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Abstract

Biological nitrogen fixation (diazotrophy) in aerobes is an issue due to the sensitivity of
nitrogenase enzyme to oxygen. In this study, the respiratory system of Azotobacter vinelandii
and its effects on growth, nitrogen fixation, and respiratory protection of nitrogenase were
investigated by reconstructing two models (respiratory and growth) and applying flux
balance analysis. Simulation of the respiratory system revealed a progressive increase in
energy-conservation efficiency across the terminal oxidases in the order of bd, cbbs , and
aas-like. In growth simulations performed with succinate uptake constrained at 3.5 mmol
gDW™ h™, the bd pathway resulted in the lowest specific growth rate (0.125 h™) and the
highest oxygen uptake rate (6.168 mmol gDW™ h™). In contrast, activation of the aas-like
pathway yielded the highest specific growth rate (0.157 h™) and the lowest oxygen uptake
rate (4.608 mmol gDW™ h™). The elevated oxygen consumption associated with the bd
pathway led to reduced growth rate while enhancing respiratory protection of nitrogenase.
Within the constraints of the model, the distinct performance of the terminal oxidases
reflects a trade-off among oxygen consumption, energy-conservation efficiency, and the
availability of carbon substrates and reducing equivalents within the metabolic network.
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Figure 1. Functional interplay among O, consumption, energy conservation, and the maintenance of nitrogenase
activity in Azotobacter vinelandii, including selected pathways for the entry of reducing equivalents into the
respiratory chain, terminal oxidases, proton-motive force generation, and the supply of low-potential electrons
required for nitrogen fixation. Reaction identifiers correspond to those listed in Table 1.
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Table 1. Reactions specific to Azotobacter vinelandii involved in respiration, electron transfer, and nitrogen

fixation

Reactions
Group -

ID Description

NADHG6 5H[c] + Q[C] + NADH|; = 4 H|j + NAD[; + QHZ[C]

HYDlpp 2 H[C] + Q[C] + H2[c] — ZH[C] + QHZ[C]
Cytochrome ¢ QCCOR ZH[C] + QHZ[C] + ZFiCth[C] = 4'H[e] + Q[c] + 2 FOCth[C]
Respirationby  CYOO2pp 4 Hpg + 0.50y + 2 FocytCy
cytochrome — 2 Hpg + Hy0py + 2 FicytCyg
oxidases CYTCBB3pp 3 Hyy + 0.5 0y + 2 FocytCy

— H[e] + H2O[C] + ZFiCth[C]

CYTBDpp 2 H[C] + QHz[C] + 0-502[0] — ZH[e] + Q[C] + H,0
transfer and
exchange EX_h2_e Hope =

H2tex Hyi = Hypg
ATP prOdUCtion ATPS4rpp 4'H[e] + ADP[C] + Pl[c] = 3H[c] + ATP[C] + HZO[C]
Nitrogen NIT1b 16 ATP|j + 16 H,0p, + 8Fdred[c] + Ny —
fixation 6 Hyj + 16 ADPj + 16 Pii) + 2 NHy + Hyg + 8 Fdyy

FIX 2 Fdyg + 2NADH[ + Q

— 2 Fdred[c] + 2NAD[ + QHy
Rnf ZFdox[c] + 6H[e] + NADH[C]
1

— 2 Fdred[c + 7 H[C] + NAD[C]
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Figure 2. Overall reactions derived from the respiratory model results for the aas-like, cbbs, and bd terminal
oxidases.
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Table 2. Comparison of the theoretical capacity for PMF generation and the normalized ATP synthase flux
among the aa; -like, chbs, and bd terminal oxidase pathways, based on an O uptake rate of 0.5 mmol gDW™"h™

Terminal Effective proton ATP synthase flux
oxidase pathway  stoichiometry  (mmol gDW™’h™)
NADH6-aas-like 10 H* 2.50
NADH6-chh; 9H* 2.25
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Table 3. Comparison of the quantitative performance of terminal oxidases at a fixed succinate uptake rate of (3.5
mmol gDW™h™)

Fluxes (mmol gDW™h™) Specific
growth
synthase  rate (h°)

Terminal
oxidase Oxygen CO;
uptake  exchange

Nitrogenase

bd 6.168 8.802 0.495 12.507 0.125
cbbs 5.686 8.391 0.534 14.162 0.135
aas-like 4.608 7.470 0.622 16.897 0.157
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Figure 3. Effect of O, uptake rate on nitrogenase flux (N) and specific growth rate (B) in respiratory pathways
associated with the terminal oxidases aas-like, cbbs, and bd.
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Figure 4. Effect of O, uptake rate on H, and CO, export fluxes in respiratory pathways associated with the
terminal oxidases aas-like, cbbs, and bd.
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Figure 5. Comparison of selected reaction fluxes during growth in the presence (red values shown below) and
absence (black values shown above) of the NADH6 reaction.
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Figure 6. Effect of O, uptake rate on nitrogenase flux (N) and specific growth rate (B) in the bd-dependent
respiratory pathway in the presence (+) and absence (—) of the NADHG6 reaction.
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Figure 7. Flux variability analysis (FVA) results for key reactions in the bd oxidase pathway in the absence of
NADHS6.
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