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ABSTRACT 

Biological-inorganic hybrid systems are a growing class of technologies that combine 

microorganisms with materials for many purposes including chemical synthesis, environmental 

remediation, and energy generation. Recently, hybrid systems have been developed toward the 

sustainable generation of value-added chemicals from the plentiful and potentially renewable 

resources of electricity, water, and air. These hybrid systems typically consider microorganisms 

as catalysts that essentially perform only the reaction of interest, however other metabolic activity 

may influence that reaction and thus the output of the entire system. This possibility renders the 

investigation of biological responses to the hybrid environment critical to future system 

development and optimization. The present study investigates this phenomenon in a recently 

reported hybrid system that uses electrochemical water-splitting to provide reducing equivalents 

to the nitrogen-fixing bacteria Xanthobacter autotrophicus for efficient reduction of N2 to biomass 

that may be used as fertilizer. Using integrated proteomic and metabolomic methods, we find a 

pattern of differentiated metabolic regulation under electrochemical water-splitting (hybrid) 

conditions. We further report an increased expression of proteins of interest, namely those 

responsible for nitrogen fixation and assimilation, which indicate increased rates of nitrogen 

fixation and support previous observations of faster biomass accumulation in the hybrid system 

compared to typical planktonic growth conditions. This work complicates the inert catalyst view 

of biological-inorganic hybrids while demonstrating the power of multi-omics analysis as a tool 

for deeper understanding of those systems. 
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INTRODUCTION 

The integration of microorganisms with inorganic materials has recently attracted attention 

for demonstrating the synergy of biological and abiotic processes for a variety of chemical 

transformations. 1-7 Transformations of particular interest include environmental remediation5, 8, 

the growth of biomass as biofertilizer, 9 and the production of valuable chemical products including 

ammonia7, 10, 11 and biofuels12, 13. Many examples of these biological-inorganic hybrid systems 

exhibit sustainable methods of generating value-added chemicals from the plentiful and potentially 

renewable resources of electricity, water, and air. 9, 10, 14-16 The hybrids offer a promising future 

toward chemical synthesis, especially if we can accurately identify the interplay between the 

biological and inorganic aspects that allows for their impressive synergy. 

While microorganisms in these systems may be intended as specific catalysts for the 

reaction of interest, evidence suggests that they adjust relevant metabolic activity in response to 

the growth conditions of the unique hybrid environment. 6, 17 Investigation of those potential 

biological adaptations thus presents an opportunity to uncover fundamental characteristics at the 

interface of biological and inorganic components in hybrid systems. Within the last few years, 

research in our group has utilized an integrated proteomics- and metabolomics-based approach 

uncovered altered metabolic pathways in hybrid systems that combine different microorganisms 

with abiotic components including Sporomusa ovata (S. ovata) with electrochemical water 

splitting17 and Xanthobacter autotrophicus (X. autotrophicus) with semiconducting quantum dots. 

6 Additional studies have used one or more omics tools to study the metabolism of many 

microorganisms. 18 This metabolic information has implications for the design and optimization of 

chemical transformations accomplished by hybrid systems, especially for reactions that utilize 

major biological pathways where a metabolic shift is liable to affect the balance of key reactions. 

The present study investigates such metabolic adaptation in a hybrid system that combines the 

bacteria X. autotrophicus19-23 with electrochemical water-splitting. Our group has demonstrated 

the synergy that X. autotrophicus displays when interfaced with inorganic materials such as 

electrodes conducting electrochemical water-splitting, 9, 16 semiconducting quantum dots, 6 and 

perfluorocarbon nano-emulsions. 24 The simultaneous ability of X. autotrophicus to fix both N2 

and CO2 renders it attractive for the development of sustainable technologies including the 

interface with electrochemical water-splitting which has previously been utilized to produce 

biofertilizer from the bacteria. 9 However, a lack of fundamental knowledge regarding potential 
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changes to expected metabolic activity presents a barrier that must be overcome to further develop 

such technology.   

To better understand any potential interactions between the bacteria and electrochemical 

conditions, we hypothesized that the application of integrated proteomic and metabolomic 

methods would allow us to determine whether differential metabolic regulation occurs under 

electrochemical water-splitting conditions at organism-wide and pathway-specific scales. Here, 

we report an altered metabolism of X. autotrophicus under electrochemical water-splitting that 

favors an increased capacity for nitrogen fixation and carbon dioxide fixation with a high 

intracellular nitrogen content. Our findings support the addition of integrated multi-omics analysis 

to other characterization methods at the interface of materials and microbiology and will support 

the design of hybrid systems for synergistic chemical transformation. 
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RESULTS AND DISCUSSION 

Cultures of X. autotrophicus (ATCC 35674, DSM 432) were grown in a minimal media 

lacking nitrogen and organic carbon (Supplementary Table 1) and supplied with a gas mixture of 

60:20:18:3 N2:H2:CO2:O2 gas mixture for autotrophic and diazotrophic growth following a 

previously-reported protocol. 6 Samples were inoculated to produce 100mL of liquid culture under 

either electrochemical water-splitting (hybrid) conditions or H2-fed conditions (for more 

information, vide infra and see the section Hybrid and H2-fed condition setup in SI). The hybrid 

conditions consist of a single-cell chamber with previously-developed cobalt-phosphate (CoPi) 

and cobalt phosphorus (Co-P) electrodes for simultaneous oxygen evolution reaction (OER) and 

hydrogen evolution reaction (HER), respectively (Fig. 1). 25-27 These catalysts are biocompatible25 

and their combined reactions generate sufficient reducing equivalents, mostly in the form of H2, 

that are able to serve as the primary source of reducing equivalents during growth of X. 

autotrophicus. 9 In addition to the H2 produced by the electrochemical water-splitting, the cultures 

were purged with a gas mixture in a ratio of 78:20:2 N2:CO2:O2 for 10-minutes each day and 

sealed in the gas-tight bottle the remainder of the time during the experiment.  The H2-fed 

conditions consisted of 100mL of culture in an Erlenmeyer flask contained in a sealed gas-tight jar 

with a gas mixture of 60:20:18:3 N2:H2:CO2:O2 replenished daily. Cultures were grown under each 

condition for four days with t=0 occurring at the initial inoculation before samples were collected 

for metabolomic and proteomic analysis. 

The metabolomic and proteomic analyses were conducted following previously reported 

protocols6 on all cultures (n = 3 for both groups, see Metabolomics separation and analysis and 

proteomics analysis in SI) revealed distinct alterations to bacterial metabolism at this timepoint. 

Among 2,570 identified proteins across all samples, 499 were upregulated in the hybrid condition 

(fold change > 1.5, p < 0.05) and 380 were downregulated (fold change < 0.66, p < 0.05) while of 

the identified 87 metabolites 20 were upregulated in the hybrid condition and 4 were 

downregulated (Fig. 2b, 3b). Principal component analysis revealed that both proteins (Fig. 2a) 

and metabolites (Fig. 3a) were separated into groups by experimental condition, indicating a 

significant shift in the overall metabolism. Differences in individual protein expression and 

metabolite abundance were further investigated referencing the Kyoto Encyclopedia of Genes and 

Genomes28 to compare the regulation of specific biological pathways. 
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Alterations to the expression of multiple types of proteins and metabolites reflect an 

increase in nitrogenase expression and key ammonia-assimmilating proteins that indicate high 

levels of intracellular nitrogen under hybrid conditions. Biological nitrogen fixation of N2 into 

NH3 was considered to be of particular importance as it is responsible for the assimilation of 100% 

of extracellular nitrogen into biomolecules in the absence of other nitrogen sources. 29 Due to its 

simultaneous necessity and large demand of both ATP and reducing equivalents, 30 nitrogen 

fixation is tightly regulated in X. autotrophicus. 29, 31 Investigation of nitrogen fixation and 

subsequent assimilation are thus key targets for optimization of biological-materials hybrids that 

utilize X. autotrophicus. Nitrogenase proteins that catalyze the fixation of N2 to NH3 were found 

to be generally upregulated in the hybrid, suggesting an increased capacity to perform nitrogen 

fixation in the presence of electrochemical water-splitting (Fig. 2c). Specifically, the nitrogenase 

proteins NifB, NifE, NifN, NifV, NifQ, NifX, and NifZ were all upregulated while only NifD was 

found to be downregulated. While NifD is necessary for nitrogen fixation to occur as it is a 

structural component of the catalytic complex of the MoFe nitrogenase, 32 most of the other Nif 

proteins listed are also required for nitrogen fixation and diazotrophic growth in N2-fixing 

microorganisms. 33-38 The fate of NH3 generated by this N2 fixation is largely controlled by its 

incorporation into glutamine and glutamate from which essential amino acids and other nitrogen-

containing biomolecules are derived. 39 In most bacteria, nitrogen is assimilated following this 

route by the glutamine synthetase (GS) and glutamate synthase (GOGAT) cycle. 40, 41 The cycle 

iterates through the incorporation of ammonia into glutamine by GS and the addition of 2-

oxoglutarate to glutamine by GOGAT to form glutamate. As central components of nitrogen 

metabolism, glutamine and 2-oxoglutarate are known to regulate nitrogen assimilation in 𝛼 -

proteobacteria such as X. autotrophicus where they function as complementary indicators of 

intracellular nitrogen; heightened glutamine levels indicate excess nitrogen while heightened 2-

oxoglutarate indicates a lack of nitrogen. 42 In addition to the GS/GOGAT pathway, glutamate 

dehydrogenase (GDH) is commonly used by nitrogen-fixing bacteria to catalyze the conversion of 

ammonia and 2-oxoglutarate to glutamate. 43 Under hybrid conditions, GS was observed to be 

downregulated while GOGAT was upregulated, indicating increased glutamine levels and thus a 

larger intracellular nitrogen. This observation was supported by decreased levels of 2-oxoglutarate 

(Fig. 3c), and upregulation of GDH, further supporting an excess nitrogen balance favorable to 

ammonia assimilation. GDH has been reported to be preferentially expressed when excess 
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ammonia accumulates in the cell, 44 making its upregulation in this study also suggest an increased 

rate of nitrogen fixation in hybrid growth conditions.  

 Differences in the central carbon metabolism include an increased abundance of glycerate-

3-phosphate and acetyl-CoA under hybrid conditions. The central carbon metabolism involves 

CO2 fixation by the Calvin cycle and oxidation of resulting multi-carbon metabolites by the 

tricarboxylic acid (TCA) cycle is also a prime target for understanding adaptations of X. 

autotrophicus to electrochemical water splitting. Of particular interest, we observed an increased 

abundance of glycerate-3-phosphate under hybrid conditions. (Fig. 3c). As the direct product of 

carbon dioxide fixation by ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCo) in the 

Calvin Cycle, this finding suggests an increased rate of carbon dioxide fixation. 45 The increased 

abundance of both glycerate-3-phosphate and acetyl-CoA (Fig. 3c) together suggest an effective 

energy supply under hybrid conditions, as major metabolic fates of both molecules end in the 

oxidative TCA cycle. 46 The downregulation of 2-oxoglutarate, which also participates in the TCA 

cycle, may be explained by its role as a key substrate in an upregulated nitrogen assimilation 

pathway. 

The redox and energy balances of the cell were maintained across the electron transport 

chain and including hydrogenase, while ATPase expression was increased. ATP synthase, which 

couples proton translocation to ATP generation, was found to be upregulated under hybrid 

conditions (Fig. 2c). This finding suggests an increased capacity for ATP production that may 

particularly benefit the ATP-consuming nitrogen assimilation via GOGAT during nitrogen 

fixation. 47 The cytochromes in the electron transport chain were expressed similarly across 

conditions (Supplementary Data Table S1), indicating retained utilization of dominant electron 

transfer pathways. Similarly, hydrogenase proteins that are responsible for converting reducing 

equivalents from H2 into bio-accessible redox species were consistently regulated. While the 

presence of extracellular redox-active molecules such as riboflavin has been reported to induce 

changes in the metabolism of the bacteria Sporomusa ovata, 17 which also derives reducing 

equivalents from H2, no such metabolic rewiring has been reported for X. autotrophicus. Still, it is 

worth noting that two of the three ferredoxins detected by proteomics were significantly 

upregulated under hybrid conditions, hinting at a more reduced intracellular state. The connection 

between the different method of supplying reducing equivalents and the observed metabolic 

changes thus merits further study.
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CONCLUSIONS 

The results presented in this work suggest that microorganisms introduced into biological-

inorganic hybrid systems respond with significant alterations to their metabolism. In the case of X. 

autotrophicus partnered with electrochemical water-splitting, metabolic changes under these 

conditions included increased expression of nitrogen fixation and ammonia assimilation pathways 

as well as carbon dioxide fixation products which may contribute to increased growth and 

associated biomass accumulation for biofertilizer production. Further study of the intracellular and 

extracellular redox balance of X. autotrophicus under these conditions would yield more detailed 

insight for the future design of hybrid systems that seek to maximize N2 and CO2 fixation. This 

research also showcases the utility of multi-omics studies as a promising tool for obtaining a deeper 

fundamental understanding of the interface between microorganisms and materials. 
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Figure 1. Fixation of CO2 and N2 by Xanthobacter autotrophicus under electrochemical 

water-splitting. H2 and O2 gas generated by electrochemical water-splitting are utilized along with 

N2 and CO2 to drive central metabolic pathways including anabolic biosynthesis pathways. H2ase, 

hydrogenase; N2ase, nitrogenase. 
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Figure 2. Altered proteome of X. autotrophicus grown under electrochemical water-splitting 
conditions. (a) Principal component analysis score plot and (b) volcano plot representing all 
detected proteins in the presence (“hybrid”) or absence (“bio”) of electrochemical water-splitting. 
Significant differences in expression used for the volcano plot were decided by hybrid/bio fold 
change values > 1.5 or < 0.66 with p < 0.05. Colored numbers represent the number of proteins of 
each regulation type. (c) Heat map of individual nitrogenase subunits D, E, K, N, Q, T, V, X, & Z 
and ATPase subunits A, B, & C. Log2FC = Log2-transformed fold change. 
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Figure 3. Shift in metabolite balance of X. autotrophicus grown under electrochemical water-
splitting conditions. (a) Principal component analysis score plot and (b) volcano plot representing 
all detected metabolites in the presence (“hybrid”) or absence (“bio”) of electrochemical water-
splitting. Significant differences in expression used for the volcano plot were decided by 
hybrid/bio fold change values > 1.5 or < 0.66 with p < 0.05. Colored numbers represent the number 
of metabolites of each regulation type. (c) Heat map of fold change values for individual 
metabolites. G3P = glyceraldehyde-3-phosphate ; 2-OG = 2-Oxoglutarate ; FC = fold change ; 
Log2FC = Log2 transformed fold change. 
 

  

https://doi.org/10.26434/chemrxiv-2024-pv9zt ORCID: https://orcid.org/0000-0003-2354-3342 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-pv9zt
https://orcid.org/0000-0003-2354-3342
https://creativecommons.org/licenses/by-nc-nd/4.0/


 14 

REFERENCES 

(1) Chen, H.; Dong, F.; Minteer, S. D. The progress and outlook of bioelectrocatalysis for the 
production of chemicals, fuels and materials. Nature Catalysis 2020, 3 (3), 225-244. DOI: 
10.1038/s41929-019-0408-2. 
(2) Bajracharya, S.; Srikanth, S.; Mohanakrishna, G.; Zacharia, R.; Strik, D. P.; Pant, D. 
Biotransformation of carbon dioxide in bioelectrochemical systems: State of the art and future 
prospects. Journal of Power Sources 2017, 356, 256-273. DOI: 10.1016/j.jpowsour.2017.04.024. 
(3) Geppert, F.; Liu, D.; van Eerten-Jansen, M.; Weidner, E.; Buisman, C.; Ter Heijne, A. 
Bioelectrochemical Power-to-Gas: State of the Art and Future Perspectives. Trends Biotechnol 
2016, 34 (11), 879-894. DOI: 10.1016/j.tibtech.2016.08.010  From NLM Medline. 
(4) Tremblay, P. L.; Angenent, L. T.; Zhang, T. Extracellular Electron Uptake: Among 
Autotrophs and Mediated by Surfaces. Trends Biotechnol 2017, 35 (4), 360-371. DOI: 
10.1016/j.tibtech.2016.10.004  From NLM Medline. 
(5) Cui, S.; Si, Y.; Fu, X.-Z.; Li, H.-H.; Wang, X.-M.; Du, W.-Z.; Teng, L.; He, R.-L.; Liu, H.-
Q.; Ye, R.; et al. Intracellularly-photosensitized bio-hybrid with biogenic quantum dots for 
enhanced wastewater denitrification. Chemical Engineering Journal 2023, 457. DOI: 
10.1016/j.cej.2022.141237. 
(6) Guan, X.; Erşan, S.; Hu, X.; Atallah, T. L.; Xie, Y.; Lu, S.; Cao, B.; Sun, J.; Wu, K.; Huang, 
Y.; et al. Maximizing light-driven CO2 and N2 fixation efficiency in quantum dot–bacteria 
hybrids. Nature Catalysis 2022, 5 (11), 1019-1029. DOI: 10.1038/s41929-022-00867-3. 
(7) Koh, S.; Choi, Y.; Lee, I.; Kim, G. M.; Kim, J.; Park, Y. S.; Lee, S. Y.; Lee, D. C. Light-
Driven Ammonia Production by Azotobacter vinelandii Cultured in Medium Containing 
Colloidal Quantum Dots. J Am Chem Soc 2022, 144 (24), 10798-10808. DOI: 
10.1021/jacs.2c01886  From NLM Medline. 
(8) Aulenta, F.; Reale, P.; Canosa, A.; Rossetti, S.; Panero, S.; Majone, M. Characterization of an 
electro-active biocathode capable of dechlorinating trichloroethene and cis-dichloroethene to 
ethene. Biosens Bioelectron 2010, 25 (7), 1796-1802. DOI: 10.1016/j.bios.2009.12.033. 
(9) Liu, C.; Sakimoto, K. K.; Colón, B. C.; Silver, P. A.; Nocera, D. G. Ambient nitrogen 
reduction cycle using a hybrid inorganic–biological system. Proceedings of the National 
Academy of Sciences 2017, 114 (25), 6450-6455. DOI: 10.1073/pnas.1706371114. 
(10) Zhang, L.; Tian, C.; Wang, H.; Gu, W.; Zheng, D.; Cui, M.; Wang, X.; He, X.; Zhan, G.; Li, 
D. Improving electroautotrophic ammonium production from nitrogen gas by simultaneous 
carbon dioxide fixation in a dual-chamber microbial electrolysis cell. Bioelectrochemistry 2022, 
144, 108044. DOI: 10.1016/j.bioelechem.2021.108044  From NLM Medline. 
(11) Soundararajan, M.; Ledbetter, R.; Kusuma, P.; Zhen, S.; Ludden, P.; Bugbee, B.; Ensign, S. 
A.; Seefeldt, L. C. Phototrophic N(2) and CO(2) Fixation Using a Rhodopseudomonas palustris-
H(2) Mediated Electrochemical System With Infrared Photons. Front Microbiol 2019, 10, 1817. 
DOI: 10.3389/fmicb.2019.01817  From NLM PubMed-not-MEDLINE. 
(12) Gong, Z.; Yu, H.; Zhang, J.; Li, F.; Song, H. Microbial electro-fermentation for synthesis of 
chemicals and biofuels driven by bi-directional extracellular electron transfer. Synth Syst 
Biotechnol 2020, 5 (4), 304-313. DOI: 10.1016/j.synbio.2020.08.004  From NLM PubMed-not-
MEDLINE. 
(13) Liu, C.; Gallagher, J. J.; Sakimoto, K. K.; Nichols, E. M.; Chang, C. J.; Chang, M. C.; Yang, 
P. Nanowire-bacteria hybrids for unassisted solar carbon dioxide fixation to value-added 
chemicals. Nano Lett 2015, 15 (5), 3634-3639. DOI: 10.1021/acs.nanolett.5b01254. 

https://doi.org/10.26434/chemrxiv-2024-pv9zt ORCID: https://orcid.org/0000-0003-2354-3342 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-pv9zt
https://orcid.org/0000-0003-2354-3342
https://creativecommons.org/licenses/by-nc-nd/4.0/


 15 

(14) Sherbo, R. S.; Silver, P. A.; Nocera, D. G. Riboflavin synthesis from gaseous nitrogen and 
carbon dioxide by a hybrid inorganic-biological system. Proc Natl Acad Sci U S A 2022, 119 
(37), e2210538119. DOI: 10.1073/pnas.2210538119  From NLM Medline. 
(15) Kracke, F.; Deutzmann, J. S.; Jayathilake, B. S.; Pang, S. H.; Chandrasekaran, S.; Baker, S. 
E.; Spormann, A. M. Efficient Hydrogen Delivery for Microbial Electrosynthesis via 3D-Printed 
Cathodes. Front Microbiol 2021, 12, 696473. DOI: 10.3389/fmicb.2021.696473  From NLM 
PubMed-not-MEDLINE. 
(16) Lu, S.; Guan, X.; Liu, C. Electricity-powered artificial root nodule. Nat Commun 2020, 11 
(1), 1505. DOI: 10.1038/s41467-020-15314-9. 
(17) Xie, Y.; Ersan, S.; Guan, X.; Wang, J.; Sha, J.; Xu, S.; Wohlschlegel, J. A.; Park, J. O.; Liu, 
C. Unexpected metabolic rewiring of CO(2) fixation in H(2)-mediated materials-biology hybrids. 
Proc Natl Acad Sci U S A 2023, 120 (42), e2308373120. DOI: 10.1073/pnas.2308373120  From 
NLM Medline. 
(18) Palazzotto, E.; Weber, T. Omics and multi-omics approaches to study the biosynthesis of 
secondary metabolites in microorganisms. Curr Opin Microbiol 2018, 45, 109-116. DOI: 
10.1016/j.mib.2018.03.004  From NLM Medline. 
(19) Berndt, H.; Ostwal, K. P.; Lalucat, J.; Schumann, C.; Mayer, F.; Schlegel, H. G. 
Identification and physiological characterization of the nitrogen fixing bacterium 
Corynebacterium autotrophicum GZ 29. Archives of Microbiology 1976, 108 (1), 17-26. DOI: 
10.1007/BF00425088. 
(20) Berndt, H.; Lowe, D. J.; Yates, M. G. The Nitrogen-Fixing System of Corynebacterium 
autotrophicum. European Journal of Biochemistry 1978, 86 (1), 133-142. DOI: 10.1111/j.1432-
1033.1978.tb12292.x. 
(21) Wiegel, J. The Genus Xanthobacter. In The Prokaryotes, Dworkin, M., Falkow, S., 
Rosenberg, E., Schleifer, K.-H., Stackebrandt, E. Eds.; Springer New York, 2006; pp 290-314. 
(22) Wiegel, J.; Schlegel, H. G. Enrichment and isolation of nitrogen fixing hydrogen bacteria. 
Archives of Microbiology 1976, 107 (2), 139-142. DOI: 10.1007/BF00446833. 
(23) WIEGEL, J.; WILKE, D.; BAUMGARTEN, J.; OPITZ, R.; SCHLEGEL, H. G. Transfer of 
the Nitrogen-Fixing Hydrogen Bacterium Corynebacterium autotrophicum Baumgarten et al. to 
Xanthobacter gen. nov. International Journal of Systematic and Evolutionary Microbiology 
1978, 28 (4), 573-581. DOI: doi:10.1099/00207713-28-4-573. 
(24) Lu, S.; Rodrigues, R. M.; Huang, S.; Estabrook, D. A.; Chapman, J. O.; Guan, X.; Sletten, 
E. M.; Liu, C. Perfluorocarbon nanoemulsions create a beneficial O<sub>2</sub> 
microenvironment in N<sub>2</sub>-fixing biological | inorganic hybrid. Chem Catalysis 2021, 
1 (3), 704-720. DOI: 10.1016/j.checat.2021.06.002 (acccessed 2021/10/31). 
(25) Liu, C.; Colon, B. C.; Ziesack, M.; Silver, P. A.; Nocera, D. G. Water splitting-biosynthetic 
system with CO(2) reduction efficiencies exceeding photosynthesis. Science 2016, 352 (6290), 
1210-1213. DOI: 10.1126/science.aaf5039  From NLM Medline. 
(26) Lutterman, D. A. S., Y.; Nocera, D. G. A Self-Healing CoPi Oxygen-Evolving Catalyst. 
Journal of the American Chemical Society 2009,  (131), 3838-3839. 
(27) Costentin, C.; Nocera, D. G. Self-healing catalysis in water. Proc Natl Acad Sci U S A 2017, 
114 (51), 13380-13384. DOI: 10.1073/pnas.1711836114  From NLM PubMed-not-MEDLINE. 
(28) Kanehisa, M.; Furumichi, M.; Tanabe, M.; Sato, Y.; Morishima, K. KEGG: new 
perspectives on genomes, pathways, diseases and drugs. Nucleic Acids Res 2017, 45 (D1), D353-
D361. DOI: 10.1093/nar/gkw1092  From NLM Medline. 

https://doi.org/10.26434/chemrxiv-2024-pv9zt ORCID: https://orcid.org/0000-0003-2354-3342 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-pv9zt
https://orcid.org/0000-0003-2354-3342
https://creativecommons.org/licenses/by-nc-nd/4.0/


 16 

(29) Zuberer, D. A. Biological dinitrogen (N2) fixation: introduction and nonsymbiotic. In 
Principles and Applications of Soil Microbiology, 2021; pp 423-453. 
(30) Halbleib, C. M.; Ludden, P. W. Regulation of Biological Nitrogen Fixation. The Journal of 
Nutrition 2000, 130 (5), 1081-1084. 
(31) Murrell, J. C.; Lidstrom, M. Nitrogen metabolism in Xanthobacter H4-14. Archives of 
Microbiology 1983, 136 (3), 219-221. DOI: 10.1007/BF00409848. 
(32) Boyd, E. S.; Peters, J. W. New insights into the evolutionary history of biological nitrogen 
fixation. Front Microbiol 2013, 4, 201. DOI: 10.3389/fmicb.2013.00201  From NLM PubMed-
not-MEDLINE. 
(33) Dos Santos, P. C. D., D. R.; Hu, Y.; Ribbe, M. W. Formation and Insertion of the 
Nitrogenase Iron−Molybdenum Cofactor. Chemical Reviews 2004, 104 (2), 1159-1174. 
(34) Mclean, P. A. D., R. A. Requirement of nifV gene for production of wild-type nitrogenase 
enzyme in Klebsiella pneumoniae.pdf. Nature 1981, 292 (5824), 655-656. 
(35) Kennedy, C. D., D. The nifU, nifS and nifV gene products are required for activity of all 
three nitrogenases of Azotobacter vinelandii. Molecular and General Genetics 1992, 231 (3), 
494–498. 
(36) Xie, J. B.; Du, Z.; Bai, L.; Tian, C.; Zhang, Y.; Xie, J. Y.; Wang, T.; Liu, X.; Chen, X.; 
Cheng, Q.; et al. Comparative genomic analysis of N2-fixing and non-N2-fixing Paenibacillus 
spp.: organization, evolution and expression of the nitrogen fixation genes. PLoS Genet 2014, 10 
(3), e1004231. DOI: 10.1371/journal.pgen.1004231  From NLM Medline. 
(37) Nonaka, A.; Yamamoto, H.; Kamiya, N.; Kotani, H.; Yamakawa, H.; Tsujimoto, R.; Fujita, 
Y. Accessory Proteins of the Nitrogenase Assembly, NifW, NifX/NafY, and NifZ, Are Essential 
for Diazotrophic Growth in the Nonheterocystous Cyanobacterium Leptolyngbya boryana. Front 
Microbiol 2019, 10, 495. DOI: 10.3389/fmicb.2019.00495  From NLM PubMed-not-MEDLINE. 
(38) Hernandez, J. A. C., L.; Aznar, C. P.; Perova, Z.; Britt, R. D.; Rubio, L. M. Metal 
trafficking for nitrogen fixation- NifQ donatesmolybdenum to NifEN/NifH for the biosynthesisof 
the nitrogenase FeMo-cofactor. Proc Natl Acad Sci U S A 2008, 105 (33), 11679–11684. 
(39) Leigh, J. A.; Dodsworth, J. A. Nitrogen Regulation in Bacteria and Archaea. Annual Review 
of Microbiology 2007, 61 (1), 349-377. DOI: 10.1146/annurev.micro.61.080706.093409 
(acccessed 2016/01/11). 
(40) Bolay, P.; Muro-Pastor, M. I.; Florencio, F. J.; Klahn, S. The Distinctive Regulation of 
Cyanobacterial Glutamine Synthetase. Life (Basel) 2018, 8 (4). DOI: 10.3390/life8040052  From 
NLM PubMed-not-MEDLINE. 
(41) Merrick, M. J. Regulation of Nitrogen Fixation in Free-Living Diazotrophs. In Genetics and 
Regulation of Nitrogen Fixation in Free-Living Bacteria, Klipp, W., Masepohl, B., Gallon, J. R., 
Newton, W. E. Eds.; Springer Netherlands, 2005; pp 197-223. 
(42) Dixon, R.; Kahn, D. Genetic regulation of biological nitrogen fixation. Nat Rev Microbiol 
2004, 2 (8), 621-631. DOI: 10.1038/nrmicro954  From NLM Medline. 
(43) van Heeswijk, W. C.; Westerhoff, H. V.; Boogerd, F. C. Nitrogen Assimilation in 
Escherichia coli: Putting Molecular Data into a Systems Perspective. Microbiology and 
Molecular Biology Reviews 2013, 77 (4), 628-695. 
(44) Tempest, D. W. M., J. L.; Brown, C. M. Synthesis of glutamate in Aerobacter aerogenes by 
a hitherto unknown route. Biochemical Journal 1970, 117 (2), 405-407. 
(45) Yu, H.; Li, X.; Duchoud, F.; Chuang, D. S.; Liao, J. C. Augmenting the Calvin-Benson-
Bassham cycle by a synthetic malyl-CoA-glycerate carbon fixation pathway. Nat Commun 2018, 
9 (1), 2008. DOI: 10.1038/s41467-018-04417-z  From NLM Medline. 

https://doi.org/10.26434/chemrxiv-2024-pv9zt ORCID: https://orcid.org/0000-0003-2354-3342 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-pv9zt
https://orcid.org/0000-0003-2354-3342
https://creativecommons.org/licenses/by-nc-nd/4.0/


 17 

(46) Krivoruchko, A.; Zhang, Y.; Siewers, V.; Chen, Y.; Nielsen, J. Microbial acetyl-CoA 
metabolism and metabolic engineering. Metab Eng 2015, 28, 28-42. DOI: 
10.1016/j.ymben.2014.11.009  From NLM Medline. 
(47) Walker, M. C.; van der Donk, W. A. The many roles of glutamate in metabolism. J Ind 
Microbiol Biotechnol 2016, 43 (2-3), 419-430. DOI: 10.1007/s10295-015-1665-y  From NLM 
Medline. 

https://doi.org/10.26434/chemrxiv-2024-pv9zt ORCID: https://orcid.org/0000-0003-2354-3342 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-pv9zt
https://orcid.org/0000-0003-2354-3342
https://creativecommons.org/licenses/by-nc-nd/4.0/

