extracellular NH3 output as the evaluation metric, conditions in 

both the rnf and rnf1 cultures resulted in increased extracellular NH3 accumulation in the 

culture media relative to the A. vinelandii M5I3 control, with the A. vinelandii M5I3-250-

rnf1 condition demonstrating a 136% increase by 96 hours (Figure 41). However, two 

observations warrant additional discussion and follow up study. First, this study observed 

a decrease in culture optical density (OD) for the M5I3-rnf-500 culture (Figure 41E). 

When also considering the observed increase in NH3 concentration variability at 96 

hours, it is possible that overexpressing rnf beyond a maximum threshold triggered early 

cell death and lysis due to increased reactive oxygen species (ROS) generation [169, 232, 

257]. Second, the M5I3-500-rnf1culture reported an initial increase in NH3 followed by a 

drop in quantified extracellular NH3 concentration (Figure 41F). A similar trend was 

observed for A. vinelandii M5I3 when IPTG induced overexpression of nifA alone 

(Figure 41C). While a standard chromosomal editing genetic modification strategy 

eliminates concerns about traditional plasmid-induced metabolic burden in A. vinelandii, 

the large number of genes that are activated by high levels of inducer in A. vinelandii 

(upwards of 19+ by nifA and up to 8 in electron transfer clusters) may result in an upper 

threshold on gene overexpression beyond 500μM IPTG.  
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4.4. Conclusions 

This work demonstrates that deterministic kinetic modeling of the BNF primary 

and supporting enzyme reactions can rationally identify novel targets for metabolic 

modification in the A. vinelandii nitrogenase regulatory control network for the 

optimization of NH3 production. Furthermore, the work extends the suggestion that 

enhancing electron transfer to nitrogenase relieves a bottleneck for enhanced nitrogenase 

efficiency to be practically applicable for NH3 accumulation as a commodity product. 

Based on the above, results herein demonstrate the impact that supplementing nitrogenase 

overexpression with overexpression of additional associated enzymes has on extracellular 

NH3 accumulation in cultures of an engineered aerobic model diazotroph in vivo. Finally, 

this work proposes that implementing a rational design strategy based on kinetic-based 

systems modeling of nitrogenase and supporting diazotrophic reactions offers a fresh 

approach to identifying ways to strategically increase NH3 production by diazotrophs for 

industrial and agricultural biotechnology purposes.
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Chapter 5 

Characterization of a putative soluble 

Methane Monooxygenase 

5.1. Introduction 

Renewable methane (CH4) gas represents an ideal energy opportunity for distributed 

chemical production due to its large stored energy capacity (47 MJ/kg), current market 

trends towards lower CH4 price, and global presence estimated to total almost 240 billion 

cubic feet in 2014 [9, 258]. While large quantities of CH4 are sourced worldwide from 

vast underground resources, remote renewable CH4, defined as originating at sites distant 

from established market infrastructure or being produced at less than 5000 BOE/day (< 

29 million ft
3
/day), is currently flared to carbon dioxide (CO2) or vented directly to the 

environment, where it is 25 times more harmful to the atmosphere than an equivalent 

amount of CO2 [14]. Distributed small-scale manufacturing represents an attractive 

approach to transforming renewable waste CH4 into useful higher-value chemical 

products, but activation of the CH4 molecule for further conversion currently remains a 
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limiting factor in using renewable distributed waste CH4 as a feedstock. The primary 

industrial method for CH4 activation involves steam methane reforming (SMR) for the 

production of syngas, an energy-intensive process which strips CH4 of H and results in a 

H2-rich gas stream for further purposes. SMR, however, requires large investments in 

capital costs and continued high operational costs, motivating the consolidation of SMR 

technology rather than the pursuit of distributed manufacturing [258–261].  

Recently, an exploration of novel alternatives to CH4 activation was reported for 

industrial applications based on a relatively fast-growing methanotroph, 

Methylomicrobium buryatense 5GB1, which utilizes a methane bioconversion pathway 

containing enzymes which transform CH4 into formaldehyde (CH2O) en route to 

integration into the central carbon metabolism, where the carbon and energy are available 

for metabolic engineering manipulation [9, 262]. However, while protocols have been 

established for genetic modification of M. buryatense 5GB1, metabolic engineering of 

the methane bioconversion pathway in methanotrophs remains somewhat limited with 

when considering the applicability of certain metabolic tools used with workhorse model 

organism Escherichia coli and amenability of the organism to efficient growth rates 

[223]. Transferal of the first step in the enzymatic pathway from a native methane-

utilizing organism to E. coli would represent an opportunity to study the CH4 

bioconversion pathway further while also creating expanded opportunities for utilization 

of CH4 as a bio-feedstock for the synthesis of a variety of renewable and waste CH4 

products.       

Of the four genes in the complete methane bioconversion pathway, all but 

Methane Monooxygenase (MMO) have been demonstrated to be heterologously 
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expressed with activity in E. coli (Figure 43) [73, 103, 227, 263]. Methane 

monooxygenase (MMO) represents the first step in the methane bioconversion pathway 

and is present in two forms, namely, soluble (sMMO) and particulate (pMMO), found in 

the cytosol and embedded in the cellular membrane, respectively [264]. To date, 

functionally-relevant activity by the native methanotrophic sMMO enzyme has yet to be 

reported for heterologous expression in the literature, although Kim et al. recently 

reported functionality following reassembly of pMMO genetic catalytic domains in E. 

coli [86–89, 91, 94, 265]. While not all methanotrophic organisms possess both pMMO 

and sMMO, sMMO is natively expressed under copper-free conditions and requires the 

expression of at least three catalytic subunits for activity in methanotrophs, specifically 

the alpha (mmoX, α), beta (mmoY, β), and gamma (mmoZ, γ) subunits in obligate 

methanotrophs [91, 266]. Of the three subunits, only the β and γ subunits from native 

methanotrophs have been previously successfully expressed in E. coli, although 

functional expression of sMMO from Methylomonas trichosporium OB3b was partially 

achieved in organisms from the Pseudomonas, Agrobacterium, and Rhizobium genera 

[89, 91, 94]. Furthermore, previously studied for bioremediation due to demonstrated 

substrate promiscuity, sMMO is recognized to act on a relatively wide range of substrates 

compared to pMMO, including environmental pollutant trichloroethylene (TCE) and 

coumarin, facilitating the use of both indirect and direct assays for its analysis [91, 94, 

267, 268]. 

To approach heterologous expression of sMMO from a new angle, this report 

details the exploration of native and heterologous characterization of a putative sMMO 

(Figure 43B) from a novel source, Rhodobacter sphaeroides 2.4.1, a non-obligate 
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putative methanotrophic organism, for the production of methanol by E. coli. R. 

sphaeroides 2.4.1 is an alphaproteobacterium containing two chromosomes and five 

plasmids recognized to possess an extensive range of energy-acquiring mechanisms, 

including photosynthesis, lithotrophy, and aerobic and anaerobic respiration capabilities 

[269, 270]. R. sphaeroides 2.4.1 additionally has been demonstrated to perform molecular 

nitrogen fixation, synthesize molecules including tetrapyrroles, chlorophylls, heme, and 

vitamin B12, and detoxify metal oxides and oxyanions [126, 271]. Notably, R. 

sphaeroides 2.4.1 is not recognized to be an obligate or even facultative methanotroph, 

suggesting that if the organism does possess the capacity to utilize CH4, it may do so 

using an alternative form of the enzyme with the potential for better expression in E. coli.  

 
Figure 43. Side-by-side visualization of (A) M. capsulatus Bath sMMO and (B) a 

putative sMMO from R. sphaeroides 2.4.1.  

Hydroxylase active sites are highlighted in each enzyme using yellow (A) and pink 

(B), respectively. (A) Enzyme pictured rendered from PDB ID 1xu3 in Pymol [272, 

273]. (B) Enzyme rendered from uploaded UNIPROT FASTA sequence using the 

SWISS-MODEL server, visualized using chains from 1xu3 as a guide and 

reconstructed in Pymol [274–277].  

In this report, we demonstrate that R. sphaeroides 2.4.1 responds to stimulation 

using an indirect assay in a manner akin to the response observed for established obligate 

methanotroph M. buryatense 5GB1C and that heterologous expression of the putative 
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sMMO subunits in E. coli BL21 produced activity at a similar level to the level of assay 

activity observed in R. sphaeroides 2.4.1. We also report a new recovery method for the 

detection of aqueous methanol at low concentrations using gas chromatography-mass 

spectroscopy (GC-MS). However, we also report that heterologous expression of the 

putative R. sphaeroides 2.4.1 enzyme assayed did not result in observable MeOH 

accumulation in the extracellular culture medium, even when evaluated using high-

density cell cultures.  

5.2. Results & Discussion 

5.2.1. Phylogenetic Analysis of BLAST alignments indicate putative R. 

sphaeroides 2.4.1 operon may be a methane hydroxylase 

Non-methanotrophic, nontraditional MMO genes are sometimes labeled in 

databases as putative methane/toluene/phenol hydroxylases. BLAST sequence alignment 

and phylogenetic analysis of catalytic subunit mmoX from several established obligate 

and facultative methanotrophs possessing toluene/xylene monooxygenases with the 

putative alignment identified in R. sphaeroides 2.4.1 indicated that the sequence 

alignment representing mmoX, the catalytic α subunit of sMMO is present in R. 

sphaeroides 2.4.1 as gene RSP2792, with RSP2793 and RSP2794 contributing putative 

additional sMMO subunits (Figure 44). While RSP2792 shows only a 29.7% similarity 

with the α hydroxylase subunit in obligate methanotroph M. capsulatus Bath, 

phylogenetic reconstruction of the hydroxylase subunits of multi-component 

monooxygenases using Clustal alignment in MEGA6 resulted in a neighbor-joining tree 

placing R. sphaeroides 2.4.1 as more similar to established methanotrophs than 



 111 

established methyl-acting hydroxylases. The results of the phylogenetic reconstruction 

suggest that the enzyme represented by subunits RSP2792, RSP2793, and RSP2794 is 

more likely to be a novel sMMO than an established phenol hydroxylase.  

 

Figure 44. Phylogenetic reconstruction of hydroxylase subunits of multicomponent 

monooxygenases, neighbor-joining tree generated from Clustal alignment of CDSs 

in MEGA6 using FASTA sequences from NCBI. 

Additional evidence suggests that the presence of enzymes capable of dealing 

with one-carbon (C1) compounds is likely in R. sphaeroides 2.4.1 since a study has 

reported that R. sphaeroides 2.4.1 can grow on methanol and possesses a formaldehyde 

dehydrogenase facilitating metabolism of formaldehyde, a downstream product of CH4 

oxidation [278].  However, while BLAST comparisons highlight similarities between R. 

sphaeroides 2.4.1 genes and those present in sMMO of native methanotrophs, not all 

subunits or chains of sMMO found in M. capsulatus Bath are present in R. sphaeroides 
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2.4.1. Specifically, an NCBI BLAST search detected no significant similarity for portions 

of neither the α chain nor the δ subunits from M. capsulatus Bath in R. sphaeroides 2.4.1, 

although simulation of protein alignment between the δ subunit and the mmoZ chain 

(6D7K) suggests that δ subunit functionality may be present in R. sphaeroides 2.4.1.  

5.2.2. Fluorometric screen for a putative sMMO in R. capsulatus 2.4.1 

Direct assay screening for CH4 hydroxylases, which catalyze the reaction in 

Equation 2, has traditionally been a challenge for high throughput-amenable assays, 

primarily because methanol detection at low concentrations is difficult and has 

traditionally required either gas chromatography with limited high-throughput capacity, 

or the naphthalene oxidation assay, which results in a transient quantifiable product 

[268]. Limitations for MeOH quantification have resulted in several strategies, including 

the development of strains that demonstrate enhanced growth on methanol, as well as 

indirect assays that utilize the oxidation of larger methylated compounds to demonstrate 

the potential for CH4 oxidation activity [268, 279, 280]. 

To evaluate whether the putative sMMO identified through NCBI BLAST search 

could act as a CH4 hydroxylase, R. sphaeroides 2.4.1 capacity was evaluated to 

demonstrate CH4 oxidation activity using an indirect fluorometric assay acting on the 

alternative methylated substrate coumarin in vivo (Figure 45). When previously 

demonstrated in the literature using M. trichosporium OB3b expressing sMMO in the 

absence of copper (Cu), the assay resulted in the transformation of coumarin to 

fluorescent product 7-hydroxycoumarin [268]. Since Cu concentration regulates the 
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expression of sMMO in methanotrophs, R. sphaeroides 2.4.1 was evaluated for ability to 

grow on both Cu-free and Cu-containing media [78].    

        

Figure 45. Method for evaluation of capabilities of putative R. sphaeroides 2.4.1 

sMMO.  

R. sphaeroides 2.4.1 strain ATCC was obtained from the American Type Culture 

Collection (ATCC), where it was deposited as R. sphaeroides (van Niel) Imhoff et al., 

BAA-808, and used as the primary strain in this work. Cultures of R. sphaeroides 2.4.1 

ATCC were grown in triplicate in sealed Hungate tubes containing 2mL of either Cu-

containing or Cu-free variants of aqueous Sistrom’s minimal medium at 30C and 200 

rpm (Figure 46) [281]. Sacrificial samples were assayed for optical density (OD600) at 

each time point. Exponential phase growth was observed for the first 24 hours of the 
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experiment, with a sharp drop in OD600 at later time points, possibly due to unknown 

nutrient limitation. Notably, both the Cu-free and Cu-supplemented conditions performed 

similarly, indicating that performing future assays using Cu-free medium would not 

substantially impact R. sphaeroides 2.4.1 potential for performance.  

      

Figure 46. Growth of R. sphaeroides 2.4.1. Sistrom’s minimal medium with 

succinate.  

Growth on both Cu-containing and Cu-omitted variations of Sistrom’s minimal 

media indicated the strain performed similarly under both conditions and did not 

appear to be substantially inhibited by the presence or absence of Cu [281]. Samples 

collected in triplicate.  

Four culturing conditions were evaluated for their impact on putative sMMO 

expression in R. sphaeroides 2.4.1. using the indirect coumarin fluorescence assay on 

high-density cells as reported by Miller et al. with modifications [268]. Specifically, these 

included a matrix of +Cu/-Cu and +CH4/-CH4 conditions. Methanotroph M. buryatense 
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5GB1 was also grown in +Cu/-Cu NMS2 media in cultures containing CH4 and used as a 

positive assay control since Cu condition is a known regulator for sMMO expression in 

established obligate methanotrophs [265]. When fluorescence was normalized based on 

optical density (Units/OD600), all cell cultures produced some fluorescence (Figure 47A), 

although fluorescence in –Cu conditions was notably more pronounced for both M. 

buryatense 5GB1 and R. sphaeroides 2.4.1.  

Since a hypothesis of this work was that sMMO expression in R. sphaeroides 

2.4.1. would also be regulated by the absence of copper like in native methanotrophs, and 

that many organisms can perform copper uptake and chelation, it is suspected that a drop 

in extracellular copper concentration due to chelation might be responsible for the 

observation of low levels of fluorescence across all assay conditions tested in Figure 47A 

[282, 283]. To evaluate this possibility, the assay was repeated as above, but this time 

varied the Cu concentration for cultures of R. sphaeroides 2.4.1 (Figure 47B). Strikingly, 

not only Cu concentration, but also CH4 presence impacted normalized fluorescence, 

suggesting that a putative sMMO-similar hydroxylase capable of hydroxylating coumarin 

to fluorescent 7-hydroxycoumarin was expressed under promising conditions for CH4 

oxidation in R. sphaeroides 2.4.1., but, furthermore, that it might be regulated not only by 

extracellular copper concentration but also by CH4 presence. Moreover, results suggest 

that the consumption of Cu from the environment is likely responsible for the low levels 

of fluorescence observed in all cases.    
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Figure 47. Effects of CH4 and Copper on R. sphaeroides 2.4.1. Assay Fluorescence. 

(A) The whole-cell copper sensitivity test on R. sphaeroides 2.4.1 ATCC showed 

significantly higher fluorescence in the presence of CH4. (B) Further validation of 

Cu concentration was conducted using enhanced Cu concentrations to determine 

whether Cu uptake could be responsible for observed fluorescence in Cu-free media, 

as seen in (A) since sMMO is recognized to be positively regulated by the absence of 

copper. Fluorescence readings were normalized with respect to the background, 

coumarin standard, and assayed culture OD. Positive control M. buryatense 5GB1 

pAMR4-dtom1 assayed in +Cu/-Cu NMS2 media.  

5.2.3. Comparative molecular analysis of the sMMO active pocket 

While the indirect coumarin fluorescence assay strongly indicated the presence of 

methyl hydroxylating capability by R. sphaeroides 2.4.1, the coumarin molecule is 

substantially larger than a CH4 molecule. Additionally, the indirect coumarin assay has 

also been reported as a tool to evaluate P450 activity, suggesting that enzymes other than 

sMMO could be the source of observed fluorescence in R. sphaeroides 2.4.1 [284, 285]. 

Accordingly, molecular simulation of the sMMO catalytically active pocket from M. 

capsulatus Bath and putative sMMO hydroxylase pocket in R. sphaeroides 2.4.1. for 
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alignment in Pymol compared overall alignment similarity and putative active geometry 

[273]. The PDB files for M. buryatense 5GB1 sMMO (PDB 1ux3, PDB 1fyz, and PDB 

1mty) were obtained from the Research Collaboratory for Structural Bioinformatics 

(RCSB) Protein Data Bank (PDB) [272, 286, 287]. Alternatively, since a PDB file for the 

putative sMMO genes of interest from R. sphaeroides 2.4.1 was not available; one was 

prepared on the SWISS-MODEL server using FASTA sequences for the RSP2792 gene 

published on UNIPROT and aligned using the M. capsulatus Bath sMMO active site file, 

PDB 1xu3, as a template [274, 276, 277, 288].  

Molecular modeling of the active site pocket is shown for both the oxidized and 

reduced reported positions of sMMO ligands in M. capsulatus Bath sMMO (Figure 48A) 

and putative sMMO hydroxlase active-site coding RSP2792 from R. sphaeroides 2.4.1 

(Figure 48B) [272, 273, 275, 286, 287]. Alignment of M. capsulatus Bath sMMO and 

RSP2792 in Pymol using the [align] command shows substantial overall similarity when 

aligned (Figure 48B). However, the RSP2792 pocket (pink) is slightly larger and more 

relaxed than the M. capsulatus Bath pocket (Figure 48C). To quantify the degree of 

difference between the two active site pockets, we used the [distance] command in Pymol 

to calculate the molecular distance from ligand A in sMMO to the diiron metal center for 

each active site (Figure 48D). Ligand A was chosen as the reference point, since the 

equivalent ligand in M. capsulatus Bath sMMO was closest to the diiron site and a small 

active site pocket would be necessary for sMMO specificity since CH4 is a small 

molecule. The distance between Ligand A and the diiron site in M. capsulatus 5GB1 was 

calculated to be 2.5 Å in the oxidized state and 3.0 Å in the reduced state, suggesting a 

0.5 Å relaxation of the active pocket interior in the reduced state (Figure 48D). 
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Comparatively, the same analysis on the distance between ligand A and the diiron center 

in R. sphaeroides 2.4.1 is calculated to be 3.7 Å, approximately a 20-40% increase in 

distance to the putative active site ligand. While this could explain R. sphaeroides 2.4.1 

putative sMMO hydroxylase active site promiscuity seen with the degradation of TCE 

and other compounds, it could also be responsible for preventing the putative enzyme 

from achieving the necessary configuration to “trap” CH4 for hydroxylation [76, 91, 92, 

94, 267, 289]. However, a variety of reports for rigidity of ligand-metal site differences 

have been reported, ranging from a change of 3.5 Å to 12 Å, allowing us to tentatively 

state that the observed change observed for M. capsulatus Bath and R. sphaeroides 2.4.1 

is within an allowable distance to proceed with additional experimental analysis [290, 

291].  
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Figure 48. Comparative molecular analysis of the sMMO active pocket.  

M. capsulatus BATH sMMO and RSP components were aligned in Pymol to 

compare overall alignment similarity and putative active geometry using PDB files 

1xu3, 1fyz, and 1mty for M. capsulatus BATH sMMO: and PDB files for R. 

sphaeroides from published FASTA sequences on UNIPROT prepared using the 

SWISS-MODEL SERVER by alignment using PDB 1xu3 file as a template [272–

277, 286–288]. (A) Visualization of the active site pocket for  M. capsulatus BATH 

sMMO reported in both oxidized (green) and reduced (blue) form shows the 

conformational change mediated by reduction of the sMMO enzyme. (B) 

Comparison of sMMO and RSP_2792 active pockets show a similar structure of the 

catalytic pockets when aligned, where M. capsulatus BATH is defined as in (A) and 

the α chain in the catalytic pocket of R. sphaeroides 2.4.1 RSP_2792 is in pink. (C) 

However, the RSP_2972 pocket (pink) is slightly larger/more relaxed than the M. 

capsulatus BATH active site pocket, with differences highlighted as circled (rotated 

view for better viewability). (D) Calculating the molecular distance from the ligand 

in the putative R. sphaeroides 2.4.1 sMMO (ligand A, top left image) to the diiron 
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metal center in Pymol is reported to be 2.5Å in the oxidized state and 3.0Å in the 

reduced state, suggesting a 0.5Å increase in the reduced state. 

5.2.4. Heterologous expression and a functional indirect assay of putative sMMO 

from R. sphaeroides 2.4.1 in the model organism E. coli 

The notable impact of +Cu and -CH4 conditions on normalized fluorescence in 

strains of R. sphaeroides grown under conditions amenable for sMMO expression, and 

the similar nature of the M. capsulatus Bath sMMO and R. sphaeroides 2.4.1 RSP2792 

active sites, motivated the attempt to transfer of the putative sMMO operon from R. 

sphaeroides 2.4.1 to established model host Escherichia coli BL21, a strain of E. coli 

commonly used for overexpression of soluble proteins [263]. While previous reports 

regarding the heterologous expression of sMMO saw the most notable activity when 

expressing sMMO in fellow Alphaproteobacteria, we chose expression in E. coli to take 

advantage of the established E. coli enzyme overexpression platform, which this time 

also expressed the chaperonin protein GroEL, which has been previously demonstrated to 

be homologous to a native chaperonin supporting sMMO expression in methanotroph 

Methylocystis [91, 292].  

Four plasmids were constructed which contained combinations of the α, β, and 

reductase subunits and chaperonin protein GroEL to evaluate the potential for expression 

of the RSP putative hydroxylase in E. coli, (Appendix B). Protein separation using SDS 

PAGE visualized soluble protein expression of the enzymatic subunits in the constructs 

(Figure 49). The β and reductase subunits and GroEL were visible on the gel, although 

the presence of GroEL (60kDa) overlapped the α subunit, expected to be 65.22 kDa. 
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However, GroEL expression is essential for proper protein formation, so the elimination 

of the gene to check for α expression would be unlikely to succeed. Since supporting 

subunits and GroEL were clearly visible, and it was not easily feasible to determine 

whether the α subunit was also present using SDS PAGE alone, we chose to proceed with 

performing the fluorometric functional expression assay since the observation of 

functional activity would demonstrate functional expression.  

   

Figure 49. Protein expression of RSP subunits in E. coli.  

Subunits RSP2793 (reductase) and RSP2794 (beta) and chaperonin GroEL were 

visible, but it remained unclear whether subunit 2792 (catalytic alpha subunit) was 

also present. SDS PAGE gel prepared by Dr. S. Qian. 

Accordingly, the indirect fluorescence assay, as discussed above, was again 

applied to test for functional activity due to heterologous putative sMMO protein 

expression in E. coli. Assay of the E. coli strains designed to express RSP subunits was 

performed using the refined protocol conditions developed for the assay of native R. 

sphaeroides 2.4.1. This resulted in a small, but statistically significant fluorescence for E. 

coli strain RSP234, which contained all three subunits (α, β, and reductase) and GroEL, 
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when evaluated using Student’s T-test with a paired one-tail distribution (Figure 50). 

Stronger fluorescence was seen for the M. buryatense 5GB1 positive control, which was 

not unexpected. Notably, however, when normalized by optical density (units/OD600), 

fluorescence levels for the strain with all subunits and supporting enzymes begins to 

compare similarly to observed fluorescence from native cultures of R. sphaeroides 2.4.1 

(Figure 47A). Specifically, a 2.5-fold average increase in fluorescence was observed for 

cultures of the strain expressing the three RSP subunits and GroEL over both the empty 

vector and incomplete subunit control cultures. While small, the statistically significant 

(p=0.03) increase in fluorescence suggested that co-expressing all three subunits of the 

RSP operon resulted in functionally active protein contributing to fluorescence activity in 

the cell culture. However, a positive result on an indirect functional activity assay by 

subunits of RSP in E. coli is not equivalent to demonstrating CH3OH production, which 

would be necessary for the putative sMMO to be considered a verified sMMO.  



 123 

 

Figure 50. Fluorescence by RSP subunits heterologously expressed in E. coli 

normalized by OD. 

Expression of all three RSP subunits in E. coli resulted in statistically significant 

(p=0.03) fluorescence not seen in cultures expressing either the empty vector or the 

partially-constructed vector. Cultures of M. buryatense 5GB1 in +Cu and –Cu media 

were evaluated in parallel as an assay control. 

5.2.5. Detecting MeOH in aqueous solutions at low concentrations 

As discussed above, detection and quantification of low levels of methanol 

(MeOH) in aqueous solutions can be difficult. While traditional high-performance liquid 

chromatography (HPLC) analysis can detect MeOH in aqueous liquid without the need 

for separation or additional derivatization, the limit of detection for available equipment 

was 50 mM, which was above the expected MeOH concentration. Alternatively, gas 
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chromatography-mass spectroscopy (GC-MS) is recognized to provide higher resolution 

at lower concentrations. However, technical guidelines strongly recommend against 

direct injection of aqueous solutions into the machine since water (H2O) has a large 

expansion coefficient, making it more likely to escape the injection chamber liner and 

damage the equipment (personal communication). As a highly polar molecule, MeOH 

typically preferentially remains in the aqueous phase layer during separations [293]. 

However, the physical properties of MeOH suggest transferring aqueous MeOH to an 

organic solvent compatible with the GC by capitalizing on other physical properties, such 

as freezing temperature [294]. Specifically, capitalizing on the low freezing points of 

MeOH (- - , coupled with a partition 

coefficient greater than 1 for DCM/MeOH/H2O mixtures, provides an avenue to utilize a 

low-temperature micro-extraction method to “push” MeOH from the aqueous layer into 

the DCM organic layer, as the aqueous layer freezes, for DCM-enriched in MeOH [293–

296].  

Retention time (RT), a consistent property of a substance for a specific 

configuration of the GC, was identified to be 1.47 minutes, based on the elution time for 

MeOH-containing samples during calibration and chemical signature verification using 

EI MS. Utilizing the MeOH-enriched DCM recovery strategy, replicable MeOH 

detection was enhanced down to 1mM using GC-FID. Approximately 6% of the pre-

transferal concentration was recovered in GC-FID samples (Figure 51).  
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Figure 51. MeOH detection in DCM using GC-MS. 

(A) The calibration curve for MeOH quantification on GC-MS demonstrates linear 

quantification. (B) Using the calibration curve, spiked samples of MeOH extracted 

from aqueous solution were low, but present.  

5.2.6. No detectable MeOH production by strains of E. coli expressing the RSP 

subunits + GroEL 

Given both the relatively low observed fluorescence and the relatively high 

threshold of the GC detection limit for methanol, a high-density (OD = 6.0) culture of E. 

coli containing the RSP234 and GroEL plasmids was incubated with 40% CH4 in the air 

or 23 hours. Analysis of controls spiked with MeOH immediately 

before GC analysis demonstrated clear MeOH presence in the positive control; however, 

this work saw no MeOH accumulation in the RSP subunit-containing E. coli culture. The 

GC-FID chromatogram for the sample initially showed a peak at the expected retention 

time (RT), 1.47 min, but closer analysis using GC-MS (EI) reported the primary ions to 

be 18 m/z, the base peak for trace water, and 32 m/z, the base peak for diatomic oxygen. 
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Furthermore, selected ion monitoring (SIM) for the MeOH base peak (31 m/z), which 

should have been present, was not observed. Accordingly, despite promising fluorescence 

activity from R. sphaeroides 2.4.1 native enzymatic activity and further quantifiable 

increases in fluorescence in cultures, it appeared that expression of the RSP234 genes, 

together with chaperonin GroEL, did not result in an sMMO enzyme active on 

atmospheric CH4 and producing MeOH detection in a quantifiable manner.  

5.2.7. Following up on heterologous genetic components used to express sMMO 

in E. coli BL21 

In reviewing the components of sMMO as reported in M. capsulatus Bath, one 

subunit, mmoB, the “regulatory component,” was identified as not included during 

plasmid construction and, therefore, not evaluated in the above research [297, 298]. 

Reports indicate mmoB is essential for active M. capsulatus Bath protein activity during 

in vitro assay [15, 95, 299]. Through molecular modeling, the presence of the mmoB 

protein is understood to cause a conformational change upon binding with the 

hydroxylase subunit to open a channel between two hydrophobic regions of the larger 

sMMO protein, allowing for more expedient forming of reaction intermediates and 

increased proton and O2 availability [15]. The sMMO regulatory component of M. 

capsulatus Bath did not have enough sequence similarity to the identified putative 

“regulatory component sequence” RSP2795, associated with the proposed sMMO operon 

in R. sphaeroides 2.4.1, to be identified in a standard NCBI protein BLAST of RSP2795 

against the M. capsulatus Bath genome. However, a protein-protein BLAST alignment of 

the two regulatory proteins shows a 35% similarity for 40% of the query coverage. Both 

proteins are annotated with equivalent similar functions in genomic databases, as well as 
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have similar relative chain lengths to native sMMO and putative sMMO subunits, 

respectively. Based on the discussion above regarding the important function of 

“regulatory” protein mmoB in native methanotroph M. capsulatus Bath, the research 

would suggest that including the regulatory protein RSP2795 included in the R. 

sphaeroides 2.4.1 putative operon is likely also essential to CH4-based protein activity. 

Since the function of mmoB is reported to involve the gating of hydrophobic cavities and 

the closing of the catalytic pore [15], it is feasible that the substantially larger size of the 

coumarin (C9H6O2) molecule, as compared to CH4, could be partially catalyzed by the 

partial sMMO enzyme despite the lack of mmoB in the heterologous host. This would 

result in the limited increase in fluorescence observed for the heterologous expression of 

subunits RSP234 in the indirect assay, but prevent observable MeOH detection in the 

direct CH4 assay.  

5.3. Final Remarks 

CH4 represents a high-energy and abundant feedstock distributed globally. In this 

report, we demonstrate an indirect response to conditions of CH4 exposure and Cu 

limitation by cultures of the native organism, R. sphaeroides 2.4.1, under equivalent 

conditions for methanotrophic organism growth. While heterologous expression in E. coli 

resulted in increased fluorescence in cultures containing all putative sMMO subunits, no 

quantifiable MeOH was observed in the system, even after increasing sensitivity of the 

assay 50-fold. Additional examination suggests the integration of additional subunits into 

RSP234 may improve the specificity of the putative sMMO enzyme in acting on CH4 for 

the production of CH3OH. Demonstration of heterologous expression of a putative 



 128 

sMMO would create opportunities for the expansion of methane bioreforming 

capabilities into mainstream industrial biomanufacturing, addressing current challenges 

related to feedstock costs and expanding the opportunities for higher-value chemical 

production from economically-attractive one carbon feedstocks. 
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Chapter 6 

Conclusions and Outlook 

The purpose of this work was to address challenges limiting the integration of 

small-scale remote and renewable CH4 use for commodity chemical production, such as 

NH3. The studies conducted herein address this by expanding the design space associated 

with CH4 bioconversion through the implementation of classic biotechnology approaches 

in a novel manner. Foremost, this work determined that amenable conditions do allow for 

simultaneous BNF and methane bioreforming activity in a single vessel at ambient 

pressure and temperature using CH4 and air as the sole source of carbon, nitrogen, and 

reducing equivalents. Furthermore, this work found that electron transfer represented a 

limiting factor to nitrogenase activity and demonstrated that increased expression of 

nitrogenase electron transfer-related proteins more than doubled NH3 output. Finally, this 

work observed putative sMMO expression under specific conditions in non-obligate 

organism R. sphaeroides 2.4.1 and observed a similar level of indirect enzymatic activity 

when expressing this gene cluster in E. coli, but failed to see any MeOH production 

during heterologous expression in vivo, which accordingly limited efforts to explore a 

single-organism system for CH4-driven NH3 production. The purpose of this chapter is to 
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summarize the current state of development for methane bioreforming and BNF activities 

and highlight areas that warrant further development.  

A central tenet of this work is the utilization of carbon and energy in CH4 to drive 

commodity chemical production. While use of native methanotrophs for methane 

bioconversion has been demonstrated previously, by implementing a CH4-derived 

extracellular carbon and energy shuttling system, this work repeatedly showed that CH4-

derived energy can be used to drive carbon-free chemical production. By doing so, this 

work presented a biological system operating in a manner reminiscent of the 

compartmentalized functionality found in traditional chemical facilities but occurring in a 

single pot system at ambient pressure and temperature.  

A second major element of this work is the exploration of regulatory system 

principles in diazotrophic organisms, with the goal to identify novel strategies for 

maximizing product output. As detailed in Chapters 2, 3, and 4, the regulatory network 

controlling nitrogenase expression and activity is multi-layered, complex, and dependent 

on both intracellular and extracellular conditions. While only a few identified targets 

were able to be evaluated in vivo, this work contributes a framework for further 

development and evaluation of regulatory system strategies in silico, saving time and 

reducing costs associated with evaluating the impact of proposed modifications.  

The third contribution of this work is evaluation of the sphere of activity for a 

novel MMO enzyme putatively identified in R. sphaeroides 2.4.1. As discussed in 

Chapter 2, previous efforts to express this enzyme from native methanotrophs resulted in 

limited heterologous expression in model host organisms. However, this work posited 
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that the reduced expression of an MMO from a non-obligate CH4-consuming organism 

might result in a more stable MMO that might overcome previously observed limitations. 

While this work does not demonstrate heterologous expression of the novel putative 

sMMO, leading to heterologous MeOH production and opening the door to a single-

organism methano-diazotrophic system with a more traditional growth profile, this work 

does indicate a putative sMMO is present in R. sphaeroides 2.4.1, which may be 

beneficial for other initiatives.  

Several technical hurdles remain in realizing the industrial relevance of this work. 

These include overall low system performance, attributed to the limited solubility of 

gaseous feedstocks in an aqueous suspension, limited microbial enzymatic efficiency 

within the pathway, and limited NH3 quantification using present methods (Figure 52). 

Gaseous CH4 has a mole fraction solubility of [2.35*10
-5

] at 303 K and 1 atmosphere, 

while atmospheric N2 has a mole fraction solubility of [1.11*10
-5

] at 303 K and 1 

atmosphere and additionally comprises only 79% of air [300]. Coupled with the limited 

efficiency of the methane bioreforming pathway due to consumption of up to 50% of the 

reducing energy utilized to drive methane monooxygenase (MMO) using currently 

available technology, the system faces resource availability challenges at both the 

substrate and the catalytic level [7, 16]. The development of bioreactor systems with 

increased CH4 availability remains an on-going area of interest. Proposed solutions 

primarily include design modifications on traditional technology through routes such as 

improving the volumetric gas transfer coefficient (kLa). These modifications have 

included techniques such as changing the impeller speed and gas flow rate, altering the 

choice of bubble or more traditional stirring bioreactor, and exploring more 
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unconventional approaches such as the use of trickle-down bioreactors, which utilize an 

embedded matrix to stabilize microorganisms while gaseous CH4 and air flow over them 

[17, 58, 182]. Insights learned from CH4 bioreactor engineering could similarly be 

applied for increased N2 availability.  

 

Figure 52. Opportunities for additional improvement include increased gas-liquid 

mass transfer, increased NH3 recovery efficiency, greater CH4 utilization efficiency, 

and further increased nitrogenase reaction rate.  
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Similarly, energy-efficient utilization of CH4 and N2 by molecular organisms 

remains an area of development. For CH4, calls to find new routes for C1 integration have 

motivated exploration of novel pathway development as well as protein design de novo 

and catalytic protein re-construction using an alternative protein scaffold [7, 16, 87, 105, 

263, 279]. For N2, efforts to heterologously express nitrogenase for direct NH3 

fertilization by both microorganism and plant hosts remain hindered by the oxygen 

sensitivity of nitrogenase, as well as relatively inefficient nitrogenase turnover rates (5-

6/s) [126]. Furthermore, industrial utilization of organisms natively expressing 

nitrogenase must deal with inefficient carbon utilization, despite nitrogenase accounting 

for up to 10% of the total protein expressed in nitrogen-fixing organisms [126, 241, 255].  

Finally, traditional methods for NH3 recovery from gaseous reactor effluent have 

traditionally used cryogenic separation, which is an energy-expensive process that 

operates most efficiently at high partial pressures of NH3. However, cryogenic separation 

to recover NH3 from a bioreactor effluent would be challenging and economically 

infeasible at the expected lower partial pressures [228]. Recent efforts to develop NH3-

focused zeolite membrane-like materials, although still in development, are encouraging 

from a feasibility perspective [301]. 

Addressing the noted challenges will necessitate joint effort across the metabolic 

engineering, reactor design, and bio-separations sectors. This work begins to contribute to 

NH3 production improvements that would be essential for the use of a proof-of-concept 

system like the one discussed herein. Coupling in silico modeling tools with continued 

studies in Azotobacter physiology, as well as commercial initiatives in the BNF 

microorganism sphere, would contribute to advancing the goals of this work beyond their 



 134 

current accomplishments. Furthermore, the transferal of enzymatic capabilities to host 

organisms already optimized for protein expression, efficiency, growth, and intracellular 

metabolite availability would further realization of system implementation.  

Collectively, this work acknowledges the contributions of fundamental biological 

science to the advancement of engineering initiatives and the opportunities for 

application of novel biotechnology to address complex societal issues. This work was 

initiated to create solutions to the recognition of accumulating atmospheric damage 

caused by venting and flaring of CH4 by exploring alternative methods for its use through 

low-pressure and low-temperature methane bioreforming. As a result, this work led to 

insights into the feasibility of expanding product generation from CH4 feedstocks at 

ambient pressure and temperature, as well as contributing to enhancing the efficiency of 

biological nitrogen fixation activity.  
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Chapter 7 

Materials and Methods 

7.1. Strains and Reagents 

Azotobacter vinelandii strain DJ (Deloriah Jacobs) was obtained from the Dennis 

Dean laboratory at Virginia Polytechnic Institute and State University [302] and was the 

parent diazotrophic strain used in this work. Methylomicrobium buryatense strain 5GB1C 

was obtained from the Mary Lidstrom laboratory at the University of Washington [262] 

and was the parent methanotrophic strain used in this work. R. sphaeroides 2.4.1 was 

obtained from the American Type Culture Collection (ATCC, Manassas, Virginia). 

Escherichia coli strain S17-1 was obtained from the Lidstrom laboratory at the University 

of Washington [262] and was the transconjugation donor strain for genetic modification 

of Methylomicrobium buryatense 5GB1. NEB DH5-α Competent Escherichia coli was 

obtained from New England BioLabs (Ipswich, MA, USA) and served as the host cell for 

pGEM7f+ plasmid replication. E. coli BL21 (DE3) was obtained from A. Chou and was 

used for RSP protein expression. A detailed list of strains used in this work is included in 
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Appendix A. Oligonucleotide primers were purchased from Integrated DNA Technology 

(Coralville, IA, USA). Chemicals and reagents were purchased from Fisher Scientific 

(Pittsburgh, PA, USA), Sigma Aldrich, and VWR International (Radnor, PA, USA) 

unless otherwise specified. Gas cylinders supplied in this study were purchased from 

Airgas (Radnor, PA, USA) unless otherwise specified.  

7.2. Strain Construction 

7.2.1. Strain construction for synthetic co-culture  

Genetic modifications to Methylomicrobium buryatense 5GB1S were performed 

via transconjugation with the donor Escherichia coli strain S17-1 [262]. M. buryatense 

5GB1C pAMR4-dtom1 contained the pAWP87 plasmid [262] co-expressing the codon-

optimized Lactobacillus helveticus lactate dehydrogenase (Lhldh) and the fluorescent 

reporter gene dTomato1 (ex: 530 nm/ em: 590nm) downstream of the constitutive 

methanol dehydrogenase promoter (PmxaF) paired with ribosomal binding site 4 (RBS4) 

[116, 117, 262]. Genetic modifications were verified by colony polymerase chain 

reaction (PCR). Cloning was performed in either NEB DH5-α Competent Escherichia 

coli cells (Ipswich, MA, USA) or E. coli Stellar cells (Clontech Laboratories, Inc., 

Mountain View, CA, USA). 

Chromosomal genetic modifications in A. vinelandii were achieved using double 

homologous recombination as detailed in [212] after Gibson assembly vector cloning 

(Ipswich, MA, USA) following the manufacturer’s protocol. A. vinelandii DJ nifL and 

nifA genes and nifLA native promoter were amplified from A. vinelandii DJ genomic 
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DNA by PCR using Phusion polymerase. The vector pGEM7f+ (Promega, Madison, WI, 

USA) included 800 bp homologous flanking fragments for chromosomal gene insertion 

during the transformation of A. vinelandii [212]. Natural competence was induced by 

withholding molybdenum and iron, as reported previously [212]. The genetic 

modification strategies resulted in strains A. vinelandii M5I and M5T, containing an 

intact nifL fragment or a truncated nifL at position D392, respectively, upstream of a 

synthetic lac operon which inserted an inducible promoter for nifA on the A. vinelandii 

DJ chromosome in a similar manner to previously reported designs (Figure 15) [148, 

222]. Genetic modifications were verified by colony polymerase chain reaction (PCR). 

Cloning was performed in either NEB DH5-α Competent Escherichia coli cells (Ipswich, 

MA, USA) or E. coli Stellar cells (Clontech Laboratories, Inc., Mountain View, CA, 

USA). Details for strains developed during this study are included in Appendix A.  

7.2.2. Strain construction for modeling nitrogenase ETC  

A. vinelandii genomic DNA template for cloning homologous arms was isolated 

using the QIAamp DNA Mini Kit (Qiagen, Hilden, Germany). Chromosomal genetic 

modification in A. vinelandii was achieved using double homologous recombination as 

detailed in [212] after Gibson Assembly vector cloning (Ipswich, MA, USA) following 

the manufacturer’s protocol. A. vinelandii DJ nifL and nifA genes and nifLA native 

promoter were amplified from A. vinelandii DJ genomic DNA by PCR using Phusion 

polymerase. The vector pGEM7f+ (Promega, Madison, WI, USA) included 800 bp 

homologous flanking fragments for chromosomal gene insertion during the 

transformation of A. vinelandii [212]. The gene insertion includes Orotidine 5’-phosphate 

decarboxylase (pyrF), ampicillin promoter, and spectinomycin (Sm
R
) genes upstream of 
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the lac promoter and operator. PyrF was included in the insertion vector in preparation 

for expedited antibiotic resistance removal from relevant strains, following the strategy 

by Eberhart et al [303].  Natural competence was induced by withholding molybdenum 

and iron, as reported previously [212]. The genetic modification resulted in strain A. 

vinelandii M5I3, which contains a synthetic lac operon controlling the native nif 

promoter inserted between intact nifL and nifA on the A. vinelandii DJ chromosome based 

on previously reported regulatory engineering designs [148, 222]. Genetic modifications 

were verified by colony polymerase chain reaction (PCR). Cloning was performed in 

NEB DH5-α competent Escherichia coli cells (Ipswich, MA, USA). Details for strains 

developed during this study are included in Appendix A. 

7.2.3. Strain construction for heterologous sMMO characterization 

Plasmid-based gene expression was achieved by cloning the desired gene(s) into 

pETDuet-1(Novagen) digested with appropriate restriction enzymes and by using Gibson 

Assembly cloning technology (Ipswich, MA, USA). Gene fragments for insertion were 

obtained by PCR amplification of the genes of interest from genomic DNA (for genes 

native to R. sphaeroides 2.4.1). Plasmids generated during this study are included in 

Appendix B. Constructed plasmids were transformed into E. coli strain BL21 (DE3), 

which was used as the host for expression. A detailed list of strains used in this work is 

included in Appendix A. 
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7.3. Culturing Media and Condition Optimization 

7.3.1. Media and conditions for co-culture evaluation 

Cells were cultured in either Burk’s (B) media or Nitrate mineral salts media 

(NMS2) as described previously [212, 262] or co-culture F media as detailed in Figure 

20B, with the following modifications. Co-culture medium consists of 100 mL 1X B-

salts; 10 mL 100X AvDJ Phosphate Buffer; 100 mL 10X NMS2 except where noted, no 

NaCl base; 20 mL 40 mM 5GB1 Phosphate Buffer; 2 mL 500X Trace elements solution; 

745 mL sterile H2O; 1.5% Agar for plates. F25 medium utilized for co-culture 

experiments contained 12.8 mL 5M NaCl and 10 mL 1 M Carbonate Buffer (Figure 20). 

All media prepared regardless of mono/co-culture designation included 0.6 μg/ml 

kanamycin and 500μM IPTG. Stock solutions include 10X B-C Salts ( B salts prepared 

without the addition of any carbon source), and 100X AvDJ Phosphate Buffer prepared 

as reported by Dos Santos [212], 1 M Carbonate Buffer, 40 mM 5GB1 Phosphate buffer 

solution, and 500X Trace elements solution, as reported by Puri et al. [262], and modified 

as noted below. Solutions noted for preparation of F25 medium include 10X B-C Salts 

consisting of MgSO4-7H2O, 2.0 g, CaCl2-2H2O, 0.9 g, Na2MoO4-2H2O, 1 ml of a 10mM 

solution, FeSO4-7H2O, 50.0 mg, and 1L H2O; 100X AvDJ Phosphate Buffer, comprising 

KH2PO4, 20.0 g, and K2HPO4, 80.0 g; 10X NMS2, no-NaCl base consisting of MgSO-

4*7H2O, 2.0 g CaCl2*2H2O, 0.14 g, KNO3, 10 g, and H2O to 1L; 1 M Carbonate Buffer, 

pH 9.5 (1 L) consisting of NaHCO3, 58.8 g, Na2CO3, 31.8 g, and 1L H2O; 40 mM 5GB1 

Phosphate buffer solution (1L) consisting of KH2PO4, 5.44 g, Na2HPO4 * 7H2O, 10.73 g, 

and1L H2O; 500X Trace elements solution comprising Na2-EDTA, 1.0 g, FeSO4 * 7H2O, 
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2.0 g, ZnSO4 * 7H2O, 0.8 g, MnCl2 * 4H2O, 0.03 g, H3BO3, 0.03 g, CoCl2 * 6H2O, 0.2 g, 

CuCl2 * 2H2O, 0.6 g, NiCl2 * 6H2O, 0.02 g, Na2MoO * 2H2O, 0.05 g, and H2O up to 1L; 

L-lactate was added to 10X B-salts and filter-sterilized during preparation, 10 g or as 

specified. Metal-containing solutions were filter-sterilized to prevent oxidation.  

For all fermentations, unless noted, cultures were grown in Hungate anaerobic 

culture tubes (Chemglass Life Sciences, Vineland, NJ, USA) containing 2mL liquid 

culture and 29mL gaseous headspace and sealed with a rubber stopper and crimped 

using a test tube rack attached in an NBS C24 Benchtop Incubator Shaker (New 

Brunswick Scientific Co., Inc., Edison, NJ, USA) operating at 30°C and 200 rpm.  All 

sealed cultures were re-supplied with 21% (v/v) CH4 in the air daily for the duration of 

the experiments, except where noted.  

For mono-culture medium development experiments, separate A. vinelandii and 

M. buryatense pre-cultures were grown to exponential phase until reaching an OD of ~ 

2.0, at which time pre-culture cells were pelleted, washed, and re-suspended in 1 mL 

fresh specified medium. Culture optical densities were taken at 600 nm on a Thermo 

Spectronic Genesys 20 (Thermo Scientific, Waltham, MA, USA). A. vinelandii and M. 

buryatense pre-cultures were inoculated into fresh F medium as specified at OD 0.1.  

Rapid screening of media formulations was conducted in a BioLectorI (M2P, 

GER) high-throughput micro-bioreactor with online monitoring of several fermentation 

parameters. The BioLector was used to screen 13 different media formulations for the 

growth of A. vinelandii. Concurrent experiments performed in the Hungate tube system 
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were found to be similar to those obtained in BioLectorI FlowerPlates (MTP-48-B, M2P, 

GER) (results not shown). Pre-cultures were grown in 2 mL B-medium until the 

exponential phase (30 hours). Cultures were cultured in FlowerPlates in duplicate using 1 

mL media in 3 mL well volume at 30C with continuous shaking at 1000 rpm covered 

with a Basic Sealing Foil (F-GP-10, M2P, GER) to reduce evaporation. Biomass 

sampling occurred every 15 minutes for the duration of the 48-hour study using the 

Biomass optode sensor (620nm) with a gain of 30. 

For co-culture integration experiments, A. vinelandii and M. buryatense pre-

cultures were grown to exponential phase in the F25 medium. Pre-culture cells were 

pelleted, washed, and re-suspended in 1 mL fresh F25 medium, and culture optical 

densities were taken at 600 nm on a Thermo Spectronic Genesys 20. Cultures containing 

A. vinelandii and M. buryatense were inoculated to OD 0.05 for each species, as noted. 

For all co-culture experiments, organism inoculation was set to a 1:1 starting OD ratio 

using the pre-culture optical density reading unless otherwise specified. Sacrificial 

samples were collected at all time points. Gas was exchanged in the remaining sample 

cultures every 24 h for the duration of the experiment. 

For ratio experiments, pre-cultures were prepared as above and inoculated into 

Hungate tubes containing 2mL F25 medium omitting L-lactate and including KNO3 at 

1:1, 10:1, and 25:1 ratios based on optical densities at 600 nm. M. buryatense 5GB1 OD 

remained OD = 0.05 for all experiments, while A. vinelandii M5I3 included OD = 0.05, 

0.55, and 1.25, for each ratio, respectively. Sacrificial samples were collected at 48, 72, 

and 96 hour time points. Gas was exchanged in the remaining cultures every 24 h for the 

duration of the experiment. 



 142 

For ratio experiments, pre-cultures were prepared as above at a 1:1 ratio based on 

optical densities equal to 0.05 at 600 nm and inoculated into Hungate tubes containing 

F25 medium omitting L-lactate and including KNO3 with either 1mL, 2mL, or 4mL 

volumes, respectively. Sacrificial samples were collected at 48, 72, and 96 hour time 

points. Gas was exchanged in the remaining cultures every 24 h for the duration of the 

experiment. 

For methanol-based experiments, pre-cultures were prepared as above and 

inoculated at a 1:1 ratio based on optical densities equal to 0.05 at 600 nm and inoculated 

into Hungate tubes containing 2mL F25 medium. Initial experiments were performed 

including 1 g/L L-lactate and KNO3 and further supplemented with 0.2% MeOH at the 

time of inoculation. Subsequent cultures of M. buryatense 5GB1 pAMR4-dtom1 in F25 

methanol-containing medium omitted L-lactate at the time of inoculation. Methane was 

omitted for the duration of any experiment where methanol was used. Sacrificial samples 

were collected at 48, 96, and 144 hour time points for the initial experiment and at 24, 48, 

and 72 hour time points for the methanotroph-alone experiments. Gas was exchanged in 

the remaining cultures every 24 h for the duration of the experiment. 

7.3.2. Media and conditions for nitrogenase ETC assay 

Cells were cultured in Burk’s (B) as described previously with the following 

modifications unless noted [212]. Burk’s medium consists of 100 mL 10X B-C salts; 10 

mL 100X AvDJ Phosphate Buffer; 745 mL sterile H2O; 1.5% agar for plates.  The media 

included 0.6 μg/ml kanamycin, 2.4μg/mL spectinomycin, and IPTG as specified where 

appropriate. Stock solutions include 10X B-C Salts (B salts prepared without the addition 
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of any carbon source), and 100X AvDJ phosphate buffer prepared as reported by Dos 

Santos [212] and modified as noted below. Solutions noted include 10X B-C Salts 

consisting of MgSO4-7H2O, 2.0 g, CaCl2-2H2O, 0.9 g, Na2MoO4-2H2O, 1 ml of a 10mM 

solution, FeSO4-7H2O, 50.0 mg, and 1L H2O; 100X AvDJ Phosphate Buffer, comprising 

KH2PO4, 20.0 g, and K2HPO4, 80.0 g; 10X NMS2, no-NaCl base consisting of MgSO-

4*7H2O, 2.0 g CaCl2*2H2O, 0.14 g, KNO3, 10 g, and H2O to 1L; filter-sterilized sucrose 

solution was added to a final concentration of 2% during preparation [151]. Metal-

containing solutions were filter-sterilized to prevent oxidation. Bromothymol blue pH 

indicator plates were prepared as above with the addition of 133μM bromothymol blue 

indicator added directly to the medium pre-autoclave where indicated [253].  

Cultures were grown in sealed Hungate anaerobic culture tubes (Chemglass Life 

Sciences, Vineland, NJ, USA) containing 2mL liquid culture and 29mL gaseous 

headspace and sealed with a rubber stopper and crimped aluminum seal (Wheaton, 

attached in an NBS C24 Benchtop Incubator Shaker (New Brunswick Scientific Co., Inc., 

Edison, NJ, USA) operating at 30°C and 200 rpm. Pre-cultures were grown to 

exponential phase until reaching an OD of ~ 2.0, at which time pre-culture cells were 

pelleted, washed, and re-suspended in 1 mL fresh specified medium. Culture optical 

densities were taken at 600 nm on a Beckman Coulter DU 800 UV/Vis 

Spectrophotometer (Beckman Coulter, Inc., Fullerton, CA). Cultures were inoculated to 

OD 600nm 0.05.  
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7.3.3. Media and conditions for heterologous sMMO characterization 

Cells were cultured in either Sistrom’s minimal medium as modified below [281], 

Nitrate mineral salts medium (NMS2) with Cu omitted as appropriate [262], or AM1 

medium [304] with the following modifications. For the R. sphaeroides 2.4.1[Cu] assay, 

cultures were prepared as below with the modification to final concentration of 1, 5, or 10 

mg/L CuSO4 solution, respectively. Where appropriate, cultures were incubated under 

21% CH4 gas, exchanged daily. 

Sistrom’s minimal medium included 20mL concentrated bases stock solution, 1 

mL growth factors stock solution, 3.88 g succinic acid, 3 g K2HPO4, 3 g KH2PO4, 0.5 g 

(NH4)2SO4, 0.5 g NaCl, 0.27 g NaC5H10O5N, 0.04 g C4H7NO4 added to 1L H2O; 20 g 

agar added for plates. Stock solutions included Concentrated Bases, Metals 44, and 

Growth factors, modified as noted below [305]. Solutions noted include Concentrated 

Bases, comprising 10 g nitriloacetic acid (NTA), 29 g MgSO4.7H2O, 1.25 g CaCl2, 9.2 

mg (NH₄)₂MoO₄.4H2O, 200 mg FeSO4.7H2O, and 50mL Metals 44 stock solution, added 

to 500 mL H2O and pH-adjusted to 7.0 using 10N KOH; Metals 44, comprising 2 g free 

acid EDTA, 11 g ZnSO4.7H2O, 5 g FeSO4.7H2O, 1.5 g MnSO4.H2O, 0.4 g CuSO4.5H2O 

unless otherwise specified in the text, 0.12 H3BO3, 0.2 g CoCl2, and 0.5 g NaOH added to 

1 L H2O. Growth factors, comprising 4 mg biotin, 200 mg nicotinic acid, 100 mg 

thiamine-HCl, 20 mg para-aminobenzoic acid (PABA) added to 200 mL H2O. Metal-

containing solutions were filter-  

AM1 media included 909 mL AM1 Salts, 40 mL of 25x Phosphate buffer stock, 

50 mL of 20x MOPS buffer, 1 mL of 1000x Trace Metals stock, and 3 mL of Thiamine-
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HCL (1 mg/mL H2O) supplemented with ampicillin (100 μg/mL), chloramphenicol (35 

μg/mL), 5mM L-arabinose, and 500μM IPTG as needed. 1.5% agar was included for 

plates where appropriate.AM1 stock solutions included AM1 Salts, comprising 0.37 g 

MgSO4.7H2O, 0.15 g KCl, and 10 g/L glycerol in 1 L H2O; 25x Phosphate buffer, 

comprising 21.74 g NH4H2PO4, and 65.76 g (NH4)2HPO4 in 1 L H2O; 20x MOPS buffer, 

comprising 418.6 g MOPS in 1 L H2O, adjusted to pH 7.0 using KOH; 1000x Trace 

Metals stock, comprising 37.5 mg H3BO3, 247.5 mg MnCl2.4H2O, 149.9 mg 

CoCl2.6H2O, 149.5 mg ZnCl2, 238 mg Na2MoO4.2H2O, 1.2 g FeCl3.6H2O, HCl to 1M 

with final pH 3.0, and 0.75 mg CuCl2.2H2O, omitted where noted.  

For the growth of R. sphaeroides 2.4.1, pre-cultures of R. sphaeroides 2.4.1 were 

inoculated from single colonies obtained on culture plates of Sistrom’s minimal media 

with succinic acid. Pre-cultures were washed using –Cu Sistrom’s medium and used to 

inoculate 2 mL Sistrom’s medium in 29 mL glass Hungate tubes (VWR) at OD 0.05. 

Cultures of R. sphaeroides 2.4.1 ATCC were grown in triplicate in sealed Hungate tubes 

containing 2mL of either Cu-containing or Cu-free variants of aqueous Sistrom’s 

minimal medium at 30C and 200 rpm [281]. Sacrificial samples were assayed for optical 

density (OD600) at each time point. Cultures were prepared in triplicate.  

For evaluation of heterologous protein expression in E. coli BL21 strains GroEL, 

RSP23, RSP4, and RSP234, cells were grown in –Cu AM1 medium containing ampicillin 

(100 μg/mL) and chloramphenicol (35 μg/mL). Since GroEL functions as a chaperonin 

protein, expression of GroEL was induced at inoculation with 5 mM arabinose. Cell 

with 500 μM IPTG,  
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For the indirect coumarin fluorescence assay using high-density cell cultures, pre-

cultures of R. sphaeroides 2.4.1 were prepared as above in both +Cu and –Cu variants of 

Sistrom’s medium as described above. After 48 hours, cells were pelleted at 6000 rpm for 

7 minutes, washed with 1 mL appropriate medium, and re-suspended in 1 mL fresh 

medium. Pre-cultures ODs were used to inoculate 30 mL Sistrom’s medium in 250 mL 

glass serum bottles (15 x 30 mm, VWR), at OD 0.05. Serum bottles were cultured 

shaking at 30°C and 200 rpm in the presence of 21% CH4 or no CH4 as needed. For the 

assay, high-density pre-cultures of R. sphaeroides 2.4.1 and M. buryatense 5GB1 were 

grown in 30 mL of Sistrom’s minimal medium with succinic acid or Cu-free NMS2 

medium, respectively, in 250 mL glass serum bottles. Cultures were washed twice in 

20mM MOPS buffer, pH 7.0, and pelleted at 23°C and 7000 rpm for 6 minutes. Cultures 

were resuspended to a final OD = 12 in fresh Final Resuspension buffer, comprised of 

5mM MgSO4.7H2O and 20mM Na formate in 20 mM MOPS buffer at pH 7.0. 900 μL of 

re-suspended culture and 100 μL of 5mM coumarin stock were added to 15 mL conical 

tubes (Fisher) and incubated shaking at 30°C and 200 rpm for 1 hour. 

For evaluation of MeOH production, overnight cultures were grown in 300mL LB 

containing 10g/L glycerol, 5mM L-arabinose, and ampicillin and chloramphenicol as 

above shaking at 37°C and 200 rpm for 4 hours. At 4 hours, after 500 μM IPTG addition, 

the cultures were moved to 25°C and 200rpm for 18 h. Overnight-cultured cells were 

washed with 20mM MOPS pH 7.0 buffer and concentrated to a high-density OD = 6.0. 

Cells were inoculated into Hungate tubes containing 2mL fresh LB, including additives 

as described and incubated with 40% CH4 for 4 hours at 25°C and 200 rpm. At 23 hours 

post-inoculation, samples were removed from the incubator and immediately placed on 
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ice for 5 minutes. The supernatant was recovered by centrifugation at 8,000xg for 10 

minutes.  

7.4. Analytical Methods 

7.4.1. Analytical methods for co-culture 

Sacrificial samples were collected to quantify total optical density (OD), colony-

forming unit (CFU), and total lactate NH3 concentration data. OD was measured at 600 

nm in a Thermo Spectronic Genesys 20 (Thermo Scientific, Waltham, MA, USA) and 

used with cell dry weight (CDW) as an estimate of cell mass (for A. vinelandii DJ, 0.38 g 

CDW/OD/L; for M. buryatense 5GB1, 0.24 g CDW/OD/L [117]). Culture viability was 

determined based on the quantifiable number of CFUs which appeared on organism-

specific medium plates supplemented with appropriate antibiotics, carbon sources, and 

supplementary chemicals. A. vinelandii M5I3 and co-culture samples were plated using 

sterile triplicate dilution on B medium plates supplemented with 0.6 μg/ml kanamycin 

and 500μM IPTG and placed in a 30C stationary incubator for seven days. M. 

buryatense 5GB1 pAMR4-dtom1 cultures were plated using sterile triplicate dilution on 

modified NMS2 medium supplemented with 50 μg/ml kanamycin and placed in a sealed 

chamber (Oxoid, Thermo Scientific, Waltham, MA, USA) containing 50% CH4-in-air 

and incubated at 30C for 7-10 days.  Samples were analyzed for analysis of metabolite 

concentrations and substrates after fermentation using ion-exclusion high-performance 

liquid chromatography (HPLC) on a Shimadzu Prominence SIL 20 system (Shimadzu 

Scientific Instruments, Inc., Columbia, MD, USA) equipped with an HPX-87H organic 



 148 

acid column (Bio-Rad, Hercules, CA, USA) and optimized operating conditions for peak 

separation (0.3 ml/min flow rate, 30 mM H2SO4 mobile phase, column temperature 42 

°C) [306]. HPLC sample preparation involved the addition of 6 μL 6N H2SO4, 

centrifugation at 13,000 rpm for 10 minutes, and filtration through an EMD Millipore 

13mm Nonsterile MillexTM Syringe Filter (Waltham, MA, USA). Quantification of total 

NH3 in culture samples was determined using the Ammonia Assay kit (Sigma Aldrich, 

St. Louis, MO, USA) as detailed in the technical bulletin. NADPH decrease was 

monitored at 340 nm using a Thermo BioMate5 spectrophotometer (Thermo Scientific, 

Waltham, MA, USA).   

7.4.1.1. 15
N Fixation Experiments 

For 
15

N experiments, pre-cultures were prepared as above. Co-culture medium 

preparations were inoculated using a 10:1 A. vinelandii: M. buryatense ratio to a final OD 

0.55. After sealing the Hungate tubes, an air-representative Argon-Oxygen gas mixture 

(21% O2 +/-2%, residual Ar) (Airgas, Houston, TX) was used for one minute to flush 

tubes and expel air. Tubes were briefly vented to return to atmospheric pressure. 8mL of 

either filtered air or dual-labeled 
15

N2 (98+ Atom%, ICON/Berry & Associates, Inc., 

Dexter, MI) gas was introduced into the appropriate tube using a needled syringe. CH4 

gas was then added to the tubes without interior gas removal. Detailed final gas 

percentages noted in Table 4. Gas was exchanged every 24 h for the duration of the 

experiment. At 72 hours, the system was supplemented in a semi-fed batch manner with 

0.5mL of the initial media to maximize NH3 production for GC-MS analysis. Sacrificial 

samples were collected and analyzed at 24 and 96 hour time points.   
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Table 4. Final 
15

N2 stable-isotope labeling gaseous headspace compositions.  

The estimated gaseous headspace composition for 
15

N2-labeled experimental samples 

was modified to account for safety considerations. “Standard” refers to typical co-

culture experiments.  

 

Secreted 
15

NH3 in the extracellular aqueous media was collected from 2.5 mL 

sacrificial samples using centrifugation at 7,000 rpm for 6 minutes. Aqueous samples 

were derivatized using the Schotten-Baumann reaction, as reported in Mishra et al. with 

modifications [307]. 2mL aqueous medium sample was added to 0.05g NaHCO3 pre-

weighed into a 5mL glass vial. 20μL benzoyl chloride was added, and the vial was 

immediately capped to prevent NH3 loss due to raising the pH. The sample was vortexed 

1 minute 30 seconds at 3000 rpm. Immediately following the derivatization reaction, 

acetophenone was added as the internal standard (IS). Organic extraction was performed 

using ethyl acetate (EE) (3:1, v/v). The sample was vortexed 1 minute 30 seconds at 3000 

rpm, allowed to separate, then NaCl was added to saturation to reduce water retained in 

the EE phase. The vial was briefly shaken by hand for 10 seconds, and contents allowed 

to separate. 2.7mL EE was recovered from the organic (top) layer, transferred to a fresh 

5mL vial, and allowed to evaporate to dryness under an N2 stream in the fume hood. 

Evaporated vial contents were reconstituted in 200 μL EE. Following derivatization, 

samples were analyzed using GC-MS. Isotopic identification of derivatized 
15

NH3 was 
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carried out on an Agilent 7890B Series Custom Gas Chromatography system (Agilent 

Technologies, Inc., Santa Clara, CA) equipped with a 5977B Inert Plus Mass Selective 

Detector Turbo EI Bundle and an Agilent HP‐5‐ms capillary column (Agilent 

Technologies, Inc., Santa Clara, CA) (0.25mm internal diameter, 0.25 μm film thickness, 

30m length). GC-MS settings for analysis included 1 μl splitless injection using the 

following temperature profile with helium as the carrier gas at a flow rate of 1.0 ml/min: 

Initial 60°C (hold 3 min); ramp at 25°C/min to 225°C (hold 3 min); ramp at 45°C/min to 

250°C (hold 0 min). The injector temperature was set at 250°C.  

Files were processed using MassHunter Workstation – Qualitative Analysis 

(Agilent Technologies, Inc., Santa Clara, CA) and NIST 14 MS Database and MS Search 

program (Gaithersburg, MD) software. Percentage 
15

N2 incorporation was calculated as 

detailed in [308]. Statistical significance of 
15

N2 was calculated using Student’s T-test, 

where α = 0.05. 

7.4.2. Analytical methods for nitrogenase ETC 

Sacrificial samples were collected to quantify total optical density (OD) and NH3 

concentration data. OD was measured at 600 nm in a Beckman Coulter DU 800 UV/Vis 

Spectrophotometer (Beckman Coulter, Inc., Fullerton, CA).  Samples were analyzed for 

quantification of secreted NH3 in culture samples using the ammonia assay kit (Sigma 

Aldrich, St. Louis, MO, USA) as detailed in the technical bulletin. NADPH decrease was 

monitored at 340 nm using a Beckman Coulter DU 800 UV/Vis Spectrophotometer 

(Beckman Coulter, Inc., Fullerton, CA). Secreted NH3 assay sample preparation involved 
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the centrifugation at 7,000 rpm for 6 minutes to pellet cells without rupturing the cellular 

membrane.  

7.4.3. Analytical methods for heterologous sMMO characterization 

Sacrificial samples were collected to quantify total optical density (OD).  

7.4.3.1. Coumarin Fluorescence Assay 

Indirect assay of sMMO activity was performed as detailed in Miller et al., with 

modifications as discussed below [23]. Cultures were quenched by centrifugation at 23°C 

and 7,000 rpm for 5 minutes with supernatant saved for analysis. 200 μ L supernatant 

from quenched samples were moved to a black-plastic Corning™ 96-Well, Non-Treated, 

Flat-Bottom, Half-Area Microplate (Fisher) in triplicate. The supernatant was 

immediately quantified for 7-hydroxycoumarin fluorescence using a BioTek Synergy HT 

plate reader (BioTek Instruments, Winooski, VT) with excitement at 338 +/- 5 nm and 

emission measurement at 450 +/- 5 nm using readings from the bottom of the plate. Three 

background fluorescence readings, specifically a no-cell reagent preparation, a no-

coumarin cell preparation, and an averaged empty well background, were removed from 

reported sample values. 

7.4.3.2. MeOH GC-MS Detection Assay 

GC-FID/MS analysis of samples for recovery of MeOH from aqueous broth based on 

methods detailed in Alvarez et al. with modifications as discussed below) [44]. 900 μL of 

supernatant and 900 μL dichloromethane (DCM) were added to 5 mL glass derivatization 

vials (Fisher). Vials were vortexed 30 seconds, then inverted and frozen at -20°C for at 
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least 2 hours in a secondary containment tray. 200 μL of DCM-containing MeOH was 

decanted via pipette from samples stored on ice into a GC vial (Fisher) containing a low-

volume sample insert (Sigma). GC-FID/MS settings for analysis included 1 μl splitless 

injection using the following temperature profile with helium as the carrier gas at a flow 

rate of 1.2 ml/min: Initial 40°C (hold 4 min); ramp at 20°C/min to 270°C (hold 3 min). 

The injector and detector temperatures were set at 250°C. GC-MS also included SIM 

detection at MeOH base peak 31 m/z. The retention time for MeOH under these settings 

included MeOH elution at 1.47 RT and DCM elution at 1.71 minutes. Since MeOH was 

eluted prior to DCM, only samples demonstrating a GC-FID peak at 1.47 RT were run 

through the GC-MS for identification. Files were processed using MassHunter 

Workstation – Qualitative Analysis (Agilent Technologies, Inc., Santa Clara, CA) and 

NIST 14 MS Database and MS Search program (Gaithersburg, MD) software. 

7.5. Nitrogenase dynamic kinetic modeling 

Deterministic kinetic model construction took place using the MATLAB® 

SimBiology visual environment. The nitrogenase kinetic model consisted of 1 

compartment containing 33 species participating in a total of 25 reactions using 29 

parameters (Figure 30). Reaction rates applied mass-action kinetics, which describes 

dynamic behavior such that the chemical reaction rate is directly proportional to the 

reactant concentrations [239, 240]. Kf and Kr reaction parameters were taken from the 

literature where available or otherwise estimated using data fitting (Appendix C). Model 

network reactions were constructed based on published pathways for nitrogenase 

synthesis, and regulatory and other reactions were approximated from the literature as 
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available (Appendix C) [222, 231]. The translation reaction was simplified based on the 

transcriptional ratios reported for A. vinelandii and R. capsulatus to simplify the 

modeling since translation rates have been demonstrated to be optimized based on 

subunit stoichiometry (Appendix C) [309]. Initial values for atmospheric conditions were 

g/L. Assumptions made to define the model environment were performed in order to 

decrease the required computational time and minimize the number of necessary 

approximated values.
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Appendix A – Strains constructed as part of this 

study 

Species  / Strains Description Source/Reference 

Azotobacter vinelandii 

DJ wild type, Nif
+
 [302] 

M5T DJ x pZT2; Nif
-
, Kan

R
 This study 

M5I DJ x pZT3; Nif
+
, Kan

R
 This study 

DJ – rnf DJ x pAMCrnf; Nif
+

, Kan
R

, Sm
R

,pyrf
+

 This study 

DJ – rnf1 DJ x pAMCrnf1; Nif
+

, Kan
R

, Sm
R

,pyrf
+

 This study 

DJ – FIX DJ x pAMCFIX; Nif
+

, Kan
R

, Sm
R

,pyrf
+

 This study 

M5I3 – rnf M5I3 x pAMCrnf; Nif
+

, Kan
R

, Sm
R

,pyrf
+

 This study 

M5I3 – rnf1 M5I3 x pAMCrnf1; Nif
+

, Kan
R

, Sm
R

,pyrf
+

 This study 

M5I3 – FIX M5I3 x pAMCFIX; Nif
+

, Kan
R

, Sm
R

,pyrf
+

 This study 
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Methylomicrobium buryatense 

5GB1C wild type [262] 

pAMR4-dtom1 5GB1C x pAMR4-dtom1 [117] 

Escherichia coli 
  

S17-1 λpir 
Donor strain. Tpr Smr recA thi pro hsd(rm+ ) 

RP4-2-Tc::Mu::Km Tn7 λpir 
[262] 

DH5α High-efficiency competent cloning NEB 

BL21 (DE3) T7 expression strain From A. Chou 

GroEL BL21(DE3) x pET-Duet1-groEL This study 

RSP23 GroEL x pET-P1-RSP2792-RSP2793 This study 

RSP4 GroEL x pET-P2-RSP2794 This study 

RSP234 
GroEL x pET-P1-RSP2792-RSP2793 x pET-

P2-RSP2794 
This study 

Rhodobacter 

sphaeroides 
  

2.4.1 wild-type ATCC 
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Appendix B – Plasmids constructed as part of this 

study 

Plasmids Description Source/Reference 

pGEM7f+ Standard cloning vector Promega 

pCAH01 PtetA bla-tetR CoE1ori F1 oriV oriT trfA ahp [116] 

pAWP87 pAWP78 containing dTomato driven by M. 

buryatense mxaF promoter (PmxaF) 

[262] 

pAME pAWP87 without dTomato [262] 

pAMR4 pAME harboring [RBS4]-Lhldh under the 

control of PmxaF 

[117] 

pAMR4-dtom1 pAME harboring [RBS4]-Lhldh under the 

control of PmxaF containing dTomato driven 

by M. buryatense mxaF promoter (PmxaF) 

This study 

pZT2 pGEM7f+-Truncated (D392) NifL -Kan-LacI-

Promoter-NifA 

This study 

pZT3 pGEM7f+-Intact NifL-Kan-LacI-Promoter-

NifA 

This study 

pAMCrnf pGEM7f+ -metG-pyrF-Sm
R

-LacI-Promoter-

rnfA 
This study 

pAMCrnf1 pGEM7f+ -nifL-pyrF-Sm
R

-LacI-Promoter-

rnfA1 
This study 

pAMCFIX pGEM7f+ -[Avin_10490]-pyrF-Sm
R

-LacI-

Promoter-[Avin_10510]-FIX 
This study 

pET-Duet1-groEL 
pET-Duet1 harboring groEL under control of 

pBAD promoter 
[310] 

pET-P1-RSP2792-

RSP2793 

pET-P1 harboring RSP2792 (alpha subunit) 

and RSP2793 (reductase) under control of lac 

operon 

This study 

pET-P2-RSP2794 
pET-P2 harboring RSP2794 (beta subunit) 

under control of lac operon 
This study 
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Appendix C – Tables of values for MATLAB® 

Model 

Table 5. Translation ratio for nitrogenase model based on transcriptional mRNA 

profiles.  

Ratios calculated based on published data [241, 242]. 

State Translation Ratio 

mRNA 1 

[femo cofactor] 2.3 

Homocitrate 0.43 

[nif A] 1 

[nif J] 0.072 

[Structural genes] 0.45 

CLPx2 1 

Biotin 0.43 

[nifL non-inhibitory] 1 

TCA_rep 1 

[FeSII(Shethna)] 1 
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Table 6. Reference values used for nitrogenase modeling.  

Reaction Value Units Ref 

Ammonia Syn 5-6 s-1 [139] 

N2ase ETC Reduction 
12.5 +/- 1.2  

x 10^3 
M-1 s-1 [241] 

FNR Binding (kf/kr) 270 M-1 s-1 [311] 

nifA inhibition (kf/kr) 0.788 μM/s [201] 

CLPx2 Degredation 0.03-0.2 h-1 [312, 313] 

Nitrogenase Degrade 0.01 h -1 [314] 

nifA degradation 0.03-0.2 h-1 [312, 313] 

nif F degrad 0.03-0.2 h-1 [312, 313] 

cytochrome C_red 

degradation 
0.03-0.2 h-1 [312, 313] 

cytochrome C_ox 

degradation 
0.03-0.2 h-1 [312, 313] 

Nitrogenase O2 

Inhibition 
0.067-0.1 

molecules/ 

min 
[315] 

 

Model values without direct source were datafit [139, 201, 241, 311–315]. 
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Table 7. Ordinary Differential Equations (ODEs) used in the model. 

ODE Equation 

d(N2)/dt 1/Cell*(-[Ammonia Syn]) 

d(NH3)/dt 1/Cell*([Ammonia Syn] - [Glutamate Synthesis]) 

d([nif J])/dt 1/Cell*(Translation) 

d([nif F_ Flavodoxin II])/dt 
1/Cell*(-[Ammonia Syn] + reduction + Translation - 

[nif F degrad]) 

d(Nitrogenase)/dt 
1/Cell*([Nitrogenase Formation] - [Nitrogenase 

Degredation] - NitrogenaseO2Inhibition) 

d(Homocitrate)/dt 1/Cell*(-Bundling + 0.43*Translation) 

d([femo cofactor])/dt 
1/Cell*(-[Nitrogenase Formation] - Degredation + 

2.30*Translation) 

d([Structural genes])/dt 1/Cell*(-Bundling + 0.45*Translation) 

d(APONitrogenase)/dt 1/Cell*(-[Nitrogenase Formation] + Bundling) 

d(CLPx2)/dt 1/Cell*(Translation - [CLPx2 Degredation]) 

d([nif Promoter])/dt 1/Cell*(-Transcription + Induction) 

d(mRNA)/dt 1/Cell*(Transcription - degredation) 

d([nif A])/dt 1/Cell*(Translation - inhibiton - degrade) 

d(O2)/dt 1/Cell*(-Binding - [C-driven E Prod]) 

d([FNR:Bound])/dt 1/Cell*(Binding - [oxygen sensing]) 

d([nif L non-inhibitory])/dt 1/Cell*(Translation - [oxygen sensing]) 

d([nif L inhibitory])/dt 1/Cell*([oxygen sensing] - inhibiton) 

d([nif A inhibited])/dt 1/Cell*(inhibiton) 

d(FNR)/dt 1/Cell*(-Binding) 

d(Biotin)/dt 1/Cell*(-Bundling + 0.43*Translation) 

d(Pyruvate)/dt 1/Cell*(-reduction + 2*[C-driven E Prod]) 
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ODE Equation 

d([Acetyl-coA])/dt 1/Cell*(reduction - [Acetyl-coA degradation]) 

d(Lactate)/dt 1/Cell*(-2*[C-driven E Prod]) 

d(H2O)/dt 1/Cell*(2*[C-driven E Prod]) 

d([cytochrome C_red])/dt 
1/Cell*(-reduction + [C-driven E Prod] - [cytochrome 

C_red degradation]) 

d([cytochrome C_ox])/dt 
1/Cell*(reduction - [C-driven E Prod] - [cytochrome 

C_ox degradation]) 

d(IPTG)/dt 1/Cell*(-Induction) 

d([FeSII (Shethna)])/dt 1/Cell*(Translation - NitrogenaseO2Inhibition) 

d([Nitrogenase-Inhibited])/dt 1/Cell*(NitrogenaseO2Inhibition) 
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