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ABSTRACT 

 

 

Anaerobic microorganisms live in energy limited environments with low nutrient 

fluxes. Thus, selection has likely acted on these cells to innovate mechanisms that 

improve the efficiency of anaerobic energy metabolism. In 2008, the process of flavin-

based electron bifurcation (FBEB) was discovered and has since been shown to be a 

critical process that allows anaerobic cells to overcome thermodynamic barriers and to 

improve metabolic efficiency. FBEB enzymes catalyze the coupling of exergonic and 

endergonic oxidation–reduction reactions with the same electron donor to circumvent 

thermodynamic barriers and minimize free energy loss. To date, a total of 12 FBEB 

enzymes have been discovered that share common features that include the presence of 

protein-bound flavin, the proposed site of bifurcation, and the electron carrier ferredoxin. 

Due to its recent discovery, a comprehensive description of the natural history of 

bifurcating enzymes is lacking. In this thesis, we report the taxonomic and ecological 

distribution, functional diversity, and evolutionary history of bifurcating enzyme 

homologs in available complete genomes and environmental metagenomes. Moreover, 

we investigated the functional and ecological constraints that led to the emergence of 

FBEB enzymes. Bioinformatics analyses revealed that FBEB enzyme homologs were 

primarily detected in the genomes of anaerobes, including those of sulfate-reducers, 

acetogens, fermenters, and methanogens. Phylogenetic analyses of these enzyme 

homologs suggest that they were not a property of the Last Universal Common Ancestor 

of Archaea and Bacteria indicating that they are a more recent evolutionary innovation. 

Consistent with the role of these enzymes in the energy metabolism of anaerobes, FBEB 

homologs were enriched in metagenomes from subsurface environments relative to those 

from surface environments. In fact, the earliest evolving homologs of most bifurcating 

enzymes were detected in subsurface environments, including fluids from subsurface 

rock fractures and hydrothermal systems. Together, these data highlight the central role 

that FBEB played and continued to play in the energy metabolism of anaerobic microbial 

cells inhabiting subsurface environments. 



1 

 

CHAPTER ONE 

 

 

GENERAL INTRODUCTION 

 

 

Life requires energy and acquires it from environmental sources that include light 

(e.g., photosynthesis) and/or chemicals (e.g., chemosynthesis) and conserves it in the 

form of electrochemical gradients or chemical bonds (e.g. ATP) using one of several 

mechanisms. Organisms that use oxygen (i.e., aerobes) rely on distinct energy conserving 

mechanisms compared to the organisms that do not use oxygen (i.e., anaerobes) 

(Lipmann, 1941; Keltch et al, 1950; Mitchell, 1961). While aerobes inhabit highly 

oxidized and energy rich environments, anaerobes inhabit highly reduced and energy 

limited environments that include hydrothermal vents and the deep subsurface that likely 

exhibit characteristics of early Earth (Martin, 2012; Martin et al., 2017, Colman et al., 

2017). Hence, the energy metabolism of anaerobes has been extensively studied since 

mid-1900s (Thauer et al., 1977) to understand how life may have survived in low energy 

environments thought to be reminiscent of those present on early Earth. Of particular 

interest to studies of early life are autotrophic organisms that are dependent on hydrogen 

as an electron donor (e.g., methanogens, acetogens) and which are widely believed to 

have retained their primitive physiology (Martin, 2012; Martin et al., 2017). Interestingly, 

it was not known how these organism’s energy metabolisms fully worked until 2008 

when flavin-based electron bifurcation was discovered. Studies since then have shown 

that flavin-based electron bifurcation is a key process that methanogens, acetogens, and 

other anaerobic organisms rely on to carry out various anaerobic metabolisms.  



2 

 

Electron bifurcation (EB) couples exergonic (i.e. releasing energy (ΔG < 0)) and 

endergonic (i.e. requiring energy (ΔG > 0)) reactions such that thermodynamically 

unfavorable reactions can be driven by thermodynamically favorable reactions (Fig. 1) 

(Herrmann et al, 2008; Li et al, 2008). Typically, the thermodynamic barriers presented 

by endergonic reactions are overcome with hydrolysis of a high-energy bond such as the 

phosphoester in ATP. However, EB does not rely on hydrolysis of ATP or other high-

energy bond molecules (e.g., acetyl-CoA), but rather takes advantage of the reaction with 

significant negative free energy change (i.e., exergonic reaction) to drive the reaction 

with significant positive free energy change (i.e., endergonic reaction) thereby 

minimizing the energy loss in the form of heat. EB in association with other canonical 

energy conserving mechanisms [i.e., substrate level phosphorylation (SLP) and oxidative 

phosphorylation] has been found to generate more ATP compared to SLP or oxidative 

phosphorylation alone (Schuchmann and Müller, 2012; Schut and Adams, 2009).   

 

Fig. 1. Proposed mechanism of electron bifurcation from a single intermediate potential 

electron donor to two acceptors that have different redox potentials.  
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For example, glucose oxidation in T. maritima produces a total of three ATP along with a 

mixture of products (e.g., ethanol and acetate) when only SLP is operating (Schut and 

Adams, 2009). Likewise, in Pyrococcus furiosus, SLP and oxidative phosphorylation can 

generate 3.2 mol of ATP with only acetate as its product (Sapra et al, 2003). However, 

glucose oxidation to only acetate yields a net of four ATP when both SLP and EB are 

operational in T. maritima (Schut and Adams, 2009). The authors hypothesized that by-

products, such as CO2, that are produced during the reaction re-enter the acetyl-CoA 

cycle, thereby completely oxidizing the glucose to acetate and resulting in increased ATP 

production. The bifurcating enzyme ([FeFe]-hydrogenase in this case) present in the cell 

takes the electron or hydride from the reduced Fd (Fd-) and NADH, respectively, that is 

generated during the reaction to yield H2. This frees Fd and NAD+ as electron/hydride 

acceptors that allows the reaction to further continue and for the oxidation of the 

byproduct of glucose oxidation (i.e., acetyl-coA) to acetate which generates more ATP 

(Schut and Adams, 2009). 

 

Historical Perspectives on EB 

 

EB was first observed in the Q-cycle, which occurs in aerobic respiratory chains, 

where coenzyme Q: cytochrome c oxidoreductase (Complex III) catalyzes the EB 

reaction (Mitchell, 1975). This mechanism uses quinone to bifurcate electrons and hence 

is termed quinone-based EB. Quinone-based EB has only been observed in aerobes (Dick 

and Shock, 2011) and therefore it occurs at high potentials where all the cofactors 
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involved in electron transfer generally have more positive potentials ranging from -300 

mV to +300 mV (Zhang et al, 2008). 

In contrast, flavin-based EB mechanism uses either flavin adenine dinucleotide 

(FAD) or flavin mononucleotide (FMN) as the proposed site of bifurcation (Buckel and 

Thauer, 2013; Peters et al., 2016; Peters et al., 2018). This new mechanism is therefore 

called flavin-based electron bifurcation (FBEB). Besides using flavin as their bifurcating 

site, all the FBEB enzymes share several common characteristics: they are 

cytoplasmically located, typically contain several iron-sulfur (FeS) clusters predicted to 

play roles in electron transfer, and require at least two redox partners in addition to Fd 

(e.g. NADH or NADPH) (Wang et al, 2013b; Yan et al, 2017). Compared to quinone-

based EB, FBEB has primarily been identified in anaerobes and has been shown to occur 

at more negative potentials ranging from -300 mV to -800 mV [Fig. 2; (Peters et al, 

2016)]. This indicates that while quinone-based EB might be important to aerobes, FBEB 

appears to be crucial for anaerobes that live in a highly reduced environment.  

 To date, a total of twelve bifurcating enzymes have been discovered with roles in 

a variety of metabolic processes (Buckel and Thauer, 2013; Peters et al, 2016). These 

include hydrogen metabolism (e.g., [FeFe]-hydrogenase (Schuchmann and Müller, 2012; 

Schut and Adams, 2009) and [NiFe]-hydrogenase (Kaster et al, 2011)), carbon 

metabolism (e.g., butyryl-CoA dehydrogenase (Herrmann et al, 2008), lactate 

dehydrogenase (Weghoff et al, 2015)), and nitrogen fixation (e.g., Fix (Ledbetter et al, 

2017)). Homologs of these enzymes have been detected in both Archaea and Bacteria but 

have not been discovered in Eukarya. Among Archaea and Bacteria, the diversity of 
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bifurcating enzymes is not well understood. Likewise, the evolutionary history of these 

enzymes is unknown, despite the fundamental role that they have in the metabolisms of 

deeply rooted, anaerobic organisms. 

  

Proposed Mechanism of FBEB 

 

There exists solved crystal structures of four unique bifurcating enzymes: NADH-

dependent reduced ferredoxin:NADP+ (Nfn) from Thermotoga maritima (Demmer et. al., 

2015) and Pyrococcus furiosus (Lubner et. al., 2017), butyryl-coenzyme A 

dehydrogenase/electron transferring flavoprotein (Bcd-Etf) from Clostridium difficile 

(Demmer et. al., 2017), heterodisulfide reductase-linked [NiFe]-hydrogenase (Mvh) from 

Methanothermococcus thermolithotrophicus (Wagner et. al., 2017), and caffeyl-coA 

reductase (Car) from Acetobacterium woodii (Demmer et. al., 2018). These crystal 

structures permit a more holistic understanding of enzyme structure function 

relationships, as they pertain to the mechanism of FBEB. 

 

Biochemical analysis of Nfn 

Nfn is a dimeric enzyme that couples the oxidation of NADPH with the reduction 

of oxidized Fd (Fd+) and NAD+ (Demmer et al, 2015; Lubner et al, 2017). It comprises 

two subunits: a small subunit (Nfn-S), containing one flavin adenine dinucleotide (FAD) 

and one [2Fe-2S] cluster, and a large subunit (Nfn-L) that contains one FAD and two 

[4Fe-4S] clusters (Berry et al, 2017; Demmer et al, 2015; Lubner et al, 2017). Three 

isoforms of Nfn have been identified: NfnI, NfnII and NfnIII (Nguyen et al, 2017). Of the 

three isoforms, the crystal structures of only NfnI from Thermotoga maritima and 
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Pyrococcus furiosus have been solved (Demmer et al, 2015; Lubner et al, 2017). A 

recent structural study (Lubner et al, 2017) conducted on NfnI from P. furiosus showed 

that flavin (i.e., L-FAD in NfnI) is the bifurcation site (Lubner et al, 2017) and that 

electrons first travel in the thermodynamically favorable direction (i.e., along the 

exergonic arm) and then the thermodynamically unfavorable direction (i.e. along the 

endergonic arm). 

This study further provided new mechanistic insights into FBEB. Therein, it was 

shown that the doubly reduced L-FAD (i.e., HQ) from NADPH is oxidized twice. First, it 

is oxidized to reduce NAD+ (which is an exergonic reaction), creating an unstable flavin 

semiquinone (SQ) that can easily reduce low potential Fd+ (which is an endergonic 

reaction) with the help of FeS clusters present in both subunits. In other words, the 

thermodynamically favorable single electron oxidation of flavin hydroquinone (HQ) 

provides enough energy to reduce low potential Fd.  

This is in stark contrast to what we know of how flavin is reduced sequentially in 

other instances. Typically, flavin undergoes sequential electron reductions such that the 

flavin with two electrons is in its most reduced state (Deistung and Thorneley, 1986). For 

example, in Azotobacter chroococcum the redox potential of flavin when it is reduced by 

one electron is -110 mV (i.e., E0’
Ox/SQ = -110 mV), and when further reduced by a second 

electron it is -520 mV (E0’
SQ/HQ = -520 mV). Unlike in sequential reductions, the redox 

potentials of the flavins in bifurcating enzymes are crossed (i.e. E0’
SQ/HQ > E0’

Ox/SQ) (Fig. 

2). Therefore, it is much easier to reduce substrates with the second electron than the first 

electron. Hence, this mechanism allows for the generation of much more reduced species 
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such as Fd than is otherwise thermodynamically favorable. Interestingly, this same 

crossed potential can also be observed in quinone-based EB, albeit occurring in a much 

more positive redox potential range (Fig. 2). 

 

 

 

Fig. 2. Electron bifurcation schemes for quinone-based bifurcation in Rhodobacter 

capsulatus and flavin-based bifurcation of Nfn in Pyrococcus furiosus. Adapted from 

(Buckel and Thauer, 2018b).  
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Biochemical analysis with Bcd-Etf 

Bcd-Etf was the first bifurcating enzyme that was shown to carry out FBEB 

(Hermann et. al., 2008). Bcd-Etf belongs to a larger group of the electron transfer 

flavoprotein family (Etf), many of which do not have the capability to bifurcate electrons 

(Garcia Costas et al, 2017). Bcd-Etf couples the oxidation of NADH to the simultaneous 

reduction of Fd+ and crotonyl-CoA during heterotrophic growth (Chowdhury et al, 2014). 

Biochemical and structural analyses of the Bcd-Etf complexes in A. fermentans and 

Clostridium difficle revealed that this complex is comprised of three unique subunits: 

EtfA, EtfB, and Bcd (Chowdhury et al, 2014; Demmer et al, 2017). All three subunits 

contain one flavin adenine dinucleotide (FAD) binding site, and the FAD in EtfB is 

proposed to be the bifurcating site.  

A recent structural study of Bcd-Etf in Clostridium difficile revealed that the 

redox potentials of flavins undergoing double oxidation were indeed crossed, allowing 

the favorable transfer of a second electron to much more reduced species such as Fd+ 

(Demmer et al, 2017). It was further shown that the binding of its redox partners (i.e., 

NADH, Fd) is under allosteric regulation wherein each cause conformational changes 

upon binding. In fact, these structural changes allow the cofactors (i.e., FeS clusters) 

involved in electron transfer to come closer together, thereby allowing FBEB.  

Both of the studies conducted on Nfn and Etf-Bcd strongly suggest that crossed 

redox potentials could be one of the unique features of bifurcating enzymes. In addition, 

it appears that allosteric regulation might play an important role in coordinating the 

binding of the substrates and influencing their redox potentials, as reported for Nfn 
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(Berry et al, 2017). Therein, specific residues were identified that formed an allosteric 

communication pathway that coordinated the binding of the three substrates involved in 

FBEB. Interestingly, a recent theoretical study suggests that although crossed potentials 

offer obvious advantages in these reactions, they are not required to bifurcate electrons 

based on thermodynamic or kinetic considerations (Zhang et al, 2017). Therefore, 

crossed potentials may not be observed in all bifurcating reactions and not required for 

FBEB, requiring further studies to have a detailed understanding of how FBEB functions. 

Our understanding of FBEB has increased since its discovery in 2008, but the 

general mechanism that controls the branched electron pathway, the subunit architectures 

that control FBEB, and the key variations among the enzymes still remain vague. To 

generalize FBEB, we need a better understanding of the distribution of bifurcating 

enzymes taxonomically and ecologically so that we can identify the unique features that 

all such enzymes share. Understanding their taxonomic and ecological distribution will 

help to narrow down the unique niches of organisms capable of performing FBEB. That, 

in turn, will help us identity key environmental factors that promoted the emergence of 

FBEB enzymes. We can then also carry out comparative genomic analyses and structural 

comparisons at the level of proteins to identify key determinants that demarcate 

bifurcating enzymes from their non-bifurcating counterparts.  

In summary, FBEB is an important mechanism that allows anaerobic 

microorganisms to minimize energy loss thereby conserving energy in the form of 

reduced compounds (e.g., Fd). Furthermore, this appears to be an efficient mechanism to 

conserve more energy than in cells operating SLP alone. A detailed understanding of 
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bifurcating enzymes could help us understand more about the lifestyles of these 

fermentative organisms and could also shed light on the evolutionary origins of these 

enzymes. In addition, several of these enzymes can generate commercial products such as 

ethanol, methanol and H2 as a byproduct. Therefore, understanding the FBEB mechanism 

could lead to seminal advances in the engineering and control of electron transfer in 

anaerobic fermentative metabolism for the production of commercial products. 

 

Overarching Goals 

 

Enzymes that carry out FBEB were first discovered in an acetogen (e.g., 

Clostridium klyuveri (Li et al, 2008)). Since then, eleven more bifurcating enzymes have 

been identified (Buckel and Thauer, 2018a; Buckel and Thauer, 2018b). Except for one 

such enzyme (Fix, the electron transfer flavoprotein involved in nitrogen fixation), all of 

these were first described in strict to facultative anaerobes that primarily included sulfate 

reducers, methanogens and acetogens (Buckel and Thauer, 2018a; Buckel and Thauer, 

2018b). The presence of bifurcating enzymes in methanogens and acetogens, which are 

widely believed to retain primitive physiology, has led to the speculation that FBEB is 

perhaps an ancestral process and may even have evolved before the divergence of 

Archaea and Bacteria (Martin, 2012; Sousa et al, 2016; Sousa et al, 2018).  

Both methanogens and acetogens rely on the Wood-Ljungdahl pathway, which is 

the only exergonic pathway to fix carbon-dioxide (CO2) (Nelson, 2008). The very first 

step of this pathway involves oxidation of hydrogen (H2) to reduce Fd+. Interestingly, 

under standard state conditions, Fd has much more negative potential than H2, and 
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therefore the reduction of Fd+ using H2 is not thermodynamically feasible (Nelson, 2008; 

Thauer et al, 2008). The mechanism that allows autotrophs to reduce Fd+ using H2 

remained a mystery until FBEB was discovered. Therefore, the hypothesis that 

bifurcating enzymes must be present in the LUCA (Last Common Universal Ancestor) of 

Archaea and Bacteria has been put forward. Although it is an attractive hypothesis, there 

exists no evidence that FBEB is an ancestral process or that bifurcating enzymes were 

present in the LUCA. A recent, in-vitro study showed that native transition metals (e.g. 

iron, nickel, and cobalt) have the capability to reduce CO2 to acetate and pyruvate 

without the help of enzymes (Varma et al, 2018), suggesting that bifurcating enzymes 

and, in fact, biological mechanisms in general were not required to carry out CO2 fixation 

on early Earth. This would indicate that FBEB need not be an ancestral process. This 

raises the question of why bifurcating enzymes evolved in the first place if not for CO2 

fixation and why more of them have not been found in aerobes.  

To address the above questions, we generated the following hypotheses: 

1) FBEB is not an ancestral process, and therefore bifurcating enzymes were not 

present in the LUCA of Archaea and Bacteria. 

2) FBEB likely evolved to balance the Fd/nucleotide pool to improve the 

efficiency of energy metabolism, which is more crucial for strict anaerobes 

than for aerobes. 

3) Aerobes might encode bifurcating enzymes only if they need to reduce Fd+ to 

carry out anaerobic processes such as nitrogen fixation. 



12 

 

To test these hypotheses and to contribute to the understanding of FBEB, we 

integrated bioinformatics analyses with available biochemical and biogeochemical data. 

In Chapter 2, we focus on the distribution and evolution of bifurcating enzymes which 

will address the first two hypotheses. To assess the distribution and study the evolution of 

bifurcating enzymes, we leveraged available microbial genomic data in public databases 

such as NCBI (National Center for Biotechnology Information) for collecting available 

complete genomes and IMG (Integrated Microbial Genomes System) for extracting 

available environmental metagenomes. This chapter will cover the techniques used to 

identify the homologs of bifurcating enzymes in available complete genomes and 

metagenomes to assess their taxonomic and ecological distribution. In addition, 

phylogenetic analyses were conducted using the homologs identified in complete 

genomes to study the evolution of all known bifurcating enzymes and predict their 

taxonomic origin. Finally, phylogenetic analyses were conducted using the homologs 

identified in metagenomes to predict the environment types that likely promoted the 

emergence of FBEB enzymes. Besides documenting the distribution of bifurcating 

enzymes in complete genomes and in the environment, this study will shed light on 

whether FBEB is an ancestral process and whether any of these enzymes were present in 

LUCA of Archaea and Bacteria. 

In Chapters 3 and 4, we investigate the functional role of bifurcating enzymes in 

aerobes to test my hypothesis 3. The only bifurcating enzyme found in aerobes is Fix, 

shown to be involved in nitrogen fixation which, interestingly, is an anaerobic process 

that has diversified into aerobes (Boyd et al, 2011a; Boyd et al, 2011b; Boyd and Peters, 
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2013; Boyd et al, 2015). Fix belongs to a large family of electron transfer flavoproteins 

(Etfs) that have been shown to be involved in diverse metabolisms including lipid and 

amino acid metabolism (Crane and Beinert, 1956). This family has been shown to form 

complexes with at least nine different acyl-CoA dehydrogenases, suggesting a versatile 

role in diverse metabolic reactions (Ghisla and Thorpe, 2004). Besides Fix, there exist 

three other Etf complexes shown to bifurcate electrons: butyryl-CoA dehydrogenase-Etf 

(Chowdhury et al, 2014), lactate dehydrogenase-Etf (Weghoff et al, 2015), and caffeyl-

CoA reductase-Etf (Bertsch et al, 2013). Therefore, we identified all the organisms that 

encode Etf and focused primarily on Fix (as they are primarily found in aerobes) to 

understand their functional role. Since there are bifurcating and non-bifurcating Etfs, we 

also identified key determinants differentiating bifurcating Etfs. In chapter 3, we 

analyzed phylogenetic and structural variations among Etf homologs identified in 

complete genomes to discern the functional variation among Etfs and identify key 

sequence motifs that demarcate bifurcating from non-bifurcating Etfs. In Chapter 4, we 

identified all the organisms that can fix nitrogen (diazotrophs) and dissected their 

nitrogen fixation pathways to identify key enzymes and electron carriers involved in 

nitrogen fixation pathway. This chapter documents all the diazotrophs that encode a Fix 

complex and highlights their functional role in nitrogen fixation. Importantly, this chapter 

also sheds new light onto why the bifurcating Fix complex is required by these organisms 

to fix atmospheric nitrogen. 

Chapter 5 summarizes all the findings discussed in Chapters 2, 3 and 4. In this 

section, major points found in each of the chapter will be discussed and they will be 
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connected to our overall theme to discuss whether FBEB is a property of LUCA and why 

the process of FBEB evolved. I will also talk about potential implications of this work for 

both academia and industry purposes. Furthermore, I will also include future directions 

that can further enhance our understanding of FBEB.  
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ABSTRACT  

Twelve evolutionarily unrelated oxidoreductases form enzyme complexes that 

catalyze the simultaneous coupling of exergonic and endergonic oxidation–reduction 

reactions to circumvent thermodynamic barriers and minimize free energy loss in a 

process known as flavin-based electron bifurcation. Common to these twelve bifurcating 

(Bf) enzymes are protein-bound flavin, the proposed site of bifurcation, and the electron 

carrier ferredoxin. Despite the documented role of Bf enzymes in balancing the redox 

state of intracellular electron carriers and in improving the efficiency of cellular 

metabolism, a comprehensive description of the diversity and evolutionary history of Bf 

enzymes is lacking. Here, we report the taxonomic distribution, functional diversity, and 

evolutionary history of Bf enzyme homologs in 4,588 archaeal, bacterial, and eukaryal 

genomes and 3,136 community metagenomes. Bf homologs were primarily detected in 

the genomes of anaerobes, including those of sulfate-reducers, acetogens, fermenters, and 

methanogens. Phylogenetic analyses of Bf enzyme catalytic subunits (oxidoreductases) 

suggest they were not a property of the Last Universal Common Ancestor of Archaea and 

Bacteria, which is consistent with the limited and unique taxonomic distributions of 

enzyme homologs among genomes. Further, phylogenetic analyses of oxidoreductase 

subunits reveal that non-Bf homologs predate Bf homologs. These observations indicate 

that multiple independent recruitments of flavoproteins to existing oxidoreductases 

enabled coupling of numerous new electron Bf reactions. Consistent with the role of 

these enzymes in the energy metabolism of anaerobes, homologs of Bf enzymes were 

enriched in metagenomes from subsurface environments relative to those from surface 
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environments. Phylogenetic analyses of homologs from metagenomes reveal that the 

earliest evolving homologs of most Bf enzymes are from subsurface environments, 

including fluids from subsurface rock fractures and hydrothermal systems. Collectively, 

these data suggest strong selective pressures drove the emergence of Bf enzyme 

complexes via recruitment of flavoproteins that allowed for an increase in the efficiency 

of cellular metabolism and improvement in energy capture in anaerobes inhabiting a 

variety of subsurface anoxic habitats where the energy yield of oxidation-reduction 

reactions is generally low 
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INTRODUCTION 

Flavin-based electron bifurcation (FBEB) involves the simultaneous reduction of 

two electron acceptors using a single electron donor in an enzyme complex, whereby a 

thermodynamically favorable exergonic reaction drives a thermodynamically unfavorable 

endergonic reaction (Buckel and Thauer, 2013; Peters et al., 2016). A total of twelve 

enzymes have been shown to catalyze FBEB to date (Table 1) and each of these 

comprise multiple protein subunits that form a complex (Figs. 1 & 2). A common theme 

among bifurcating (Bf) enzymes is the involvement of ferredoxin (Fd) as a substrate as 

well as coordination of at least one flavin, the proposed site of bifurcation (Buckel and 

Thauer, 2013; Peters et al., 2016). Studies conducted on NAD(H)-dependent reduced 

Fd:NADP(H) oxidoreductase (Nfn), a protein complex that catalyzes the simultaneous 

endergonic reduction of oxidized Fd (Fd+) and exergonic reduction of NAD+ via 

oxidation of NADPH (Wang et al., 2010), reveals that the fully reduced flavin 

(hydroquinone) undergoes one electron oxidation by NAD+ to generate an unstable flavin 

anionic semiquinone that is then further oxidized by one electron by Fd+ (Lubner et al., 

2017). Thus, an exergonic electron transfer from the flavin hydroquinone to NAD+ 'pays 

for' the endergonic reduction of Fd+ via the unstable semiquinone intermediate. In this 

way, Bf Nfn functions to reversibly reduce Fd+ that can then be used to drive low 

potential electron transfer reactions. Nfn also functions to balance the ratio of oxidized to 

reduced NAD(H) and NADP(H) and is thus a key regulator modulating the favorability 

of catabolic and anabolic reactions (Wang et al., 2010; Demmer et al., 2015; Lubner et 

al., 2017). 
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In addition to allowing for the reduction of the low potential electron carrier Fd+ and 

balancing the redox state of the pyridine nucleotide pool, FBEB has been suggested to 

improve the efficiency of cellular metabolism by allowing for more complete capture of 

energy released during substrate oxidation (Herrmann et al., 2008; Buckel and Thauer, 

2013). This phenomenon appears to be particularly relevant for anaerobes that inhabit 

highly reduced environments where metabolic intermediates often accumulate due to 

difficulty in regenerating endogenous oxidants (i.e., Fd+ or NAD+) for those compounds. 

For example, glucose fermentation in Clostridium pasteurianum generates 3.0 mol ATP 

per glucose when non-Bf butyryl-CoA dehydrogenase (Bcd) is involved whereas 3.3 mol 

ATP per glucose is generated when Bf Bcd is involved, an increase of ~ 11% 

(Jungermann et al., 1973; Herrmann et al., 2008; Buckel and Thauer, 2013). During 

oxidation of 1.5 mol of glucose in the Embden-Meyerhof-Parnas pathway, a total of three 

NADH and three reduced Fd (Fd-) are generated. All three Fd- are shuttled toward 

hydrogen (H2) generation, while all three NADH are used to produce butyryl-CoA when 

non-Bf Bcd is involved. However, when Bf Bcd is involved, one NADH is used to reduce 

Fd+ that eventually yields an additional H2, one NADH is used to reduce two acetyl-CoA 

to crotonyl-CoA, and the other NADH is used to further reduce crotonyl-CoA to butyryl-

CoA, which generates additional ATP. The reader is referred to several recent reviews 

(Herrmann et al., 2008; Buckel and Thauer, 2013; Peters et al., 2016; Buckel and Thauer, 

2018b; Müller et al., 2018; Peters et al., 2018) for additional discussion and examples of 

enhanced energy capture in the presence of Bf systems.   
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Despite the multiple, yet interrelated, roles of FBEB in the energy metabolism of 

anaerobes, little is known of the taxonomic distribution and functional diversity of Bf 

enzymes among cultivars or in the natural environment. Moreover, despite suggestions 

that FBEB was integrated into the metabolism of primitive lifeforms on early Earth 

(Martin, 2012; Nitschke and Russell, 2012; Martin et al., 2017; Baymann et al., 2018; 

Sousa et al., 2018) little is known of the evolutionary history of these enzymes or of the 

characteristics of environments that might have led to their evolutionary origin(s). In the 

present study, we hypothesized that Bf enzymes would be enriched in the genomes of 

anaerobes relative to aerobes and in communities that inhabit subsurface environments 

that tend to be reduced relative to those that inhabit surface environments that tend to be 

oxidized (Colman et al., 2017). Moreover, we hypothesized that Bf enzymes first evolved 

in anaerobes that inhabit subsurface environments. Finally, given that Bf enzymes are 

multi-subunit complexes [as summarized in (Buckel and Thauer, 2013; Peters et al., 

2016; Buckel and Thauer, 2018b)] and often exhibit limited taxonomic distributions 

(Poudel et al., 2016; Berry et al., 2017; Garcia Costas et al., 2017; Nguyen et al., 2017), 

we hypothesized that Bf enzyme complexes emerged after the divergence of Archaea and 

Bacteria from the Last Universal Common Ancestor (LUCA). To address these 

interrelated hypotheses, we used bioinformatics techniques informed by biochemical data 

to identify homologs of the twelve known and biochemically characterized Bf enzyme 

complexes in 4,588 complete genome sequences. The distribution, diversity and 

evolutionary history of Bf enzyme homologs were analyzed in the context of the 

physiology of host organisms based on prior characterizations. Phylogenetic analyses 
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were conducted on each of the twelve Bf enzyme homolog datasets to identify microbial 

lineages that host the earliest evolving enzyme systems. To better define the 

characteristics of environments that select for microbial cells with electron Bf capability, 

and that may have precipitated their emergence, we also characterized the distribution 

and diversity of homologs of the twelve biochemically characterized Bf enzyme 

complexes in 3,136 available community metagenomes from a range of environments 

and cross-referenced this information with available metadata for these environments. 

Phylogenetic reconstructions were then performed to identify characteristics of 

environments that host early evolving homologs of Bf enzymes. Results are discussed in 

the context of the physiological and geochemical settings that enabled the multiple 

independent and recent origins of FBEB enzymes in biological systems and the role of 

environmental variation in driving the diversification of these enzymes.  

 

MATERIALS AND METHODS 

Generation of a genomic and metagenomic sequence database. All complete 

genomes (n=4,588) available in the National Center for Biotechnology Information 

(NCBI) database as of March 2016 were compiled. This compiled database included 

complete genomes of Archaea (n=230), Bacteria (n=4,343), and Eukarya (n=15). In 

addition, the protein sequences encoded in each of the environmental metagenomes (n = 

3,136) in the Department of Energy’s Integrated Microbial Genomes and Microbiomes 

(DOE-IMG) (Markowitz et al., 2011) as of April, 2017 were compiled. The DOE-IMG 

database was selected since it includes standardized metadata for metagenomes that are 

not always included in submissions to other databases such as NCBI or MG-RAST. 
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Identification and compilation of electron Bf enzyme homologs in genomes 

and metagenomic datasets. Overview of approach. The minimum number of subunits 

that comprise a Bf enzyme complex (Table 1) was identified based on literature surveys 

and empirical bioinformatics analyses, as described below for each Bf system. 

Representative sequences of each subunit were used as bait sequences to extract all the 

homologs of each subunit for each enzyme complex from the complete genome database 

(described above) using the phmmer program via the HMMER (ver. 3) software package 

(Eddy, 2015). Compiled homologs of each subunit for each enzyme complex were 

aligned with Clustal Omega (Sievers et al., 2011) and were further filtered to remove 

homologs that did not exhibit conservation in key active site motifs if they have been 

defined, as described for each enzyme system below. As a further screen, we then 

examined the protein encoding genes that flank the gene coding for the catalytic subunit 

for each homolog for the presence of the minimum subunits required to constitute a Bf 

complex and removed those candidate Bf homologs that did not meet our specified 

criteria. These steps are similar to the approaches that were taken to demarcate homologs 

of Bf [FeFe]-hydrogenase (Poudel et al., 2016), Bf transhydrogenase (Berry et al., 2017; 

Nguyen et al., 2017), and Bf electron transfer flavoproteins (Garcia Costas et al., 2017) 

from non-Bf paralogs. Using this information, a specific e-value was empirically 

determined to demarcate Bf homologs from their closest paralogs in metagenomic 

datasets (Table 1). Importantly, since assembled genomes from natural environments are 

often incomplete (only partial genomes or contigs are available), and since our criteria 

required the presence of genes encoding the minimum complement of proteins that 
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constitute a given Bf enzyme complex to be present for it to be counted as a homolog, the 

distribution of Bf enzyme homologs reported here for metagenomic sequences is likely to 

be a conservative estimate of their actual abundance. 

For each Bf enzyme homolog, companion subunits for the catalytic subunit were 

identified in flanking gene regions based on the expected gene distributions from 

empirical analyses (see below for descriptions for each Bf enzyme as well as Table 1). A 

custom python script was used to assess the presence of companion subunits in each case, 

and the number of open reading frames that were surveyed for companion subunits are 

provided for each catalytic subunit in Table 1. If the genes encoding subunits necessary 

for bifurcation capacity were identified within these open reading frames, the enzyme 

homolog was considered as a putative Bf enzyme, whereas putative non-Bf enzyme 

homologs were identified by the absence of the specified subunits in the flanking gene 

regions. We also screened metagenomes for homologs of genes coding for putative Bf 

enzymes using the same approaches outlined briefly above and as described for each 

system below in more detail.  

 

[FeFe]-hydrogenase. Our previous bioinformatics work classified putative Bf 

[FeFe]-hydrogenases (Hyd) as multimeric (Fig. 1A) and non-Bf [FeFe]-hydrogenases as 

monomeric or dimeric (Poudel et al., 2016). Putatively Bf trimeric Hyd complexes, first 

identified in Thermotoga maritima, include the catalytic subunit HydA, HydB that 

contains a flavin binding site, and HydC that contains ligands for iron-sulfur (FeS) 

cluster(s) (Fig. 2A) (Schut and Adams, 2009; Schuchmann and Muller, 2012). In addition 

to HydABC, tetrameric Hyd complexes comprise HydD that includes numerous 
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conserved cysteine residues that are putatively involved in coordinating FeS cluster(s) 

(Poudel et al., 2016). Therefore, the minimum gene complement that encodes for a 

putative Bf Hyd is hydABC (minimum among both trimeric and tetrameric forms) and 

these genes tend to be co-localized in genomes (Poudel et al., 2016). Because HydA often 

includes N- and C-terminal domains with homology to various proteins and FeS cluster 

binding domains such as is the case for HydA from T. maritima (AAD36496, Table 1), 

we first screened our databases using HydA from Chlamydomonas reinhardtii 

(AAL23572) as a query since it does not encode N- and C-terminal FeS cluster binding 

motifs (Mulder et al., 2010). Extracted HydA homologs (Bf and non-Bf) were then 

aligned with Clustal Omega (Sievers et al., 2011) and were further filtered to remove 

homologs that did not exhibit conservation in key active site L1, L2, and L3 motifs, as we 

and others have previously described (Meyer, 2007; Poudel et al., 2016). 

 

[NiFe]-hydrogenase. Previous bioinformatics analyses have classified [NiFe]-

hydrogenase into four phylogenetically and functionally coherent groups, with the “c” 

subgroup of group 3 (group 3c or Mvh) harboring homologs of Bf enzymes (Vignais et 

al., 2001; Boyd et al., 2014; Greening et al., 2016). Mvh comprise MvhA (the catalytic 

subunit where H2 oxidation occurs), MvhG, and MvhD; both MvhG and MvhD harbor 

FeS cluster binding motifs (Peters et al., 2015; Greening et al., 2016). Mvh associates 

with heterodisulfide reductase (Hdr) forming a hexameric complex. This complex 

includes HdrA where the proposed Bf flavin is coordinated, and HdrB and HdrC, both of 

which have FeS cluster binding motifs (Figs. 1B and 2B) (Kaster et al., 2011; Buckel and 

Thauer, 2013). Therefore, the minimum number of subunits required for a Bf Mvh 
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includes MvhADG and HdrABC. All homologs of the large subunit of [NiFe]-

hydrogenase were compiled (see Table 1), aligned and screened for distal and vicinal 

cysteine pairs that delineate [NiFe]-hydrogenase from paralogs such as MbxL, FuoD, and 

NuoD (Schut et al., 2015). MvhA harbors L1 (ICGxCxxxH) and L2 (AYDPCccCATH) 

sequence motifs that delineate it from other non-Bf [NiFe]-hydrogenase large subunit 

groups (i.e., groups 1, 2, 3a, 3b, 3d, and 4) (Vignais et al., 2001; Greening et al., 2016). 

Therefore, the extracted MvhA homologs were further filtered to only include sequences 

that contained those motifs.  

The HdrABC proteins that form a complex with MvhAGD are often not co-

localized with MvhAGD [as is the case for Methanothermobacter marburgensis where 

Mvh-Hdr was first described (Kaster et al., 2011)]. Therefore, we relaxed our script to 

allow for genes that encode for HdrABC to be located anywhere in genomes that also 

encode MvhAGD. However, this approach cannot be used to scan for the subunits of 

HdrABC in metagenomes since the possibility exists that these genes could be from a 

different genome than homologs of MvhAGD. To identify the Mvh homologs in 

metagenomes we only screened for MvhAGD subunits, since, to date they have only 

been shown to associate with HdrABC and are co-localized (Kaster et al., 2011; Greening 

et al., 2016). Thus, if MvhAGD was identified, we assumed that HdrABC were also 

likely to be encoded in the same genome in our metagenomic screens.  

 

Heterodisulfide-linked formate dehydrogenase (Fdh). Formate dehydrogenase 

typically functions as a monomeric unit (Ferry, 1990) but can associate with Hdr (i.e., 

HdrABC) to form a Bf Fdh complex. This enzyme complex was first identified in 
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Methanococcus maripaludis [Fig. 1C; (Costa et al., 2010; Costa et al., 2013)]. In fact, 

formate dehydrogenase was shown to associate with the same protein domain in MvhD 

that MvhAG associates with during the Mvh-Hdr bifurcation reaction (Costa et al., 2013). 

Hence, the MvhAG complex has been suggested to compete with formate dehydrogenase 

for MvhD (Costa et al., 2010; Costa et al., 2013). The Bf Fdh complex comprises two 

subunits, FdhA and FdhB, in addition to HdrABC subunits. FdhA exhibits a unique 

cysteine signature (i.e., CxxCxxCx26C ) that distinguishes it from its paralog FdhF2; 

FdhF2 is involved in another Bf complex that is described below (Wang et al., 2013b). 

Therefore, FdhA sequences were aligned, and only sequences that contained the specified 

cysteine motifs were retained for downstream analysis. A similar approach to that 

described above for Mvh was taken to identify homologs of Fdh in metagenomes. Since 

genes encoding for HdrABC are often not co-localized with those coding for FdhAB, we 

assumed that if FdhAB were detected that HdrABC were also likely to be encoded in that 

same genome in our metagenomic screens. 

 

NADP(H)-dependent formate dehydrogenase (Hyt). The NADP(H)-dependent 

formate dehydrogenase (Hyt) complex, first identified in Clostridium autoethanogenum, 

comprises seven subunits (Fig. 1D) that include FdhA that contains a conserved [4Fe-4S] 

binding motif and HytA that is the catalytic site for H2 oxidation (Wang et al., 2013a). In 

addition, the Hyt complex includes HytB, which is thought to coordinate a flavin, as well 

as HytC, HytD, HytE1, and HytE2, all of which comprise FeS cluster binding motifs 

(Fig. 2D). HytA is homologous to HydA and contains key active site motifs that are 

largely the same as those in HydA, including the L1 (TSCCPxW), L2 (MPCxxKxxE), 
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and L3 (ExMACxxGCxxGGGxP) motifs. Likewise, HytB and HytC are homologous to 

HydB and HydC, respectively. Homologs of HytA were aligned and were screened for 

the L1, L2, and L3 motifs, as defined above; those sequences that did not contain these 

motifs were discarded. HytE1, HytE2 and HytABCD are co-localized in the genome 

(Supp. Table 2), whereas FdhA tends to be located within four genes upstream of HylA 

(data not shown). These criteria were used to identify Bf Hyt in genomes and 

metagenomes (Table 1).  

 

NAD(H)-dependent reduced ferredoxin:NADP oxidoreductase (Nfn). Nfn, 

which was first identified in Clostridium klyuveri comprises two subunits: the small 

subunit (NfnS) that contains one FAD and one [2Fe-2S] cluster and the large subunit 

(NfnL) that contains one FAD and two [4Fe-4S] clusters (Figs. 1E and 2E) (Wang et al., 

2010; Demmer et al., 2015; Berry et al., 2017; Lubner et al., 2017; Nguyen et al., 2017). 

Several classes of Nfn (NfnI, NfnII or Xfn and NfnIII) have been identified (Nguyen et 

al., 2017). NfnI has been shown to bifurcate electrons (Wang et al., 2010; Demmer et al., 

2015; Berry et al., 2017; Lubner et al., 2017; Nguyen et al., 2017). NfnII retains a 

structure and cofactor composition like NfnI and thus has been proposed to bifurcate, 

although the high potential electron acceptor is likely to be different than NAD+ (Nguyen 

et al., 2017). While there exists no structural studies on NfnIII, multiple sequence 

comparison of NfnIII with NfnI and NfnII revealed conserved motifs that potentially 

ligate the bifurcating flavin suggesting that NfnIII may also bifurcate (Nguyen et al., 

2017). For these reasons, we treated all identified Nfn homologs as Bf. Extracted NfnS 

and NfnL sequences were aligned individually and then screened for the presence of 
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conserved motifs, as identified previously (Demmer et al., 2015), in order to further 

delineate putative Bf NfnSL homologs. 

 

Electron transfer flavoprotein involved in nitrogen fixation (Fix). There are 

several classes of electron transfer flavoproteins, including those that bifurcate and those 

that do not, as discussed previously (Garcia Costas et al., 2017). Non-Bf Etf comprise 

two subunits, EtfA and EtfB, while all known Bf Etf that are involved in nitrogen fixation 

(i.e., Fix), comprise four subunits: FixA (EtfB), FixB (EtfA), FixC, and FixX (Fig. 1F) 

(Edgren and Nordlund, 2004; Garcia Costas et al., 2017; Ledbetter et al., 2017). Fix from 

Azotobacter vinelandii was the first enzyme shown to bifurcate electrons (Ledbetter et al., 

2017). FixA, FixB, and FixC all contain flavin binding domains, but FixA is the proposed 

site of bifurcation (Ledbetter et al., 2017). FixX contains two [4Fe-4S] cluster binding 

motifs (Fig. 2F).  

 

Butyryl-CoA dehydrogenase/electron transfer flavoprotein (Bf-Bcd). Butyryl-

CoA dehydrogenase (Bcd) is typically involved in fatty-acid metabolism (Djordjevic et 

al., 1995) and has not been shown to bifurcate electrons. However, Bcd is 

homotetrameric and can associate with EtfAB and form a Bf complex, first identified in 

C. kluyveri [termed Bf-Bcd; (Herrmann et al., 2008)]. A crystal structure of Bf-Bcd 

revealed that it indeed is in complex with EtfA and EftB (Li et al., 2008; Demmer et al., 

2017). All three subunits of this complex contain flavin binding motifs, while the flavin 

in EtfB has been proposed to be the Bf site (Figs. 1G and 2G).  
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Caffeyl-CoA reductase/electron transfer flavoprotein (Car). To our knowledge, 

caffeyl-CoA reductase (CarC) has not yet been reported to function on its own (see 

caveat below). Rather, characterized enzymes form a complex that consists of three 

subunits: CarC, EtfA (CarD), and EtfB (CarE). This complex was first identified in 

Acetobacterium woodii (Bertsch et al., 2013). All three subunits contain flavin binding 

domains and CarE potentially harbors the Bf flavin (Figs. 1H and 2H). In addition to 

containing a flavin binding domain, CarD also contains two [4Fe-4S] cluster binding 

motifs (Fig. 2H).  

 

NAD(H) dependent formate dehydrogenase (Hyl). The NAD(H)-dependent 

formate dehydrogenase (Hyl) complex is tetrameric and was first identified in 

Clostridium acidurici (Fig. 1I) (Wang et al., 2013b). The tetrameric complex includes 

HylA, HylB, HylC, and FdhF2 (i.e., a formate dehydrogenase). All of the subunits 

contain FeS cluster binding motifs (Fig. 2I). In addition to putatively binding FeS 

clusters, HylB also contains a flavin binding motif (Fig. 2I). HylA is homologous to 

HydA but lacks conservation in the three aforementioned active site motifs, L1, L2, and 

L3 (Wang et al., 2013b). Extracted HylA homologs were aligned and demarcated from 

HydA and HytA homologs by screening for the absence of conserved L1, L2, and L3 

signature motifs.  

 

Lactate dehydrogenase/electron transfer flavoprotein (Bf-Ldh). Lactate 

dehydrogenase (Ldh) is involved in the reduction of pyruvate to lactate (Garvie, 1980). 

Ldh can associate with EtfAB and form a trimeric Bf complex [termed Bf-Ldh; Fig. 1J; 
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(Weghoff et al., 2015)]. Bf-Ldh was first identified in A. woodii and Ldh and EtfAB 

contain flavin binding motifs (Fig. 2J) (Weghoff et al., 2015). In addition to flavin 

binding motifs, EtfA also encodes a [4Fe-4S] cluster binding motif, and EtfB potentially 

houses the Bf flavin. Previous studies have found that Ldh and EtfAB tend to be co-

localized in genomes (Weghoff et al., 2015), which guided our flanking gene analyses 

(Table 1).  

 

F420H2-dependent heterodisulfide reductase (Hdr2). HdrABC are components of 

Bf Fdh and Mvh complexes. A functionally distinct paralog of HdrABC was discovered 

in Methanosarcina acetivorans (Buan and Metcalf, 2010) that was recently shown to 

function alone by coupling the oxidation of coenzyme F420H2 with the reduction of Fd+ 

and heterodisulfide from coenzyme M (CoM) and coenzyme B (CoB) (termed Hdr2) 

[Figs. 1K and 2K, (Yan et al., 2017)]. Like the Hdr complex identified in the Fdh and 

Mvh complexes, Hdr2 is comprised of three subunits that include the large Bf subunit 

Hdr2A that contains motifs to bind FAD, four [4Fe-4S] clusters, and one [2Fe-2S] 

cluster. Hdr2B and Hdr2C contain motifs for coordinating one [4Fe-4S] and two [4Fe-

4S] clusters, respectively (Fig. 2K). Like HdrABC, the catalytic subunit of Hdr2A is not 

co-localized [as is the case for M. acetovorans (Yan et al., 2017)]. Furthermore, multiple 

copies of HdrA have previously been shown to exist in a single genome (Buan and 

Metcalf, 2010; Yan et al., 2017). Therefore, we classified HdrABC as Hdr2ABC only if 

the genome contained extra copies of HdrBC that were unaccounted for after considering 

the presence of other complexes that HdrABC forms associations with (i.e., Mvh, Fdh 

and Met). Metagenomes typically comprise multiple organisms which makes it difficult 
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to assess whether the Hdr2A is from the same genome as the Hdr2BC subunits and 

whether an identified Hdr complex functions alone or in complex with Mvh, Fdh, or Met. 

For these reasons, we did not assess the distribution of Hdr2 in metagenomes.   

 

Methylene-H4F reductase/ heterodisulfide reductase (Met). Methylene-

tetrahydrofolate (H4F) reductase, in its simplest form (i.e., as a single subunit), catalyzes 

the reduction of methylene-H4F with reducing power from NADH (Guenther et al., 

1999). It can also couple with other subunits that include MetV or Rnf where it then 

functions in a variety of anabolic and catabolic reactions (Bertsch et al., 2015). 

Furthermore, it has been shown to interact with HdrABC to form a Bf complex (termed 

Met), first identified in Moorella thermoacetica (Mock et al., 2014). In addition to 

HdrABC, the Bf Met complex comprises the three subunits, MetF, MetV, and MvhD 

(Fig. 1L). MetF contains a flavin binding site whereas MetV and MvhD encode motifs 

predicted to ligate a [4Fe-4S] cluster and a [2Fe-2S] cluster, respectively (Fig. 2L) 

(Bertsch et al., 2015). Importantly, MetF that forms a Bf complex contains a motif 

involved in flavin binding that is different from that found in MetF from E. coli which 

does not form a Bf complex (Bertsch et al., 2015). Hence, MetF homologs were aligned 

and only sequences that encoded the specified conserved residues as described in 

(Bertsch et al., 2015) were retained for downstream analysis. A similar approach to that 

described above for Mvh and Fdh was used to identify homologs of Met in metagenomes. 

MetFVD are co-localized but are not co-localized with HdrABC. Since genes encoding 

for HdrABC are often not co-localized with those coding for MetFVD, we assumed that 
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if MetFVD were detected that HdrABC were also likely to be encoded in that same 

genome in our metagenomic screens. 

  

Statistical Analysis. A binary table was created to represent the presence or 

absence of specified Bf enzymes in each genome and metagenome. The binary table was 

used as input to generate an abundance plot and was also subjected to co-occurrence 

analysis using the co-occur package in R (Griffith et al., 2016).  

 

Phylogenetic analysis. All 16S ribosomal RNA (rRNA) genes from genomes that 

encoded at least one homolog of a Bf enzyme were compiled via BLASTn. The extracted 

sequences were subjected to multiple sequence alignment using the SILVA rRNA gene 

database (Quast et al., 2013) as an alignment reference and the mothur program (version. 

1.39.5) (Schloss et al., 2009). The aligned sequences were filtered to remove all gaps and 

incomplete 16S rRNA gene sequences as previously described (Lindsay et al., 2017). The 

filtered 16S rRNA gene sequence alignment block was used to generate a phylogenetic 

tree with RAxML (version 7.3.0) (Stamatakis, 2014) specifying the LG substitution 

matrix and the GTRGAMMA option to cluster the sequences into unique groups. FigTree 

(version 1.4.2) (Bogaardt, 2014) was used to visualize the tree. 

To further define the potential taxonomic origin of the twelve Bf enzyme 

complexes among extant organisms with available genome sequences, and to identify 

environment types that harbor organisms with the most deeply rooted homologs of each 

of the twelve Bf complexes, we also subjected our curated database of oxidoreductase 

catalytic subunit homologs (i.e., HydA, HytA, MvhA, FdhA, FdhF2, NfnSL, FixAB, 
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Bcd, CarC, HylA, Ldh, and MetF) from complete genomes and metagenomes to 

phylogenetic analysis. We did not conduct phylogenetic analysis of the catalytic subunit 

of Hdr homologs (i.e., HdrA and Hdr2A) identified in metagenomes because of difficulty 

in identifying whether the subunits of Hdr2 (i.e., HdrABC) are from the same genome or 

not or if they function alone or in association with Met, Mvh, or Fdh, as described above. 

Likewise, while phylogenetic analyses were conducted on HdrA, we did not assign 

homologs as Met, Fdh, Mvh, or Hdr2 since it is not possible to link these functions based 

on genome context. Briefly, paralogs (described below) of each of the aforementioned 

catalytic subunits were identified and the curated putative Bf homologs were aligned 

using Clustal Omega (Sievers et al., 2011). The aligned sequences were then subjected to 

phylogenetic reconstruction using RAxML specifying the LG substitution matrix and the 

PROTGAMMA option to empirically cluster the sequences into unique groups. Itol was 

used to visualize the trees (Letunic and Bork, 2016). 

 Paralogs of the catalytic subunits for each Bf enzyme complex have already been 

identified in previous studies for many of the enzymes and these served as outgroups in 

phylogenetic reconstructions. These include the eukaryotic Nar-like protein that lacks the 

conserved L1, L2, and L3 motifs present in HydA/HytA (Meyer, 2007; Wang et al., 

2010), non-Bf [NiFe]-hydrogenase large subunits from group 3d for MvhA (Boyd et al., 

2014), the PyrK subunit of dihydroorotate dehydrogenase and the beta subunit of 

glutamate synthase, for Bf NfnSL, respectively (Demmer et al., 2015), the non-Bf group 

5 EtfBA for FixAB (Garcia Costas et al., 2017), thioredoxin reductase for HdrA 

(Hedderich et al., 1994), and non-Bf MetF for Bf MetF (Bertsch et al., 2015). Paralogs of 
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the remaining catalytic subunits (FdhA, FdhF2, Bcd, CarC, and Ldh) were empirically 

determined by subjecting the representative catalytic sequences to BLASTp against the 

non-redundant protein database of NCBI. FdhA and FdhF2 are closely related paralogs 

and thus were used as outgroups for each other in phylogenetic reconstructions. Likewise, 

Bcd and CarC are closely related paralogs and thus were used as outgroups for each other 

in phylogenetic reconstructions. The most closely related sequence to Ldh was identified 

as alkyl dihyroxyacetone phosphate synthase, and this was used as an outgroup for Ldh in 

phylogenetic reconstructions.  

The numbers of Nfn and Met homologs in metagenomes were much larger (i.e., 

>1,500 homologs) than those associated with other classes of Bf enzymes. Therefore, to 

reduce the computational time necessary to analyze the evolutionary history of homologs 

of these two enzymes, we first clustered them into homolog 'bins' using CD-HIT (Li and 

Godzik, 2006; Fu et al., 2012) at the 60% sequence identity level. As such, each unique 

bin contained closely related homologs. Representative sequences from each bin of 

NfnSL and MetF were used in the phylogenetic analyses and we then cross-referenced 

the sequences in the phylogeny with those within the bins to identify patterns in the 

distribution of homologs on the final tree and the environment types that hosted those 

homologs.   

 

 Pairwise sequence identity. To determine the extent to which individual subunits 

comprising each of the Bf complexes have co-evolved, we first aligned homologs of 

individual subunits using Clustal Omega (Sievers et al., 2011). Pairwise distances using 

the p-distance model (Kumar et al., 2016) were calculated in MEGA (Tamura et al., 
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2007), and a dissimilarity matrix was generated using these distances for each specified 

protein subunit. Mantel tests were performed to calculate matrix correlations and their 

statistical significance with the R package ape (Paradis et al., 2004; Team R, 2014). 

Lastly, we determined the variance in amino acid identities of homologs of the 

catalytic subunits of Bf complexes identified among the complete genome datasets as a 

proxy for the functional diversity of those homologs. Pairwise sequence comparisons of 

the homologs of each Bf enzyme catalytic subunit identified in complete genomes were 

used to calculate pairwise e-values using phmmer. E-values identified for each pairwise 

comparisons were used as a proxy for amino acid identity differences. E-values were 

normalized by multiplying by -104 and are presented as this transformed value. High e-

values indicate that homologs exhibit a lower diversity and thus are more similar 

phylogenetically. Low e-values indicate that homologs are more diverse and are less 

similar phylogenetically. We then subjected homologs of the catalytic subunits of Bf 

complexes identified among the metagenome datasets to pairwise sequence comparisons 

against the dataset comprising the homologs identified in genome sequences using 

phmmer. This analysis was performed to assess the extent that homologs identified in the 

complete genome dataset adequately captured the natural diversity detected in 

metagenomes for each Bf enzyme. Homologs identified in metagenomes that exhibit a 

lower average or range of e-values than those identified in complete genomes are 

underrepresented in complete genome databases (i.e., there exists unsampled diversity).  

 

RESULTS AND DISCUSSION 
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Distribution of electron Bf enzyme homologs in genome sequences. Of the 

total 4,588 archaeal, bacterial, and eukaryal genomes available, 681 (15%) coded for at 

least one homolog of a Bf enzyme (Supp. Table 1). Of these 681 genomes, 169 were 

from Archaea while 512 were from Bacteria while genomes from Eukarya did not code 

for homologs of any of the twelve FBEB enzymes. Among Archaea, homologs of Bf 

enzymes were detected in genomes from three out of four phyla considered in our 

database: Euryarchaeota (n=126 genomes), Crenarchaeota (n=42 genomes) and the 

candidate division Korarchaeota (n=1 genome). The majority (83%) of Bf enzyme 

homologs were identified in genomes from the bacterial phyla Firmicutes (n=184 

genomes), Proteobacteria (n=147 genomes), Bacteroidetes (n=44 genomes), 

Thermotogae (n=25 genomes), and Spirochaetes (n=22 genomes) (Supp. Table 1).  

We also classified organisms whose genomes coded for Bf enzyme homologs as a 

function of their ability to integrate oxygen (O2) into their energy metabolism based on 

information acquired from the DOE-IMG database and previous physiological 

characterizations. Of the 681 identified organisms whose genomes encoded at least one 

Bf enzyme homolog, 16% (n=110 genomes) were aerobes, 9% (n=59 genomes) were 

facultative anaerobes, and 74% (n=503 genomes) were strict anaerobes. The prevalence 

of Bf enzyme homologs among obligate anaerobes is consistent with our hypothesis 

suggesting the importance of FBEB for organisms living in energy limited environments. 

 

 [FeFe]-hydrogenase (Hyd). Among the total 961 Hyd (putatively Bf and non-Bf) 

homologs detected in complete genome sequences, 24% were multimeric (i.e., HydABC 

or HydABCD) and hence can potentially bifurcate electrons (Fig. 3A). In total, 229 
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homologs of Bf Hyds were identified in complete genome sequences, of which 95% were 

from the genomes of anaerobes, 4% were from the genomes of facultative anaerobes, and 

1% were from the genomes of putative aerobes that belong to the phylum Spirochaetes 

[e.g., Turneriella parva DSM 21527 (AFM13386) and Salinispira pacifica (AHC13718)] 

(Fig. 3B); the ability of T. parva and S. pacifica to use O2 has not been robustly tested. 

The genomes that coded for homologs of Bf Hyds belonged exclusively to the bacterial 

domain, which is consistent with previous studies (Meyer, 2007; Calusinska et al., 2010; 

Mulder et al., 2010; Peters et al., 2015; Poudel et al., 2016).  

 Hyd is one of three evolutionarily distinct hydrogenases that catalyze the 

reversible reduction of protons to hydrogen (H2) (Vignais et al., 2001; Peters et al., 2015). 

Bf Hyds couple the simultaneous and reversible reduction of NAD+ and Fd+ to the 

oxidation of H2 [Fig. 2A; (Schut and Adams, 2009; Schuchmann and Muller, 2012)]. Bf 

Hyd thus plays a key role in balancing the ratio of oxidized to reduced NAD(H) and Fd 

pools in the cell. Although Bf Hyd homologs were primarily identified among the 

genomes of Firmicutes (63% of the total genomes) and Thermotogae (13% of the total 

genomes) (Supp. Table 2), they were also identified, albeit sporadically, among a wide 

diversity of organisms (Supp. Fig. 1). These organisms are supported by a variety of 

metabolisms that include metal reduction (e.g., Alkaliphilus metalliredigens QYMF), 

arsenate reduction (e.g., Alkaliphilus oremlandii OhILAs), nitrate reduction (e.g., 

Clostridium perfringens), sulfur reduction (e.g., Pelobacter carbinolicus), and sulfate 

reduction (e.g., Desulfotomaculum acetoxidans DSM 771), although it is not necessarily 

clear if these homologs are active under these physiological conditions. Moreover, 
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homologs of the Bf Hyd were identified in the genomes of organisms that inhabit a range 

of environments based on where they were isolated from, including those that are of 

moderate (e.g., Clostridium beijerinckii) to high temperature (e.g., T. maritima).  

 

[NiFe]-hydrogenase (Mvh). Only 1% of the total 3,808 homologs of [NiFe]-

hydrogenase that were identified (putatively Bf and non-Bf) in complete genomes were 

predicted to bifurcate electrons based on those genomes also coding for MvhADG and 

HdrABC and the presence of unique sequence motifs in MvhA (Fig. 3A). Mvh homologs 

were identified in the genomes of obligate anaerobes (Fig. 3B) and were largely confined 

to members of the archaeal domain (74% of the total Mvh encoding genomes) with the 

remaining 26% of the genomes that encode Mvh being from members of the bacterial 

domain (Supp. Table 2). 

 Bf Mvh couples the simultaneous and reversible reduction of Fd+ and 

heterodisulfide from CoM-CoB to the oxidation of H2 [Fig. 2B; (Thauer et al., 2008; 

Thauer et al., 2010; Kaster et al., 2011)]. Mvh was primarily identified in the genomes of 

methanogens that belong to the phylum Euryarchaeota (Supp. Table 2), although 

homologs were also detected in the genomes of sulfate-reducing bacteria (e.g., 

Thermodesulfatator indicus DSM 15286), halophilic bacteria (e.g., Desulfohalobium 

retbaense DSM 5692), ammonifying bacteria (e.g., Ammonifex degensii KC4), and 

sulfate-reducing archaea (e.g. Archaeoglobus profundus DSM 563). This suggests that 

the reversible reduction of Fd+ and CoM-CoB with H2 may be involved in a diversity of 

metabolisms (Supp. Fig. 1).  
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Heterodisulfide-linked formate dehydrogenase (Fdh). Formate dehydrogenase 

can form a Bf complex with i) a Hdr complex (termed Fdh; Table 1), ii) a [FeFe]-

hydrogenase-like complex (termed Hyl), and iii) a NADP(H)-dependent [FeFe]-

hydrogenase complex (termed Hyt). Among the total 2,516 homologs of formate 

dehydrogenase that were detected in available complete genomes, 2% were predicted to 

form a complex that would allow for bifurcation of electrons (either as Fdh, Hyl, or Hyt); 

the remaining formate dehydrogenase homologs are unlikely to bifurcate electrons and 

likely function as canonical formate dehydrogenases which reversibly oxidize formate to 

CO2 [Fig. 3A; (Ferry, 1990)]. Among the putative Bf Fdh, 73% were associated with Hdr 

(termed Fdh), all of which were from obligate anaerobes (Fig. 3B) that were primarily 

within the archaeal phylum Euryarchaeota (Supp. Table 2).  

Fdh couples the simultaneous and reversible reduction of Fd+ and heterodisulfide 

from CoM-CoB to the oxidation of formate [Fig. 2C; (Costa et al., 2013)]. Interestingly, 

genes encoding homologs of Fdh were primarily detected in the genomes of methanogens 

and in the genomes of only two sulfate-reducing Proteobacteria, Desulfobacterium 

autotrophicum HRM2 and Desulfobacula toluolica Tol2 (Supp. Fig. 1). The role of 

putative Bf Fdh enzymes in the metabolism of these sulfate reducing bacterial taxa is not 

known. 

 

NADP(H)-dependent formate dehydrogenase (Hyt). In total, the genomes of five 

acetogenic and obligately anaerobic bacteria that belong to the genus Clostridium within 

the phylum Firmicutes encoded Hyt (Figs. 3A, 3B and Supp. Table 2). Hyt couples the 

simultaneous and reversible reduction of Fd+ and NADP+ to the oxidation of formate or 
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H2 [Fig. 2D; (Wang et al., 2013a)]. Formate is suggested to bind to FdhA and it is thought 

that either formate or H2 can serve as an electron donor to the Hyt complex (Wang et al., 

2013a). However, it is not clear from previous biochemical characterizations where Fd, 

NADH, and H2 bind in the complex. Several of the subunits that comprise Hyt (i.e., 

HytABC) are homologous to HydABC of the Bf [FeFe]-hydrogenase complex (Hyd). 

However, Hyt appears to be specific for NADP(H) whereas Hyd utilizes NAD(H) (Wang 

et al., 2013a). Nonetheless, based on homology, we suggest that H2 binds to HytA in a 

manner like H2 binds to HydA (Peters et al., 1998), Fd binds to HytC in a manner like Fd 

binds to HydC (Schut and Adams, 2009), and NADP(H) binds to HytB in a manner like 

NAD(H) binds to HydB (Schut and Adams, 2009) (Fig. 2D). The roles of HytE1, HytE2, 

and HytD in the functioning of Hyt are not presently known, however, they harbor 

conserved cysteine residues that may serve as ligands for FeS clusters. This may suggest 

that they are involved in electron transfer within the enzyme complex. 

 

NAD(H)-dependent reduced ferredoxin:NADP oxidoreductase (Nfn). There are 

several classes of Nfn that have been termed NfnI, NfnII (also termed Xfn), and NfnIII, 

which are all proposed to bifurcate electrons (Nguyen et al., 2017). However, the high 

potential electron acceptor in NfnII is not defined but is known to not be NAD(H) like in 

NfnI. Based on this precedent in the literature, all Nfn identified in genome sequences 

herein are proposed to bifurcate electrons (Fig. 3A). Of the 397 archaeal and bacterial 

genomes that encoded Nfn, 72 were from Archaea and 325 were from Bacteria. The 

majority (82%) of the archaeal and bacterial genomes that coded for Nfn belonged to the 

bacterial phyla Firmicutes (n=138 genomes), Proteobacteria (n=53 genomes), 
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Bacteroidetes (n=44 genomes), Thermotogae (n=24 genomes), and the archaeal phylum 

Euryarchaeota (n=66 genomes) (Supp. Table 2). All the genomes that encoded Nfn were 

from anaerobic organisms with the exception of Candidatus Koribacter versatilis 

Ellin345 (ABF41796), which has been characterized as an aerobe (Fig. 3B and Supp. 

Table 2) (Sait et al., 2002). 

Nfn is one of the four unique Bf enzymes whose crystal structure has been solved 

(Demmer et al., 2015; Lubner et al., 2017). Biophysical data collected on Nfn from 

Pyrococcus furiosus shows that flavin is indeed the site of bifurcation (Lubner et al., 

2017). Nfn catalyzes the simultaneous and reversible reduction of NAD+ and Fd+ with the 

oxidation of NADPH [Fig. 2E; (Demmer et al., 2015; Lubner et al., 2017)] and hence 

plays a critical role in balancing the ratio of oxidized and reduced pyridine [(i.e., 

NAD(H) and NADP(H)] and Fd pools. Our taxonomic distribution data strongly suggests 

that Nfn is present in a diversity of microorganisms that operate a variety of metabolisms 

in diverse environmental settings. For example, Nfn is encoded in the genomes of strict 

anaerobes and facultative anaerobes (and possibly an aerobe, as described above) and in 

mesophilic and thermophilic taxa (Supp. Fig. 1). Moreover, Nfn was identified in the 

genomes of organisms that catalyze methanogenesis (e.g. Methanosarcina barkeri), 

acetogenesis (e.g. M. thermoacetica), elemental sulfur reduction (e.g. Desulfurococcus 

mucosus, Thermosulfidibacter takaii), dinitrogen reduction (e.g., Rhodopseudomonas 

palustris), heterotrophy (e.g., P. furiosus), and phototrophy (e.g., Chlorobium tepidum, R. 

palustris), among others (Supp. Table 2).   
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Electron transfer flavoprotein involved in nitrogen fixation (Fix). Among the 

930 Etf homologs identified in sequenced genomes, 19% were demarcated as Fix and are 

predicted to bifurcate electrons (Fig. 3A). Unlike other Bf enzymes that are largely 

confined to anaerobic or facultatively anaerobic taxa, the majority (53% of total) of the 

homologs of Fix were identified in the genomes of aerobes (Fig. 3B). Of the 178 

genomes that coded for homologs of Fix, 25% were from Archaea within the phylum 

Crenarchaeota (n=36) (Supp. Table 2). The remaining 75% of the Fix encoding genomes 

were from Bacteria within the phyla Proteobacteria (n=85 genomes) and Firmicutes 

(n=33) (Supp. Table 2). 

A recent structural bioinformatics and phylogenetics study categorized Etfs into 

five unique groups, of which only group 2 contained putative Bf Etfs (Garcia Costas et 

al., 2017). Formally, Etf enzyme complexes that are involved in supplying Fd- for use in 

nitrogen fixation are termed Fix (Ledbetter et al., 2017) and these belong to group 2D2 

(Garcia Costas et al., 2017). Fix catalyzes the simultaneous and reversible reduction of 

Fd+ and quinone to the oxidation of NADH [Fig. 2F; (Earl et al., 1987; Edgren and 

Nordlund, 2004; Ledbetter et al., 2017)]. Additional Fix homologs were identified among 

group 2 Etf that have the subunit architecture and sequence motifs that suggest an ability 

to bifurcate. These were identified in the genomes of elemental sulfur oxidizing aerobic 

archaea (e.g. Sulfolobus islandicus), iron reducing anaerobic archaea (e.g. Pyrobaculum 

islandicum), anaerobic acetogenic bacteria (e.g. M. thermoacetica), anaerobic sulfate-

reducing bacteria (e.g. Caldimicrobium thiodismutans), and anaerobic fermentative 

thermophilic bacteria (e.g. T. maritima) (Supp. Fig. 1). The role of these enzymes in the 
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physiology of these cells is not known, nor has it been biochemically shown that these 

homologs bifurcate electrons. However, for simplicity we have designated all Fix-like Etf 

(that include Etf identified in diazotrophs and non-diazotrophs) as Fix in this study.  

 

Electron transfer flavoprotein/butyryl-CoA dehydrogenase (Bf-Bcd). Butyryl-

CoA dehydrogenase (Bcd) can form a complex with EtfAB and bifurcate electrons 

(Herrmann et al., 2008). In total, 309 homologs of Bcd were identified among genome 

sequences and 31% of these are predicted to form a complex with EtfAB (termed Bf-Bcd; 

Table 1) and hence can potentially bifurcate electrons (Fig. 3A). Ninety-eight percent of 

Bf-Bcd encoding genomes were from anaerobic taxa (Fig. 3B). Bf-Bcd homologs were 

confined to Bacteria where the enzyme was detected in the phyla Firmicutes (n=56 

genomes), Fusobacteria (n=15 genomes), and Bacteroidetes (n=12 genomes) (Supp. 

Table 2).  

Bf-Bcd was the first enzyme reported to be able to bifurcate electrons (Herrmann 

et al., 2008; Li et al., 2008). Composed of only three subunits (i.e. EtfAB and Bcd), the 

enzyme complex was shown to couple the simultaneous and reduction of Fd+ and 

crotonoyl-CoA to the oxidation of NADH during clostridial fermentation [Fig. 2G; 

(Chowdhury et al., 2014)]. Thermodynamically the reaction should be reversible; 

however, the enzyme has not been shown to be reversible yet. In addition to clostridia, 

pathogenic bacteria from the phyla Bacteroidetes (e.g. Porphyromonas gingivalis), 

Firmicutes (e.g. Clostridium botulinum), and Fusobacteria (e.g. Fusobacterium 

nucleatum) encoded Bf-Bcd. In addition, homologs of Bf-Bcd were detected in the 

genomes of metal reducers (e.g., A. metalliredigens QYMF), acetogens (e.g., C. 
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beijerinckii), and thermophilic heterotrophs (e.g., Fervidobacterium nodosum) (Supp. 

Fig. 1).  

 

Electron transfer flavoprotein/caffeyl-CoA reductase (Car). Caffeyl-CoA 

reductase was identified by itself (i.e., CarC) or in complex with Etfs (i.e., CarCDE) 

(Bertsch et al., 2013). In total, 41 CarC homologs were identified and 56% of these are 

predicted to form a complex with CarDE (termed Car; Table 1), and thus are predicted to 

bifurcate electrons. (Fig. 3A). The Car complexes were identified in the genomes of 

anaerobic bacteria (Fig. 3B), primarily within the phylum Firmicutes (Supp. Table 2).  

The Car complex was first described in A. woodii where it was shown to couple 

the simultaneous and reversible reduction of Fd+ and caffeyl-CoA with the oxidation of 

NADH [Fig. 2H; (Bertsch et al., 2013)]. Although it was first described in an acetogenic 

bacterium, data presented here indicates that Car may also function in the metabolism of 

an arsenite oxidizer (e.g., A. oremlandii OhILAs), a fermentative halophile (i.e., 

Halanaerobium praevalens), and in several fermentative thermophiles within the 

Thermotogales (e.g., Thermosipho africanus), among others (Supp. Fig. 1), based on the 

presence of homologs encoded in these organisms’ genomes. 

 

NAD(H)-dependent formate dehydrogenase (Hyl). As previously mentioned, 

formate dehydrogenases can function alone or form a complex with Hdr, Hyt, or a 

trimeric hydrogenase-like complex comprising HylABC [termed Hyl; (Wang et al., 

2013b)]. Of the 2,516 formate dehydrogenase homologs identified, 19% are predicted to 
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form a complex with HylABC (Fig. 3A) and these homologs were detected only in the 

genomes of anaerobes (Fig. 3B) within the phylum Firmicutes (Supp. Table 2).  

Hyl couples the simultaneous and reversible reduction of Fd+ and NAD+ with the 

oxidation of formate [Fig. 2I; (Wang et al., 2013b)]. Based on biochemical 

characterization of this complex (Wang et al., 2013b), it is not yet clear where substrates 

bind. However, the subunits of Hyl (i.e., HylABC) are homologous with those of the Bf 

Hyd (HydABC) with the exception that HylA lacks three conserved motifs (L1, L2, and 

L3) that are involved in ligating the H cluster in HydA (Meyer, 2007). Thus, it is possible 

that Fd binds to HylC in a manner like Fd binds to HydC and NAD(H) binds to HytB in a 

manner like NAD(H) binds to HydB (Schut and Adams, 2009; Schuchmann and Muller, 

2012). Given the presence of conserved cysteine motifs, it is possible that HylA plays a 

role in electron transfer. Hyl was detected in the genomes of fermentative bacteria (e.g., 

Clostridium acetobutylicum), metal reducers (e.g., A. metalliredigens QYMF), arsenite 

oxidizers (e.g., A. oremlandii OhILAs), acetogens (e.g., M. thermoacetica), sulfate-

reducers (e.g., D. acetoxidans DSM 771), and thermophilic heterotrophs (e.g., 

Thermacetogenium phaeum DSM 12270) (Supp. Fig. 1). 

 

Electron transfer flavoprotein/lactate dehydrogenase (Bf-Ldh). Lactate 

dehydrogenase (Ldh) can form a complex with EtfAB (termed Bf-Ldh; Table 1) and 

bifurcate electrons (Weghoff et al., 2015). Among the total 6,158 homologs of Ldh that 

were identified, 1% are predicted to form a complex with EtfAB and thus potentially 

bifurcate electrons (Fig. 3A). The Bf-Ldh homologs identified belonged to the bacterial 

domain and were from either obligate anaerobes or facultative anaerobes (Fig. 3B).  
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Bf-Ldh couples the reduction of Fd+ and pyruvate with oxidation of NADH [Fig. 

2J; (Weghoff et al., 2015)]. Most Bf-Ldh homologs were detected among genomes from 

the phylum Firmicutes (n=55) and these included metal reducers (e.g., A. metalliredigens 

QYMF), acetogens (e.g., A. woodii), sulfate-reducers (e.g., Desulfosporosinus acidiphilus 

SJ4), and anaerobic phototrophs (e.g., Heliobacterium modesticaldum Ice1) (Supp. Fig. 

1).  

 

F420H2-dependent heterodisulfide reductase (Hdr2). A total of 770 homologs of 

heterodisulfide reductase (HdrABC) were identified, of which 46% were predicted to 

form a complex with either FdhAB, MvhAGD, or MetFV (described below) or to 

function alone [termed Hdr2; Table 1)]. In total, 63% (n=226 homologs) of the HdrABC 

homologs identified were identified in genomes that encoded copies of HdrABC 

attributable to Fdh, Mvh, or Met complexes. The extra copies of HdrABC in these 

genomes were thus designated as Hdr2 (Fig. 3A). Hdr2 homologs were primarily 

identified in genomes from the phyla Euryarchaeota (n=66 genomes), Proteobacteria 

(n=44 genomes) and Firmicutes (n=25 genomes) (Supp. Table 2). Furthermore, these 

homologs were identified in the genomes of anaerobes (i.e., 80% of the total genomes), 

aerobes (i.e., 7% of the total genomes) and facultative anaerobes (10% of the total 

genomes) (Fig. 3B). Hdr2 couples the reduction of Fd+ and CoM-CoB with the oxidation 

of coenzyme F420H2 [Fig. 2K; (Yan et al., 2017)]. Hdr2 homologs were detected among 

methanogens (e.g., M. acetivorans), as previously noted (Yan et al., 2017), acetogens 

(e.g., M. thermoacetica), sulfate-reducers (e.g., D. acidiphilus SJ4), and anaerobic 

phototrophs (e.g., H. modesticaldum Ice1) suggesting that it is widely distributed among 
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organisms with diverse metabolic backgrounds (Supp. Fig. 1). While HdrABC 

complexes are widely found in strict anaerobes (Thauer et al., 2008; Buan and Metcalf, 

2010; Yan et al., 2017), we were surprised to detect homologs of Hdr2 in the genomes of 

aerobic and microaerophilic organisms. These organisms primarily belonged to the 

phylum Aquificae that include Aquifex aeolicus, Hydrogenobaculum sp., and 

Thermocinis albus (Supp. Table 2). However, a recent study showed that the HdrABC 

(i.e., Hdr2 since it could not be accounted for by Fdh, Mvh, or Met) in Aquifex aeolicus 

was expressed in cultures grown with thiosulfate or elemental sulfur leading to the 

speculation that Hdr could be involved in sulfur oxidation through an undefined 

mechanism (Boughanemi et al., 2016). 

 

Methylene-H4F reductase/ heterodisulfide reductase (Met). A total of 1,017 

methylene-H4F reductase homologs were identified and 3% (n=25 homologs) of these 

were from genomes that also encoded MetFV, MvhD, and HdrABC. Thus, these 

homologs can putatively bifurcate (termed Met; Table 1) (Fig. 3A). Homologs of Met 

were primarily confined to the phyla Firmicutes (n = 12 genomes) and Proteobacteria 

(n=8 genomes) and all were from obligate anaerobes (Fig. 3B).   

The Bf Met complex couples the reduction of methylene-H4F to the oxidation of 

NADH and a yet to be identified electron acceptor that is thought to be Fd+ [Fig. 2L; 

(Mock et al., 2014)]. Met homologs were also detected in a methanogen (i.e., 

Methanomassiliicoccus intestinalis), acetogens (e.g., M. thermoacetica), sulfate-reducers 

(e.g., D. acidiphilus SJ4), and nitrate reducers (e.g., A. degensii) (Supp. Fig. 1), 

suggesting a widespread distribution in anoxic habitats. 
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Putative interactions among Bf enzymes. Homologs of multiple (up to seven) 

different Bf enzymes were detected in a single genome and this was particularly true for 

organisms belonging to the phyla Firmicutes, Thermotogae, and Euryarchaeota (Supp. 

Fig. 2; Supp. Table 2). Among Firmicutes genomes, varying combinations of homologs 

of Hyd, Bf-Ldh, Car, Bf-Bcd and Nfn were often detected whereas among Thermotogae 

genomes it was common to detect varying combinations of the homologs of Hyd, Nfn, 

and Fix. Likewise, euryarchaeote genomes, in particular those from methanogens, often 

encoded a combination of Nfn, Mvh, Hdr2, and Fdh.  

To quantify the extent that homologs of the twelve Bf complexes co-distribute in 

complete genome sequences, we conducted a co-occurrence statistical analysis. Fdh, 

Mvh, and Hdr2, which are primarily found in methanogens (Fig. 2C, Fig. 2B and Fig 

2K, respectively), positively co-occurred (Fig. 4). This is consistent with biochemical 

data that indicates both [NiFe]-hydrogenase (MvhAG) and formate dehydrogenase 

(FdhAB) compete to bind MvhD that is associated with HdrABC (Costa et al., 2013). 

Maintaining homologs of both MvhAG and FdhAB likely allows the host to generate 

reduced Fd in environments with a dynamic supply of H2 or formate (Costa et al., 2010; 

Costa et al., 2013). Hdr2 was also positively associated with the distribution of Mvh 

and/or Fdh in genomes (Fig. 4), consistent with previous reports (Buan and Metcalf, 

2010; Yan et al., 2017).  

The distributions of Bf-Ldh, Car, Bf-Bcd, Hyd, and Nfn, all of which were 

primarily detected in bacterial genomes, were also positively correlated (Fig. 4). 

Importantly, since these five enzymes share common substrates [i.e., NAD(H) and Fd], 
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several authors have proposed that the reductant generated from one Bf enzyme can be 

utilized by another Bf enzyme (Bertsch et al., 2013; Buckel and Thauer, 2013; Weghoff 

et al., 2015), thereby allowing for tight control on the balance of oxidized/reduced 

substrates/products in a cell. For example, it has been proposed that Car partially relies on 

Hyd to generate NADH for use in reducing caffeyl-CoA to hydrocaffeyl-CoA, and in the 

process Fd- is generated (Bertsch et al., 2013). The membrane bound Rnf complex, which 

catalyzes the reversible NAD+-dependent oxidation of Fd- by coupling to the 

electrochemical gradient (Biegel et al., 2011; Sarkar et al., 2012; Hess et al., 2013) could 

use the Fd- to generate more NADH which can then feed into the bifurcation reaction 

carried out by Car (Bertsch et al., 2013). By coordinating these Bf enzymes and Rnf, 

oxidants (NAD+, Fd+) are generated and caffeyl-CoA is kept from building up, thereby 

allowing for metabolism to continue (Bertsch et al., 2013).  

We further examined the co-distribution of Bf-Ldh, Car, Bf-Bcd, Hyd, and Nfn in 

complete genome sequences to identify evidence for potential interactions between these 

Bf complexes. Genomes that encode Bf-Bcd often also encode Nfn (68% of the Bf-Bcd 

encoding genomes) and Hyd (46% of the Bf-Bcd encoding genomes) (Supp. Table 1) 

suggesting Fd- generated during the reduction of crotonyl-CoA may be used by either 

Nfn or Hyd to generate either NADPH or H2, respectively. The bifurcation reaction for 

Nfn and confurcation reaction of Hyd requires NADH and this has been suggested to be 

provided through glycolytic reactions (Buckel and Thauer, 2013). Other examples of co-

distributed Bf enzyme homologs are presented in Supp. Table. 2. Together, these 

observations suggest that coupling multiple redox reactions through Bf reactions allows 
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microorganisms a continual provision of NAD+ or Fd+ to allow efficient balancing of 

energy metabolism in oxidant limited anoxic environments inhabited by anaerobes.  

 

Evolution of Bf enzymes. Overview. Twenty eight of the 41 phyla represented in 

our complete genome sequence dataset coded for at least one homolog of a Bf enzyme 

(Supp. Table 2). We examined the distribution of enzyme homologs in bacterial and 

archaeal genomes to, at first order, provide evidence of whether these enzymes were 

likely a property of the LUCA (i.e., homologs present in both archaeal and bacterial 

domains) or if they more likely evolved after the divergence of Archaea and Bacteria 

from the LUCA (i.e., homologs present in only a single domain). Similar analyses have 

been conducted on [FeFe]-hydrogenase (Mulder et al., 2010), molybdenum-dependent 

nitrogenase (Boyd et al., 2011a), and mercuric reductase (Barkay et al., 2010) to 

determine the likelihood that these enzyme complexes were a property of the LUCA. 

Secondly, we reconstructed the phylogeny of 16S rRNA genes (proxy for taxonomic 

evolution) recovered from genomes that code for homologs of at least one of the twelve 

Bf enzymes for use in examining the phylogenetic distribution of Bf homologs (Fig. 5).  

Six (i.e., Nfn, Fix, Mvh, Fdh, Hdr2, and Met) of the twelve Bf enzymes were 

identified in genomes from both bacterial and archaeal domains indicating that they may 

have been a property of the LUCA. To more precisely assess this possibility, we 

examined i) the extent that subunits comprising a complex co-evolved and ii) the 

phylogeny of the oxidoreductase subunit for each of the Bf enzymes relative to paralogs 

as described below; the phylogeny of Hdr2 was not assessed (see materials and methods). 

Moreover, the oxidoreductase phylogenies were used to assess if subunits that allow for 
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bifurcation (flavoproteins) were recruited or lost (or both through multiple events) during 

the evolution of the oxidoreductases.  

 

Hyd, Hyl, and Hyt. Hyd, Hyl and Hyt were only detected in bacterial genomes, 

suggesting that these three enzymes evolved after the divergence of Archaea and Bacteria 

from the LUCA. This conclusion agrees with a previous analysis of the evolution of Hyd 

(Mulder et al., 2010), but is the first to suggest this for Hyl and Hyt. The reconstructed 

phylogeny reveals that monomeric, non-Bf HydA homologs predate Bf HydA, HylA, and 

HytA homologs with high bootstrap support (Supp. Fig. 3). This suggests that additional 

subunits (i.e., Hyd/Hyl/HytBC and D in the case of tetrameric Hyd) were recruited to 

function in complex with Hyd/Hyl/HytA, enabling FBEB.  

A mantel test conducted on the pairwise distances of all the subunits of the Hyd 

complex (i.e., HydABC) reveals positive correlations (Supp. Fig. 4) suggesting that once 

these subunits were recruited they were largely maintained and were under selection to 

co-evolve. The earliest evolving lineage of HydA homologs were from thermophiles that 

belonged to the phyla Thermotogae [e.g., T. maritima (NP_229226) and T. africanus 

(ACJ75249)] and Dictyoglomi [e.g., Dictyoglomus thermophilum (ACI20052)]. These 

lineages were well supported, suggesting that Hyd likely evolved and diversified in an 

ancestor of Thermotogae or Dictyoglomi (Table 2). Importantly, the taxa comprising the 

earliest evolving clade are thermophilic anaerobes, suggesting that Bf Hyd may have 

evolved in an anoxic, high temperature environment. Numerous clades of Bf HydA 

homologs formed interspersed lineages among monomeric non-Bf HydA lineages. The 

positive, strong relationships observed in the pairwise distances of HydABC (Supp. Fig. 
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4) suggests this observation to be the result of multiple loss events of genes encoding for 

HydBC rather than independent recruitment events. 

Homologs of HylA exhibited a very narrow taxonomic distribution and were only 

identified in the bacterial phylum Firmicutes (Fig. 5). HylA homologs formed a single 

monophyletic clade suggesting that Hyl evolved once during its evolution (Supp. Fig. 3) 

through recruitment of HylBC and FdhF2, enabling FBEB. HylA homologs were nested 

among lineages comprising homologs of both Bf and non-Bf HydA, making it difficult to 

discern whether the ancestor of Hyl was already capable of FBEB (i.e., BC subunits were 

in place) or whether these subunits were recruited. Nonetheless, the pairwise distances of 

all the subunits of Hyl (i.e., HylABC) showed strong, positive correlations suggested they 

have been under selection to co-evolve (Supp. Fig. 5). The weak correlation between 

pairwise distances of FdhF2 and HylABC suggests that FdhF2 may have been recruited 

independently of HylABC and multiple times during the evolution of Hyl, potentially 

representing the trigger to diversify from Bf Hyd or non-Bf HydA.  

The earliest evolving Hyl is from an anaerobic thermophile [Thermincola potens 

(ADG81609)] belonging to the phylum Firmicutes (100% bootstrap support). The next 

branching lineage also comprised homologs from thermophilic Firmicutes. This suggests 

an origin for Hyl among an anaerobic ancestor of the Firmicutes in an anoxic high 

temperature environment (Table 2).  

Like Hyl, Hyt also exhibited a limited taxonomic distribution (Fig. 5) and 

homologs were only detected in the genomes of autotrophic and acetogenic Clostridium 

strains (Table 2), suggesting an origin in an anoxic environment. Phylogenetically, HytA 
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homologs were confined to a single lineage nested among non-Bf, monomeric HydA 

homologs. This indicates that HytBCDE1E2 and FdhA were likely recruited to an 

ancestor of HytA thereby allowing for FBEB (Supp. Fig. 3). Mantel tests conducted on 

matrices describing the pairwise distances of the subunits that comprise Hyt (i.e., 

HytABCDE1E1 and FdhA) show positive correlations suggesting that all these subunits 

are under selection and have co-evolved (Supp. Fig. 6). Interestingly, the HytA lineage 

comprises additional non-Bf HydA homologs, and these branching differences are well 

supported (i.e., >96% bootstrap support). Thus, like Hyd, additional subunits that were 

recruited to HytA and that allow for FBEB were apparently easily lost.  

 

Mvh. Previous phylogenetic reconstructions of the large subunit of Mvh (i.e., 

MvhA) suggests that it is derived from a non-Bf [NiFe]-hydrogenases through 

recruitment of the Hdr complex (i.e., HdrABC) and other subunits (i.e., MvhGD) (Schut 

et al., 2013; Boyd et al., 2014), an assessment that is supported by our phylogenetic 

reconstruction (Supp. Fig. 7). Mantel tests conducted on matrices describing the pairwise 

distances of the subunits that comprise Mvh (i.e., MvhAGD and HdrABC) show strong 

positive correlations (Supp. Fig. 8), indicating that once these subunits were recruited 

they were maintained and co-evolved. Phylogenetic reconstruction of MvhA homologs 

revealed a single monophyletic clade that comprised both bacterial and archaeal 

homologs. The earliest evolving MvhA in this clade contained archaeal homologs from 

anaerobic methanogens (i.e., Methanobacterium and Methanocella) within the order 

Methanomicrobiales, with bacterial sequences nested among methanogen lineages. A 

second more recently evolved clade of MvhA was identified that comprised homologs 
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from anaerobic members of the Chloroflexi and Proteobacteria, suggesting acquisition of 

MvhA via horizontal gene transfer from a methanogen (Supp. Fig. 7). This observation, 

coupled with the limited distribution of Mvh in archaeal and bacterial genomes at a 

taxonomic level (Fig. 5), suggests that Mvh was not a property of the LUCA. Rather, 

Mvh likely emerged in an anaerobe after the divergence of Archaea and Bacteria from the 

LUCA through recruitment of several additional subunits, including HdrABC, to an 

existing [NiFe]-hydrogenase isoform. 

 

Fdh. Bf Fdh homologs exhibit a narrow taxonomic distribution but were 

identified in both archaeal (Euryarchaeota) and bacterial (Proteobacteria) genomes. 

Phylogenetic reconstruction of the oxidoreductase subunit of Fdh (i.e., FdhA) suggests 

that Bf Fdh postdates non-Bf formate dehydrogenases (Supp. Fig. 9). This suggests that 

the subunits (i.e., FdhB and HdrABC) that form Bf Fdh were recruited to FdhA. The 

earliest branching putatively Bf FdhA lineages comprise homologs from anaerobic 

Bacteria [e.g., the δ-proteobacterium D. autotrophicum (ACN14546)] with high bootstrap 

support, suggesting that Bf Fdh likely emerged in a bacterium in an anoxic environment. 

Bf archaeal FdhA lineages are nested among and are paraphyletic to bacterial FdhA 

lineages. This suggests that FdhB/HdrABC may have been recruited to an ancestor of 

proteobacterial FdhA. Moreover, these observations suggest that once FdhB/HdrABC 

were recruited to function with FdhA as a Bf Fdh complex, the Fdh complex was then 

laterally transferred to Archaea. This interpretation is supported by strong positive 

correlations between the pairwise distances of the subunits of Fdh complex (i.e. HdrABC 

and FdhAB) (Supp. Fig. 10), indicating that once these subunits were recruited, they 
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were largely maintained and co-evolved. We interpret the patchy taxonomic distribution 

of Bf Fdh (only identified among Euryarchaeota and Proteobacteria; Fig. 5), the lack of 

monophyly among archaeal and bacterial Bf FdhA homologs, and the observation that 

euryarchaeote homologs are nested among bacterial FdhA homologs to indicate that Bf 

Fdh was unlikely to be a property of the LUCA. 

 

Nfn. In the case of Nfn, all known homologs have been proposed to be capable of 

Bf electrons based on conserved motifs (Nguyen et al., 2017). Due to this observation, we 

assume that the ancestor of Nfn also bifurcated electrons. Moreover, paralogs of Nfn with 

similar activities but which lack one of the subunits (NfnS or NfnL) were not detected in 

genomes which precludes a detailed assessment of the nature of the first Nfn complexes. 

Nonetheless, a mantel test conducted on the pairwise distances of NfnS and NfnL show a 

strong positive correlation (Supp. Fig. 11), suggesting that NfnS and NfnL have been 

under selection and co-evolved.  

Despite evidence presented here indicating that NfnSL have likely co-evolved, 

our phylogenetic reconstruction revealed polyphyly with regards to taxonomic domains, 

with several interspersed bacterial and archaeal lineages. This suggests several successful 

lateral gene transfers of nfnSL have taken place between Bacteria and Archaea and these 

events may have occurred after the divergence of Bacteria and Archaea from the LUCA. 

The earliest evolving well supported Nfn lineage comprises a homolog from Mobiluncus 

curtisii (ADI67453) belonging to the phylum Actinobacteria (Table 2 and Supp. Fig. 

12). The next branching lineage comprised a homolog from a proteobacterium. This 

suggests a bacterial origin for Nfn with early diversification among an ancestor of 
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Actinobacteria and possibly Proteobacteria. Consistent with our interpretation that Nfn 

originated after the divergence of Archaea and Bacteria from the LUCA, several studies 

have indicated that both Actinobacteria and Proteobacteria are recently evolved phyla 

(Forterre, 2015; Hug et al., 2016).  

 

Fix, Car, and Bf-Bcd. Previous bioinformatics analyses conducted on Etf 

suggests that non-Bf Etf, Bf Car, and Bf Bcd predate the emergence of Bf Fix, an 

assessment that was based on high bootstrap support (Garcia Costas et al., 2017) and that 

is consistent with the analyses conducted here. This suggests that FixCX were recruited 

to function with EtfBA (i.e., FixAB). Once these subunits were recruited, they co-

evolved as indicated by a mantel tests conducted on the pairwise distances of FixABCX 

that reveal strong positive correlations (Supp. Fig. 13). Phylogenetic reconstruction of 

FixAB reveals multiple monophyletic clades of archaeal and bacterial homologs that are 

paraphyletic, suggesting several lateral transfers of this gene between these domains 

(Garcia Costas et al., 2017). Early evolving Fix lineages were generally not well 

supported and comprised members of the Crenarchaeota as well as the Proteobacteria 

(Table 2). Paraphyly among bacterial and archaeal Fix lineages, combined with data 

indicating that Fix is primarily encoded in the genomes of aerobes and facultative 

anaerobes (Fig. 3B), suggests that Fix was not a property of the LUCA. Rather, these 

features suggest a more recent origin for this Bf complex and that this likely occurred 

after the advent of oxygenic photosynthesis and the increase of atmospheric O2 ~ 2.4 Ga 

[as summarized in (Lyons et al., 2014)]. This interpretation is consistent with a recent 
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report suggesting that Fix emerged relatively recently to supply Fd- for nitrogenase in 

aerobic and anoxygenic phototrophic taxa (Poudel et al., 2018).  

Bf-Bcd and Car are closely related, but functionally distinct paralogs that were 

only detected in bacterial genomes (Fig. 5), suggesting that they emerged after the 

divergence of Archaea and Bacteria from the LUCA. Phylogenetically, the catalytic 

subunits of Bf-Bcd and Car (i.e., Bcd and CarC, respectively (Table 1)] each form 

coherent lineages that are interspersed with putatively non-Bf lineages (Supp. Fig. 14). 

This suggests that recruitment of electron transfer flavoprotein protein subunits (i.e., 

EtfAB and CarDE, respectively) that allow FBEB in these lineages each took place in 

singular events, but that loss of these subunits was common during the evolution of each 

of these functional complexes. This interpretation is supported by results from mantel 

regressions of matrices showing the pairwise phylogenetic distances of Bf-Bcd (i.e. 

EtfAB and Bcd) and Car (i.e., CarCDE) subunits, all of which show strong positive 

correlations (Supp. Fig. 15 and Supp. Fig. 16, respectively). This indicates that subunits 

that comprise Bf-Bcd and Car have been under selection and have co-evolved, with 

several instances of loss of genes coding for EtfAB and CarDE, respectively, during 

evolution.  

The earliest evolving putatively Bcd (the catalytic subunit of Bf-Bcd) lineage is 

from Eubacterium limosum (ALU16222) within the phylum Firmicutes (100% bootstrap 

support) which is followed by a several lineages comprising additional homologs from 

Firmicutes. These lineages are well supported, suggesting that Bf-Bcd likely evolved first 

in an anaerobic member of the Firmicutes. Likewise, the earliest evolving putatively Bf 
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CarC (the catalytic subunit of Car) homologs were identified in the genome of 

Natranaerobius thermophilus (ACB85453) within the phylum Firmicutes (100% 

bootstrap support) (Supp. Fig. 14), followed by several additional well supported 

lineages comprising homologs from anaerobic Firmicutes. Early evolving Bch and CarC 

homologs that putatively associate with EtfAB and CarDE, respectively, and are 

therefore predicted to bifurcate, form sister lineages. This suggests that these enzyme 

complexes may have evolved by duplication and subsequent diversification of the 

catalytic subunit after EtfAB/CarDE homologs had been recruited. Collectively, these 

results suggest that both Bf-Bcd and Car likely evolved in an anaerobic ancestor of the 

Firmicutes, possibly through duplication of genes, and that this event(s) postdated the 

divergence of Archaea and Bacteria from the LUCA.  

 

Bf-Ldh. Homologs of Ldh (the catalytic subunit of Bf-Ldh) were only detected 

among bacterial taxa (Fig. 5) suggesting that Bf-Ldh also evolved after the divergence of 

Archaea and Bacteria from the LUCA (Supp. Fig. 17). Moreover, Ldh that are predicted 

to associate with EtfAB based on gene context and thus are predicted to bifurcate are 

nested among putatively non-Bf Ldh (not associated with EtfAB) suggesting that EtfAB 

were recruited to Ldh allowing for FBEB. Three distinct lineages of Bf-Ldh were 

identified, and these were interspersed among non-Bf homologs. Mantel regressions 

conducted on matrices describing the pairwise phylogenetic distances of subunits that 

comprise Bf-Ldh (i.e., EtfAB and Ldh) show positive correlations (Supp. Fig. 18). This 

suggests that the multiple lineages of Bf-Ldh likely have a common origin and that the 

non-Bf lineages that intersperse lineages of putatively Bf-Ldh result from gene loss.   
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The earliest evolving Bf-Ldh lineage comprised a homolog from the genome of 

the anaerobic, moderate thermophile Thermovirga lienii (AER67312) within the phylum 

Synergistetes (100% bootstrap support). The next branching lineage comprised homologs 

from genomes affiliated with the Thermotogae. Collectively, these observations suggest 

that Bf-Ldh evolved in an anaerobic ancestor of the Synergistetes or Thermotogae after 

the divergence of Archaea and Bacteria from the LUCA (Supp. Fig. 17) 

 

Hdr2. HdrABC homologs were identified in both archaeal and bacterial genomes 

that were unaccounted for by Mvh, Fdh, and Met, and therefore were denoted as Hdr2. 

However, it is not possible to definitively determine which HdrABC homologs associate 

with Mvh, Fdh, or Met, unless HdrABC homologs are identified in genomes that do not 

encode Mvh, Fdh, or Met, which was uncommon. This in turn, makes it impossible to 

evaluate the evolutionary history of HdrA as it relates to bifurcation. However, regardless 

of whether HydrABC homologs can be definitively shown to form a complex with Bf 

complexes (i.e., Mvh, Fdh, Met and Hdr2), we can evaluate the evolutionary history of 

HdrA to determine whether HdrABC were likely to be a property of the LUCA.   

Early evolving homologs of HdrA were from bacterial genomes that belonged to 

the phyla Proteobacteria (e.g. Desulfobacca acetoxidans) and Firmicutes (e.g. M. 

thermoacetica) (Supp. Fig. 19). Archaeal HdrA homologs were nested among bacterial 

HdrA homologs suggesting that Archaea acquired HdrA through horizontal gene transfer 

from Bacteria. These observations suggest that HdrA is not a property of the LUCA.   
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Met. A narrow taxonomic distribution of Bf Met homologs was detected among 

both archaeal (Euryarchaeota) and bacterial (Firmicutes) taxa. Phylogenetic 

reconstruction of homologs of MetF suggests that Bf Met postdates non-Bf methylene-

H4F reductases (Supp. Fig. 20). This suggests that the subunits that comprise the Met 

complex (MetV, MvhD, and HdrABC) were recruited to MetF to enable FBEB. Two 

distinct lineages of putatively Bf MetF were identified, and these were interspersed by 

non-Bf homologs. Mantel regressions conducted on matrices describing the pairwise 

phylogenetic distances of subunits that comprise Met (i.e., MetFV, MvhD and HdrABC) 

show positive correlations (Supp. Fig. 21). This suggests that once the subunits were 

recruited they were under selection and have co-evolved.  

The earliest evolving lineage of Met comprised of only one homolog from the 

anaerobe D. acetoxidans (AEB08698) that belongs to the phylum Proteobacteria, with 

high bootstrap support. This suggests that Met likely evolved in an anaerobic ancestor of 

Proteobacteria. Only one archaeal Met homolog was identified, and this was encoded in 

the genome of the methanogen M. intestinalis. Phylogenetic reconstruction of MetF from 

this putative Bf complex reveals that it is nested among bacterial MetF homologs 

suggesting that it was likely acquired via horizontal gene transfer from Bacteria. 

Collectively, our findings suggest that Met was not a property of the LUCA but rather 

emerged in a bacterial anaerobe and was laterally transferred to Archaea. 

 

Environmental distribution and phylogenetic ecology of electron Bf enzyme 

homologs. Results from our screening and analysis of complete genome sequences reveal 

that homologs of Bf enzymes are enriched in anaerobes and strongly suggest that each 
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enzyme system has an independent origin among anaerobic taxa, with the potential 

exception being Fix. We therefore hypothesized that microbial communities inhabiting 

anoxic environments would i) be enriched in homologs of Bf enzymes relative to oxic 

environments and ii) host the earliest evolving homologs of enzymes involved in FBEB. 

Specifically, we hypothesized that subsurface environments, which are characteristically 

limited in redox gradients and feature a low flux of oxidants and other nutrients (Edwards 

et al., 2012; Colman et al., 2017), would select for organisms reliant on anaerobic 

metabolism and Bf enzymes and may have promoted the origin of Bf enzyme complexes.  

To test these hypotheses, we compiled 3,136 available metagenomic sequences 

and classified them as being from ‘surface’ or ‘subsurface’ environments based on a 

previously described classification scheme [(Supp. Table 3); (Colman et al., 2017)]. 

Briefly, metagenomes were classified as surface or subsurface based on available 

metadata associated with the metagenome, where subsurface environments were defined 

as the following environments: groundwater, deep subsurface, hydrothermal 

vents/springs, subsurface sediments, or marine sediments > 1 meter below sea floor. 

Surface environments included all others that did not fit the above classification, 

including saline environments, surface waters, and soils. We then screened these 

metagenomes for homologs of the eleven characterized Bf enzymes and subjected the 

catalytic oxidoreductase subunits to informatics analysis and phylogenetic reconstruction 

(metagenomes were not screened for Hdr2; see material and methods).  

Screening of the 3,136 metagenomes revealed that 893 metagenomes coded for a 

homolog of at least one Bf enzyme (Supp. Table 3 and Supp. File 1-10). We identified 
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homologs of nearly all eleven Bf enzymes in at least one metagenome except for 

homologs of the heptameric NADP(H)-dependent formate dehydrogenase (Hyt) complex. 

The lack of Hyt detection may be due to the stringent requirements that we imposed for 

identification of a Hyt complex (all six genes must be present in near synteny to be 

considered a Hyt homolog). However, while the number of subunits for a Bf enzyme (2 

to 7 subunits) and the abundance of those enzyme homologs in metagenome sequences 

was inversely correlated, the relationship was not significant (R2 = 0.18) (data not 

shown). This suggests that the lack of detection of homologs with more subunits was not 

due simply to the lower probability of assembling contigs with the minimal number of 

specified genes in near synteny. 

In general, the abundance of Bf homologs identified in metagenomes (Supp. Fig. 

22A) reflected the distribution identified in complete genomes (Supp. Table 1), with a 

few important exceptions. Mvh, and Met were enriched in the metagenomic dataset when 

compared to the genomic dataset. These enzyme complexes are all either involved in 

alkane-related metabolisms such as methanogenesis/methanotrophy, sulfate reduction, 

acetogenesis, or other potentially diverse anaerobic metabolisms (Buan and Metcalf, 

2010; Kaster et al., 2011; Buckel and Thauer, 2013; Mock et al., 2014; Yan et al., 2017; 

Buckel and Thauer, 2018a; Buckel and Thauer, 2018b). Conversely, Bf-Bcd and Fix were 

enriched in the complete genome dataset when compared to the metagenomic dataset. Bf-

Bcd is involved in fermentation (Djordjevic et al., 1995; Li et al., 2008; Chowdhury et 

al., 2014) and is predominantly identified among members of the Firmicutes and 

Bacteroidetes (Supp. Table 1) whereas Fix is involved in nitrogen fixation (Earl et al., 
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1987; Edgren and Nordlund, 2004; Ledbetter et al., 2017) within the Proteobacteria and 

Firmicutes, although homologs predicted to bifurcate were identified in other non-

diazotrophic taxa (Supp. Table 1).  

Differences in enrichment of Bf enzyme homologs in genomic versus 

metagenomic datasets might be explained by differences in the coverage of certain 

metabolic guilds in whole-genome databases (generally derived from cultivars) when 

compared to metagenomic datasets. For example, several taxonomic groups of 

methanogens or anaerobic alkane degraders have only recently been discovered or 

characterized via environmental genomics surveys (Paul et al., 2012; Evans et al., 2015; 

Laso-Perez et al., 2016; Vanwonterghem et al., 2016; Sorokin et al., 2017), suggesting 

that they exhibit much greater diversity than is currently represented in genomic 

databases from cultivars. This could account for the relative enrichment of Mvh in 

metagenomic datasets. In contrast, Bf-Bcd and Fix may be overrepresented in the whole-

genome dataset due to overrepresentation of cultivated fermenters that tend to encode Bf-

Bcd (Firmicutes and Bacteroidetes phyla) and diazotrophic Proteobacteria that tend to 

encode Fix in whole-genome datasets (Rinke et al., 2013).  

Of the 893 metagenomes that encode Bf enzyme homologs, 275 were classified as 

being derived from subsurface-like environments, and 618 were classified as being 

derived from surface-associated environments (Supp. Table 3). Metagenomes with Bf 

enzyme homologs were further classified into eight sub-categories (Fig. 6), with most 

being derived from surface soils (30% of the total metagenomes) and surface waters 

(25% of the total metagenomes) that included lakes, freshwater streams, and oceans 
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(Supp. Table 3). When metagenomes from the subcategories of subsurface environments 

or surface environments were considered together, those from subsurface locales harbor a 

significantly greater abundance of Bf enzyme homologs per mega base pair (Mbp) of 

assembled sequence than those from surface environments (Welch’s two sample t test, P 

< 2.2 x 10-16) (Supp. Fig. 22B). This is consistent with our hypothesis that the capacity to 

bifurcate electrons should be enriched in subsurface-like environments that generally 

exhibit minimal redox gradients, highly reducing conditions, and low nutrient fluxes 

(Edwards et al., 2012; Kieft, 2016; Colman et al., 2017). In particular, homologs of the 

ten Bf enzymes (Hyt was not detected and Hdr2 was not considered), when considered 

together, were significantly enriched in deep subsurface rocks and fracture fluids as well 

as hydrothermal springs/vents (Fig. 6) but were surprisingly not enriched in subsurface 

sediment microbiomes relative to those from surface environments.  

We further scrutinized the distribution of Bf enzyme homologs among more 

specific environmental types (Fig. 7). Most of the Bf complexes were identified in at 

least seven of the eight metagenome subcategories, with the exception of Hyt (not 

detected), Hdr2 (not included) and Car, the latter of which was only identified in one 

deep subsurface and one soil metagenome.  Homologs of Bf enzyme complexes were 

generally overrepresented in metagenomes associated with deep subsurface habitats, such 

as subsurface rock fracture fluids and were overrepresented in environments that share 

characteristics with subsurface environments, such as hydrothermal springs/vents (Fig. 

7). This was particularly true for Nfn, Hyd, Fix, and Bf-Bcd. Like deep subsurface 

environments, hydrothermal springs/vents often exhibit highly reducing conditions and 
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minimal energetic gradients (Jannasch and Mottl, 1985; Amend and Shock, 2001; Martin 

et al., 2008; Shock et al., 2010; Martin, 2012; Amenabar et al., 2015). Consequently, the 

capacity to bifurcate electrons in these environments is likely ecologically advantageous, 

allowing anaerobic or facultatively anaerobic microorganisms to leverage minimal 

energetic gradients to support efficient metabolisms.  

To assess whether subsurface-like environments promoted the origin of Bf 

enzymes complexes, we investigated the phylogenetic distribution of Bf homologs. We 

reconstructed phylogenies of homologs of catalytic subunits of each of the ten complexes 

identified in the metagenomic data, mapped the environments types to the phylogenies, 

and then determined the environment types that are associated with the earliest branching 

homologs for each complex. These analyses indicated that most (seven of the ten enzyme 

complexes that were detected/considered) of the Bf complexes featured deep-branching 

lineages comprising homologs from either deep subsurface or hydrothermal springs/vents 

metagenomes (Fig. 7, Table 2, Supp. Fig. 23-30), although other environmental origins 

could not be summarily excluded for several of these enzymes. Deep subsurface or 

hydrothermal spring/vent environments host early evolving lineages of the catalytic 

subunits of Nfn, Hyd, Fix, Mvh, Bf-Ldh, Hyl, and Car. The three enzymes (includes Met, 

Fdh, and Bf-Bcd) where phylogenetic data potentially suggest an origin in a surface like 

environment are nonetheless found almost exclusively in the genomes of anaerobes (Fig. 

3B). Many surface environments considered to be broadly oxidized (e.g., soils, 

freshwaters, saline microbial mats) harbor anoxic microcompartments (Stein et al., 2001; 

Shen et al., 2016) that may support anaerobic taxa that encode Bf enzyme homologs, 
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potentially helping to explain this observation. In addition, high rates of microbial 

respiration have been observed in many surface environments such as in marine 

sediments of the ocean margins where oxygen (O2) penetrates only millimeters to 

centimeters (D'Hondt et al., 2015). Thus, it is not unusual to find anaerobic 

microorganisms that may encode Bf enzyme homologs in environments that were 

classified as surface environments.  

The taxonomic identities of the earliest branching homologs of Bf enzymes from 

metagenomes broadly agree with our analyses of complete genomes (Table 2). 

Specifically, both analyses indicate that several of the Bf enzymes are likely to have 

originated in thermophiles, sulfate reducers, and members of the Firmicutes. 

Thermophiles were well represented in the earliest branching homologs of Bf 

hydrogenases (Hyd and Mvh), Nfn, Fix, and Hyl. Origins for Bf enzymes in thermophiles 

is consistent with the generalized lack of O2 in high temperature environments due to the 

inverse relationship between O2 solubility and temperature (Amend and Shock, 2001) and 

to the limited availability of high potential oxidants in these environments (Shock et al., 

2010). These characteristics would select for anaerobic taxa with metabolisms such as 

methanogenesis, acetogenesis, fermentation, and sulfur/sulfate reduction and for 

adaptations that maximize the efficiency of these metabolisms, such as FBEB (Buckel 

and Thauer, 2018b; Buckel and Thauer, 2018a). 

For several classes of Bf enzymes, the deepest-branching lineages of homologs 

were phylogenetically divergent from those that are currently represented in our complete 

genome database (Table 2). It is possible that the function of these Bf homologs may 
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differ from those that have been biochemically characterized. For example, the deepest-

branching [NiFe]-hydrogenase Mvh homolog was identified in a deep sea hydrothermal 

vent community and is distantly related to Mvh from Acetomicrobium thermoterreneum 

(Table 2). To date, Bf Mvh complexes have only been characterized in Archaea (Kaster 

et al., 2011), where they function to reduce the disulfide bond in CoM-CoB during 

methanogenesis (Thauer et al., 2008; Buckel and Thauer, 2013). The bacterium harboring 

this Bf Mvh-like complex almost certainly is not a methanogen, since methanogenesis 

has not been observed outside of Archaea (Vanwonterghem et al., 2016; Sorokin et al., 

2017). Importantly, in addition to this deeply rooted Mvh homolog from a putative 

hydrothermal vent bacterium, homologs of Mvh were identified in the genomes of other 

non-methanogenic taxa, including those that catalyze sulfate, sulfur, and nitrate reduction 

(Supp. Fig. 1). This may suggest a unique functional role for Mvh in these non-

methanogenic taxa. 

 With few exceptions, the amino acid sequence identities of earliest branching 

homologs for the ten Bf enzymes identified/considered in our metagenomic sequence 

dataset to the nearest characterized cultivar in our genome dataset were low (Table 2). 

The lack of close representation in existing genomic databases or culture collections for 

many of these early evolving homologs from metagenomic datasets suggests the presence 

of a greater diversity of Bf enzyme complexes in natural systems than is currently 

available in genome databases from cultivars. To assess the diversity of Bf enzyme 

homologs in genome and metagenomic datasets and to determine the extent that the 

diversity present in metagenomic datasets is captured by genomic datasets, we calculated 



76 

 

the pairwise sequence identities of each pair of homologous sequences within each of the 

ten Bf enzymes that were detected/considered in our metagenomic sequence analysis. 

Specifically, we conducted pairwise sequence comparisons of 1) metagenome versus 

complete genome homologs and 2) complete genome versus complete genome homologs. 

We quantified an e-value (see Materials and Methods) as a proxy for protein identity 

distance, where higher values indicate that average pairwise identities among sequences 

are higher and that they are thus less diverse on average.  

Calculation of e-values for homologs indicates that those identified in complete 

genomes have a relatively narrow distribution of amino acid identities when compared to 

the homologs identified in the metagenomes (Fig. 8). In particular, the significantly lower 

median e-values for Bcd, FdhA, HylA, Ldh, and MetF homologs in metagenomic 

sequences when compared to those from complete genome sequences indicates that a 

greater diversity of Bf enzymes exists in natural environments than currently exists in 

genomic databases from cultivars. Although the median e-values for the remaining Bf 

enzymes were not significantly different between the datasets, they were all 

comparatively lower in the metagenomes than in the complete genomes and many 

metagenomes comprised unique outlier homologs (e.g., HydA), suggesting the presence 

of novel protein sequences. Collectively, these results suggest that there is a far greater 

diversity of uncharacterized homologs of Bf enzymes in natural environments that may 

harbor unique functional properties that are distinct from those homologs that have been 

biochemically characterized.  

 

CONCLUSION 
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Complete and publicly available archaeal, bacterial, and eukaryal genomes were 

screened for homologs of the twelve biochemically characterized enzyme complexes that 

have been biochemically shown to bifurcate electrons. Homologs of putative Bf enzymes 

were identified in organisms with diverse metabolisms, including those of aerobes and 

anaerobes, chemotrophs and phototrophs, and autotrophs and heterotrophs. Homologs 

were identified in both archaeal and bacterial taxa, however, they were heavily 

concentrated in the genomes of anaerobic taxa and were enriched among members of the 

Euryarchaeota, Firmicutes, Bacteroidetes, and Proteobacteria. The limited taxonomic 

distribution of homologs of the twelve Bf complexes, the observed paraphyly of archaeal 

and bacterial homologs of catalytic subunits of eleven of these twelve complexes (Hdr2 

not evaluated), and inferred origins of homologs among different taxonomic domains 

suggests that the ability to bifurcate electrons evolved after the divergence of Archaea 

and Bacteria from the LUCA and that these enzyme complexes evolved independently 

multiple times. This suggests an ecological advantage to integrate FBEB into the energy 

metabolism of functionally distinct and phylogenetically diverse taxa, specifically those 

that are anaerobic. Importantly, interspersed lineages of Bf and non-Bf homologs in 

phylogenetic reconstructions and strong evidence for co-evolution of protein subunits 

indicates that loss of flavoproteins was common during the evolution of the 

oxidoreductase subunits. 

Interestingly, our conclusion that homologs of the twelve currently known Bf 

enzymes were not likely a property of the LUCA indicates that extant Bf enzyme 

complexes are not primordial and contrasts with conclusions from previous reports on the 
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natural history of FBEB (Baymann et al., 2018) and the origins of FBEB (Martin, 2012; 

Martin et al., 2017; Sousa et al., 2018). Baymen et al. 2018 based their conclusions on 

apparent structural conservation within three groups of flavoproteins that form complexes 

with oxidoreductases that enable FBEB. In at least one case of one of these flavoprotein 

groups (i.e., the Etf group that comprises four of the 12 Bf enzyme families), 

phylogenetic approaches suggest that flavoproteins that associate with Bf enzymes are 

derived from non-Bf enzymes (Garcia Costas et al., 2017). This indicates that the Bf EtfB 

flavoproteins are recently evolved and is consistent with our conclusions based on 

taxonomic distribution of these complexes and the evolutionary history of the 

oxidoreductase subunits. While the evolutionary history of the other two structural groups 

of flavoproteins has not yet been fully resolved, the culmination of taxonomic 

distribution of the enzyme complexes and evolutionary analyses of the oxidoreductase 

subunits compiled here leads us to conclude that the Bf flavoproteins in the remaining 

two groups are also unlikely to be primordial. Regardless of whether the Bf flavoproteins 

themselves are primordial, the current configuration of these Bf flavoproteins and 

oxidoreductases are unlikely to be reflective of primordial complexes, based on the 

evolutionary analyses conducted herein. 

Our analysis of the distribution and composition of Bf enzyme homologs in 

metagenomic sequences revealed enrichment of homologs in subsurface environments 

relative to surface environments. This is particularly true for deep subsurface rock 

fracture fluids and thermal spring/hydrothermal vent environments, where homologs of 

Bf enzymes were shown to be highly enriched. Moreover, phylogenetic reconstructions 
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of the catalytic subunits of Bf enzyme complexes identified in metagenomic sequences 

revealed that the earliest evolving lineages were often (seven out of ten instances; Hyt not 

identified in metagenomic datasets, Hdr2 not assessed) from deep subsurface rock 

fracture fluid and thermal spring/hydrothermal vent communities. This suggests that the 

characteristics of these environments that at one time promoted the origin of these Bf 

complexes may also help to explain the prevalence of Bf enzyme homologs in these 

environments today. The specific characteristics of these environments that may have 

promoted the origins of several of the Bf enzyme classes, and that promote the 

establishment of contemporary communities enriched in these protein complements, 

includes minimal redox gradients, highly reducing conditions, and low nutrient fluxes 

(Edwards et al., 2012; Kieft, 2016; Colman et al., 2017). Many of the homologs of Bf 

enzymes recovered from these environmental genomes, including those that branch early 

in phylogenetic reconstructions, exhibit low sequence identities with homologs available 

in complete genome databases. This suggests the existence of novel and diverse Bf 

homologs in natural environments that could be prioritized for characterization. 

Moreover, the apparent ease by which phylogenetically distinct flavoproteins can be 

recruited to function with oxidoreductases (twelve independent origins of Bf enzymes, as 

revealed here) suggests the possibility of numerous other yet to be discovered Bf systems 

in both genomic and metagenomic sequence datasets. 

The observations made here suggest that FBEB is a widely distributed strategy in 

organisms inhabiting anoxic environments where the energy yield of redox reactions is 

generally low and where increased efficiency of energy capture would be highly 
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selectable (Peters et al., 2016; Buckel and Thauer, 2018a; Buckel and Thauer, 2018b; 

Peters et al., 2018). The prevalence of homologs of putatively Bf enzymes in the 

genomes of anaerobes and in subsurface environments that are presumably anoxic is 

consistent with the hypothesized role of FBEB in supporting the energy metabolism of 

anaerobic life on early Earth (Martin, 2012; Sousa et al., 2018), when O2 concentrations 

were low (Lyons et al., 2014) and energetic gradients capable of supporting metabolism 

are thought to have been minimal (Schut et al., 2016). Phylogenetic data indicates that 

most Bf enzyme systems evolved from putatively non-Bf ancestors. Thus, as biology 

evolved new metabolic strategies allowing it to diversify into new ecological niches, 

many existing oxidoreductases were fine-tuned through recruitment of flavoproteins 

allowing FBEB. This in turn, would have allowed for coupling of new oxidation-

reduction reactions involving a variety of substrates in cells that function to increase the 

metabolic efficiency and thus competitiveness of those cells. The near complete absence 

of Bf enzyme homologs in aerobic cells (exception being Fix) suggests that as biology 

diversified from anoxic to oxic environments, the selective advantage for Bf systems 

decreased, presumably due to toxicity of O2 to the cells or the sensitivity of the enzymes 

themselves to O2. In the case of Fix, it appears that aerobic diazotrophic cells specifically 

acquired and maintained this enzyme complex as an adaptation to generate Fd- for use in 

supporting nitrogenase activity (Poudel et al., 2018), which evolved first in an anaerobe 

and later diversified into aerobes (Boyd et al., 2011a; Boyd et al., 2011b; Boyd and 

Peters, 2013; Boyd et al., 2015). 
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Significantly more work needs to be completed to identify the specific triggers 

that led to the emergence and extinction of Bf systems as biology diversified to occupy 

the breadth of niche space as it does today. Moreover, additional work needs to be 

conducted to identify the unique environmental characteristics that selected for the 

emergence of Bf systems. Such studies will shed new light on the evolutionary history of 

FBEB and provide new perspective on the physiological and ecological role of Bf 

enzymes in these cells and the natural environment. The insights and perspectives 

obtained from conductance of these evolutionary ecology studies, framed within a robust 

understanding of the physiology and biochemistry of these enzymes, will provide a 

plethora of exciting new questions to guide future thinking and research into the nature of 

microbial life on early Earth and the role of FBEB in the physiology and ecology of that 

life. Insights from such studies will ultimately be required to evaluate the merits of 

placing the process of FBEB as a property of the LUCA, as has been suggested elsewhere 

(Martin, 2012; Martin et al., 2017; Baymann et al., 2018; Sousa et al., 2018), and the 

merits of placing the emergence of FBEB after the divergence of Bacteria and Archaea 

from the LUCA, as suggested here. If it turns out that FBEB was not a property of the 

LUCA, as advocated here, new challenging questions will emerge such as how to 

reconcile the energy metabolism of cells whose contemporary energetics are dependent 

on FBEB. In the case of hydrogenotrophic methanogens, which are often advocated as 

operating energy metabolisms reminiscent of that which operated in the LUCA (Weiss et 

al., 2016), it would be necessary to envision a primitive energy metabolism within a 

specific environmental context that favored reaction energetics that were not dependent 
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on FBEB (Thauer et al., 2008). Similar scenarios would need to be envisioned for other 

fermentative and autotrophic cells whose contemporary energy metabolisms are also 

dependent on FBEB. 
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Table 1. The twelve enzyme complexes that have been biochemically shown to bifurcate electrons to date. The minimum  

complement of subunits comprising each enzyme, a reference NCBI protein sequence ID, an e-value cutoff for demarcating  

subunit homologs from closely related paralogs, the number of open reading frames from the catalytic subunit (boldfaced)  

searched for homologs of companion subunits, and literature references are provided.   

 

 

Enzyme 
Subunitsa Protein ID 

E-

Value 

Flanking 

Region Reference 

A) NAD(H)-dependent [FeFe]-

hydrogenase (Hyd) 

HydA AAD36496 2e-20  (Schut and Adams, 2009) 

HydB AAD36495 2e-13 +/- 5 (Schut and Adams, 2009) 

HydC AAD36494 1e-07 +/- 5 (Schut and Adams, 2009) 

B) [NiFe]-

hydrogenase/heterodisulfide 

reductase (Mvh) 

MvhA CAF30379 

1e-90  (Kaster et al, 2011; Thauer et 

al, 2008) 

MvhG CAF30378 

5e-07 +/- 3 (Kaster et al, 2011; Thauer et 

al, 2008) 

MvhD CAF30377 

4e-07 +/- 3 (Kaster et al, 2011; Thauer et 

al, 2008) 

HdrA CAF30381 

3e-08 Allb (Kaster et al, 2011; Thauer et 

al, 2008) 

HdrB CAF30711 

1e-03 Allb (Kaster et al, 2011; Thauer et 

al, 2008) 

HdrC CAF30710 

2e-06 Allb (Kaster et al, 2011; Thauer et 

al, 2008) 

C) Formate dehydrogenase/ 

heterodisulfide reductase 

(Fdh) 

FdhA CAF30854 

6e-12  (Costa et al, 2010; Costa et al, 

2013) 

FdhB CAF30853 

8e-15 +/- 1 (Costa et al, 2010; Costa et al, 

2013) 

HdrA CAF30381 

3e-08 Allb (Costa et al, 2010; Costa et al, 

2013) 
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HdrB CAF30711 

1e-03 Allb (Costa et al, 2010; Costa et al, 

2013) 

HdrC CAF30710 

2e-06 Allb (Costa et al, 2010; Costa et al, 

2013) 

D) NADP(H)-dependent [FeFe]- 

hydrogenase (Hyt) 

FdhA AGT29705 6e-12 +/- 10 (Wang et al, 2013a) 

HytE2 AGT29714 1e-43 +/- 10 (Wang et al, 2013a) 

HytA AGT29713 1e-04  (Wang et al, 2013a) 

HytE1 AGT29712 1e-43 +/- 10 (Wang et al, 2013a) 

HytD AGT29711 3e-17 +/- 10 (Wang et al, 2013a) 

HytB AGT29710 2e-13 +/- 10 (Wang et al, 2013a) 

HytC AGT29709 1e-07 +/- 10 (Wang et al, 2013a) 
E) NAD(H)-dependent reduced 

ferredoxin:NADP(H) 

oxidoreductase (Nfn) 

NfnS AAD36706 9e-22  (Demmer et al, 2015) 

NfnL AAD36707 2e-96 +/- 1 (Demmer et al, 2015) 

F) Electron-transfer flavoprotein 

involved in nitrogen fixation 

(Fix) 

FixA/EtfB WP_011665895 1e-43  (Edgren and Nordlund, 2004) 

FixB/EtfA WP_011665894 6e-45 +/- 4 (Edgren and Nordlund, 2004) 

FixC WP_011665893 4e-35 +/- 4 (Edgren and Nordlund, 2004) 

FixX WP_011665892 3e-05 +/- 4 (Edgren and Nordlund, 2004) 

 

 

G) Butyryl-CoA dehydrogenase / 

electron transfer flavoprotein 

(Bf-Bcd) 

 

 

Bcd 

 

 

EDK32509 

 

 

3e-12 

  

 

(Herrmann et al, 2008; Li et 

al, 2008) 

EtfA EDK32511 

6e-45 +/- 2 (Herrmann et al, 2008; Li et 

al, 2008) 

EtfB EDK32510 

1e-43 +/- 2 (Herrmann et al, 2008; Li et 

al, 2008) 

H) Caffeyl-CoA reductase/ 

electron transfer flavoprotein 

(Car) 

CarC AFA48354 2e-12  (Bertsch et al, 2013) 

CarD/EtfB AFA48355 1e-43 +/- 2 (Bertsch et al, 2013) 

CarE/EtfA AFA48356 6e-45 +/- 2 (Bertsch et al, 2013) 
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I) NAD(H)-dependent formate 

dehydrogenase (Hyl) 

FdhF2 AFS79904 6e-12 +/- 4 (Wang et al, 2013b) 

HylA AFS79905 2e-39  (Wang et al, 2013b) 

HylB AFS79906 3e-14 +/- 4 (Wang et al, 2013b) 

HylC AFS79907 5e-38 +/- 4 (Wang et al, 2013b) 

J) Lactate dehydrogenase/ 

electron transfer flavoprotein 

(Bf-Ldh) 

Ldh AFA47664 3e-29  (Weghoff et al, 2015) 

EtfA AFA47663 6e-45 +/- 2 (Weghoff et al, 2015) 

EtfB AFA47662 1e-43 +/- 2 (Weghoff et al, 2015) 

K) F420H2-dependent 

heterodisulfide 

reductase (Hdr2) 

Hdr2A AAM06247 3e-08 Allc (Yan et al, 2017) 

Hdr2B AAM07582 

1e-03 +/- 2 

HdrCc (Yan et al, 2017) 

Hdr2C AAM07581 

2e-06 +/- 2 

HdrBc (Yan et al, 2017) 

L) Methylene-tetrahydrofolate 

(H4F) 

reductase/heterodisulfide 

reductase (Met) 

MetF YP_430048 9e-13  (Mock et al, 2014) 

MetV YP_430049 0.1 +/- 3 (Mock et al, 2014) 

MvhD YP_430050 4e-07 +/- 3 (Mock et al, 2014) 

HdrA YP_430051 3e-08 All (Mock et al, 2014) 

HdrB YP_430052 1e-03 All (Mock et al, 2014) 

HdrC YP_430053 2e-06 All (Mock et al, 2014) 

 
 

aSubunits in bold are the primary oxidoreductase catalytic subunits that were used as bait sequences when identifying Bf enzyme 

homologs 
bCo-localization of hdrABC with mvh, fdh or met is not necessary for Bf function in these enzyme complexes (Bertsch et al, 2015; 

Costa et al, 2013; Kaster et al, 2011). Thus, genomes containing these subunits in any location were considered as having a Bf 

homolog.  
c Hdr2A is often not co-localized with Hdr2BC [i.e., as in Methanosarcina acetovorans where Hdr2ABC was first described (Yan et 

al, 2017)]. Thus, Hdr2A was allowed to be located anywhere in the genome, while Hdr2B and Hdr2C were required to be co-localized 

for inclusion as a Bf Hdr2 complex 
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Table 2. Proposed taxonomic origin of Bf enzyme complexes based on phylogenetic delineation of the earliest evolving  

extant lineage of the oxidoreductase subunits associated with each Bf enzyme complex in complete genome sequences and 

metagenomes (see Supp. Figs 3, 7, 9, 12, 14, 17, 19, 20 and Supp. Figs. 24 to 31). The taxonomic rank and a representative  

with a homolog comprising the earliest evolving, well-supported lineages, are provided. Multiple taxa are shown when no  

single group was strongly supported. The percent sequence identity and percent sequence coverage of each early evolving  

homolog to the most closely related homolog from a complete genome sequence is provided. Names of abbreviated protein  

complexes are provided in Table 1.  

 

 

Bifurcating 

Systema 

Complete Genomes Metagenomes 

Earliest Evolving 

Lineage 
Taxon Example Environment Type 

Closely related organism(s) 

(% sequence identity / % 

sequence coverage) 

HydA 
Thermotoga/ 

Dictyoglomi 

Thermotoga maritima/ 

Dictyoglomus thermus 

Soil/ Surface Water/ 

Hydrothermal Vents/ 

Springs/Groundwater 

Thermodesulfatator indicus 

(49 / 97)/ Desulfotomaculum 

australicum (53 / 96) 

MvhA Methanomicrobiales Methanobacterium sp.  
Hydrothermal 

Vents/Springs 

Acetomicrobium 

thermoterrenum (57 / 94) 

FdhA δ-Proteobacteria 
Desulfobacula 

toluolica 
Surface Water 

Desulfobacterium 

autotrophicum (50 / 94) 

HytA Firmicutes 
Clostridium 

scatologenes 
NA NA 

NfnSL 
Actinobacteria/ 

Proteobacteria 

Mobiluncus curtisii/ 

 Shewanella 

halifaxensis 

Surface 

Water/Hydrothermal 

Vents/Springs 

Carboxydothermus islandicus 

(70 / 99) 

FixAB Crenarchaeota Aeropyrum camini 
Hydrothermal Vents/ 

Springs 

Desulfotomaculum 

thermocisternum (52 / 99) 

Bcd Firmicutes Eubacterium limosum Soil 
Caldisalinibacter 

kiritimatiensis (70 / 99) 
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CarC Firmicutes 

Natranaerobius 

thermophilus 
Deep Subsurface/Soil 

Sporobacter termitidis (60 / 

99) 

HylA Firmicutes Thermincola potens 
Saline/Hydrothermal 

Vents/Springs 

Caloranaerobacter 

ferrireducens (70 / 99) 

Ldh 
Synergistetes/ 

Thermotoga 

Thermovirga lienii/ 

Pseudothermotoga 

lettingae 

Deep Subsurface 

Anaerotruncus rubiinfantis 

(100 / 97) / Desulfotignum 

balticum (58 / 99) 

Hdr2A Firmicutes 
Moorella 

thermoacetica 
NA NA 

MetF δ-Proteobacteria 
Desulfobaca 

acetoxidans 
Surface Sediments 

Candidatus Latescibacteria 

(95 / 100) 
 

 

aThe subunit or suite of subunits (i.e., concatenation of NfnSL and FixAB) of oxidoreductases subjected to phylogenetic  

analysis is shown for each Bf system.  

Abbreviations: NA, not available 
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Figure 1. The most commonly identified operon structures for characterized Bf enzyme 

homologs: A) Hyd, B) Mvh, C) Fdh, D) Hyt, E) Nfn, F) Fix, G) Bf-Bcd, H) Car, I) Hyl, 

J) Bf-Ldh, K) Hdr2, and L) Met. Names of each abbreviated complex are presented in 

Table 1. Open reading frames that are highlighted in red represent genes encoding the 

proposed Bf flavoprotein subunit of the specified complex. 
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Figure 2. Proposed protein-protein interactions and the number and type of cofactors 

present in each protein subunit, as defined previously in references characterizing each Bf 

enzyme (see Table 1). A) Hyd, B) Mvh, C) Fdh, D) Hyt, E) Nfn, F) Fix, G) Bf-Bcd, H) 

Car, I) Hyl, J) Bf-Ldh, K) Hdr2, and L) Met. The ‘?’ in L) indicates that the third 

substrate is not known for this enzyme but is predicted to be ferredoxin (Fd) (Mock et al., 

2014). Names of each abbreviated complex are presented in Table 1. The reversibility of 

the enzyme complexes is not shown to better depict coupling of substrate 

oxidation/reduction. Subunits that are highlighted red are the flavoprotein subunits that 

have been biochemically shown to be the site of electron bifurcation. 
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Fig. 3. Distribution of homologs of putative Bf and non-Bf enzymes in complete genome 

sequences. A) Histogram depicting the percent of homologs that are predicted to 

bifurcate electrons and those that are predicted to not bifurcate electrons in complete 

genomes. B) Percent of enzyme homologs predicted to bifurcate electrons that are 

derived from the genomes of aerobes, anaerobes, or facultative anaerobes. Fdh* and Hdr* 

includes all the Bf enzymes that form a complex with Fdh (i.e., Hyt, Hyl and Hdr 

associated Fdh) and Hdr (i.e., Fdh associated Hdr, Mvh, Hdr2 and Met), respectively. 

Names of each abbreviated enzyme complex are provided in Table 1. Note, Mvh are the 

only known Bf subclass of [NiFe]-hydrogenase (labeled [NiFe] in Panel A). 
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Fig. 4. Co-occurrence analysis of the distribution of homologs of Bf enzymes in complete 

genome sequences. Positive co-occurrences (exceeding the 95% statistical significance 

threshold) are represented in cyan, negative co-occurrences are represented in yellow, 

and random co-occurrences are represented in grey. Abbreviations for enzyme complexes 

are provided in Table 1. 
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Figure 5. Phylogenetic distribution of homologs of enzymes that are predicted to 

bifurcate electrons in complete genome sequences. The Maximum-Likelihood 

phylogenetic tree was constructed using 16S rRNA gene sequences obtained from 

genomes that also encode at least one homolog of a Bf enzyme. Phylum-level lineages 

were collapsed to conserve space. The number in parentheses next to each phylum level 

designation indicates the total number of genomes within a specified lineage that code for 

homologs of at least one of the twelve Bf enzymes (Supp. Table 2). The percent of 

genomes within a given lineage that code for a homolog of the specified Bf enzyme (i.e., 

relative percent abundance) is indicated by the color of the bubble. The percent of the 

total number of homologs of the specified Bf enzyme that are encoded in genomes 

affiliated with the specified lineage (i.e., absolute percent abundance) is indicated by the 

size of the bubble. Names for each abbreviated enzyme complex are provided in Table 1. 
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Fig. 6. Average abundance of homologs of the eleven (see Table 1) Bf enzyme 

complexes in metagenomic sequences (Hyt homologs were not identified in 

metagenomes and therefore are not included for this analysis). Here, the average 

abundance of homologs of all Bf enzyme complexes identified among non-redundant 

metagenomic contigs was normalized to the total number of megabase (Mb) pairs of 

sequence in those contigs to account for differences in sequence depth between datasets. 

Metagenomes were classified into different environmental groups based on metadata 

provided for each dataset (see Supp. Table 3). The number in parentheses next to the 

environmental groups, as specified on the x-axis, represents the total number of 

metagenomes classified into a given environmental group. Only environmental (e.g. non-

engineered and non-host-associated) metagenomes were used in the analyses.  
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Fig. 7. Average abundance of homologs of the ten (see Table 1) Bf enzyme complexes 

within metagenomes (n=928 metagenomes). Hyt homologs were not identified in 

metagenomes and therefore are not depicted in the graph. Hdr homologs are difficult to 

demarcate from the ones that forms a complex with Mvh, Fdh or Met so were not 

included in metagenome analysis. The average abundances of homologs of all Bf enzyme 

complexes in non-redundant metagenomic contigs were normalized to the total number 

of megabase (Mb) pairs of sequence in those metagenomes to account for differences in 

sequence depth between metagenomes. The colored circle in the graph represents the 

environment (colored accordingly) that contained the early evolving homologs of specific 

Bf enzymes (also included in Table 2). Only a small number of Bf-Bcd and Car 

homologs were identified in metagenomes and thus, resolving the environment of their 

presumed origin was deemed not appropriate from their phylogenies. Metagenomes were 

classified using metadata provided for each dataset. The total number of metagenomes 

classified into each environmental group is given in parentheses. Names for each 

abbreviated protein complex are provided in Table 1.  
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Figure 8. Distribution of e-values of homologs of the catalytic oxidoreductase subunit of 

the eleven (see Table 1; Hyt was not identified in our metagenomic sequence database) 

Bf enzyme complexes identified in metagenome (in red) and complete genome (in blue). 

Homologs identified in genome sequences were subjected to pairwise phmmer analysis to 

obtain e-values as an indication of their diversity. Similarly, homologs identified in 

metagenome sequences were subjected to phmmer against a database comprising 

homologs obtained from genomes to assess the extent of the diversity of sequences in 

taxa that are either yet to be cultivated or that lack genome sequences. To simplify data 

presentation, the e-values were then normalized by multiplying by -10000 which is 

depicted as ‘E-Value’ on the y-axis. Higher E-Values indicate that homologs exhibit a 

lower diversity and thus are more similar phylogenetically. Low E-Values indicate that 

homologs are more diverse and are less similar phylogenetically. The box represents the 

interquartile range with the whiskers show the full range of the data. The circles outside 

of those whiskers represent outliers and the horizontal black bold line within the box 

represents the median value.  Homologs identified in metagenomes that exhibit a lower 

average or range of E-values than those identified in complete genomes are 

underrepresented in complete genome databases (i.e., there is unsampled diversity). 
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Supplementary Figure 1. Presence (grey) or absence (white) of homologs of one or 

more of the twelve Bf enzyme complexes encoded in the genomes of organisms with 

specified physiological attributes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



99 

 

 

 

 

 

 

 

 
 

 

Supplementary Figure 2. Histogram depicting the percent of complete genome 

sequences that encode homologs of one to seven Bf enzyme complexes, out of 681 

genomes found to contain at least one Bf enzyme complex. The bar chart also shows the 

distribution of these genomes as they relate to the ability of the host organism to integrate 

oxygen into their energy metabolism. 
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Supplementary Figure 3. Maximum-likelihood phylogenetic reconstruction of Bf [(Bf)-

HydA, HytA, and HylA] and non-Bf HydA homologs [(Nbf)-HydA] and Nar-like 

proteins in complete genome sequences. The phylogeny was rooted with Nar-like 

proteins from Homo sapiens (NP_071938 and NP_036468), Danio rerio (A2RRV9), 

Thalassiosira pseudonana (XP_002289272) and Ostreococcus lucimarinus 

(XP_001416706). Sequence terminals are color coded, with Bf-HydA in red, HytA in 

purple, HylA in rust, Nbf-HydA in yellow, and Nar-like homologs in green. Names for 

each abbreviated protein complexes are provided in Table 1. Note, homologs of Bf-

HydA, HytA, HylA were only identified among Bacteria, thereby negating the need to 

add a colored strip demarcating archaeal and bacterial homologs. Bootstrap values for 

each node are shown as a percentage (out of 1000 bootstrap replicates). 
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Supplementary Figure 4. Mantel regression of the pairwise distances of homologs of 

subunits of the Hyd complex plotted as a function of each other: A) HydA and HydB, B) 

HydB and HydC. Mantel r values are provided and the significance values (p-value) for 

both regressions were <0.001. Names for each abbreviated protein complex and their 

subunits are provided in Table 1. 
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Supplementary Figure 5. Mantel regression of the pairwise distances of homologs of 

subunits of the Hyl complex plotted as a function of each other: A) HylA and HylB, B) 

HylB and HylC and C) HylB and FdhF2. Mantel r values are provided and the 

significance values (p-value) for all regressions were <0.02. Names for each abbreviated 

protein complex and their subunits are provided in Table 1. 
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Supplementary Figure 6. Mantel regression of the pairwise distances of homologs of 

subunits of the Hyt complex plotted as a function of each other: A) HytA and HytB, B) 

HytB and HytC, C) HytB and HytD, D) HytE1 and HytB, E) HytE2 and HytB, and F) 

HytB and FdhA. Mantel r values are provided and the significance values (p-value) for 

all regressions shown were <0.2. Names for each abbreviated protein complex and their 

subunits are provided in Table 1. 
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Supplementary Figure 7. Maximum-likelihood phylogenetic reconstruction of 

homologs of archaeal (blue in outer strip) and bacterial (red in outer strip) large subunits 

of Bf (i.e., MvhA that form group 3c) and non-Bf (groups 1, 2, 3a, 3b, 3d, and 4) [NiFe]-

hydrogenase in complete genomes extracted from (Boyd et al., 2014). The phylogeny 

was by default rooted to the large subunit of group 4 by the RAxML which was used as 

the root to evaluate the evolution of MvhA homologs. The group designations for [NiFe]-

hydrogenase are defined as in (Vignais et al., 2001; Boyd et al., 2014) and are 

represented by different colors at sequence terminals (inner ring and as projected on 

lineages). Bootstrap values for each node are shown as a percentage (out of 1000 

bootstrap replicates). 
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Supplementary Figure 8. Mantel regression of the pairwise distances of homologs of 

subunits of the Mvh complex plotted as a function of each other: A) MvhA and MvhG, 

B) MvhA and MvhD, C) MvhA and HdrA (only associated with Mvh complex), D) 

HdrA and HdrB (both associated with only Mvh complex), and E) HdrC and HdrA (both 

associated with only Mvh complex). Mantel r values are provided and the significance 

values (p-value) for all regressions shown were <0.001. Names for each abbreviated 

protein complex and their subunits are provided in Table 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 



106 

 

 

 

 

 
 

 

Supplementary Figure 9. Maximum-likelihood phylogenetic reconstruction of archaeal 

(blue in the outer strip) and bacterial (red in outer strip) Bf (FdhA-Hdr, FdhA-Hyt, and 

FdhF2-Hyl) and non-Bf FdhA homologs from complete genome sequences. Mid-point 

rooting was used since FdhA and FdhF2 are paralogous. Sequence terminals of homologs 

of bifurcating FdhA are colorcoded, with FdhA-Hdr in red, FdhA-Hyt in rust, and FdhF2-

Hyl in blue. Sequence terminals that are not colored depict FdhA homologs that are not 

predicted to bifurcate. Names for each abbreviated protein complexes are provided in 

Table 1. Bootstrap values for each node are shown as a percentage (out of 1000 bootstrap 

replicates). 
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Supplementary Figure 10. Mantel regression of the pairwise distances of homologs of 

subunits of the Fdh complex plotted as a function of each other. A) FdhA and FdhB, B) 

FdhA and HdrA (only associated with Fdh complex), C) HdrB and HdrA (both only 

associated with Fdh complex), and D) HdrA and HdrC (both only associated with Fdh 

complex). Mantel r values are provided and the significance values (p-value) for all 

regressions shown were <0.001. Names for each abbreviated protein complex and their 

subunits are provided in Table 1. 
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Supplementary Figure 11. Mantel regression of the pairwise distances of homologs of 

NfnS as a function of the pairwise distances of homologs of NfnL. The Mantel r value is 

provided and the significance value (p-value) for the regression shown was <0.001. 

Names for each abbreviated protein complex and their subunits are provided in Table 1. 
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Supplementary Figure 12. Maximum-likelihood phylogenetic reconstruction of a 

concatenation of archaeal (blue in outer strip) and bacterial (red in outer strip) NfnSL in 

complete genome sequences rooted (green outer strip) with concatenated paralogous 

proteins which include dihydroorotate dehydrogenase from Lactococcus lacticus 

(WP_011835013) and glutamate synthase from Azospirillum brasilense 

(WP_035677957), dihydroorotate dehydrogenase from Lactococcus garvieae 

(BAK58851) and glutamate synthase from Azospirillum oryzae (WP_085087092), and 

dihydroorotate dehydrogenase from Floricoccus tropicus (WP_070791886) and 

glutamate synthase from Azospirillum humicireducens (WP_063635528). Bootstrap 

values for each node are shown as a percentage (out of 1000 bootstrap replicates). 
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Supplementary Figure 13. Mantel regression of the pairwise distances of homologs of 

subunits of the Fix complex plotted as a function of each other. A) FixA (or only EtfB 

associated with Fix complex) and FixB (or only EtfA associated with Fix complex), B) 

FixC and FixA (or only EtfB associated with Fix complex), C) FixX and FixA (or only 

EtfB associated with Fix complex), Mantel r values are provided and the significance 

values (pvalue) for all regressions shown were <0.001. Names for each abbreviated 

protein complex and their subunits are provided in Table 1. 
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Supplementary Figure 14. Maximum-likelihood phylogenetic reconstruction of butyryl-

CoA dehydrogenase (Bcd) (red outer strip) and CarC (green outer strip) subunits that are 

associated with Etf in complete genomes and proposed to bifurcate and those that are not 

associated with Etf and thus are predicted to not bifurcate (terminals are uncolored). Mid-

point rooting was used since Bcd and CarC are paralogous. Names for each abbreviated 

protein complexes are provided in Table 1. Note, homologs of Bcd and CarC subunits 

associated with Etf were only detected among Bacteria, thereby negating the need to add 

a colored strip demarcating archaeal and bacterial homologs. Bootstrap values for each 

node are shown as a percentage (out of 1000 bootstrap replicates). 
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Supplementary Figure 15. Mantel regression of the pairwise distances of homologs of 

subunits of the Bf-Bcd complex plotted as a function of each other: A) EtfB and EtfA 

(both of which are associated with only Bf-Bcd complex), B) EtfB (associated with only 

Bf-Bcd complex) and Bcd. Mantel r values are provided and the significance values (p-

value) for all regressions shown were <0.001. Names for each abbreviated protein 

complex and their subunits are provided in Table 1. 
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Supplementary Figure 16. Mantel regression of the pairwise distances of homologs of 

subunits of the Car complex plotted as a function of each other: A) EtfB and EtfA (both 

of which are associated with only Car complex), B) EtfB (associated with only Car 

complex) and CarC. Mantel r values are provided and the significance values (p-value) 

for all regressions shown were <0.001. Names for each abbreviated protein complex and 

their subunits are provided in Table 1. 
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Supplementary Figure 17. Maximum-likelihood phylogenetic reconstruction of lactate 

dehydrogenase (Ldh) homologs that associate with Etf in complete genomes and are 

predicted to bifurcate (terminals colored in red, designated as Etf-Ldh) and those that do 

not associate with Etf and thus are not predicted to bifurcate (terminals are uncolored). 

The tree was rooted with the paralog (terminals colored in green) alkyl dihyroxyacetone 

phosphate synthase from Dictyostelium discoideum (XP_637836) and Trypanosoma 

brucei (XP_845272). Names for each abbreviated protein complexes are provided in 

Table 1. Note, homologs of Ldh associated with Etf were only detected among Bacteria, 

thereby negating the need to add a colored strip demarcating archaeal and bacterial 

homologs. Bootstrap values for each node are shown as a percentage (out of 1000 

bootstrap replicates). 
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Supplementary Figure 18. Mantel regression of the pairwise distances of homologs of 

subunits of the Bf-Ldh complex plotted as a function of each other: A) EtfB and EtfA 

(both of which are associated with only Bf-L dh complex), B) EtfB (associated with only 

Bf-Ldh complex) and Ldh. Mantel r values are provided and the significance values (p-

value) for all regressions shown were <0.001. Names for each abbreviated protein 

complex and their subunits are provided in Table 1. 
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Supplementary Figure 19. Maximum-likelihood phylogenetic reconstruction of all Hdr 

homologs that associate with Fdh, Met, Mvh, and Hdr2 that functions in complete 

bacterial (red in outer strip) and archaeal (blue in outer strip) genomes. The tree was 

rooted with the paralog (terminals colored in green) thioredoxin reductase from 

Escherichia coli (P0A9P4) and Shigella sp. (WP_000537416). Names for each 

abbreviated protein complexes are provided in Table 1. Bootstrap values for each node 

are shown as a percentage (out of 1000 bootstrap replicates). 
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Supplementary Figure 20. Maximum-likelihood phylogenetic reconstruction of MetF 

homologs that associate with Hdr in complete bacterial (red in outer strip) and archaeal 

(blue in outer strip) genomes and are predicted to bifurcate (terminals colored in red). 

Those homologs that do not associate with Hdr and thus are not predicted to bifurcate are 

represented by uncolored terminals. The tree was rooted with the paralog (terminals 

colored in green) methylenetetrahydrofolate reductase from Escherichia coli 

(WP_089580839) and Shigella flexneri (OUZ65700). Names for each abbreviated protein 

complexes are provided in Table 1. Bootstrap values for each node are shown as a 

percentage (out of 1000 bootstrap replicates). 
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Supplementary Figure 21. Mantel regression of the pairwise distances of homologs of 

the subunits of Met plotted as a function of each other: A) MetF and MetV, B) MetF and 

HdrA, C) MetF and MvhD, D) HdrA and HdrC, E) HdrA and HdrB. Mantel r values are 

provided and the significance values (p-value) for all regressions shown were <0.001. 

Names for each abbreviated protein complex and their subunits are provided in Table 1. 
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Supplementary Figure 22. Abundance and distribution of homologs of putative Bf 

enzymes among metagenomic sequences (n = 3,136 total metagenomes). A) Histogram 

depicting the total number of homologs for the specified type of Bf enzyme complex. B) 

The average abundances of homologs of all Bf enzyme complexes in non-redundant 

metagenomic contigs that were classified as ‘surface’ and ‘subsurface’ were normalized 

to the total number of megabase (Mb) pairs of sequence. Names for protein complexes 

are provided in Table 1.  
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Supplementary Figure 23. Maximum-likelihood phylogenetic reconstruction of Bf 

homologs of Hyd (HydA and HylA; homologs of HytA were not identified among 

metagenomic sequences) in metagenomic sequences. The phylogeny was rooted with 

Nar-like proteins from Homo sapiens (NP_071938 and NP_036468), Danio rerio 

(A2RRV9), Thalassiosira pseudonana (XP_002289272) and Ostreococcus lucimarinus 

(XP_001416706). Sequence terminals are color coded, with the outer ring indicating the 

environment type where a given homolog was identified, the middle ring indicating 

whether the environment type that the homolog was identified in was classified as a 

surface or subsurface environment, and the inner ring indicating homology to HydA 

(highlighted in red), HylA (highlighted in rust), or the paralog Nar-like proteins 

(highlighted in green). If a protein homolog was identified in a metagenome that lacked 

metadata allowing for coding of the outer or middle ring, it was left blank (white). Names 

of abbreviated protein complexes are provided in Table 1. Note, monomeric (non-Bf) 

HydA or HylA were not included in this analysis. Bootstrap values for each node are 

shown as a percentage (out of 1000 bootstrap replicates). 

  



121 

 

 
 

 

Supplementary Figure 24. Maximum-likelihood phylogenetic reconstruction of 

homologs of the large subunit of the Mvh complex (i.e., MvhA) identified in 

metagenomic sequences. The phylogeny was rooted with the large subunit of group 3d 

non-bifurcating [NiFe]-hydrogenase from Cupriavidus necator (WP_011154013), 

Azoarcus olearius (WP_011765148), Paraburkholderia xenovorans (WP_040123534), 

Psychromonas ingrahamii (WP_041766077), and Rhodobacter capsulatus (AAD38065). 

Sequence terminals are color coded, with the outer ring indicating the environment type 

where a given homolog was identified, the middle ring indicating whether the 

environment type that the homolog was identified in was classified as a surface or 

subsurface environment, and the inner ring indicating homology to MvhA (highlighted 

in red) or the paralog (group 3d non-Bf [NiFe]-hydrogenase highlighted in green). 

Protein homologs from metagenomes that lacked environmental classification were not 

colored in the middle and outer rings. Names of abbreviated protein complexes are 

provided in Table 1. Bootstrap values for each node are shown as a percentage (out of 

1000 bootstrap replicates). 
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Supplementary Figure 25. Maximum-likelihood phylogenetic reconstruction of FdhA 

homologs that are predicted to form a Bf complex (i.e., Hyl and Hdr) in metagenomic 

sequences. FdhA homologs that are predicted to form a Bf complex with Hyt were not 

identified in metagenomic sequences and thus are not depicted. Mid-point rooting was 

used since FdhA and FdhF2 are paralogous. Sequence terminals are color coded, with the 

outer ring indicating the environment type where a given homolog was identified, the 

middle ring indicating whether the environment type that the homolog was identified in 

was classified as a surface or subsurface environment, and the inner ring indicating 

homology to FdhA (Hdr highlighted in red) or FdhF2 (Hyl highlighted in green). Protein 

homologs from metagenomes that lacked environmental classification were not colored 

in the middle and outer rings. Names of abbreviated protein complexes are provided in 

Table 1. Bootstrap values for each node are shown as a percentage (out of 1000 bootstrap 

replicates). 
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Supplementary Figure 26. Maximum-likelihood phylogenetic reconstruction of a 

concatenation of representative NfnSL homologs of each homolog ‘bin’ generated using 

a CD-HIT clustering approach applied to homologs identified in metagenomic sequences. 

All NfnSL homologs identified in metagenomes were first clustered into unique homolog 

‘bins’ that contained closely related NfnSL homologs and the representative sequences of 

each ‘bin’ were extracted to reconstruct the phylogenetic tree of NfnSL. The phylogeny 

was rooted (green outer strip) with concatenated paralogous proteins which include 

dihydroorotate dehydrogenase from Lactococcus lacticus (WP_011835013) and 

glutamate synthase from Azospirillum brasilense (WP_035677957), dihydroorotate 

dehydrogenase from Lactococcus garvieae (BAK58851) and glutamate synthase from 

Azospirillum oryzae (WP_085087092), and dihydroorotate dehydrogenase from 

Floricoccus tropicus (WP_070791886) and glutamate synthase from Azospirillum 

humicireducens (WP_063635528). Sequence terminals are color coded, with the 

outer ring indicating the environment type where a given homolog was identified, the 

middle ring indicating whether the environment type that the homolog was identified in 

was classified as a surface or subsurface environment, and the inner ring indicating 

homology to Nfn (highlighted in red) or the paralog (dihydroorotate dehydrogenase 

highlighted in green). Protein homologs from metagenomes that lacked environmental 

classification were not colored in the middle and outer rings. Names of abbreviated 

protein complexes are provided in Table 1. Bootstrap values for each node are shown as 

a percentage (out of 1000 bootstrap replicates). 
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Supplementary Figure 27. Maximum-likelihood phylogenetic reconstruction of 

homologs of putative Bf EtfAB (i.e., Fix) identified in metagenomic sequences. The 

phylogeny was rooted with homologs of group 5 EtfAB from Desulfitobacterium 

hafniense (BAE84276-BAE84277), Desulfotomaculum reducens (ABO50304-

ABO50305) and Geobacillus kaustophilus (BAD76971-BAD76972) that are not 

predicted to bifurcate (Garcia Costas et al., 2017). Sequence terminals are color coded, 

with the outer ring indicating the environment type where a given homolog was 

identified, the middle ring indicating whether the environment type that the homolog was 

identified in was classified as a surface or subsurface environment, and the inner ring 

indicating homology to Fix (highlighted in red) or the paralog (non-Bf Etf highlighted in 

green). Protein homologs from metagenomes that lacked environmental classification 

were not colored in the middle and outer rings. Names of abbreviated protein complexes 

are provided in Table 1. Bootstrap values for each node are shown as a percentage (out 

of 1000 bootstrap replicates). 
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Supplementary Figure 28. Maximum-likelihood phylogenetic reconstruction of 

homologs of butyryl-CoA dehydrogenase (Bcd) and CarC identified in metagenomic 

sequences. Since, CarC and Bcd are paralogous enzymes, midpoint rooting was used. 

Sequence terminals are colored coded, with the outer ring indicating the environment 

type where a given homolog was identified, the middle ring indicating whether the 

environment type that the homolog was identified in was classified as a surface or 

subsurface environment, and the inner ring indicating homology to Bcd (highlighted in 

red) or Car (highlighted in green). Protein homologs from metagenomes that lacked 

environmental classification were not colored in the middle and outer rings. Names of 

abbreviated protein complexes are provided in Table 1. Bootstrap values for each node 

are shown as a percentage (out of 1000 bootstrap replicates). 
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Supplementary Figure 29. Maximum-likelihood phylogenetic reconstruction of lactate 

dehydrogenase (Ldh) homologs that are predicted to form a complex with Bf Etf (i.e., 

Ldh) in metagenomic sequences. The phylogeny was rooted with the paralog alkyl 

dihyroxyacetone phosphate synthase from Dictyostelium discoideum (XP_637836) and 

Trypanosoma brucei (XP_845272). Sequence terminals are color coded, with the outer 

ring indicating the environment type where a given homolog was identified, the middle 

ring indicating whether the environment type that the homolog was identified in was 

classified as a surface or subsurface environment, and the inner ring indicating homology 

to Ldh (highlighted in red) or the paralog (alkyl dihyroxyacetone phosphate synthase 

highlighted in green). Protein homologs from metagenomes that lacked environmental 

classification were not colored in the middle and outer rings. Names of abbreviated 

protein complexes are provided in Table 1. Bootstrap values for each node are shown as 

a percentage (out of 1000 bootstrap replicates). 
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Supplementary Figure 30. Maximum-likelihood phylogenetic reconstruction of a 

concatenation of representative MetF homologs (that are predicted to form a complex 

with Bf Hdr) of each homolog ‘bin’ generated using a CD-HIT clustering approach 

applied to homologs identified in metagenomic sequences. All MetF homologs identified 

in metagenomes were first clustered into unique homolog ‘bins’ that contained closely 

related MetF homologs and the representative sequences of each unique ‘bin’ were 

extracted to reconstruct the phylogenetic tree of homologs of MetF. The tree was rooted 

with the paralog (terminals colored in green) methylenetetrahydrofolate reductase from 

Escherichia coli (WP_089580839) and Shigella flexneri (OUZ65700). Sequence 

terminals are color coded, with the outer ring indicating the environment type where a 

given homolog was identified, the middle ring indicating whether the environment type 

that the homolog was identified in was classified as a surface or subsurface environment, 

and the inner ring indicating homology to MetF-Hdr (highlighted in red) or the paralog 

(non-bifurcating methylenetetrahydrofolate reductase from highlighted in green). Protein 

homologs from metagenomes that lacked environmental classification were not colored 

in the middle and outer rings. Names of abbreviated protein complexes are provided in 

Table 1. Bootstrap values for each node are shown as a percentage (out of 1000 bootstrap 

replicates). 
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ABSTRACT 

Electron bifurcation is the coupling of exergonic and endergonic redox 

reactions to simultaneously generate (or utilize) low- and high-potential electrons. It 

is the third recognized form of energy conservation in biology and was recently described 

for select electron-transferring flavoproteins (Etfs). Etfs are flavin-containing 

heterodimers best known for donating electrons derived from fatty acid and amino acid 

oxidation to an electron transfer respiratory chain via Etf-quinone oxidoreductase. 

Canonical examples contain a flavin adenine dinucleotide (FAD) that is involved 

in electron transfer, as well as a non-redox-active AMP. However, Etfs demonstrated 

to bifurcate electrons, contain a second FAD in place of the AMP. To expand our 

understanding of the functional variety and metabolic significance of Etfs and to identify 

amino acid sequence motifs that potentially enable electron bifurcation, we compiled 

1,314 Etf protein sequences from genome sequence databases and subjected them to 

informatic and structural analyses. Etfs were identified in diverse archaea and bacteria, 

and they clustered into five distinct well-supported groups, based on their amino acid 

sequences. Gene neighborhood analyses indicated that these Etf group designations 

largely correspond to putative differences in functionality. Etfs with the demonstrated 

ability to bifurcate were found to form one group, suggesting that distinct conserved 

amino acid sequence motifs enable this capability. Indeed, structural modeling and 

sequence alignments revealed that identifying residues occur in the NADH- and FAD-

binding regions of bifurcating Etfs. Collectively, a new classification scheme for Etf 

proteins that delineates putative bifurcating versus nonbifurcating members is presented 
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and suggests that Etf-mediated bifurcation is associated with surprisingly diverse 

enzymes. 

 

IMPORTANCE  

Electron bifurcation has recently been recognized as an electron transfer mechanism used 

by microorganisms to maximize energy conservation. Bifurcating enzymes couple 

thermodynamically unfavorable reactions with thermodynamically favorable reactions in 

an overall spontaneous process. Here we show that the electron-transferring flavoprotein 

(Etf) enzyme family exhibits far greater diversity than previously recognized, and we 

provide a phylogenetic analysis that clearly delineates bifurcating versus nonbifurcating 

members of this family. Structural modeling of proteins within these groups reveals key 

differences between the bifurcating and nonbifurcating Etfs. 

 

KEYWORDS electron-transferring flavoprotein, flavin, nitrogen fixation, nitrogenase, 

electron bifurcation 
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Electron bifurcation, or the coupling of exergonic and endergonic redox reactions to 

simultaneously generate (or utilize) low- and high-potential electrons, has been proposed 

as the third fundamental form of energy conservation (1,2). Bifurcating (Bf) enzymes 

play central roles in the energy metabolism of anaerobic bacteria and archaea, allowing 

them to reduce the low-potential [4Fe-4S] clusters of ferredoxin (Fd) using higher-

potential electron donors. To date, a total of nine Bf enzymes have been identified. The 

nine currently demonstrated bifurcating enzymes employ diverse substrates and feature in 

a wide variety of pathways but share the common features of employing NAD(P)H and 

Fd as redox substrates/products and possessing at least one flavin, proposed to be the site 

of bifurcation (1,3). 

The first bifurcating enzyme to be characterized in detail was electron-transferring 

flavoprotein (Etf)-butyryl coenzyme A (butyryl-CoA) dehydrogenase (Bcd) from 

Clostridium kluyveri and Acidaminococcus fermentans (4–6). Etf-Bcd was shown to 

couple the oxidation of NADH (Em = -320 mV) to the simultaneous endergonic reduction 

of Fd (Em = -500 mV) and exergonic reduction of crotonyl-CoA (Em = -10 mV) during 

acetate or ethanol (C. kluyveri) or glutamate (A. fermentans) fermentation (6) (Fig. 1). 

Structural and biochemical analysis of the Etf complex from A. fermentans revealed that 

it consists of two subunits, with the subunit coordinating one flavin adenine dinucleotide 

(FAD) (α-FAD) and the subunit coordinating a second FAD (β-FAD) (6) (Fig. 2). The 

β-FAD was established to be the site of hydride acceptance from NADH and electron 

bifurcation, because NADH binds close to this cofactor (6). 
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Aside from proposals that a flavin is the site of electron bifurcation, key details of 

the mechanism of electron bifurcation were lacking until a recent biophysical study of 

NADP+ oxidoreductase (Nfn) (3), which drives the simultaneous endergonic reduction 

of Fd and exergonic reduction of NAD+ based on oxidation of NADPH (7). Therein, it 

was proposed that reduction of Fd is achieved by an unstable flavin anionic semiquinone 

generated by one-electron oxidation of the doubly reduced flavin hydroquinone formed 

by hydride transfer from NADPH. Thus, a favorable single-electron transfer from flavin 

hydroquinone “pays for” production of a much more strongly reducing species that is 

able to reduce Fd. Moreover, it was proposed that electron transfers from the Bf 

flavin are mediated by iron-sulfur clusters along two physically separate electrons 

transfer paths whose constituent electron carriers have potentials that span more than 

1 V. Given that flavins are common to all known NAD(P)H-utilizing Bf enzymes and 

that they were proposed (1) and then shown (3) to be the site of bifurcation, it is plausible 

that unstable flavin anionic semiquinones and additional redox cofactors that differ 

markedly in their potentials are involved in other Bf systems as well. If so, it is possible 

that the protein environment of the Bf flavin will be found to produce similar flavin 

reactivities in diverse bifurcating enzymes, including destabilization of the semiquinone 

state of flavin and provision of efficient paths of electron transfer as requisites for 

bifurcation. Thus, the precedent of Nfn suggests that a Bf flavin should be positioned 

near a binding site for NAD(P)H as well as cofactors or amino acid side chains able to 

mediate efficient electron transfer (3). Therefore, we hypothesized that such features 

should be present in Bf Etfs but not necessarily in Etfs in general. 
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The Bf EtfAB module of the Bf Etf-Bcd complex belongs to a larger group of 

Etfs, many of which have been biochemically characterized and shown to execute single-

electron transfer only, not bifurcation. Members of the larger group include the well-

studied mitochondrial EtfAs and EtfBs that are involved in lipid and amino acid 

metabolism (8). This family of Etfs has been shown to accept electrons from at least nine 

different acyl-CoA dehydrogenases (9). The acyl-CoA dehydrogenases capture electrons 

extracted during oxidation of CoA-conjugated fatty acids or oxidation of amino acids. 

Etfs convey those electrons to another flavoprotein, Etf-quinone oxidoreductase (Etf-

QO), which in turn passes them into the respiratory electron transport chain via the 

reduced quinone pool. Hence, Etfs function as an electron funnel in which electrons from 

a variety of fatty acid or amino acid substrates are channeled into the electron transport 

chain via Etf-QO (9).  

In addition to the Etfs that work with Etf-QO, some bacterial genomes encode 

Etfs that are not involved in fatty acid or amino acid oxidation or quinone reduction (10–

13). For example, Etfs involved in trimethylamine oxidation by a methylotrophic 

bacterium (10, 14, 15) and carnitine oxidation by Escherichia coli (11, 16) have been 

described. These Etfs are not associated with Etf-QO but rather are associated with a 

substrate specific dehydrogenase (16, 17). Other Etf homologs were identified in the 

nitrogen-fixing bacterium Sinorhizobium meliloti; the genes were termed fixA and fixB 

because mutations in them rendered S. meliloti unable to fix nitrogen (12, 18, 19). 

Regrettably, FixA and FixB correspond to Etf-β and Etf-α, respectively. These nitrogen 

fixation-associated Etfs have a conserved gene organization in which the genes coding 
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for Etf-α and Etf-β are immediately followed by the genes fixC and fixX, encoding an 

oxidoreductase and a Fd-like protein, respectively. FixC and FixX, when concatenated, 

are homologous to Etf-QO and have been shown to be essential for nitrogen fixation in 

Rhodopseudomonas palustris (20), where they presumably accept electrons from FixA 

and FixB (12) (Fig. 1). FixABCX was proposed (12, 21) and then shown (22) to oxidize 

NADH to generate reduced quinone, which feeds the respiratory chain, and reduced Fd, 

which is the reductant of nitrogenase for N2 fixation. 

Structural characterization of Etfs from human mitochondria as well as from the 

bacterium Paracoccus denitrificans revealed that the two Etf subunits, Etf-α and Etf-β, 

are tightly associated in a heterodimer composed of three different domains (Fig. 2) 

(23,24). Domain I is formed by the N-terminal portion of the subunit and does not appear 

to be involved in cofactor binding. Domain II is formed mostly by the C-terminal region 

of the subunit, with some contribution from the C-terminal region of the subunit. A single 

FAD cofactor is coordinated by residues found primarily within the C terminus of the 

subunit, in a region that is highly conserved among all known Etfs. Domain III is formed 

by most of the subunit and, in non-Bf Etfs, it coordinates an AMP moiety thought to 

stabilize the protein but not to play a redox function (10, 24). The Bf Etf-Bcd differs 

structurally and mechanistically from non-Bf Etfs (1), in that the bound AMP is replaced 

by a FAD that binds to domain III with its flavin at the interface, where it also interacts 

with residues in domain I (4–6, 25) (Fig. 1 and 2). Indeed, a previous analysis suggested 

that a peptide motif from domain III near the binding site of the Bf FAD might 

differentiate Bf and non-Bf Etfs (26). 
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Although it is clear from work carried out over the past 30 years that Etf-

associated enzymes are widely prevalent in biology and play diverse roles in metabolism, 

a comprehensive perspective on the diversity of these enzymes is lacking. Here we 

analyze the phylogenetic and structural variations among Etf proteins in genome 

sequence databases to discern putative functional variations within this group of enzymes 

and to identify sequence motifs that potentially signify and even underlie the ability of 

members of this class of enzymes to bifurcate electrons. A new scheme that classifies 

Etfs into five phylogenetic and functionally coherent groups is presented. Structural 

analyses of representatives of these groups reveal amino acid motifs that may be 

diagnostic and predictive of the ability of Etfs to catalyze electron bifurcation reactions. 

 

RESULTS AND DISCUSSION 

  Diverse archaea and bacteria encode Etf-α and Etf-β homologs. Identified Etf-

α and Etf-β homologs were first examined at the level of the automated annotations 

specified in the gene ontology. In most groups, automated or manual annotation during 

genome curation correctly identified the sequences as Etfs. In some cases, however, Etf 

gene sequences were incorrectly identified or annotated as fixA or fixB. For example, the 

α subunit of Etfs (Etf-α) encoded by E. coli genomes and other enterobacteria was 

consistently annotated as “nitrogen fixation protein FixB” in NCBI databases, although 

these enterobacteria do not encode the other component needed to fix nitrogen. The 

annotated fixA and fixB genes in these taxa were often flanked by genes annotated as fixC 

or fixX. Homologs in actinobacteria were often annotated as fixA or fixB although 

homologs of fixC and fixX were not identified in the genome. Based on numerous 
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instances of inconsistency in genome annotation, we subjected homologs identified in 

genome sequence databases to thorough taxonomic and phylogenetic analyses, to develop 

a more consistent framework for describing and annotating Etf proteins. 

 A total of 1,314 homologous Etf sequences were identified from 890 bacterial and 

archaeal genomes (see Table S2 in the supplemental material). Of the 51 archaeal 

genomes that encoded Etfs, 45% (i.e., n = 23) belonged to the phylum Crenarchaeota, 

while 55% (n = 28) belonged to the phylum Euryarchaeota. Similarly, a total of 839 

bacterial genomes encoded Etfs. The majority of Etfs were found in the phyla 

Proteobacteria (i.e., 52% of the total of 839 bacterial genomes), Firmicutes (i.e., 17% of 

the total bacterial genomes), and Actinobacteria (i.e., 15% of the total bacterial genomes) 

(Table S2). However, the identification of genes encoding Etf-α, Etf-β, FixA, and FixB 

homologs in numerous phyla previously not known to possess those genes points to 

their likely widespread importance in cellular metabolism and suggests that they may 

have a broader array of functions than currently known. In support of this notion, the 

numbers of copies of etfα and etfβ genes per genome varied from one in about 

one-third of the genomes to as many as eight or nine in the genomes of some species 

of Azoarcus, Desulfitobacterium, Geobacter, and Burkholderia (Table S2). 

 

Phylogenetic analyses support five distinct Etf groups. Maximum-likelihood 

phylogenetic reconstruction of 1,314 concatenated Etf-α/β sequences and analysis of their 

relatedness resulted in five well-defined clades, which were designated group 1 (G1) to 

G5 (Fig. 3A and Table 1). G1 sequences include Etf-α and Etf-β from P. denitrificans 

and human mitochondria that have been biochemically characterized; these largely 
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correspond to the canonical housekeeping Etfs (23, 24). This group of proteins 

encompasses the largest number of sequences (473 of 1,314 sequences) and contains 

representatives of over 300 different Alphaproteobacteria, Betaproteobacteria, 

Deltaproteobacteria, and Gammaproteobacteria species. About 70 organisms in this 

group possess multiple G1 Etfs. These organisms also have genes corresponding to 

etfQO, but they are often separate from the etf genes. Furthermore, there is no 

biochemical evidence to suggest involvement of any of these enzymes in electron 

bifurcation; informatic analyses (presented below) support this proposal.  

G2 sequences are of interest since they include Etf-α and Etf-β from A. 

fermentans, Megasphaera elsdenii, Acetobacterium woodii, and C. kluyveri, all of which 

have been shown to function in electron bifurcation and are proposed to coordinate two 

flavins (4, 6, 26, 27). All of the Etfs known to bifurcate electrons cluster in this group, 

which nonetheless exhibits substantial phylogenetic diversity, as its 311 included Etf 

sequences are derived from 15 different phyla (Table 1; also see Table S2). 

Functional diversity among G2 enzymes is indicated by the emergence of five 

subgroups based on phylogenetic clustering and gene neighborhood analyses (described 

below), with several subgroups being further divided into subsets (Fig. 3B and Table 1; 

also see Table S2). G2A and G2B consist primarily of Etfs from Firmicutes (i.e.,85% and 

56%, respectively, of the total homologous sequences) and include all of the 

biochemically characterized Etfs that are known to bifurcate. G2C1 consists exclusively 

of archaeal Etfs, all affiliated with the phylum Crenarchaeota. Interestingly, genes coding 

for the Etf-α and Etf-β homologs in the genus Sulfolobus are fused and form a single 
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open reading frame, which may indicate that these proteins form a functional complex in 

a manner similar to that described for several maturase proteins involved in nitrogen 

fixation (28) and hydrogen metabolism (29). G2C2 Etf genes were identified in 52% of 

the Bacteroidetes genomes; these proteins represent 50% of the total G2C2 sequences. 

G2D1 genes primarily include sequences from Firmicutes genomes (i.e., 66% of the total 

G2D1 sequences), and many of the organisms in this group also encode G1 Etfs. G2D2 

Etfs are predominantly found in phylum Proteobacteria (i.e., 98% of the total G2D2 

sequences). These G2D2 Etfs are classified as Fix and were proposed (12, 21) and then 

shown (22) to function in coupling the oxidation of NADH to the formation of quinol and 

reduced Fd as a reductant for nitrogen fixation through the process of electron bifurcation 

(21). In support of a role for G2D2 Etfs (Fix) in delivering reduced Fd to nitrogenase, all 

of the genomes that encode G2D2 Etfs also encode the minimal set of proteins required 

to fix nitrogen via molybdenum-dependent nitrogenase (i.e., NifHDKENB) (28, 30). 

Lastly, all G2E Etfs are affiliated with the phylum Proteobacteria. A representative of 

G2E Etf (i.e., Gmet_2067/2066 from Geobacter metallireducens) has been proposed to 

be capable of electron bifurcation (31). These Etfs also harbor a peptide motif in the β-

FAD cofactor environment that has been proposed to allow for bifurcation (26), which is 

described in more detail below. A small number of genes encoding G2E Etf-α and Etf-β  

homologs are flanked by genes encoding homologs of FixC and FixX (described below), 

suggesting that they may be involved in nitrogen fixation, based on the observation that 

several of these genomes also encode NifHDKENB. 
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G3 Etfs include sequences belonging to a variety of bacterial and archaeal phyla 

(Table 1; also see Table S2). This group forms four subgroups (i.e., G3A to G3D). G3A 

and G3B Etfs are primarily found in members of Proteobacteria (100% and 70%, 

respectively, of the total sequences in each group). G3B includes the characterized Etf 

involved in carnitine oxidation in E. coli (10, 14, 15). Interestingly, many enterobacteria 

have a G3B Etf coding sequence that has been annotated as ydiQRST (represented as 

etfABCX in Table 1) and is associated with fadK (ydiD). Genetic studies have shown that 

ydiQRST and ydiD are required for the capacity to oxidize fatty acids under anoxic 

conditions in E. coli (11, 16). G3C-like Etfs were enriched in members of the phylum 

Euryarchaeota (i.e., 54% of the total G3C sequences), although they were also identified 

in bacteria; this group includes a protein from a methylotrophic bacterium that is 

involved in trimethylamine oxidation (10, 14, 15). Lastly, all G3D Etfs belonged to 

members of the phylum Actinobacteria. Based on a lack of conserved residues correlated 

with the capability to bifurcate in other groups (described in more detail below), we 

surmise that these enzymes are unlikely to bifurcate. 

G4 Etfs and G5 Etfs are confined to the bacterial phyla Bacteroidetes and 

Firmicutes, respectively. Representative enzymes from G4 and G5 have yet to be 

biochemically characterized. However, based on the similarity of the proteins encoded in 

their gene neighborhoods (described below), it is possible that their functions are 

analogous to those of Etfs in G1 (Table 1). Moreover, 40 Etf homologs could not be 

readily classified into any of these phylogenetic groups and hence were left unclassified 
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(Table S2). These unclassified Etfs primarily belonged to the phylum Deinococcus-

Thermus. 

 

Gene neighborhood analyses associate metabolic processes with Etf function. 

To investigate the potential functions of the diverse Etfs uncovered here and to identify 

potential determinants that define Bf and non-Bf enzymes, we examined the gene 

neighborhoods flanking Etf genes for each group. Unfortunately, no genes were 

consistently identified in the flanking regions of G1 Etf genes, precluding a prediction 

of the functionality of these Etfs based on gene neighborhood analysis. However, all G1 

Etf-encoding genomes encoded ubiquinone oxidoreductase (QO) elsewhere in the 

genome (data not shown); Etf-QO is involved in fatty acid metabolism (32). Therefore, 

we speculate that G1 Etfs are involved in fatty acid metabolism. 

G2 Etfs include characterized bifurcating Etfs (3, 5, 19, 33). Each G2 subgroup 

was accompanied by a unique suite of proteins encoded by genes in its gene 

neighborhood (Fig. 4). The gene for acyl-CoA dehydrogenase, which is involved in fatty 

acid oxidation (9), was identified in the flanking region of 76% and 26% of the genomes 

that encode G2A and G2B Etfs, respectively. This indicates potential involvement of 

these Etfs in electron transfer reactions involving fatty acid metabolism. In support of this 

hypothesized role, G2A and G2B Etfs have been found to be involved in electron transfer 

reactions during the oxidation of butyrate and lactate (4, 25). The neighborhoods of 

G2C1 Etf genes included genes for homologs of FixX, FixC-like, and MoaD-like 

enzymes. MoaD homologs have been shown to be involved in molybdenum/tungsten 

cofactor biosynthesis or thiamine biosynthesis (34, 35). Thus, it is possible that G2C1 
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Etfs participate in electron transfer reactions contributing to cofactor or vitamin 

biosynthesis. All genes for subgroups of G2D Etfs encoded FixC and FixX-like enzymes 

in their gene neighborhoods. The neighborhoods of 27% of the G2D1 Etf genes included 

genes for homologs of carbon monoxide dehydrogenase and acetyl-CoA synthase, which 

raises the intriguing possibility of involvement in CO or CO2 metabolism (36). G2D2 

Etfs were all derived from putatively diazotrophic genomes (i.e., the genomes also 

encoded NifHDKENB). Mutations in Etf gene subunits suppressed growth under 

nitrogen-fixing conditions, which led to the Etf genes being named fix (fixABCX) in 

nitrogen-fixing microbes (12, 21, 33, 37, 38). Lastly, the neighborhoods of 26% of the 

G2E Etf genes encoded acetyl-CoA dehydrogenase, acetyl-CoA acetyltransferase, the 

nitrogenase co-factor biosynthesis proteins NifE and NifN, and aldehyde oxidoreductase. 

It is not clear from gene neighborhood analysis what functional role these Etfs may have. 

G3 Etfs were divided into four groups, with G3A deriving from aerobic and 

facultatively anaerobic organisms. The gene environments for these Etfs included genes 

for NADH oxidase and multiple proteins containing iron-sulfur clusters (Fig. S1). G3B 

Etf genes were found to be accompanied by genes for FixC-like and FixX-like enzymes, 

carnitine dehydratase, and acyl-CoA dehydrogenase in the gene neighborhood, 

supporting the idea that they are involved in carnitine metabolism (11, 14). The 

neighborhoods of 32% of G3C Etf genes encoded homologs of acetyl-CoA 

dehydrogenase and acetyl-CoA acetyltransferase, both of which are involved in fatty acid 

oxidation. In addition, the neighborhoods of 29% of G3C Etf genes encoded homologs of 

ubiquinone methyltransferase, which is involved in menaquinone biosynthesis (39); thus, 
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these Etfs may support biosynthesis of menaquinone. Genes that flanked G3D Etf genes 

commonly encoded cysteine desulfurase (73% of G3D Etfs), Asn/Gln amidotransferase 

(62% of G3D Etfs), and Gln amidotransferase (60% of G3D Etfs), suggesting a role for 

these flavoproteins in electron transfer during amino acid biosynthesis (Fig. S1). 

The neighborhoods of G4 Etf genes did not reveal any conserved (>50% relative 

frequency) genes. However, among the more commonly observed genes flanking G4 

Etf genes were those encoding pyruvate dehydrogenase (41% of G4 Etfs) and 

thymidylate synthase (41% of G4 Etfs). Lastly, the neighborhood of G5 Etf genes 

included homologs of genes for fumarate reductase (52% of G5 Etfs) and the cytochrome 

b558 subunit of succinate dehydrogenase (52% of G5 Etfs) (Fig. S1). 

 

Structural modeling reveals key differences between bifurcating and 

nonbifurcating Etfs. Regardless of their putative roles in metabolism (Table 1), Etf 

proteins participate in two mechanistically distinct sets of redox reactions, namely, 

reactions that bifurcate electrons and reactions that do not bifurcate electrons (4–6, 26, 

40). From the recent analysis of the mechanism of the flavoenzyme Nfn (3), it was 

established that FAD was the site of bifurcation, and we refer to this as the Bf FAD. This 

flavin accepts a pair of electron equivalents from NADPH and donates one to each of two 

different electron acceptors.  

We interrogated our sequence alignments for motifs and individual residues that 

could differentiate Bf from non-Bf enzymes. Toward these ends, we carried out structural 

homology analyses with sequences belonging to G1 and G2 Etfs. Available evidence 

from biochemical characterization of selected members of these two groups suggests that 
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G1 Etfs do not bifurcate (23, 24), whereas several G2 Etfs do (4, 6, 26, 27), making 

comparisons between these two types of Etfs especially attractive. A crucial difference is 

that the Etfs that bifurcate have been demonstrated to contain two FADs, whereas Etfs 

that do not bifurcate have been found to contain only one. Moreover, bifurcating Etfs can 

accept electrons from NADH, whereas those that do not bifurcate cannot. Indeed, our 

analyses revealed conserved amino acid differences affecting residues that interact with 

NAD(H), based on a recent crystal structure (6) (motif 1), and a motif that coordinates 

with β-FAD (motif 2), which is the proposed site of bifurcation in Etfs (1, 4). 

We examined conserved differences at each position, looking for instances in 

which sequences from G1 or G2 share a unique residue within their group that is distinct 

from the type present in the other group (Fig. 5). Figure 5A depicts the functional 

distinctions between nonbifurcating (G1) and bifurcating (G2) Etfs. The structural 

comparison reveals that the motifs identified previously are clustered near the 

β-FAD binding site and indeed are differentially conserved in G1 versus G2 Etfs (Fig. 

S2). For example, β-Gly127 (using R. palustris numbering) represents a conserved 

difference in amino acid type; it is a small residue that minimizes steric conflict with the 

flavin in motif 2 in all G2 proteins, but it is replaced by a larger and generally anionic 

residue in G1. This negative charge would be expected to repel the phosphate of 

β-FAD (Bf FAD in G2 enzymes) and thus disfavor binding. In addition, G1 proteins tend 

to have bulkier residues overall around this residue, further predicting a diminished 

capacity to bind the flavin mononucleotide (FMN) portion of β-FAD. Thus, our approach 
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reproduces previous findings but adds residues that are nearby in the 3-dimensional 

protein structure but not necessarily in the amino acid sequence. 

Other conserved distinctions in the region in which the β-FAD binds to G2 Etfs 

are observed in the Etf-α subunit, where two strands of the α chain interface with the β 

chain and are predicted to participate in the binding of the flavin moiety of β-FAD (Fig. 

5C). Thus, a structurally coherent pattern of amino acid conservation supports a tendency 

for FAD binding in G2 versus AMP binding in G1. Figure 5B depicts a second 

comparison, in which bifurcating G2 Etfs are compared with predicted bifurcating G2D2 

Etfs (also known as Fix). This structural comparison shows that G2D2 Etfs share the 

motif identified in bifurcating Etfs in G2A and G2B (Fig. 5B), strongly suggesting that 

G2D2 Etfs (or Fix), like the rest of the G2 subgroups, are capable of electron bifurcation. 

The region displaying the most blue-colored residues and the most residues with 

intermediate constancy (shades of purple) coincides with the recognition loop that has 

been found to interact with partner proteins (41). This is consistent with G2D2 Etfs 

interacting with FixC and FixX while the genes of some other bifurcating Etfs (G2A and 

G2B) are not accompanied by genes for FixC or Etf-QO homologs, suggesting that these 

Etfs have different partners. 

A region found to interact with NAD+ in the crystal structure of the A. fermentans 

Bf Etf (6) (motif 1) also exhibits a contiguous string of conserved differences between 

Bf and non-Bf Etfs (Fig. 5A). This region includes the peptide bond between β-Phe89 and 

β-Ala90, which π stacks with the NAD+ adenine ring, the backbone amide of β-Asp86, 

which forms hydrogen bonds with the adenine ring, and the backbone amide of β-Gly91, 
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which forms hydrogen bonds with the α-phosphate of NAD+ (Fig. 5C). These combined 

conserved differences in the region of the β-FAD flavin-binding pocket all suggest that 

NADH is a substrate for G2 but not G1 Etfs. 

To investigate whether motifs 1 and 2 that are conserved in G2A and G2B Etfs 

are conserved in other Etf groups, we aligned the corresponding consensus sequences 

from each of the subgroups that emerged from our database (Fig. 5D). As expected, 

nearly all of the G2 sequences exhibited conservation in the residues that were 

identified as being important in distinguishing Bf G2 sequences from non-Bf G1 

sequences, whereas the same residues were not conserved in the sequences belonging 

to the other groups. Importantly, our informatic analyses suggested that more members of 

G2A and G2B may be found to be capable of electron bifurcation, providing the  

impetus for biochemical studies of Etfs from G2C (primarily found in Archaea) and G2D 

(including the enzymes that were hypothesized [12, 21] and then shown [22] to be 

involved in providing reductant for nitrogen fixation), to test for bifurcation activity. 

Importantly, there are likely exceptions or limitations to the predictions of which 

enzymes can bifurcate, based on conservation of the aforementioned amino acid 

sequence motifs. For example, Clostridium propionicum has been shown to have an 

insertion in Etf- that prevents bifurcation, although the sequence for this Etf has the 

identified conserved motifs that predict bifurcation capability (26). 

Our structural comparison predicts that only G2 Etfs have the capacity to 

bifurcate, which raises the questions of how and when bifurcating Etfs evolved. Since our 
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phylogenetic tree is not rooted (i.e., it is a protein family tree consisting of all paralogs), 

we cannot use it to predict the origin of bifurcating Etfs. However, the Etf protein family 

phylogeny does suggest that, once the ability to bifurcate electrons arose (as either an 

ancestral or derived characteristic), this activity was maintained (i.e., G2 Etf all share an 

apparent ability to bifurcate). Both archaeal and bacterial genomes encode putative 

bifurcating G2 Etfs; however, the archaeal versions known so far all occur in G2B and 

G2C. These lineages branch closer to the crown of the G2 lineage, suggesting that G2 

Etfs diverged from a bacterial ancestor. Furthermore, the majority of G2C and G2D Etfs, 

which have genes encoding FixC- and FixX-like proteins in their neighborhoods, 

diverged after G2A and G2B. Parsimony would suggest that fixC- and fixX-like genes 

were acquired during the evolution of G2 Etfs. Importantly, the genomes of several 

members of G3B also encode FixC- and FixX-like subunits, and these are nested among 

G3 sequences that lack these subunits; this suggests that these genes were acquired 

independently multiple times during the evolution of Etfs. These collective observations, 

including those showing that Etf-α and Etf-β can form complexes with other enzymes, 

such butyryl-CoA dehydrogenase (4), crotonyl-CoA dehydrogenase (4), and pyruvate 

dehydrogenase (42), underscore the versatility of the Etf-α/β protein “chassis” 

in the emergence and evolution of new metabolic processes in microorganisms. 

Overall, the Etfs provide a unique opportunity to compare many amino acid 

sequences for proteins that are structural homologs but represent two distinct functional 

capacities, i.e., single-electron transfer via a single FAD versus electron bifurcation 

within a system containing two FADs in the Etf plus additional cofactors in the 
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associated enzyme complex. The diverse genomic contexts in which Etf genes are 

found may reflect their versatility and the essential nature of the energy and electron 

transactions they enable. However, the distinction between single-electron transfer and 

electron bifurcation is critical in energy conservation. Therefore, the identified protein 

characteristics that demarcate Bf and non-Bf groups of Etfs provide exciting predictions 

regarding which Etfs should be tested for their ability to bifurcate and which residues 

and types of residues provide the protein environment allowing for this capability.  

 

 Concluding remarks. Our analysis shows that Etf enzymes are phylogenetically 

diverse and widely distributed in archaea and bacteria, consistent with the essential 

roles of these enzymes in the metabolism and fitness of numerous strains (43, 44). Many 

strains encode more than one Etf, which is also consistent with the roles of Etfs in 

diverse metabolic processes. These Etf homologs (or paralogs, if they are not functionally 

redundant) sometimes belong to the same phylogenetic group, e.g., multiple G3B 

Etfs in E. coli and multiple G2E Etfs in Geobacter spp., but in other instances belong to 

distinct groups, e.g., many proteobacteria with G2D2 Etfs also encode G1 Etfs and 

Crenarchaeota with G2C1 Etfs also encode G3B Etfs. The vast phylogenetic diversity 

and numerous copies of Etfs in microbial genomes suggest that they have unexplored 

functional diversity, which could shed light on the metabolism of these organisms. In 

several cases, predictions can be made regarding the potential functions of these 

uncharacterized Etfs based on proteins encoded by adjacent genes, as discussed above. 

These predictions provide a roadmap for future biochemical studies aimed at 

characterizing the functional diversity of this enzyme family. 
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The demonstration of bifurcation for Etfs of anaerobic bacteria (4–6) significantly 

advanced our understanding of the interplay among processes that contribute to energy 

conservation in fermentative metabolism. Perhaps our most intriguing findings  

here are the identification of residues that apparently enable bifurcation capability in 

Etfs in phylogenetically and physiologically diverse organisms that extend beyond 

those recognized previously (26) and residues dispersed in the sequences of both 

subunits. Indeed, ours are the first such analyses to integrate information from putative 

Bf Etfs obtained from a comprehensive database of sequences from nonfermentative 

archaeal and bacterial taxa as well as those putatively associated with nitrogen fixation. 

The identification of bifurcation-associated residues provides a foundation for future 

biochemical studies aimed at elucidating the specific mechanism by which FAD transfers 

electrons to acceptors with differing midpoint potentials. Bifurcating Etfs need to provide 

a protein environment that potentiates the states of FAD likely required during 

bifurcation, such as the proposed unstable anionic semiquinone. Our study identifies 

residues coordinating FAD that could play such a role 

 

MATERIALS AND METHODS 

 

Generation of an Etf/Fix database. Homologs of Etf-α were identified using a 

BLASTp search (cutoff E value of 10-5) against completed bacterial and archaeal 

genomes available in the Department of Energy Integrated Microbial Genomes (IMG) 

database (45), with FixB (Etf-α) from Azotobacter vinelandii (STRING network 

identifier: Avin_10530) serving as the query. A total of 1,314 Etf-α homologs across 890 
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genomes were identified. Homologs of Etf-β (compiled from the IMG database for each 

Etf-α sequence) and Etf-α were aligned individually using Clustal Omega (46), and the 

two resultant alignment blocks were concatenated. 

 

Protein clustering and phylogenetic analyses. The concatenated Etf-α and Etf-β 

sequences were subjected to maximum-likelihood phylogenetic reconstruction with 

RaxML (version 7.3.0) (47), specifying the LG substitution matrix, the PROTGAMMA 

option, and 100 bootstrap iterations. The tree was projected with FigTree. In addition, a 

custom Python (version 2.7.6) script was used to extract gene sequences (20 upstream 

and 20 downstream) that flanked each Etf-β. The 40 genes extracted were translated in 

silico, and the protein sequences were clustered using identity thresholds of 90%, 60%, 

and 30% while holding the pairwise sequence coverage threshold constant at >60%. The 

clusters generated by the three-step clustering method were later combined to yield a 

final “averaged” cluster identity. 

 

Network analysis. Protein sequence clusters obtained from the earlier step were 

used to generate a binary matrix describing the presence or absence of genes. The binary 

matrix generated was then used to identify the abundant proteins (i.e., present in 

>=50% of the genomes) in each group to create a network plot, with Cytoscape 

specifying the force-directed organic layout (58). Each unique protein or group identified 

was denoted as a node, and the edges between the nodes represent the abundance of 

the genes in the group.  
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Structural modeling. Amino acid diversity was scored as the number of different 

amino acids found in an alignment position. Functional diversity at each aligned position 

was described in terms of five defined types of residues, i.e., negatively charged residues, 

including Asp and Glu; positively charged residues, including Lys and Arg; hydrophobic 

residues, including Ile, Leu, Val, Met, and Phe; and polar uncharged residues, including 

Gln, Asn, Ser, His, Thr, Cys, Ala, and Gly (48). Trp, Tyr, and Pro were considered to be 

special, based on their ability to mediate electron transfer within proteins (49) and their 

ability to influence protein dynamics and folding (50). 

Structural models were generated by using the consensus sequence and online 

tools provided by the SwissModeler suite (51, 52) (see the supplemental material for the 

consensus sequences used in this study). Etf-α and Etf-β protein templates were chosen 

from the same complex to optimize preservation of the interface between monomers, 

based on metrics of structure quality captured by Qmean4 (53, 54). Monomer coordinates 

were combined with cofactor coordinates from the template, and the resulting 

holoproteins were assessed on the basis of the number of clashes between protein and 

FAD molecules and between monomers, using tools provided within the Chimera 

modeling software package (55). Holoprotein dimers with the fewest clashes and clashes 

derived mainly from side chain interactions were subjected to energy minimization after 

the addition of H atoms and the assignment of charges (56), as implemented in Chimera 

(55). The resulting minimized holoprotein dimer models were again evaluated with 

respect to clashes, and only models free of clashes were used for further work. The 
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templates used for each model are reported in Table S1 in the supplemental material, 

along with metrics of the quality of the models. 

To identify conserved differences between groups of sequences, we compared the 

prevalence of amino acid types at analogous positions. At each position, we constructed a 

vector in the 5-dimensional space defined by the five functional types of amino acids. 

The five components of the vector represented the prevalence of each of the five 

functional types of amino acids, as outlined above. To determine the extent of similarity 

at each position of the two groups being compared, we calculated the scalar product 

of the corresponding vectors. Thus, conservation of the same functional type at an 

alignment position (parallel vectors) yields the maximum value of 1, whereas 

conservation of different functional types in each of the two groups yields a minimum 

value of 0. Positions characterized by similar variations among functional types in the 

two groups of sequences yield high values for the scalar product because the two 

vectors point in the same direction in the 5-dimensional space, even though no one type is 

conserved. To highlight positions where a single functional type is conserved in the 

reference group, we displayed the degree of type conservation using worm width, with 

wide worm segments for positions at which the type is conserved and thinner worm 

segments for positions at which the type varies. 
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SUPPLEMENTAL MATERIAL 

Supplemental material for this article may be found at https://doi.org/10.1128/JB 

.00440-17 
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SUPPLEMENTAL FILE 2, XLSX file, 1.6 MB 
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Table 1. Designation, taxonomic distribution, and proposed functions of Etf groups. 

 

 

 
 

 

a The number in the parentheses represents the percentage of the total sequences within a 

designated group or subgroup that is within the specified phylum. For simplicity, only the 

dominant phyla are shown. See Table S2 in the supplemental material for the remaining 

phyla that ecodes Etfs in each group. 
b A given genome may encode multiple Etf homologs and thus be counted multiple times 

in this table. The total number of genomes encoding Etf homologs was 890. 
c Based on the annotated function of genes colocalized (±20 open reading frames) with 

etfAB, etfABCX, or fixABCX. 
d The link of Etf to this metabolic function is supported by genetic and/or biochemical 

studies. 
e etfA and etfB are fused. 
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FIG 1 Proposed subunit and cofactor composition and reaction scheme for Etfs. (A) 

Proposed electronbifurcating electron transfer mechanism for Etfs from anaerobic 

fermentative firmicutes (6), in which the β-FAD in Etf-β accepts electrons from NADH 

and bifurcates them to Fd and to the α-FAD in Etf-α. Etf-α donates electrons to Bcd, 

which reduces crotonyl-CoA to butyryl-CoA. Notice the absence of a FixX equivalent in 

this model. (B) Non-Bf electron transfer mechanism in mammalian Etfs. Electrons from 

the oxidation of fatty acids or amino acids are donated to acyl-CoA dehydrogenase (DH), 

which passes them to the FAD in Etf-α. Etf-α transfers those electrons to the [4Fe-4S] 

cluster in Etf-QO, which then reduces a FAD cofactor also in Etf-QO (57). Lastly, this 

FAD reduces quinone (Q). Note that Etf-β contains a redox-inert AMP cofactor. (C) 

Electron-bifurcating electron transfer mechanism proposed for FixABCX (2). NADH has 

been proposed to donate electrons to the β-FAD in FixA, which bifurcates electrons to an 

[4Fe-4S] cluster in FixX and to the α-FAD in FixB. α-FAD is proposed to subsequently 

reduce another flavin cofactor (FAD) located in FixC. Lastly, FixX and FixC are 

proposed to reduce Fd and quinone, respectively.  
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FIG 2 Ribbon diagram of EtfA and EtfB, showing the model of G2 Etfs generated from 

the consensus sequence based on sequences provided Table S1 in the supplemental 

material. Light blue indicates Etf-α and dark blue indicates Etf-β; the domains are also 

labeled. Stick models depict the Bf FAD (green C atoms) and the electron transfer (et) 

FAD (yellow C atoms). The figure was generated using Chimera (55). 
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FIG 3 Maximum-likelihood phylogenetic tree depicting relationships among 1,314 

concatenated Etf-α/β sequences. (A) Five distinct phylogenetic groups (shown in distinct 

colors) that emerged from phylogenetic reconstruction of Etf-β and Etf-α. Sequences that 

did not belong to any of those groups were left black and are not discussed further (see 

Table S2 in the supplemental material). Sequences in G2 and G3 were further classified 

into subgroups (denoted by uppercase letters). (B) Closeup of G2 subgroups, showing 

further diversity among lineages putatively involved in electron bifurcation; stars denote 

the presence of biochemically characterized bifurcating Etfs. Sequences in G2D2 have 

been annotated as FixAB because of their proposed role in nitrogen fixation. 
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FIG 4 Network depiction of the covariation of proteins encoded in the flanking regions 

(±20 genes) of etf and specific group designations. Only proteins (n = 8) encoded by 

>50% of the G2 Etf-encoding genomes (i.e., relative frequency of >50%) were 

considered in this analysis. Here, nodes represent either the Etf group designation (green) 

or proteins in the flanking gene environment of Etfs (blue), while the edge color 

represents the abundance of the proteins in the group. 
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FIG 5 Structural analyses of Bf and non-Bf Etfs showing differences near the -FAD site. 

(A) Homology model of Etf-α and Etf-β with mapped conserved differences in amino 

acid type between G1 Etfs, with representatives that do not bifurcate and contain AMP in 

the subunit, and G2 Etfs, with representatives that have been demonstrated to catalyze 

electron-bifurcating reactions. Red indicates equivalent residues at a position, whereas 

blue indicates a position at which the distribution of residues characterizing one group 

differs from the distribution of residues found in the other group. The thickness of the 

worms indicate whether amino acids at a position share the same functional property 

(wide worm) or not (thin worm) within G2. (B) Homology model of Etf-α/β with mapped 

conserved differences in amino acid use between Etfs in G2A and G2B combined, which 

have representatives known to bifurcate, and Etfs in G2D2, which includes the FixAB 

Etfs. Note the high degree of conservation (thick red worms) around the putative -FAD 

binding site, leading us to predict that G2D2 Etfs also bifurcate. Thick worms indicate 

high levels of conservation within G2D2. (C) Closeup depiction of the NADH-binding 

(blue green) and FAD-binding (bright green) residues in bifurcating Etfs. Key residues 

proposed to coordinate these two molecules are numbered with their positions in the 

sequence of R. palustris Etf (GenBank accession no. YP_783418). Only a portion of the 
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NADH molecule, where the quality of the electron density was good enough to permit 

unambiguous refinement in the structure upon which our model is based (PDB accession 

no. 4L2I), is shown. Only residues associated with the proposed ability to bifurcate are 

shown. (D) Alignment of residues predicted to coordinate NADH and FAD in bifurcating 

Etfs. Groups in the first column correspond to the groups mentioned in Table 1. Unc 

indicates the uncharacterized group. Residues highlighted in panel C are shown in red 

boxes. 
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Table S1: Figures of merit of models generated based on group consensus sequences.a 

 

 
Group 

# sequences Template 
Clashesb 

(percentile) 

Geometryb 

(percentile) 

Ramachandran, 

favoredb 

Fix (2D2) 53 4kpu 88th % 85th % 93% 

Bf (2A & 2B, 

non-basalc) 

118 4kpu 88th % 92 % 96% 

Non-Bf (group 

1) 

449 1efv 99th % 98th% 96% 

Group 2 (non-

basalc) 

310 4kpu 86th% 90th % 96% 

Group 2 (non-

basalc)•NAD 

310 4L2I 80th% 86th% 95% 

 

 

a FAD, AMP and NAD+ moieties were grafted into the models from the related template 

files (listed below). 
 

b Clashes, amino acid geometries, and Ramachandran allowed-ness were evaluated via 

the MolProbity Server (http://molprobity.biochem.duke.edu) 

 
cNon-basal sequences represent more than 95% of all of the group sequences and exclude 

isolated sequences that cluster close to the branching point in each group. Omission of 

such sequences is performed to increase the signal-to-noise of the analyses that are 

directed within the group. We employed this precaution for those analyses whose 

objective was to learn what residues were strongly correlated within the group and to 

construct a consensus sequence for the group. This practice is based on the understanding 

that basal sequences are those that are least similar to the consensus sequence and carry 

the highest statistical risk of possessing residues that could randomly be those 

characteristic of another group (they also tend to have poor bootstrap support).  
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Consensus Amino Acid Sequences used to generate models 

Group 2AB, Includes known Bifurcating Etfs 

>EtfB-G2AB 

MKIVVCIKQVPDTTEVKIDPVTGTLIRDGVPSIMNPDDKNALEEALRLKEEYGGK

VTVITMGPPQAKAALREALAMGADEAILLSDRAFAGADTLATSYTLAAAIKKLG

DYDLIICGRQAIDGDTAQVGPQIAEHLGIPQVTYVEKIEVVGDDSLTVKRALEDG

YEVIEVKTPCLLTVIKELNEPRYPSVKGIFEAYDKDKEIKVWSADDIEVDESKLGL

KGSPTQVKKSFTPEAKGAGEILEGLSPEEAADKLVEKLKEKHII 

 

>EtfA-G2AB 

MSIDKSDYKGVWVFAEQREGKIQPVSLELLGKGRELADKLGVEVTAVLLGSNV

KDLAKELIAYGADKVYVVDDPELKDYTTEPYTKAICDLINEYKPEIVLVGATTIG

RDLAPRVAARLRTGLTADCTSLDIDEETKLLLMTRPAFGGNIMATIICPNHRPQM

ATVRPGVMKKLERDESRKGEIIKVEVDLTESDIRTKVLEIVKKAKETVDIEEADII

VSGGRGVGSPENFELLEELADLLGGEVAASRAAVDAGWIDADHQVGQTGKTVR

PKLYIACGISGAIQHLAGMQDSDYIIAINKDPDAPIFKVADYGIVGDLYKVVPELIE

KIKANSLK 

 

Group 2D2, Diazotrophs 

>EtfB-G2D 

MHIVVCIKQVPDSAQIRVHPVTNTIMRQGVPTIINPYDLFALEEALRLRDRFGGEV

TVLTMGPPMAEDALRKALSYGADRAVLLTDRAFAGSDTLATSYALAAAIRKIGE

EFPVDIVFTGKQTIDGDTAQVGPGIAKRLGLQQLTYVSKIVSIDLAAREITVERRA

EGGVQVLKTKLPCLITMLEGTNEIRRGSMDDALRAARAEIVKWSAADAGIEDVS

KCGLKGSPTVVKKVFAPTPRAEKAEMIETADKTPRDLAEALIAKIFTRQPKLEAE

LAFRAAA 

 

>EtfA-G2D 

MSTANKEPAAPAKGRAGMKKELPEHFKAYKHVWVFIELERGQVHPVSWELLGE

GRKLADKLGVELAGVVLGPPGEALEAAAAEAFAYGADLAYLVEDPVLADYRNE

PYTKALTDLVNTYKPEILLLGATTLGRDLAGSVATTLLTGLTADCTELDIDADRS

LAATRPTFGGSLLCTIYTLNYRPQMATVRPRVMAMPERDESRTGRIIEHKLGMVE

EDIVTKVLDFIPDRQSNKANLAYADVVVAGGLGLGNAENFQLVKDLARVLGAE

VGCSRPLVQKGWVPADRQIGQTGKTIRPKLYIAAGISGAIQHRVGVEGADLIVAI

NTDPNAPIFDFAHYGIVGDAIRLLPALTEAFRRRLSPHSRDRLAS 

 

Group 1 non-basal (non-Bf) 

>EtfB-G1nb 

MKVLVPVKRVVDYNVKVRVKADGSGVDLANVKMSMNPFDEIAVEEAVRLKEA

GVATEVVAVSIGPAQAQETLRTALAMGADRAILVETDEELEPLAVAKLLKAVVD

KEQPQLVILGKQAIDDDSNQTGQMLAALLGWPQATFASKVEVADGKATVTREV

DGGLETLSLKLPAVVTTDLRLNEPRYASLPNIMKAKKKPLDTVTPADLGVDVAP

RLKTLKVEEPAKRSAGVKVADVAELVEKLKNEAKVI 
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>EtfA-G1nb 

MTILVIAEHDNASLKAATLNTVTAAAKIGGDVHVLVAGSGAGAAAEAAAKIAG

VSKVLLADAAAYAHGLAENVAALVVSLAGDYSHILAPATATGKNVLPRVAALL

DVAQISDITAVVSADTFERPIYAGNAIATVQSSDAKKVITVRTTAFDAAAAEGGS

AAVEAVAAAADAGLSSFVGRELAKSDRPELTSAKIIVSGGRGLGSGENFTKVLEP

LADKLGAAVGASRAAVDAGYVPNDWQVGQTGKIVAPQLYIAVGISGAIQHLAG

MKDSKVIVAINKDEEAPIFQVADYGLVADLFEAVPELEKAL 

 

Group 2 non-basal 

>EtfB-G2nb 

MHIVVCIKQVPDTTQVRIDPVTGTLIREGVPSIINPYDLHALEEALRLKDKFGGKV

TVLTMGPPQAEEALREALAMGADEAILLSDRAFAGADTLATSYALAAAIRKIGEE

DVDLIFCGKQAIDGDTAQVGPGIAERLGIPQVTYVEKIEEVDLDKTITVKRRLEGG

YEVVEVKLPCLITVLKELNEPRYPSLPGKLRAARAEIKVWSAADLGDVDPSKIGL

KGSPTKVKKVFTPEARKEGEIIEGGDPEEADDDAAELLVEKLKEKPILEAKCKGC

GKCVKECPEDLAD 

 

>EtfA-G2nb 

YKGVWVFIEQEEGEVHPVSLELLGKGRKLADKLGVELAAVLLGSVVEDLAKELF

AYGADKVYVVDDPVLKDYRTEPYTKALTDLINKYKPEIILLGATTIGRDLAPRVA

TRLKTGLTADCTELDIDPETRLLLQTRPAFGGNIMATIVCPNHRPQMATVRPGVM

KKPERDEGRTGEIIEEEVDLTEEDILTKVLEVIKDREKEKVNLAEADIIVAGGRGL

GSKENFKLLEELADVLGGEVGASRAAVDAGWIPHDRQVGQTGKTVRPKLYIAC

GISGAIQHLVGMQDSDLIIAINKDPNAPIFDVADYGIVGDLFEVVPALTEALKKRL

AAKAK 

 

 

Supplemental Table S2. Group designation and taxonomy of organisms that encode for 

etfAB sequences in their genomes identified in available genome sequences (see the excel 

file in the supplemental online documents) 
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Supplemental Figure S1. Network analysis of proteins encoded by flanking genes (+/- 

20 genes) of etf. Only proteins (n=20) encoded by >50% of the Etf G3, G4 and G5 

encoding genomes (i.e., relative frequency of >50%) were considered in this analysis. 

Here, a node represents either a group or a subgroup designation (denoted by green color) 

or an identified protein (denoted by blue color) within the gene neighborhood, while edge 

color represents the abundance of the proteins in the group.  
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Supplemental Figure S2. G2 is marked by greater amino acid conservation in the region 

of the Bf flavin and NAD binding, whereas G1 is distinguished by greater conservation in 

the recognition loop. Models of the consensus Etf of G2 (A and C) and G1 (B and D) are 

shown, based on consensus amino acid sequences determined excluding basal sequences 

in both cases (see Table S1).  Panels A and B present a 'front' view whereas panels C and 

D present the 'back'. Amino acid identify conservation is color-coded as burgundy for 

positions at which a single identity is found, transitioning to teal for positions at which 

the maximum diversity of amino acid identity is found. Amino acid functional type 

conservation is depicted via worm widths with wide worms indicating positions where 

amino acids of a single functional type are retained and narrow worms indicating 

positions where diverse functional types are found, within each group. The FAD shared 

by both groups of Etf is in yellow sticks with heteroatoms in CPK colours. Green sticks 

depict the presumed Bf FAD of G2 Etfs, which has also been modeled into the G1 model 

A B

C D
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structure, where it can be accommodated without steric clashes with surrounding amino 

acids. The red dashed oval identifies the recognition loop (2) which is more conserved in 

G1 than in G2, suggesting different interaction modes with partner proteins or more 

diverse partner proteins in group 2. The blue dashed oval identifies the ‘thumb’ loop of 

EtfB (residues 12-30) that interacts with domain I (EtfA) and in group 1 drapes over the 

site in which the Bf flavin binds. This loop appears to occupy different locations in G1 

vs. G2 Etfs, however this is based on only two different crystal structures for G2 and four 

from G1 Etfs. The yellow dashed oval identifies the region in which the Bf flavin and 

NAD bind in the Etf structure 4L2I.pdb of Chowdhury et al (3). High conservation is 

seen in the yellow oval in G2 but not G1. 
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ABSTRACT 

 

Nitrogenase catalyzes the reduction of dinitrogen (N2) using low-potential 

electrons from ferredoxin (Fd) or flavodoxin (Fld) through an ATP-dependent process. 

Since its emergence in an anaerobic chemoautotroph, this oxygen (O2)-sensitive 

enzyme complex has evolved to operate in a variety of genomic and metabolic 

backgrounds, including those of aerobes, anaerobes, chemotrophs, and phototrophs. 

However, whether pathways of electron delivery to nitrogenase are influenced by 

these different metabolic backgrounds is not well understood. Here, we report the 

distribution of homologs of Fds, Flds, and Fd-/Fld-reducing enzymes in 359 genomes 

of putative N2 fixers (diazotrophs). Six distinct lineages of nitrogenase were identi- 

fied, and their distributions largely corresponded to differences in the host cells’ 

ability to integrate O2 or light into energy metabolism. The predicted pathways of 

electron transfer to nitrogenase in aerobes, facultative anaerobes, and phototrophs 

varied from those in anaerobes at the levels of Fds/Flds used to reduce nitrogenase, 

the enzymes that generate reduced Fds/Flds, and the putative substrates of these 

enzymes. Proteins that putatively reduce Fd with hydrogen or pyruvate were enriched 

in anaerobes, while those that reduce Fd with NADH/NADPH were enriched 

in aerobes, facultative anaerobes, and anoxygenic phototrophs. The energy metabolism 

of aerobic, facultatively anaerobic, and anoxygenic phototrophic diazotrophs often 

yields reduced NADH/NADPH that is not sufficiently reduced to drive N2 reduction. 

At least two mechanisms have been acquired by these taxa to overcome this 

limitation and to generate electrons with potentials capable of reducing Fd. These 
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include the bifurcation of electrons or the coupling of Fd reduction to reverse ion 

translocation. 

 

IMPORTANCE  

 

Nitrogen fixation supplies fixed nitrogen to cells from a variety of 

genomic and metabolic backgrounds, including those of aerobes, facultative anaerobes, 

chemotrophs, and phototrophs. Here, using informatics approaches applied to 

genomic data, we show that pathways of electron transfer to nitrogenase in metabolically 

diverse diazotrophic taxa have diversified primarily in response to host cells’ 

acquired ability to integrate O2 or light into their energy metabolism. The acquisition 

of two key enzyme complexes enabled aerobic and facultatively anaerobic phototrophic 

taxa to generate electrons of sufficiently low potential to reduce nitrogenase: 

the bifurcation of electrons via the Fix complex or the coupling of Fd reduction to 

reverse ion translocation via the Rhodobacter nitrogen fixation (Rnf) complex. 

 

KEYWORDS: fix, nitrogenase, Rnf, ferredoxin, flavodoxin, hydrogen, nitrogen fixation, 

oxygen, photosynthesis, pyruvate, bifurcation 
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Nitrogenase is an oxygen-sensitive enzyme that catalyzes the reduction of 

dinitrogen (N2) to ammonia (NH3), accounting for nearly two-thirds of fixed nitrogen (N) 

on earth today (1,2) and thereby modulating the global fixed N supply (3,4). Nitrogenase 

is comprised of two components, a homodimeric iron protein (H subunit) and a 

heterotetrameric dinitrogenase reductase protein complex (D and K subunits) (5,6). 

Homologs of nitrogenase are widely distributed among Bacteria but have only been 

identified in one group of taxa within the archaeal Euryarchaeota phylum, methanogens. 

Nitrogenase homologs have not been identified among eukarya (1, 7–12). Three 

types of nitrogenase have been described that are evolutionarily and structurally 

related but differ in the metallic composition of their active site: molybdenum (Mo)- 

containing nitrogenases (Nif), vanadium (V)-containing nitrogenases (Vnf), and iron 

(Fe)-containing nitrogenases (Anf) (13–16). 

Phylogenetic evidence indicates that Nif emerged prior to Anf and Vnf and that 

the earliest-evolving Nif lineages are from anaerobic, hyperthermophilic methanogens, 

implicating a chemotrophic origin for N2 fixation in an anoxic environment (7, 9, 13, 16, 

17). N2-fixing microorganisms (i.e., diazotrophs) have since diversified to function in a 

wide variety of genomic and metabolic backgrounds, including those of aerobes, 

facultative anaerobes, and phototrophs. Given the O2 sensitivity of Nif, aerobic, 

facultatively anaerobic, and oxygenic phototrophic diazotrophs have had to evolve or 

acquire one of several mechanisms to mitigate the toxicity of O2 to this enzyme during 

N2 fixation (17). These mechanisms include fixing N2 only during dark hours when 

oxygenic photosynthesis ceases and when heterotrophic respiration keeps O2 tensions 
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low (18), using specialized cells called heterocysts in filamentous Cyanobacteria to 

spatially localize nitrogenase in anaerobic cellular compartments (19), maintaining an 

anoxic environment in the cytoplasm through increased O2-dependent respiratory 

activity (20), or fixing N2 only during anaerobic growth. A recent study showed that the 

diversification of Nif in aerobes and facultative anaerobes was also accompanied by the 

recruitment and loss of genes that are involved in regulating and protecting Nif against 

oxidative stress (17). 

The primary electron donors to Nif are reduced ferredoxin (Fd) (21–24) and 

flavodoxin (Fld) (25–27). The transfer of eight electrons from Fd or Fld to NifH and 

ultimately to NifDK is an ATP-dependent process, requiring at a minimum 16 mol ATP 

per mol N2 reduced (28–30). Less is known of the stoichiometry of ATP hydrolysis per 

mol N2 reduced by Anf or Vnf (31–34). The reduction of Fd or Fld in diazotrophs that 

occupy anoxic environments (e.g., clostridia and methanogens) occurs via the activity of 

pyruvate-flavodoxin oxidoreductase (PFOR) (35–38), a select subset (groups 3c, 3d, 4d, 

and 4e) of [NiFe]-hydrogenases, or [FeFe]-hydrogenases (39–45). However, the 

reduction of Fd (standard electrode potential [Eo’] ~ -420 mV) in aerobic and some 

anoxygenic phototrophic diazotrophs that inhabit less-reducing environments is more 

of a challenge. Rather than producing reduced Fd during their primary energy 

metabolism, aerobic bacteria and some anoxygenic phototrophs, in particular 

facultatively anaerobic purple sulfur and nonsulfur bacteria, generate reduced NADH or 

NADPH (Eo’ = -320 mV) (46, 47), which are not of low enough potential to drive N2 

reduction (48–50). Anaerobic purple sulfur and facultatively anaerobic nonsulfur 
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anoxygenic phototrophic bacteria utilize photosystems to drive cyclic electron transfer. 

The reduction of NAD+/NADP+ is typically accomplished with electrons supplied by the 

oxidation of an inorganic substrate (e.g., sulfide, thiosulfate, or hydrogen [H2]) or by the 

oxidation of organic compounds and energy from reverse electron transport if the 

inorganic electron donor is not of low-enough potential to reduce NAD+/NADP+ 

(51,52). It has been proposed that these taxa acquired the Fix complex (encoded by 

fixABCX) and/or the Rhodobacter nitrogen fixation [Rnf, encoded by rnfABCDEG 

(H)] complex in order to generate reduced Fd from NADH/NADPH (46). Fix catalyzes 

the oxidation of two NADH to generate a reduced quinone, which fuels the respiratory 

chain, and a reduced Fd (27, 53, 54), whereas Rnf catalyzes the NADH-dependent 

reduction of Fd by coupling it to the depletion of the electrochemical gradient (55–58). 

Oxygenic phototrophic Cyanobacteria utilize photosystem I to energize electrons 

to potentials negative enough to drive the reduction of Fd (51, 52). However, this Fd is 

not available to Nif, since it must be temporally or spatially separated from oxygenic 

photosynthesis due to inhibition of Nif by O+. Rather than coding for [FeFe]-

hydrogenase, [NiFe]-hydrogenase, Fix, or Rnf and using these enzymes to reduce Fd, 

Cyanobacteria encode ferredoxin-NADP+ oxidoreductase (FNR), which can function in 

reverse to reduce Fd or Fld with NADPH generated by carbohydrate oxidation in 

heterocysts or when O2 tensions are low (35, 59–62). Some Cyanobacteria also encode 

PFOR, which might be expected to contribute to Fd reduction in these cells, and this 

might be used by Nif. Like Cyanobacteria anaerobic anoxygenic green sulfur bacteria 

use a type I photosystem that is distantly related to photosystem I to generate reduced Fd 
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as a component of photosystem-driven cyclic electron transfer (51, 52); however, unlike 

Cyanobacteria it is possible that this serves as a reductant for N2 fixation (63). Green 

sulfur bacteria also encode an FNR, which is phylogenetically and structurally unrelated 

to conventional FNR found in Cyanobacteria and this can also be used to drive reduction 

of Fd (64, 65). Thus, at least seven enzyme complexes have evolved to provide reduced 

Fd for N2 fixation: PFOR, [NiFe]-hydrogenase, [FeFe]-hydrogenase, Rnf, Fix, and both 

forms of FNR (35); however, their distribution in the genomes of diazotrophs is not 

known. 

Different Fds and Flds are also likely to be involved in the delivery of electrons to 

nitrogenase in aerobes, anaerobes, and phototrophs, and these Fds and Flds may vary 

alongside the primary enzymes that are involved in reducing these electron carriers. Fds 

are sensitive to O2 due to the lability of their iron sulfur (FeS) clusters (66–69). In 

contrast, Flds contain flavin mononucleotide as the prosthetic group involved in electron 

transfers instead of FeS clusters and, hence, are thought to be less sensitive to O2 (67, 70, 

71). Previous bioinformatics analyses have shown that NifF (17), an Fld that can donate 

electrons to Nif (24, 72, 73), was recruited to nif operons during the diversification of Nif 

from anaerobic to aerobic taxa (17), which may point to the use of Flds as an adaptive 

strategy to fix N2 in oxic environments. Moreover, under the iron-deficient conditions 

that characterize most circumneutral oxic environments, diazotrophs tend to synthesize 

Flds preferentially as primary electron donors to Nif (22–24, 26, 74). Studies have also 

shown that electron delivery by an Fd or Fld can be complemented by other Fds or Flds 

that are encoded in the genomes of diazotrophs (24, 35, 74–76). These observations 



196 

 

suggest that pathways that mediate electron flow to nitrogenase are flexible and vary 

according to the genomic and metabolic background of taxa. 

To better define the systems of electron transfer to nitrogenase in diverse 

microbes, we compiled all Fd and Fld homologs in Nif-encoding genomes and classified 

them using homology-based methods. In addition, we compiled homologs of all enzymes 

that have been shown to reduce Fd or Fld for use in the reduction of N2 by nitrogenase. 

These include PFOR, [NiFe]-hydrogenase, [FeFe]-hydrogenase, Fix, Rnf, and both forms 

of FNR. Since Nif is encoded in all genomes that encode Anf and Vnf (1), we also 

examined the systems of electron transfer to these alternative nitrogenase isoforms. 

Organisms encoding Nif, Anf, and Vnf were classified phylogenetically and 

physiologically as aerobes, anaerobes, or facultative anaerobes and as chemotrophs, 

anoxygenic phototrophs, or oxygenic phototrophs based on published data. Statistical 

analyses were then applied to this curated data set to identify patterns of cooccurrence 

between the distribution of nitrogenase lineages/isoforms, enzymes that putatively reduce 

Fd/Fld, and Fds/Flds. The results are discussed in the context of the metabolism of the 

cells, specifically the influence of O2 and light on putative pathways of electron delivery 

to nitrogenase. 

 

RESULTS AND DISCUSSION 

 

Taxonomic distribution and phylogeny of Nif/Anf/Vnf HDK homologs. Nitrogenases 

were identified in the genomes of diverse Bacteria and Archaea that included obligate 

aerobes, facultative anaerobes, obligate anaerobes, phototrophs and chemotrophs, and 
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autotrophs and heterotrophs. The identification of Nif in organisms with diverse 

metabolisms is consistent with a complex evolutionary history that has been described 

previously for N2 fixation (see Table S1A in the supplemental material) (1, 7, 8, 13, 16). 

Of the total 4,588 publicly available genomes in our database, 359 genomes (7.8% of the 

total) encoded the minimal set of proteins for nitrogen fixation (i.e., homologs of 

NifHDKENB) (7). Forty-six of the 359 taxa with genomes that encode nitrogenase 

complements have been experimentally shown to grow with atmospheric N2 as their sole 

N source (Table S1B). Of these 359 nitrogenase-encoding genomes, 48 belonged to 

obligately chemotrophic and anaerobic Archaea, all of which were affiliated with 

methanogens within the phylum Euryarchaeota. The remaining 311 diazotrophic 

genomes were identified in the bacterial domain, with the majority identified as members 

of the Proteobacteria (n = 191) and Firmicutes (n = 68) (Table S1A). Of the 311 

diazotrophic bacterial genomes, 31% were from aerobes, 40% were from facultative 

anaerobes, and 28% were from obligate anaerobes. Furthermore, 79% of the diazotrophic 

bacterial genomes were from chemotrophs and 21% were from phototrophs (both 

oxygenic and anoxygenic). 

Phylogenetic reconstruction of a concatenation of HDK proteins revealed six 

distinct lineages of nitrogenases (Fig. 1). These included the four lineages that have been 

identified in previous studies (1, 8, 13, 14, 16, 77), which include two Nif sublineages 

(designated Nif-A and Nif-B) and two sublineages designated Anf and Vnf. In addition, 

previous combined informatics and structural analyses have suggested that two 

biochemically uncharacterized lineages likely harbor a molybdenum cofactor (9), and 
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organisms that encode them have experimentally been shown to fix N2 (11, 78); hence, 

we refer to these lineages as Nif-C and Nif-D in this study.  

A total of 224 genomes encoded Nif-A, and these were from taxa that are 

primarily from the Proteobacteria (n = 169), Firmicutes (n = 26), and Cyanobacteria (n 

= 20) (Table S1A). Thirty of these taxa have been experimentally shown to fix N2 (Table 

S1B). However, the cyanobacterium Microcoleus chthonoplastes (which is not included 

in our database since a complete genome is not available) does encode Nif-A and the 

minimal set of proteins that allow for N2 fixation (i.e., homologs of NifHDKENB) (7). 

And yet, cultivation studies suggest that this taxon cannot grow with N2 as its sole N 

source (79), indicating that the presence of a full nif gene complement does not guarantee 

the ability to fix N2. The majority of the taxa that encode Nif-A are aerobes (42%) or 

facultative anaerobes (38% of total taxa) (Fig. 2A). In addition, 23% of Nif-A-encoding 

genomes were from phototrophs and 77% were from chemotrophs (Fig. S1). Among 

the 23% of Nif-A homologs that are encoded in the genomes of phototrophs, 9% are 

from Cyanobacteria, 11% are from facultatively anaerobic anoxygenic purple nonsulfur 

bacteria, and 2% are from anaerobic anoxygenic purple bacteria. However, it is not clear 

how rigorously O2 usage has been characterized in these anaerobic anoxygenic purple 

bacteria, which include the following strains: Allochromatium vinosum, Thiocystis 

violascens, Thioflavicoccus mobilis, and Halorhodospira halophila. 

The majority of the 106 genomes that encode Nif-B were from obligate anaerobes 

(93% of total taxa) and chemotrophs (87% of the total taxa) and anaerobic anoxygenic 

green phototrophic bacteria (11% of total). Nif-B-encoding taxa were primarily affiliated 
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with Firmicutes (n = 34), Euryarchaeota (n = 29), and Proteobacteria (n = 22). Of these 

106 Nif-B-encoding genomes, 13 were from taxa (primarily from the genus Clostridium) 

that have been experimentally shown to fix N2 (Table S1B). All of the anaerobic 

anoxygenic phototrophs were affiliated with the Chlorobi or Chloroflexi (n = 12). 

Members of the Firmicutes (n = 8) and Euryarchaeota (n = 6) encoded Nif-C (n = 15), 

while all (n = 13) Nif-D-encoding genomes were methanogens (Euryarchaeota). None 

of the taxa that encode Nif-C have been shown to fix N2, while three organisms that 

encode Nif-D (all of which are methanogens) have been experimentally shown to fix N2 

(Table S1B). Taxa that encode Nif-C were primarily anaerobes (88% of the total taxa), 

while taxa that encode Nif-D were all anaerobes. All the Nif-C- and Nif-D-encoding 

genomes were chemotrophs. 

A total of 32 genomes encoded Anf, and these were primarily from the 

Proteobacteria (n = 16) and Firmicutes (n = 11), while a total of 23 genomes encoded 

Vnf. Most of the Vnf-encoding genomes were from the Euryarchaeota (n = 11) and 

Firmicutes (n = 8). A separate lineage comprising HDK proteins from taxa that have not 

yet been shown to fix N2 were nested among Nif sublineages. These proteins were termed 

“uncharacterized,” as previously described (13), and were affiliated with members of the 

Chloroflexi (i.e., Roseiflexus spp.). 

Multiple forms of nitrogenase were often detected in the same genome (Fig. 2B). 

However, the genomes that coded for Nif-C or Nif-D did not code for any other forms 

of nitrogenases. The genome of the cyanobacterium Pleurocapsa sp. strain PCC 7327 

was found to encode both Nif-A and Nif-B. All Anf- and Vnf-encoding genomes also 
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encoded Nif, which is consistent with previous observations (1, 7, 13). Four genomes 

were identified that coded for Anf, Vnf, and Nif-B, while two genomes encoded Anf, 

Vnf, and Nif-A. Interestingly, Anf was more commonly detected in Nif-A-encoding 

genomes (65% of total Anf-encoding genomes), while Vnf was more commonly detected 

in Nif-B-encoding genomes (77% of total Vnf-encoding genomes). If the root of the 

nitrogenase phylogeny is within the Nif-D lineage, as has been suggested previously (7, 

13, 16), our phylogenetic reconstruction indicates that Anf diverged from a Vnf-like 

ancestor, both of which emerged from a Nif-C- or Nif-D-like ancestor. Likewise, our 

phylogenetic reconstruction indicates that Nif-A diversified from a Nif-B-like ancestor. 

 

Taxonomic distribution of ferredoxin and flavodoxin homologs in the genomes 

of putative diazotrophs. (i) Ferredoxin. The taxonomic distribution of all 47 Fds 

identified in the genomes of putative diazotrophs is detailed in Table S2 in the 

supplemental material. A total of 36 Fds were detected in Nif-A-encoding genomes, of 

which FdxB and FdxA were the most common; they were present in >40% of those 

genomes (Fig. S2A). fdxB is encoded near nifQ and nifB in the genome of Azotobacter 

vinelandii (80, 81) and is expressed at a similar level to these genes under N2-fixing 

conditions (82). Mutational studies have shown involvement of FdxB in active-site 

metallocluster biosynthesis in A. vinelandii (83, 84). Furthermore, FdxB was shown to be 

incapable of serving as an electron donor to nitrogenase in vitro using protein from 

Rhodobacter capsulatus (83). In contrast, in the cyanobacterium Anabaena sp. strain 

PCC 7120, FdxB has been shown to complement fdxH mutant strains; FdxH is the 

preferred donor of electrons to nitrogenase in this taxon (85). These observations suggest 
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that FdxB has multiple roles in diazotrophic cells. The prevalence of FdxA in Nif-A-

encoding genomes is consistent with its colocalization near major nif gene clusters, such 

as in the case of A. vinelandii (24), or within the nif gene cluster itself, such as in 

Herbaspirillum seropedicae (86). This agrees with findings from multiple studies that 

have documented the ability of FdxA to donate electrons to nitrogenase (87–90). Several 

less commonly detected Fds (identified in <40% of the Nif-A-encoding genomes) have 

also been shown or predicted to be involved in electron transfer to nitrogenase. These 

include FdxN in Rhodospirillum rubrum and Rhizobium meliloti (91, 92), FdxE in 

Rhodobacter capsulatus (93), FdxH (85, 94), FdxI in Anabaena sp. PCC 7120 (95, 96), 

and FdxC in R. capsulatus (Fig. S2A) (97). Together, these results suggest that FdxA and 

FdxB may have a role in electron delivery to Nif-A-like nitrogenases; however, other Fds 

could potentially complement the functionality of these Fds. 

Two Fds found in Clostridium pasteurianum, CpFd1 (65% of the total Nif-B-

encoding genomes) and CpFd4 (48% of the total genomes), correlated with the 

distribution of Nif-B in diazotrophic genomes (Fig. S2A), suggesting a role for these Fds 

in electron delivery to Nif-B-like nitrogenases. FdxA (47% of the total Nif-C-encoding 

genomes) and three Fds found in Caldicellulosiruptor saccharolyticus, CsFd3 (47% of 

the total genomes), CsFd6 (47% of the total genomes), and CsFd1 (41% of the total 

genomes), were predominant in Nif-C-encoding genomes, while Nif-D-encoding 

genomes encoded multiple Fds found in Methanocaldococcus vulcanius (MvFds) (Fig. 

S2A). The distribution of Anf in genomes was only moderately correlated with the 

distribution of Fds, with FdxA and FdxB yielding the highest correlations (i.e., >45% of 
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the genomes) (Fig. S2A). Finally, the distribution of Vnf was highly correlated with the 

distribution of CpFd4 (80% of the total genomes) and, to lesser extents, four Fds found in 

Methanosarcina barkeri, MbFd1, MbFd2, MbFd3, and MbFd4 (Fig. S2A). While 

electron transfer to Nif-A-like nitrogenases has been studied extensively, we are unaware 

of experimental data on the role of Fds in electron transfer to Nif-B, Nif-C, Nif-D, Anf, 

or Vnf, which precludes a comparison of our informatics-based predictions to 

experimental data. 

The Fds identified in our study varied markedly among genomes coding for the 

various isoforms of nitrogenase (Fig. S2A). Importantly, genomes encoding Nif-A 

nitrogenases coded for unique Fds that were either absent or present but rarely detected in 

the genomes of other diazotrophs (Fig. S2A). For example, of 14 abundant Fds (i.e., 

present in >40% of the genomes) encoded by Nif-A-encoding genomes, 12 were unique 

to Nif-A-encoding genomes, while only two were identified in the genomes of other 

diazotrophs (Fig. S2A). In contrast, considerable overlap was observed in the 

composition of Fds/Flds encoded in genomes that also encoded Nif-B, Nif-C, or Nif-D. 

 

(ii) Flavodoxin. We identified a total of five phylogenetically distinct Flds among 

nitrogenase-encoding genomes. The taxonomic distribution of all five Flds identified is 

detailed in Table S2 in the supplemental material. Of the five Flds detected in Nif-

Aencoding genomes, FldA was the most common and was identified among 26% of the 

genomes (Fig. S2B). The distribution of CpFld2 and CpFld3 cooccurred with Nif-B in 

>40% of the genomes, while CpFld3 was detected in >40% of the Nif-C- and Nif-D 

encoding genomes (Fig. S2B). Like Nif-A-encoding genomes, FldA was the dominant 
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Fld in Anf-encoding genomes (Fig. S2B). Lastly, CpFld3 and CpFld2 were the dominant 

Flds in Vnf-encoding genomes (Fig. S2B). There is no experimental evidence that these 

Flds are involved in electron transfer to nitrogenase, with the exception of NifF (present 

in a few Nif-A-encoding genomes), which has been shown to transfer electrons to 

nitrogenase in Klebsiella pneumoniae (98, 99) and A. vinelandii (24, 27). 

The distribution of the five Flds identified in this study varied in diazotrophs with 

different metabolic backgrounds. Of the five Flds identified among the genomes of 

diazotrophs, NifF and FldA were only detected in the genomes of aerobes, facultative 

anaerobes, or phototrophs that encoded Nif-A (Fig. S2B). The sole exception to this 

observation was in the genome of the anaerobic spirochete Spirochaeta smaragdinae  

strain DSM 11293, which was found to code for FldA and Nif-B (Table S2). The 

remaining three Flds were common in the genomes of anaerobic chemotrophs that 

encoded Nif-B, Nif-C, and Nif-D. This observation is like that made for Fds, where the 

distribution of Flds in genomes that encode Nif-A were distinct from those that encoded 

Nif-B, Nif-D, and Nif-D. These collective observations indicate that the Fds/Flds in 

aerobic/facultatively anaerobic diazotrophs differ from those in anaerobic diazotrophs, 

leading to the hypothesis that O2 played a role in the diversification of systems for the 

delivery of electrons to nitrogenase. Moreover, the Fds/Flds are different among 

phototrophs and chemotrophs, leading to the hypothesis that the integration of light into 

the energy metabolism of diazotrophs played a key role in the diversification of systems 

of electron delivery to nitrogenase. 

 

Distribution of ferredoxin- and flavodoxin-reducing protein homologs in the 
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genomes of putative diazotrophs. The taxonomic distributions of PFOR, [NiFe]- 

hydrogenase, [FeFe]-hydrogenase, Rnf, Fix, and FNR homologs are detailed in Table S2. 

Briefly, genomes that encoded Nif-A and Nif-B coded for homologs of six of the seven 

putative Fd- or Fld-reducing enzymes (Fig. S3); FNR homologs identified in green sulfur 

bacteria were not identified in Nif-A-encoding genomes. Nif-A-encoding genomes 

tended to code for Fix, PFOR, and Rnf homologs, while Nif-B-encoding genomes tended 

to code for [FeFe]-hydrogenase, [NiFe]-hydrogenase (primarily group 4e) (41), and 

PFOR (Fig. S3). Genomes that coded for Nif-C were found to code for homologs of four 

of the seven Fd- or Fld-reducing enzymes, with [NiFe]-hydrogenase (primarily group 4e) 

(41) and PFOR being the most abundant among these. Nif-D-encoding genomes were 

found to code for only group 4d [NiFe]-hydrogenase (41) and PFOR. Anf- and Vnf-

encoding genomes coded for homologs of five of the seven reducing enzymes. Fix, 

[FeFe]-hydrogenases, and PFOR were enriched in Anf-encoding genomes, while group 

4e [NiFe]-hydrogenases (41), [FeFe]-hydrogenases, and PFOR were enriched in Vnf-

encoding genomes. 

The shift in the distribution of enzyme homologs capable of reducing Fd or Fld in 

diazotrophic genomes generally corresponded to the diversification of Nif-A from Nif-

B/Nif-C/Nif-D (Fig. 1 and 3). Chemotrophic anaerobic diazotrophs that coded for Nif-

B/Nif-C/Nif-D also encoded PFOR, [FeFe]-hydrogenase, or [NiFe]-hydrogenase. PFOR 

couples the oxidation of pyruvate to the reduction of Fd, and its expression is regulated 

by the availability of N in a variety of diazotrophs (36, 73, 100, 101), whereas specific 
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lineages of hydrogenase (both [FeFe] and [NiFe]) have been shown to couple reversible 

H2 oxidation to the reduction of Fd (Fig. 3) (41, 102, 103). 

Like chemotrophic anaerobes, anaerobic anoxygenic phototrophic green (both 

sulfur and nonsulfur) bacteria and anaerobic anoxygenic purple (both sulfur and 

nonsulfur) bacteria tended to encode PFOR (92% and 60% of total genomes, 

espectively). Anaerobic anoxygenic purple bacteria also encoded Fix, Rnf, [NiFe]-

hydrogenase, and [FeFe]-hydrogenase, while green sulfur bacteria also encoded a 

functionally similar but phylogenetically distinct FNR isoform that is found in 

Cyanobacteria (Fig. 3). Like anaerobic diazotrophs, PFOR was identified in the genomes 

of aerobic/facultatively anaerobic diazotrophs. However, unlike anaerobic diazotrophs, 

the genomes of aerobic/facultatively anaerobic diazotrophs also tended to encode Fix, 

Rnf, and FNR (Fig. 3). Fix and Rnf generate reduced Fd with a more-reduced potential 

than its substrate NADH via electron bifurcation (27, 56) or by coupling the reaction with 

reverse ion translocation (either proton or sodium dependent) (55–57), respectively. Fix 

has been suggested to play a role in supplying reductant to Nif in aerobic diazotrophs (27, 

104–106). Consistent with this suggestion, Fix and Rnf are encoded in the genomes of 

aerobic chemotrophs (50% of these genomes) and anoxygenic phototrophs (68% of these 

genomes), specifically purple sulfur and nonsulfur bacteria (Fig. 3). Furthermore, 

homologs of FNR were only identified in the genomes of oxygenic phototrophic and 

anoxygenic green sulfur phototrophic bacteria, although the FNR homologs identified in 

green sulfur phototrophic bacteria were phylogenetically distinct from those 

cyanobacterial FNR. In Cyanobacteria it is thought that FNR catalyzes the reduction of 
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Fd with NADPH generated during carbohydrate oxidation, which is then used to fix N2 

(61); it is not yet known if Fd produced by FNR in green sulfur bacteria is involved in N2 

fixation. Together, these observations suggest that the enzymes that diazotrophs use to 

generate reduced Fd or Fld to drive N2 reduction vary in organisms with different 

metabolisms, in particular those that are able to integrate O2 or light into their energy 

metabolism compared to those that are not able to take advantage of these metabolic 

strategies. 

 

Predicted electron transfer pathways to nitrogenase. The covariation among 

the distributions of specified nitrogenase lineage homologs, Fd/Fld homologs, and Fd-

/Fldreducing-enzyme homologs was examined to identify putative systems of electron 

delivery to Nif in different metabolic backgrounds (Fig. 4). The primary Fd-/Fldreducing-

enzyme homologs in genomes that code for Nif-A are Fix, PFOR, and Rnf; FNR 

homologs were enriched in the genomes of Nif-A-encoding diazotrophic Cyanobacteria 

(n = 20). The source of electrons to Nif-A is likely either pyruvate in the case of PFOR 

(107), NADH generated from central metabolism in the case of Fix and Rnf (55, 56, 58), 

or NADPH in the case of FNR (60, 108). 

Genomes that code for Nif-B were associated with different Fd/Fld homologs 

than Nif-A-encoding genomes and were associated with homologs of three different Fd-

/Fld-reducing enzymes: PFOR, [FeFe]-hydrogenase, and [NiFe]-hydrogenase (Fig. 4). 

FNR was detected in all Nif-B-encoding green sulfur bacterial anoxygenic phototrophs (n 

= 11). To this end, the source of electrons to reduce Nif-B is predicted to be H2 in the 

case of [FeFe]- and [NiFe]-hydrogenases (109, 110), pyruvate in the case of PFOR, or 
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NADPH in the case of FNR. Genomes that encoded Nif-C and Nif-D coded for a 

different suite of Fd/Fld homologs potentially involved in electron delivery to Nif than 

did Nif-A- and Nif-B encoding genomes (Fig. 4). Very little variation was observed in 

the distribution of putative Fd-/Fld-reducing-enzyme homologs and Fd/Fld homologs in 

Nif-C-encoding genomes compared to their distribution in genomes that encoded Nif-D. 

However, unlike Nif-C-encoding genomes, Nif-D-encoding genomes, which are derived 

from methanogens, lack evidence for homologs of [FeFe]-hydrogenase. This is consistent 

with the absence of genes encoding [FeFe]-hydrogenase in Archaea (102, 103). Thus, 

like Nif-B, the source of electrons to reduce Nif-C and Nif-D is likely H2 or pyruvate. 

Anf- and Vnf-encoding diazotrophic genomes also encode Nif, which in the case 

of Anf was typically Nif-A and for Vnf was typically Nif-B. As such, patterns in the 

distribution of Fds/Flds and Fd/Fld-reducing enzymes in Anf- and Vnf-encoding 

genomes are like Nif-A and Nif-B, respectively. The organisms that encode Anf are 

likely to rely on three putative Fd-/Fld-reducing enzymes: [FeFe]-hydrogenase, Fix, or 

PFOR (Fig. S4). As in Nif-A-encoding organisms, the source of electrons to Anf is 

predicted to be from pyruvate or from central metabolism in the form of NADH. The 

organisms that encode Vnf are likely to rely on three putative Fd-/Fld-reducing enzymes: 

PFOR, [FeFe]-hydrogenase, and [NiFe]-hydrogenase (Fig. S4). As such, the source of 

electrons used to reduce Vnf is likely from H2 or pyruvate. 

Intriguingly, the genomes of several putative diazotrophs (n = 25) lacked a 

homolog of PFOR, [NiFe]-hydrogenase, [FeFe]-hydrogenase, Rnf, Fix, or either isoform 

of FNR (Table S2). The inability to detect homologs of these seven enzymes was not due 
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to these genomes being incomplete, since all of them were closed. Of the 25 genomes 

that lacked a homolog of these enzymes, 14 encoded Nif-A-like nitrogenases, while 11 

encoded Nif-B-like nitrogenases. All 14 genomes that encoded Nif-A-like nitrogenases 

were classified as either aerobic or facultatively anaerobic, while all 11 genomes that 

encoded Nif-B-like nitrogenases were classified as strictly anaerobic. These data suggest 

the presence of at least one additional enzymatic mechanism for generating Fds or Flds 

that can be used to reduce N2. 

 

Possible drivers in the diversification of pathways for electron transfer to 

nitrogenase. Previous studies have shown that Nif diversified in large part in response to 

O2, in particular the integration of O2 into cellular metabolism (17, 111). By extension, 

this indicates that O2 would have been at least temporarily available in the local habitat of 

the ancestors of aerobic/facultatively anaerobic diazotrophs, which would increase the 

oxidation state of their local habitat. Previous studies have noted a strong correlation 

between the average oxidation state of carbon in archaeal and bacterial proteomes 

(inferred from metagenomic data) and the oxidation state of the local environment (112). 

Likewise, extracellular proteins from yeast have been shown to have a higher average 

oxidation state of carbon than cytoplasmic proteins, an observation that was attributed to 

a higher oxidation state on the exterior of the cell than in the interior (113). As has been 

suggested previously, a shift in the oxidation state of a system to a more-oxidizing 

potential favors the formation of products (e.g., proteins) that themselves are more 

oxidized (113). Since the oxidation state of the cytoplasm of a cell should be related to 

that of the external environment of a cell, and cells that are under selection should be 
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under selection to minimize the cost of protein synthesis to the extent that those proteins 

remain functional, we hypothesized that the integration of O2 into the metabolism of 

diazotrophs would be accompanied by an overall shift in the oxidation state of the 

proteome of those cells that may in turn influence the functionality or stability of Fd/Flds, 

the enzymes that function to reduce these cofactors, or the availability of substrates for 

these enzymes. Observations supporting this hypothesis would serve as evidence that O2 

had a fundamental role in the evolution of diazotrophs, beyond what has been recognized 

previously, which includes physiological mechanisms of spatial/temporal decoupling of 

nitrogenase with O2 metabolism (18, 19), increased consumption of O2 through 

respiratory activity (20), and recruitment and loss of genes involved in regulating 

nitrogenase expression and activity (17). 

To test this hypothesis, we calculated the average oxidation state of carbon in 

inferred proteomes for the taxa that comprised organisms encoding each of the four Nif 

sublineages (Fig. 5). Welch’s t test showed that the average oxidation state of carbon in 

inferred proteomes was significantly (P < 2.2 X 10 -16) more positive (-0.024 ± 0.018) for 

Nif-A-encoding genomes than for Nif-B-encoding genomes (-0.043 ± 0.019), the most 

closely related lineage (Fig. 1). Likewise, the average oxidation state of carbon in 

inferred proteomes was significantly (P = 1.9 X 10-8 and 1.8 X 10-8, respectively) more 

positive for Nif-A-encoding genomes than for genomes encoding Nif-C (-0.078 ± 0.033) 

and Nif-D (-0.058 ± 0.016). These observations are consistent with the observation that 

most of the Nif-A-encoding genomes were from aerobic or facultatively anaerobic taxa, 

whereas the majority of Nif-B-, Nif-C-, and Nif-D-encoding genomes were from strict 
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anaerobes and, to a lesser extent, facultative anaerobes (Fig. 2A). These observations may 

be due to Nif-A-encoding diazotrophs inhabiting, on average, a more oxidized 

environment than Nif-B-, Nif-C-, and Nif-D-encoding diazotrophs. If true, this finding 

would suggest that Nif-A-encoding cells also may harbor a more oxidized cytoplasm than 

strictly anaerobic diazotrophs. A caveat to this analysis is that it assumes that all proteins 

in a diazotrophic cell are expressed at the same level, which is unlikely to be the case. 

Further experiments are needed to examine whether the average oxidation state of a 

cellular proteome is sensitive to growth conditions (e.g., aerobic versus anaerobic) and 

whether such a response reflects acclimatization to minimize energetic costs associated 

with protein biosynthesis. 

We hypothesized that differences in the oxidation state of the external 

environment of cells and their cytoplasm would affect the functionality of proteins 

involved in electron transfer to nitrogenase and might account for the differences in the 

Fds/Flds used by aerobic/facultative anaerobic and strictly anaerobic diazotrophs. To test 

this hypothesis, we reconstructed the evolutionary history of several Fds/Flds that appear 

to be commonly used as electron donors to the various lineages of Nif. The Fds FdxA and 

FdxB, which are commonly identified in Nif-A-encoding genomes, branch among (are 

nested within) a variety of Fd lineages commonly identified in anaerobic diazotrophs 

(i.e., Nif-B-, Nif-C-, and Nif-D-encoding taxa). These include MvFd4, MvFd5, CsFd6, 

MvFd2, and CpFd4 (Fig. S5). Parsimony would suggest that FdxA and FdxB are recently 

evolved and that these Fds evolved from Fds that likely functioned in an anaerobe. 

Similarly, NifF and FldA were nested among Flds commonly identified in anaerobic 
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diazotroph genomes, including CpFld1, CpFld3, and CpFld2 (Fig. S6). Among Flds, NifF 

and FldA formed a monophyletic lineage and were sister to CpFld2, suggesting that they 

diverged from an ancestor of these proteins and that this ancestral protein most likely 

functioned in an anaerobe.  

A previous study attempted to identify structural features associated with Fds 

from Anabaena variabilis that lend stability in oxic versus anoxic environments (114). 

The authors showed that slight changes in residues near the active-site FeS cluster 

protected it from reactive oxygen species. This indicates that the Fds that are active in 

aerobes inhabiting oxic environments likely have different amino acid compositions than 

Fds found in anaerobes, a finding that is supported by our informatics and phylogenetics 

analyses. As such, the results presented here provide a suite of Fds/Flds that appear to 

have evolved to function optimally in aerobic versus anaerobic diazotrophs and, thus, 

provide a template for downstream studies aimed at further elucidating the structural 

features that enable Fd/Fld function in more-oxidized environments. 

The more-positive oxidation state of carbon in the inferred proteomes of Nif-A 

encoding diazotrophs, which are largely from aerobic or facultatively anaerobic taxa, 

may indicate that the cytoplasm or local environment of those cells is more oxidizing. In 

general, H2 (which itself has a low oxidation-reduction potential) would be expected to be 

at low abundance in an oxidized environment (112, 113, 115, 116). It follows that the 

diversification of Nif into more-oxidizing environments may have been accompanied by 

a decrease in available H2, which in turn may have represented a selective pressure to 

evolve mechanisms to generate reduced Fd/Fld other than those that are dependent on H2. 
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In response, Nif-A-encoding diazotrophs would have continued to use PFOR, if 

available, to meet these demands. In other aerobic or facultatively anaerobic and 

anoxygenic phototrophic Nif-A-encoding diazotrophs, the primary electron carrier 

involved in central metabolism likely switched to NADH (51, 52). Under such 

conditions, diazotrophic cells would have been under selective pressure to evolve 

mechanisms to drive the formation of reduced Fd from NADH, such as Fix and Rnf. 

 

Concluding remarks. Diazotrophs have evolved elegant mechanisms to 

overcome O2 toxicity to nitrogenase during the transition from anaerobic to aerobic 

metabolism, including spatial and temporal decoupling of N2 fixation activity from O2 

respiration (18, 19), increased O2 respiration to maintain an anoxic cytoplasm (20), and 

recruitment and loss of genes involved in regulating nitrogenase expression and activity 

(17). Our data show that the average oxidation state of carbon in the inferred proteomes 

of diazotrophs also likely increased during the transition from anaerobic to aerobic 

metabolism, which would have driven large-scale changes in the composition of proteins 

and enzymes that drive the energy metabolism of diazotrophic cells, as well as the 

availability of substrates for those enzymes. Indeed, our analysis of the inferred systems 

of electron delivery to Nif reveals that substantial changes took place during the 

diversification of diazotrophs. These changes include those at the level of the primary 

electron donors that provide reductant to Nif, with early-evolving chemotrophic 

anaerobic diazotrophs likely supporting N2 reduction with electrons derived from 

oxidation of H2 or pyruvate. Later-evolving aerobic/facultatively anaerobic diazotrophs 

likely support this activity with electrons primarily in the form of NADH/NADPH 
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derived from central metabolism or cyclic electron pathways in anoxygenic phototrophs. 

Similarly, a shift in the enzymes used to generate reduced Fd was observed, with 

chemotrophic anaerobic taxa inferred to be primarily dependent on [NiFe]-hydrogenase 

and PFOR and aerobic, facultative anaerobic or anoxygenic phototrophic taxa largely 

dependent on Fix and, to a lesser extent, PFOR and Rnf. Finally, a nearly complete 

turnover in the putative Fds/Flds in aerobic/facultatively anaerobic versus anaerobic 

diazotrophic taxa was observed. Collectively, these data are consistent with previous 

reports suggesting that O2 had a profound influence on the evolution of nitrogenase (7, 

13, 16, 17, 111) and further suggest that these changes may have been a global adaptive 

response to an increased oxidation state of the local environment. 

The ability of cells to harness light energy likely also impacted systems of 

electron delivery to Nif. Due to the O2 sensitivity of Nif, oxygenic phototrophs likely 

utilize FNR to generate reduced Fd from NADPH produced during carbohydrate 

fermentation at night or in specialized cells. The photosystems of anoxygenic green 

sulfur bacteria that also encode FNR energize electrons and shuttle them through a cyclic 

electron transport chain that involves Fd. It is possible that this Fd can be used to reduce 

Nif directly. Alternatively, these cells may reduce Fd with PFOR, which utilizes pyruvate 

produced from the oxidation of glycogen. In contrast, anoxygenic phototrophic bacteria, 

in particular purple sulfur and nonsulfur bacteria, generate reduced quinones during light-

driven electron transport, with those electrons supplied by the oxidation of exogenous 

inorganic or organic electron donors. The potential of these electrons can be further 
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reduced through reverse electron transfer such that it is low enough to reduce NADH. 

These phototrophs often then utilize Fix or Rnf to drive the reduction of Fd with NADH. 

The collective insights described herein suggest that the genomic and metabolic 

backgrounds of diazotrophs are associated with wholesale changes in the source of 

electron donors, enzymes involved in coupled oxidation of electron donors to the 

reduction of Fds/Flds, and the Fds/Flds used to reduce Nif. These changes were 

associated with differences in the ability to integrate O2 and light into the energy 

metabolism of the cells. While the informatics-based data that are presented here are 

predictions of potential systems of electron delivery to Nif, in the case of Nif-Aencoding 

taxa, they are largely consistent with available biochemical data. However, the validity of 

the predictions made for pathways of electron delivery to Nif-B-, Nif-C-, and Nif-D-

encoding taxa is unknown, since biochemical data have yet to be compiled for model taxa 

encoding homologs of these enzymes. These include diazotrophs that represent the most 

ancestral forms of Nif in both chemotrophic and phototrophic genomic and metabolic 

backgrounds.  

 

MATERIALS AND METHODS 

 

Identification and compilation of nitrogenase homologs. Genomes that encode 

the alpha (D) subunit of nitrogenase (i.e., NifD, AnfD and VnfD) were compiled as 

previously described (17, 117). Briefly, NifD homologs that were extracted using 

BLASTp were first aligned along with paralogs using Clustal Omega (118). The Nif-

/Anf-/VnfD paralogs identified included ChlN from Chlamydomonas reinhardtii 
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(ACJ50143) and Synechocystis sp. strain PCC 6803 (WP_010874227), BchN from 

Acidiphilium rubrum (BAA76536) and Chloroflexus aurantiacus (WP_012258416), and 

NflD from Methanocaldococcus jannaschii (WP_010870941) and Methanosarcina mazei 

(AAM30211). The aligned sequences were subjected to maximum-likelihood 

phylogenetic reconstruction with RAxML (version 7.3.0) (119), specifying the LG 

substitution matrix, the PROTGAMMA option, and 1,000 bootstrap iterations. Only Anf-

/Vnf-/NifD protein homologs that clustered with previously characterized Nif/-Anf-

/VnfD lineages (1, 13, 16) were extracted for downstream analysis. Furthermore, only 

genomes that encode the minimum set of proteins hypothesized to be required for N2 

fixation via Nif (i.e., nifHDKENB) or Anf/Vnf (i.e., anfHDK/vnfHDK) were retained, as 

previously described (7). In addition, genomes that encode homologs of just nifHDKEB 

were also retained, given that physiological studies suggest that organisms with this 

minimum gene complement can assimilate N2 (11, 78). A total of 359 genomes from 

putative diazotrophs were compiled. To retrieve corresponding homologs of the iron 

protein (i.e., NifH, AnfH, and VnfH) and the beta subunit (i.e., NifK, AnfK, and VnfK), 

we performed a BLASTp search with NifH (ACO76403) and NifK (ACO76405) from 

Azotobacter vinelandii as queries, specifying cutoffs of 30% percent amino acid sequence 

identities and 60% sequence coverage. Only subunits that colocalized (e.g., nifHDK in an 

apparent operon) were retained. Each of the three nitrogenase subunits (i.e., H, D, and K 

subunits of Anf, Vnf, and Nif) was aligned individually with Clustal Omega (118), using 

the default settings, and the resultant alignment blocks were concatenated. The 
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concatenated HDK sequences were subjected to phylogenetic reconstruction as described 

above. 

 

Identification of homologs of Fd, Fld, and putative Fd- or Fld-reducing 

enzymes in the genomes of diazotrophs. To identify Fds and Flds in the genomes of 

putative diazotrophs, we first identified all the Fds and Flds in representative organisms 

for each Nif sublineage. These included Azotobacter vinelandii, Klebsiella pneumoniae, 

Rhodopseudomonas palustris, and Rhodobacter capsulatus for Nif-A, Clostridium 

pasteurianum and Methanosarcina barkeri for Nif-B, Caldicellulosiruptor 

saccharolyticus and Methanocaldococcus vulcanius for Nif-C, and Methanococcus 

maripaludis for Nif-D. All protein sequences that were annotated as Fds or Flds in the 

genomes of the above-named taxa were compiled. These protein sequences were 

subjected to Conserved Domain Database (120) BLAST to identify the type of iron-sulfur 

clusters present in the Fd and to confirm that the extracted Fld contained a flavin binding 

motif(s). All the compiled and curated Fds and Flds identified in these representative 

genomes were separately aligned using Clustal Omega (118). The aligned Fd or Fld 

sequences were subjected to maximum-likelihood phylogenetic reconstruction with 

RaxML (version 7.3.0) (119), specifying the LG substitution matrix and the 

PROTGAMMA option to empirically cluster the sequences into unique groups. In total, 

48 Fds (Table 1) and five unique Flds (Table 2) were identified among diazotrophic 

genomes. The amino acid sequences of all the Fds and Flds were then used as bait 

sequences to identify homologs in the genomes of putative diazotrophs using BLASTp. 
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Putative enzymes that have been implicated in providing reductant to nitrogenase 

in the form of reduced Fd and/or Fld include the following: (i) pyruvate-flavodoxin 

oxidoreductase (PFOR) (35–38), (ii) ferredoxin-NADP+ oxidoreductase (FNR) (35, 62), 

(iii) Rhodobacter nitrogen fixation protein (Rnf) (81), and (iv) electron transfer 

flavoprotein (Fix) (27, 53, 54). Homologs of these enzymes were compiled from 

genomes of putative diazotrophs using BLASTp. The amino acid sequences of PFOR 

from Klebsiella pneumoniae (WP_064371580) and Rhodopseudomonas palustris 

(CAE30161), FNR from Anabaena azollae (WP_013193003) and Chlorobium tepidum 

strain TLS (AAM72739), Rnf from Azotobacter vinelandii (ACO81179 to ACO81185), 

and Fix from Rhodopseudomonas palustris (WP_011665892 to WP_011665895) were 

used as query sequences. In addition, [FeFe]-hydrogenase has been suggested to provide 

reductant for N2 fixation in Clostridium pasteurianum (39). Thus, the catalytic subunit of 

[FeFe] hydrogenase (HydA) from Chlamydomonas reinhardtii (AAL23572) was used as 

the query in a BLASTp search. Finally, group 3c, 3d, 4d, and 4e [NiFe]-hydrogenases 

catalyze the reversible reduction of Fd with H2 (41, 42, 102). A group 3c representative 

([NiFe]-hydrogenase from Methanothermobacter marburgensis [WP_013296467]) and a 

group 4 representative ([NiFe]-hydrogenase from Pyrococcus abyssi [WP_010867842.1]) 

were used as BLASTp queries to identify all group 3 and 4 [NiFe]-hydrogenase large-

subunit sequences. Compiled sequences were aligned as described above and manually 

curated to include only those enzymes that had proximal and distal Cys-Cys pairs, the 

ligands for the [NiFe] active site (121, 122). Extracted sequences homologous to [NiFe] 

were then subjected to phylogenetic reconstruction, as described above, and assigned to 
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their respective groups based on phylogenetic coherence, as we have described 

previously (121, 122). Only [NiFe]-hydrogenase homologs belonging to groups 3c, 3d, 

4d, and 4e that have been proposed to be capable of reducing Fd were considered in this 

study (40–44). 

 

Identifying cooccurrence patterns in the distribution of Fds/Flds and 

putative Fd/Fld-reducing enzymes. A binary table was created based on the presence or 

absence of identified Fds, Flds, and Fd or Fld-reducing enzymes in diazotrophic 

genomes. To identify the frequent patterns in this data set, the Apriori algorithm was used 

as implemented with the arules package in R (123, 124). For simplicity, only the Fds, 

Flds, and Fd- or Fld-reducing enzymes present in >20% of the genomes were considered 

for this analysis. We applied the Apriori algorithm to our binary database while 

specifying the following parameters: a confidence threshold of 0.60 and a support 

threshold of 0.2. The confidence threshold is the measure of the statistical significance of 

an identified pattern within a data set, while the support threshold is indicative of the 

relative abundance of a given pattern in a data set. The Apriori algorithm works in two 

phases, with the first phase consisting of a scan of the entire database to objectively 

identify and extract frequently observed proteins. In the second phase, the algorithm uses 

those frequently occurring proteins to identify the dominant patterns in the distribution of 

proteins or combinations of those proteins. In doing so, the algorithm identifies 

correlations (within the user-defined confidence and support thresholds) between and 

among proteins in the database.  
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Oxidation state of carbon. The oxidation state of carbon for each amino acid in 

each protein sequence encoded in 359 putative diazotrophic genomes was calculated 

following the algorithm mentioned in reference 112 using a custom python script (version 

2.7.12). The calculated oxidation number for each amino acid was then normalized to the 

total number of amino acids encoded in a genome to determine the average oxidation 

state of the proteome. This number was determined for each genome that encoded a 

specific Nif isoform. These numbers were summed and then divided by the total number 

of genomes to arrive at the average oxidation state of carbon in a proteome inferred for a 

genome that encodes a given nitrogenase lineage. Welch’s t test was conducted to 

determine the statistical significance of differences between the average oxidation states 

of carbon in proteomes from different lineages using the stats package in R (125). Using 

R, box plots were produced to show the distribution of the oxidation state of carbon in 

proteomes inferred for genomes that encoded specific isoforms of nitrogenases (125). 
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TABLE 1 Ferredoxin homologs identified in the genomes of putative diazotrophsa  
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aThe protein annotation, accession number for a representative protein homolog, inferred 

type of [FeS] cluster in a given protein homolog (as predicted via the conserved domain 

database [120]), and a literature reference, if available, are provided for each Fd 

identified. Av, A. vinelandii; Cs, Caldicellulosiruptor saccharolyticus; Cp, Clostridium 

pasteurianum; Kp, Klebsiella pneumoniae; Mv, Methanocaldococcus vulcanius; Mm, 

Methanococcus maripaludis; Mb, Methanosarcina barkeri; Rp, Rhodopseudomonas 

palustris. 
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TABLE 2 Flavodoxin homologs identified in the genomes of putative diazotrophs 

 

Annotation 

Accession 

Number 
Source 

NifF ACO76434 

(Nieva-Gomez et 

al, 1980) 

CpFld1 AJA46461 This study 

CpFld2 AJA47463 This study 

CpFld3 AJA47660 This study 

FldA WP_011157672 

(Armengaud et 

al, 1997) 

 

 

The protein annotation, accession number for a representative protein homolog, and a 

literature reference, if available, is provided for each Fld identified. Cp, Clostridium 

pasteurianum. 
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FIG 1 Phylogenetic reconstruction of a concatenation of H, D, and K subunits of 

nitrogenase and uncharacterized nitrogenase paralogs (n = 420 concatenated protein 

sequences). All nodes shown exhibited bootstrap supports of >90% (out of 1,000 

bootstrap replicates), except where a black box (>70%) is shown. Nif, molybdenum (Mo) 

nitrogenase; Anf, iron-only (Fe) nitrogenase; Vnf, vanadium (V) nitrogenase; Unc, 

uncharacterized nitrogenase-like proteins. 

 

 

 

 

 



225 

 

 

 

FIG 2 Homologs of nitrogenase identified in the genomes of putative diazotrophs. 

(A) Histogram depicting the percentage of diazotrophs within each specified Nif lineage 

(see Fig. 1) that are aerobic, anaerobic, or facultatively anaerobic, as determined from 

surveys of the literature for cultivated organisms. (B) Venn diagram representing the 

numbers of genomes that encode one or more specified lineages of nitrogenase (see Fig. 

1). Genomes that encode Nif-C and Nif-D do not encode other isoforms of nitrogenase 

and are thus depicted as separate. 
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FIG 3 Flow chart of nitrogenase in different metabolic backgrounds and 

histograms depicting the percentage of enzyme homologs putatively involved in Fd/Fld 

reduction identified in the genomes comprising a specified group. Aerobic/facultative 

anaerobic and anaerobic organisms are further classified as phototrophs or chemotrophs. 

Phototrophs in aerobes/facultative anaerobes are further classified based on whether they 

are oxygenic or anoxygenic phototrophs, while anaerobic phototrophs are classified as 

either purple sulfur/nonsulfur bacteria or green sulfur/nonsulfur bacteria. Importantly, it 

is not clear from surveys of the literature that anaerobic purple bacterial strains (denoted 

by an asterisk) were robustly tested for their ability to use O2. FNR, ferredoxin-NADP+ 

oxidoreductase; PFOR, pyruvate-flavodoxin oxidoreductase; Rnf, Rhodobacter nitrogen 

fixation protein; FeFe, iron-only hydrogenase; NiFe,nickel-iron hydrogenase; Fix, 

electron transfer flavoprotein involved in nitrogen fixation. 
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FIG 4 Bubble plot depicting the dominant patterns in the distribution of putative 

electron carrier protein homologs (Fds/Flds), enzyme homologs that putatively reduce 

Fd/Fld, and specified Nif lineages, as determined by the Apriori algorithm (124). Each 

unique pattern is given as a bubble, and the color represents the confidence value, or 

statistical significance, in the codistribution of specified proteins (only confidence values 

of 0.6 are presented). The size of the bubble represents the support value (0.2), or the 

frequency with which two proteins are identified in the same genome. For simplicity, 

only the proteins that were present in >20% of the diazotrophic genomes for each 

specified nitrogenase lineage were considered in this analysis. PFOR, pyruvate-Fld 

oxidoreductase; Rnf, Rhodobacter nitrogen fixation protein; FeFe, iron-only 

hydrogenase; NiFe, nickel-iron hydrogenase; FixABCX, electron transfer flavoprotein 

that is involved in nitrogen fixation. Names of source organisms for Fds and Flds are 

abbreviated as follows: Mv, Methanocaldococcus vulcanius; Mm, Methanococcus 

maripaludis; Mb, Methanosarcina barkeri; Cs, Caldicellulosiruptor saccharolyticus; Cp, 

Clostridium pasteurianum; Av, A. vinelandii. Abbreviations for Fds and Flds are 

presented in Tables 1 and 2, respectively. 
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FIG 5 Box plot representing the average oxidation state of carbon in proteomes 

(inferred from genomes) for the taxa comprising organisms encoding the specified 

nitrogenase isoform. Here, the box represents the interquartile range and the whiskers 

show the full range of the data. Outlier values are represented as circles, and the line 

within the box represents the median value. 
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Supplemental Figure 1. Histogram depicting the percentage of diazotrophs within each 

specified Nif lineage (see Fig. 1) that are phototrophic or chemotrophic, as determined 

from literature surveys of cultivated organisms. 
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Supplemental Figure 2. Bubble plot depicting the dominant patterns in the distribution 

of putative electron carrier proteins (Fds, Flds), enzyme homologs putatively involved in 

the reduction of Fds/Flds, and Anf and Vnf in genomes coding for specified Anf and Vnf 

lineages, as determined by the Apriori algorithm (Agrawal and Srikant, 1994). Each 

unique pattern is given as a bubble and the color represents the confidence value or the 

statistical significance in the co-distribution of specified proteins (only confidence values 

of ≥ 0.6 are presented). The size of the bubble represents the support value (>=0.2) or the 

frequency of that two proteins are identified in the same genome. For simplicity, only the 

proteins that were present in >20% of the diazotrophic genomes for each specified 

nitrogenase lineage were considered in this analysis. Abbreviations: PFOR, pyruvate-

flavodoxin oxidoreductase; Rnf, Rhodobacter nitrogen fixation protein; FeFe, iron-only 

hydrogenase; NiFe, nickel-iron hydrogenase; FixABCX, electron transfer flavoprotein 

that is involved in nitrogen fixation. Abbreviations for Fds and Flds are presented in 

Tables 1 and 2, respectively. 
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Supplemental Figure 3. Maximum likelihood phylogenetic reconstruction of abundant 

(present in >40% of the genomes) homologs of Fd (n=917) shown in Fig. 3A with an 

overlay of the aerobicity of the diazotrophic organism that the Fd is primarily associated 

with: Aerobe (green) and anaerobe (red).  
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Supplemental Figure 4. Maximum likelihood phylogenetic reconstruction of 405 

homologs of Flds given in Table 2 and Fig. 3B with an overlay of the aerobicity of the 

diazotrophic organism that the Fld is primarily associated with: Aerobe (green) and 

anaerobe (red).  
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CHAPTER FIVE 

 

 

CONCLUSIONS AND FUTURE RESEARCH DIRECTIONS 

 

In this dissertation, I aimed to further the understanding of the distribution, 

evolution and function of FBEB using comparative genomics and structural 

bioinformatics approaches. Chapter 2 focused on the taxonomic and ecological 

distribution of FBEB enzymes and addresses the question of whether these enzymes were 

present in the LUCA of Archaea and Bacteria. The taxonomic distribution of FBEB in 

complete genomes revealed that homologs of FBEB enzymes are largely confined to 

obligate anaerobes belonging to Archaea and Bacteria but were absent from Eukarya. 

While homologs of FBEB enzymes were enriched in the genomes of anaerobes, more 

specifically in the genomes of anaerobic autotrophs (e.g., methanogens and acetogens) 

that have been widely speculated to have retained their primitive physiology, our 

phylogenetic analysis and the limited taxonomic distribution of homologs of eleven of the 

twelve (Hdr2 not evaluated) FBEB enzymes suggested that these enzymes emerged after 

the divergence of Archaea and Bacteria and therefore, were not a property of the LUCA. 

This indicates that FBEB is a recently evolved process and one that may have allowed 

microorganisms to diversify into new ecological niches. 

To identify the type of the environment that likely promoted the emergence of 

FBEB enzymes, we scanned for the homologs of FBEB enzymes in a database 

comprising 3136 community metagenomes. Homologs of FBEB enzymes were detected 

in both surface and subsurface metagenomes but were highly enriched in subsurface 
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metagenomes, including those of hydrothermal vents/springs, groundwater, and 

subsurface sediments. These environments exhibit the characteristics of being highly 

reduced and contain low energy, a finding that is consistent with the results of our 

complete genome analyses where bifurcating enzymes were primarily found in strict 

anaerobes. Our phylogenetic analysis, conducted using the catalytic subunits of each 

bifurcating enzyme, revealed that homologs of most bifurcating enzymes (i.e., seven out 

of ten known unique bifurcating enzymes) emerged in deep subsurface or hydrothermal 

vents/springs. These results suggest that bifurcating enzymes likely emerged in highly 

reducing environments with similar physicochemical characteristics. Many of the 

homologs of FBEB enzymes recovered from these environmental genomes, including 

those that branch early in phylogenetic reconstructions, exhibit low sequence identities 

with homologs available in complete genome databases. This suggests the existence of 

other yet to be discovered FBEB homologs in natural environments that should perhaps 

be targeted in the future to reveal additional insights about the origin and function of 

FBEB enzymes.  

Our observations suggest that FBEB is widely distributed among organisms 

inhabiting anoxic habitats, which are energy limited and where enzymatic mechanisms 

such as FBEB allow organisms to maximize energy yields from redox reactions. While 

FBEB is critical for strict anaerobes it is interesting that, with the exception of homologs 

involved in supplying reduced ferredoxin for nitrogen fixation (Fix), none of the other 

bifurcating enzymes are widely distributed in aerobes. This suggests that other enzymatic 

mechanisms for balancing pyridine and Fd pools were selected for over FBEB in 
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oxidized environments. This may be a result of widespread sensitivity of FBEB enzymes 

to oxygen, as suggested by the fact that the majority of bifurcating enzymes comprise 

multiple metal and iron sulfur (FeS) clusters that are themselves oftentimes sensitive to 

oxygen. On the other hand, Fix is primarily found in aerobes or facultative anaerobes. Fix 

belongs to a larger family of electron transfer flavoprotein (Etf) that have been found to 

be involved in a variety of metabolisms that include fatty acid and amino acids 

metabolisms (Chapter 3). To further our understanding of the functional role of Fix, I also 

examined the distribution of Etf in complete genome sequences (Chapter 3) and 

investigated the functional role of Fix (Chapter 4).  

Both bifurcating and non-bifurcating Etf enzymes were distributed widely in both 

Archaea and Bacteria, consistent with the essential roles these enzymes have in the 

metabolism of organisms operating a wide variety of metabolisms. Since, these enzymes 

were involved in various metabolisms we sought to group these novel unknown 

homologs into unique functional bins to understand their potential functional role. We 

therefore carried out phylogenetic analysis to identify these unique groups. Based on 

phylogeny, Etf homologs (or paralogs, if they are not functionally redundant) were 

divided into five distinct groups: group 1 (G1) to group 5 (G5). Of these five groups of 

Etfs, all bifurcating Etfs belonged to group G2. Comparisons of structural models of non-

bifurcating (i.e., G1 Etfs) and bifurcating Etfs (i.e., G2 Etfs) using homology modeling 

approaches revealed that bifurcating flavin replaces the oxidized form of ATP [i.e., 

Adenosine monophosphate (AMP)] in bifurcating Etfs and this occurred comparatively 

recently in evolutionary time. In addition, unique residues were identified that bind the 
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flavin and NADH in bifurcating Etfs compared to non-bifurcating Etfs, suggesting that 

bifurcating Etfs that included Fix have a unique structural signature.  

Fix or Fix-like enzymes were only found in the subgroup D2 of G2 Etfs. While 

there exist no predicted functional roles for Fix-like enzymes that were detected in non-

nitrogen fixing Archaea, Fix identified in bacterial genomes were shown to be associated 

with genes involved in nitrogen fixation (Ledbetter et al., 2017). Biological nitrogen 

fixation is carried out by nitrogenases but interestingly, they are oxygen sensitive. 

However, they are found in organisms living in wide variety of environments, including 

oxic conditions. Recently, it was shown that Fix supplies reduced Fd to nitrogenase in the 

strict aerobe A. vinelandii (Ledbetter et al., 2017). Fix couples the reduction of Fd or 

flavodoxin (Fld) and quinone to the oxidation of two NADH (Ledbetter et al., 2017). We 

therefore scanned for Fix in our complete genome database to document the distribution 

of the enzyme in nitrogen fixers (diazotrophs) to investigate if Fix is indeed the primary 

enzyme among aerobic diazotrophs (Chapter 4). 

We first scanned for homologs of nitrogenases (Nif) in available complete 

genomes. Nif homologs were identified in both archaeal and bacterial genomes but were 

not detected among eukaryal genomes. We identified a total of four isoforms of Nif: 

NifA, NifB, NifC and NifD. Of the four isoforms, aerobes and facultative anaerobes 

primarily encoded NifA nitrogenases while the other three isoforms were primarily found 

in the genomes of facultative to obligate anaerobes. While anaerobes that inhabit highly 

reduced environments encoded enzyme homologs that can generate reduced Fd other 

than Fix [i.e., pyruvate-flavodoxin oxidoreductase (Wahl et al., 1987), Rhodobacter 



250 

 

nitrogen fixation protein (Schmehl et al., 1993), [FeFe]-hydrogenase (Therien et al., 

2017) and [NiFe]-hydrogenase (Gutekunst et al., 2014)], aerobes primarily encoded Fix 

suggesting that it is likely the primary enzyme involved in supplying reduced Fd or Fld 

for nitrogen fixation. Statistical analyses indicate that the reduced Fd or Fld generated by 

Fix is the primary electron donor to nitrogenase in aerobes. One potential reason for the 

near obligate requirement of Fd/Fld reduction by Fix in aerobes and not anaerobes is due 

to the oxidation-reduction potential of the environments where these respective metabolic 

guilds live. Whereas anaerobes have little difficulty in generating low potential Fd or Fld 

as electron carriers during metabolism, aerobes typically rely on NADH or quinone for 

electron transport but these are not of enough low potential to drive nitrogen fixation 

(electrons need to be ~ 470 mV) (Braaksma et al, 1982; Lanzilotta et al, 1995; Watt et al, 

1980). Thus, aerobic diazotrophs that diversified into oxidized environments (aerobes or 

facultative anaerobes) needed to evolve a mechanism to generate electron carriers with 

low enough potential (i.e., Fd/Fld) to donate to nitrogenase.  We speculate that this is the 

primary trigger for the emergence and maintenance of Fix in aerobic diazotrophs. 

The presence of bifurcating Fix that can reduce Fd/Fld amongst obligate aerobes 

is a strong indication that FBEB likely emerged or evolved specifically to control the 

balance of oxidized and reduced Fd/Fld pools. Since anaerobes primarily rely on Fd/Fld 

as their electron carriers, it is only logical that FBEB is primarily found in anaerobes 

rather than in aerobes. That being said, bifurcating enzymes can be found in aerobes (e.g., 

Fix), but likely only if they also carry out anaerobic processes such as nitrogen fixation. It 

is important to note that not all obligate anaerobes encode bifurcating enzymes, raising 
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the question of what dictated the acquisition of these enzymes in early evolving lineages. 

Further work is therefore needed to understand the distribution and acquisition of FBEB 

in early evolving cells.  

Overall, FBEB is an important process with potential industrial applications 

including in improving the efficiency of production of H2, ethanol, and methanol in 

anaerobic cells. The work presented here documents the overall taxonomic and ecological 

distribution of FBEB enzyme homologs, identified unique homologs of FBEB enzymes 

in genomic and metagenomic datasets, and examined its importance for key metabolic 

processes including biological nitrogen fixation. Our work strongly indicates that FBEB 

emerged early to maintain the balance of oxidized and reduced Fd in anaerobes and this 

seems to be its main function in contemporary cells. However, FBEB enzymes have 

diversified over time to function within other metabolic roles as well, including in carbon 

metabolism in anaerobes. Fd is considered to be the simplest metal-sulfide containing 

proteins and is widely believed to be the progenitor of many complex metalloenzymes 

including nitrogenases (Kim et al, 2012). For this reason, it is believed that Fd was a 

property of the LUCA. Since FBEB is involved in balancing the oxidation-reduction state 

of Fd in modern organisms, it has been hypothesized that it played this role on early earth 

as well and was thus a property of the LUCA. However, our work clearly indicates that 

FBEB was not a property of LUCA but rather emerged after the divergence of Archaea 

and Bacteria from LUCA. This leaves unsolved the puzzle of how early evolving 

microorganisms reduced Fd. Through additional studies of the distribution of the 
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environment types and microorganisms that inhabit these environments and that are 

dependent on FBEB, new insights will be obtained that will help unravel this mystery. 
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ABSTRACT 

 
Background. [FeFe]-hydrogenases (Hyd) are structurally diverse enzymes that 

catalyze the reversible oxidation of hydrogen (H2). Recent biochemical data demonstrate 

new functional roles for these enzymes, including those that function in electron 

bifurcation where an exergonic reaction is coupled with an endergonic reaction to drive 

the reversible oxidation/production of H2.  

Methods. To identify the structural determinants that underpin differences in 

enzyme functionality, a total of 714 homologous sequences of the catalytic subunit, 

HydA, were compiled. Bioinformatics approaches informed by biochemical data were 

then used to characterize differences in inferred quaternary structure, HydA active site 

protein environment, accessory iron-sulfur clusters in HydA, and regulatory proteins 

encoded in HydA gene neighborhoods. 

Results. HydA homologs were clustered into one of three classification groups, 

Group 1 (G1), Group 2 (G2), and Group 3 (G3). G1 enzymes were predicted to be 

monomeric while those in G2 and G3 were predicted to be multimeric and include HydB, 

HydC (G2/G3) and HydD (G3) subunits. Variation in the HydA active site and accessory 

iron-sulfur clusters did not vary by group type. Group-specific regulatory genes were 

identified in the gene neighborhoods of both G2 and G3 Hyd. Analyses of purified G2 

and G3 enzymes by mass spectrometry strongly suggests that they are post-translationally 

modified by phosphorylation.  
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Conclusions. These results suggest that bifurcation capability is dictated 

primarily by the presence of both HydB and HydC in Hyd complexes, rather than by 

variation in HydA.  

General Significance. This classification scheme provides a framework for future 

biochemical and mutagenesis studies to elucidate the functional role of Hyd enzymes. 

 

1. INTRODUCTION 

Hydrogenases catalyze the reversible reduction of protons to hydrogen (H2) gas 

using a variety of electron donors and acceptors. The three primary variants of 

hydrogenase, termed [NiFe]-, [FeFe]-, and [Fe]-hydrogenases, are evolutionarily distinct 

and differ in the composition of their active site metal clusters [1–10]. Of the three 

variants, [FeFe]-hydrogenases (Hyd) are of substantial interest for biotechnology and 

bioenergy purposes due to their high rate of proton reduction [11–13]. Hyds are widely 

distributed in Bacteria and also have been detected in a number of Eukarya but have yet 

to be identified in Archaea [14–17]. Hyds vary in their cellular localization which 

corresponds with differing functionalities. For instance, Hyds can be localized in the 

periplasm or the cytoplasm and can be either membrane-bound or soluble [18–24]. 

Periplasmic Hyds are primarily involved in H2 uptake while membrane-bound or soluble 

cytoplasmic Hyds are involved in reversible oxidation of H2 [18–22,24]. 

At a minimum Hyds comprise a catalytic subunit, HydA, which contains a 

conserved ~350 residue H-cluster domain that harbors the ligands for the novel active site 

iron-sulfur cluster. The active site iron-sulfur cluster consists of a [4Fe-4S] cluster 

bridged to a 2Fe subcluster via a cysteine thiol [1,11,17,25]. In addition to the H-cluster 
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domain, HydA often contains N-terminal (F-cluster) and C-terminal (C-cluster) domains 

that add flexibility to the enzyme and that modulate electron flow to and/or from the 

active site H-cluster [11,14,16,17,25,26]. The simplest form of HydA includes those 

identified in green algae, such as Chlamydomonas reinhardtii, which generally only 

contains the H-cluster domain [27–32]. More complex forms of HydA are more common 

and possess several additional iron-sulfur clusters, including those with both the F- and 

C-clusters [2,11,33]. In addition to F- and C-cluster mediated functional flexibility, HydA 

can exist in multiple isoforms with different quaternary structures, including those that 

are monomeric and those that are multimeric [14,16,17,26,34]. Multiple HydAs of 

variable quaternary structure can be present in a single genome [22,35–37] where they 

form complexes with paralogs of the large and small subunits of NADH dehydrogenase 

(referred to as HydB and HydC, respectively) [21,35–39]. 

Recent biochemical studies indicate that several soluble, cytoplasmic and, 

multimeric Hyds are capable of electron bifurcation, a novel mechanism of energy 

conservation that involves the simultaneous reduction or oxidation of two electron 

acceptors or donors in an enzyme complex, whereby a thermodynamically favorable 

exergonic reaction drives a thermodynamically unfavorable endergonic reaction 

[21,35,37–42]. Soluble cytoplasmic Hyds identified from Acetobacterium woodii [21], 

Clostridium autoethanogenum [40], Moorella thermoacetica [36] and Thermotoga 

maritima [35] are all capable of electron bifurcation [38,39]. The trimeric Hyd from T. 

maritima (i.e. HydABC complex) couples the simultaneous oxidation of ferredoxin (Fd) 

and NADH to the production of H2 [35]. In contrast, the tetrameric Hyd from A. woodii 
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(i.e. HydABCD complex) couples the oxidation of H2 to the simultaneous reduction of Fd 

and NAD+ [21]. Interestingly, a trimeric Hyd from the acetogen M. thermoacetica 

functions in vivo to either oxidize or produce H2, contingent on cultivation conditions, by 

coupling Fd and NAD+/NADH reduction/oxidation [43]. Autotrophically-grown M. 

thermoacetica cells oxidize H2 by simultaneously reducing both Fd and NAD+ while 

glucose-grown cells used the same enzyme complex to reduce protons to produce H2 by 

coupling with the oxidation of Fd and NADH. Conversely, the Hyd from Clostridium 

pasteurianum (cytoplasmic and soluble) has been shown to not bifurcate electrons, which 

is consistent with its lack of a full length HydB [2,11,36]. Likewise, the ‘dimeric’ Hyd 

from Desulfovibrio desulfuricans, which has a truncated HydB that functions in part to 

target the enzyme to the periplasm, is unlikely to bifurcate [23,44]. 

The genomes of many organisms encode for monomeric and multimeric Hyds, for 

example, A. woodii [21], Ruminococcus albus [37], and T. maritima [35], among others 

[14,16]. The presence of multiple copies of HydA including those that bifurcate and those 

that do not suggests a need to regulate one or more of the enzymes in order to maximize 

energy conservation. Indeed, a recent study identified several genes that encode for 

proteins putatively involved in sensing H2 and in post-translational modification (PTM) 

in the gene neighborhood of seven different hydAs (including both monomeric and 

trimeric proteins) [37]. One of those proteins, HydS, was proposed as a H2 sensor based 

on the presence of a Per-ARNT-Sim (PAS) domain, which is widely used to promote 

protein-protein interactions or signal transduction [37,45]. Moreover, proteins 

hypothesized to be involved in signal transduction (e.g. serine-threonine 
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kinases/phosphatases and histidine kinases) have been identified in the flanking gene 

environment of hydA in Clostridium thermocellum and T. maritima [37]. Whether these 

enzymes are involved in PTM of Hyd proteins and the extent to which they are 

distributed in the gene neighborhoods of hydA among other microorganisms is not yet 

known. 

In order to develop a robust classification scheme for use in predicting bifurcating 

and non-bifurcating HydA, we compiled all the available HydAs in completed genomes. 

Our goal was to build upon and at the same time reconcile past classification schemes 

[14,16]. A comprehensive characterization of the proteins encoded in the neighboring 

genomic regions of hydA was also conducted using bioinformatics approaches. This 

information was then used to develop classifications of Hyd that unify patterns in enzyme 

diversity at the level of primary and predicted quaternary structure. These groups were 

then analyzed in the context of biochemically characterized bifurcating and non-

bifurcating enzymes to demarcate their diverse functionalities. Finally, we used this 

classification scheme to identify proteins that might be involved in the PTM of Hyds and 

to characterize their distribution in the Hyd classification groupings. The regulatory 

proteins identified include a histidine kinase-like (Hkl) protein (sometimes annotated as 

HydE [21]), serine/threonine kinase (Stk), and serine phosphatase (Sp) that may be 

involved in PTM of putatively multimeric bifurcating Hyds. Herein we report a new 

classification scheme that assigns HydA into one of these three groups, based on the 

composition of proteins encoded in adjacent gene neighborhoods and structural features 
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associated with these groups. Finally, we provide evidence from biochemical and mass 

spectrometry assays for PTM in multimeric Hyd complexes. 

 

2. MATERIALS AND METHODS 

 

2.1 Identification and compilation of HydA homologs 

 

The amino acid sequence of C. pasterianum [FeFe]-hydrogenase CpI 

(WP_004455619.1) was used in a BLASTp query to identify homologs present in 

publicly available genomes in the Department of Energy (DOE) Integrated Microbial 

Genomes (IMG) database in June 2014 using default settings and an e-value of 10−5. The 

extracted homologs were aligned using Clustal Omega [46] specifying default alignment 

parameters. Aligned homologs were screened manually for the presence of three H-

cluster binding motifs, previously defined as L1 (TSCCPxW), L2 (MPCxxKxxE), and L3 

(ExMACxxGCxxGGGxP) [34]. A total of 714 sequences were identified that contained 

the signature L1, L2, and L3 motifs. Despite previously reported conservation of the three 

motifs [34], our analyses indicated slight variations in each of them. Therefore, we 

analyzed the extent of variation in these three H-cluster binding motifs using the weblogo 

server [47]. The taxonomy associated with each HydA sequence was compiled using the 

DOE-IMG database. 

 

2.2 Construction of an extended sequence dataset 

 

A custom python (ver. 2.7.6) script was used to extract gene sequences (10 

upstream and 10 downstream) that flanked each hydA. The twenty inferred protein 
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sequences were clustered by pairwise BLASTp using the NCBI blastclust program [48] 

specifying a threshold of 30% sequence identities and a coverage of 60% for each pair of 

sequences. Clusters that contained a minimum of 12 sequences were considered for 

further analysis, resulting in a total of 123 clusters. The protein sequences within each of 

the 123 clusters were blasted against the Conserved Domain Database (CDD): a public 

database that contains all known protein motifs and domains [49] using an e-value of 

0.01 to confirm bin assignments that were made by cluster analysis. Protein sequences 

were pruned from the clusters based on the absence of key domains (as identified by 

CDD blast) associated with each protein cluster. In rare cases the proteins were manually 

reassigned to other clusters. The filtered protein clusters were then annotated using the 

UniProt database [50]. Proteins encoded in the gene neighborhood of hydA are reported 

in Supplementary Table 1. 

 

2.3 Frequent pattern mining using the extended dataset 

 

The protein clusters (n = 123) encoded in the gene neighborhoods of the 714 

HydA homologs were converted into binary matrix for use in classifying the HydA 

homologs based on the presence/absence of proteins. To objectively identify the most 

frequent patterns in the composition of proteins encoded by genes flanking hydA, the 

Apriori algorithm was used as implemented with the arules package in R [51]. Apriori is 

an algorithm that identifies frequent items (i.e., protein clusters) within a database and 

characterizes associations among the distribution of those items to objectively identify 

patterns. We applied the Apriori algorithm to our protein cluster database while 
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specifying the following parameters: a confidence threshold of 0.95 and a support 

threshold of 0.1 [51,52]. The confidence threshold is the measure of the statistical 

significance of an identified pattern within a dataset while the support threshold is 

indicative of the relative abundance of a given pattern in a dataset. The Apriori algorithm 

works in two phases with the first phase consisting of a scan of the entire database of 

proteins encoded in flanking regions of hydA in order to objectively identify and extract 

frequently observed proteins. In the second phase, the algorithm uses those frequently 

occurring proteins to identify the dominant patterns in the distribution of these proteins or 

their combinations. In doing so, the algorithm identifies correlations (within the user 

defined confidence and support threshold) between and among proteins in the database 

[52]. The 32 most frequent patterns and their confidence intervals are reported in 

Supplementary Table 2. 

 

2.4 Statistical analysis 

 

To further evaluate the extent to which Hyd group designations correspond to 

differences in the composition of proteins encoded in the flanking regions of hydA, the 

binary presence/absence table of the protein encoding genes flanking hydA (+/−10 genes) 

were subjected to Principal Component Analysis (PCA). Only proteins that were present 

in flanking genes that were represented in N2% of all HydA encoding genomes were 

considered in the generation of the dissimilarity matrix. The dissimilarity matrix was 

subjected to PCA (using a variance covariance matrix) to visualize variation in the 

composition of genes that flank hydA using PAST (version 3) [53]. 
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2.5 Network analysis 

 

 The abundant patterns that were (i.e. ≥95% confidence value and ≥10% support 

value) identified by the Apriori algorithm were used to create a pattern correlating 

network with Cytoscape specifying the force directed organic layout [54]. Each unique 

pattern was denoted as a node and the edges between nodes represent the degree of 

correlation between the nodes. The network was further analyzed using the Network 

Analyzer plugin in Cytoscape [55] to calculate the relatedness (i.e., betweenness 

centrality) of each node in the network where the edges represent the degree of 

correlation between the nodes. Proteins with the highest betweenness centrality were 

overlaid on the network. 

Proteins encoded in the flanking regions of hydA that had a relative frequency of 

≥10% were extracted and used to create a binary matrix to identify the presence/absence 

of the protein in the gene context of each hydA. This matrix was then used to generate a 

network map to identify the protein clusters most commonly identified in each Hyd 

group. Cytoscape was used to visualize the network using a force directed organic layout 

and the network was further analyzed using the Network Analyzer plugin. 

 

2.6 Determining the F- and C-cluster composition of HydA homologs 

 

The N- and C-terminal regions that flank the H-cluster (i.e., F- and C-cluster 

domains, respectively) of HydA were trimmed from alignment blocks and were subjected 

to BLASTp against CDD using the CDSEARCH/cdd v3.13 algorithm [49] (version 3.13) 
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using an e-value of 0.01 as previously described [14]. The identified F- and C-cluster 

domains were compiled for each sequence using a custom python (ver.2.7.6) script and 

were used to classify the putative domains of HydA and to determine if these structures 

varied according to group designation. 

 

2.7 Analysis of Post-Translational Modification 

 

The Hyd (i.e. HydABC) from T. maritima was purified as described previously 

[22] while purification and properties of the HydABCD enzyme from C. bescii will be 

reported elsewhere. Pyrococcus furiosus transhydrogenase (also known as NfnI or sulfide 

dehydrogenase) was purified as previously described [56].  

PTM identification (phosphorylation) was conducted on intact protein complexes. 

Samples were generated by spiking 4 μg of protein complexes with Calf Intestinal 

Alkaline Phosphatase (CIP, New England BioLabs) (1 CIP unit/1 μg protein) and 

incubation for 3 h. at 37 °C in 50 mM ammonium bicarbonate, pH 8.5. Casein 

(Affymetrix Life Science) was chosen as a positive control for phosphorylation. After 

treatment samples were immediately mixed with gel-loading buffer, boiled for 5 min, 

centrifuged, and loaded onto 4–20% mini-protean TGX gel (Bio-Rad). Controls were 

prepared using the same protocol, however no CIP was added. Proteins were visualized 

with Pro-Q Diamond Phosphoprotein Stain (Invitrogen/Molecular Probes) and GelCode 

Blue Stain (ThermoFisher) according to manufacturer instructions. PTM identification 

(phosphorylation) was conducted on intact protein complexes. Samples were generated 

by spiking 4 µg of protein complexes with Calf Intestinal Alkaline Phosphatase (CIP, 
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New England BioLabs) (1 CIP unit/1 µg protein) and incubation for 3 h. at 37 ○C in 50 

mM ammonium bicarbonate, pH 8.5. Casein (Affymetrix Life Science) was chosen as a 

positive control for phosphorylation. After treatment samples were immediately mixed 

with gel-loading buffer, boiled for 5 min., centrifuged, and loaded onto 4-20% mini-

protean TGX gel (Bio-Rad). Controls were prepared using the same protocol, however no 

CIP was added. Proteins were visualized with Pro-Q Diamond Phosphoprotein Stain 

(Invitrogen/Molecular Probes) and GelCode Blue Stain (ThermoFisher) according to 

manufacturer instructions. 

Concurrently, intact protein samples were analyzed using a 1290 ultrahigh 

pressure (UPLC) series chromatography stack (Agilent Technologies) coupled directly to 

an electrospray-time of flight (ESI-TOF) mass spectrometer (Bruker Micro-TOF). Before 

infusion to ESI source, samples were separated on a reverse-phase (RP) column PLRP-S 

column (50 x 2.1 mm, 3 µm, 100 Å, Agilent Technologies) or a size exclusion (SEC) 

Polyhydroxyethyl A column (100 x 4.6 mm, 5 µm, 500 Å, PolyLC Inc.) with flow rates 

of 600 µL/min. (RP column) and 300 µL/min. (SEC column). Fast gradient conditions (1 

min., 10% B; 1.0-6.0 min., 10-70% B; 6.0-7.0 min., 10% B) were applied to elute 

proteins from the RP column (temperature of 50○C), while isocratic conditions (25% B) 

were used to elute proteins for 4 min. from the SEC column (temperature of 25○C). 

Solvent A comprised 0.1% formic acid (FA, Sigma) in water (ThermoFisher) and solvent 

B comprised 0.1% FA in acetonitrile (ThermoFisher). 

Electrospray conditions for RP and SEC chromatography were as follow: 

nebulizer 3.0 or 3.5 bar (RP and SEC columns, respectively), drying gas at a flow rate of 
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7.0 or 6.0 L/min. (RP and SEC columns, respectively), drying temperature at 200○C, 

capillary voltage at 4.5 kV, and capillary exit voltage at 100 V. Data was collected in 

positive mode only at 2 Hz rate over the 200-3000 m/z scan range. Data processing and 

analysis were performed using the Bruker Data Analysis package 4.0. Charge 

deconvolution was performed using a maximum entropy algorithm for H+ adducts only 

and 0.1 m/z data point spacing. The low mass end was defined by the mass of lightest 

component while the high mass end was defined as 3.3x of the heaviest component 

within the complex. Measured m/z errors for all proteins were less than 0.8 m/z from 

calculated values. 

 

3. RESULTS AND DISCUSSION 

 

3.1 Taxonomic distribution and classification of HydA homologs.   

The taxonomic distribution of hydA was examined in 30 bacterial, 5 archaeal, and 

9 eukaryotic phyla with available and complete genome sequences, as determined in June 

2014 (Table 1). None of the archaeal phyla (167 total genomes) contained organisms 

whose genomes encoded for HydA while 17 of the 30 bacterial phyla (287 total genomes) 

contained organisms whose genomes encoded for HydA. Three of the 9 eukaryotic phyla 

(5 total genomes) contained organisms whose genomes encoded for HydA. Ninety 

percent of the 714 hydA homologs identified were distributed among the bacterial phyla 

Firmicutes, Proteobacteria, Spirochaetes, Thermotogae and which encoded on average ~ 

2 HydA isoforms per HydA encoding genome.   



298 

 

The genes flanking (+/- 10 genes) the 714 hydA homologs were compiled and the 

encoded proteins clustered into homologous bins. The Apriori algorithm was then applied 

to this dataset to identify genes present at a high frequency in genomic regions flanking 

hydA and to calculate their co-occurrence patterns for use in predicting potential 

interactions. HydB and HydC were the most prevalent proteins encoded in genomic 

regions flanking hydA and these were identified in ~40% of the 714 hydA flanking gene  

neighborhoods (Fig. 1). An ABC transporter protein, HydD, and Hkl were the next most 

frequently identified proteins which were encoded in ~28%, 15%, and 12% of the hydA 

flanking gene neighborhoods, respectively (Fig. 1).  

The categorized proteins from the first phase of the Apriori algorithm were then 

used to generate association rules for classifying HydA based on the distribution of 

proteins or combinations therein encoded in the flanking regions of hydA. A total of 32 

different flanking protein combinations were identified that were within the confidence 

value of 0.95 or higher (Supplementary Table 1). Of the 32 statistically supported 

flanking protein combinations, 98% of them contained either HydB, HydC, HydD, or 

combinations of these proteins (Supplementary Table 1). The identified flanking protein 

combinations (n=32) were subjected to network analysis to identify the most prevalent 

co-occurrence patterns.  

HydB, HydC, HydD, Hkl, a protein containing a polymerase and histidinol 

phosphatase (PHP) domain, and a protein with a DRTGG domain also had high 

betweenness centrality (e.g., connectivity among nodes) (Fig. 2). This indicates that these 

proteins were shared with a number of the 32 patterns and therefore behave as ‘bridges’ 
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that connect the entire protein cluster network. Of these proteins, HydB, HydC, and 

HydD had the highest betweenness centrality. This indicates that these three proteins are 

highly represented in flanking regions of genomes that encode hydA and presumably, 

given the available biochemical evidence discussed below, interact with HydA.  

To further characterize the proteins in the flanking regions of hydA, a network 

map was generated using the proteins that were identified within 10 genes upstream and 

downstream of >2% of the 714 hydA homologs (Fig. 3). This network, like that 

presented in Fig. 2, again indicates that the HydB and HydC are highly prevalent in hydA 

gene neighborhoods and their distribution is strongly co-correlated. Likewise, the 

distribution of HydD and the Hkl protein also strongly covary. Rex (redox sensing 

repressor protein which is involved in transcriptional redox regulation [57–59]) was 

commonly found in the gene neighborhood of all three groups of Hyd (thus giving it a 

high ‘betweenness centrality’ value) and may represent a general transcriptional level 

mechanism to regulate Hyd as a function of cellular redox status. Based on these results 

we categorized each HydA into 3 groups: Group 1 (G1), Group 2 (G2), and Group 3 

(G3), which are differentiated primarily on the basis of the presence of HydBCD (Fig. 4 

and Supplementary Table 2). The Hyds identified in each group were then compared to 

those of biochemically characterized Hyds [21,35–37,40,60] in order to putatively assign 

functionality and quaternary structure. 

On the basis of sequence alignments and BLASTp analyses against the CDD, 

HydB is predicted to bind a flavin and ligate several [4Fe-4S] clusters while HydC is 

predicted to ligate a [2Fe-2S] cluster. Electron paramagnetic resonance (EPR) on HydB 
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from T. maritima also indicated the presence of multiple iron-sulfur clusters and 

sequence analysis of HydB predicted the presence of a FMN binding site and a variable 

number of iron-sulfur clusters [22]. Similarly, bioinformatics analysis of HydB from A. 

woodii, C. autoethanogenum, M. thermoacetica, and R. albus also indicated the presence 

of variable number of iron sulfur clusters and a FMN binding site [21,35–37,40]. 

Sequence analysis of HydC from T. maritima predicted the presence of one [2Fe-2S] 

cluster [22,35]. In addition, based on our sequence analysis, HydD exhibits homology to 

a thioredoxin-like Fd and, based on the presence of two vicinal Cys residues, is predicted 

to bind a [2Fe-2S] cluster.  

Hyd gene clusters that did not encode for or encoded incomplete HydB (e.g., 

truncated HydB lacking a flavin binding site) and HydC proteins in the hydA gene 

neighborhood (i.e. +/−10 genes) were classified as G1 Hyds (n = 483 HydA). 

Representatives of these monomeric enzymes are from the bacterium C. pasteurianum 

[2,11,14,16,34,61] and the alga C. reinhardtii [14,16,27,29,30]. These have been 

subjected to extensive biochemical analysis and are prototypical examples of this group. 

HydA from C. pasteurianum [2,11,36] and C. reinhardtii [27,29,30] have shown to 

produce H2 using ferredoxin as the only electron donor and are thus unlikely to bifurcatei. 

These findings suggest that the other G1-group Hyds also likely do not bifurcate, 

including the previously characterized ‘dimeric’ Hyd from D. desulfuricans (note the 

presence of truncated HydB which lacks a flavin binding site [23,44]). Of the 483 G1 

HydAs, the gene neighborhood of seven homologs encoded for HydB, HydC, or HydD or 

a combination of these, but they did not meet the classification scheme for complete 
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HydBC in their gene neighborhoods. For example, of these seven Hyds, one encoded for 

only HydB, three encoded for only HydC, one encoded for only HydCD, and two 

encoded for only HydBD. Based on available biochemical data, it is not clear how or if 

these proteins interact with HydA. At this point, it is not known whether these Hyds can 

bifurcate since all biochemically characterized bifurcating enzymes encode for either 

HydABC or HydABCD complexes [21,35–37,40,41].  

Hyds that encode HydBC in the flanking regions of hydA were categorized as G2 

enzymes (n = 155 HydA). Of these 155 Hyds, 92% shared a common pattern of HydABC 

encoded in the ABC orientation (Fig. 4). Representatives of this Hyd group have been 

purified from M. thermoacetica and T. maritima, which were biochemically characterized 

as trimeric complexes (i.e. HydABC) [35,36]. In these examples, HydB is the subunit that 

has been predicted to contain a unique flavin binding site along with variable numbers of 

iron-sulfur clusters while HydC contains a single [2Fe-2S] cluster [35,36]. Both of these 

trimeric Hyds have been shown to bifurcate electrons, indicating that other G2 Hyds are 

likely capable of bifurcation [35,36]. Both Fd and NADH are necessary for bifurcating 

Hyd activity and it has been proposed that HydC, which contains a Fd-like [2Fe-2S] 

cluster, accepts electrons from Fd while HydB accepts electrons from NADH [35]. If 

verified, this suggests the importance of both subunits HydBC for Hyd and bifurcating 

capability. Furthermore, the biochemical study conducted on the trimeric G2 Hyd from 

the thermophile T. maritima indicated that when HydBC were separated from HydA, the 

HydA enzyme lost its stability at elevated temperature and also lost the ability to reduce 
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anthraquinone-2,6-disulfonate with H2 [22]. This indicates that these two HydBC 

subunits not only play a role in electron transfer but also function to stabilize HydA. 

In addition to HydBC, genes flanking certain G2 hydA were found to encode 

electron transfer proteins (etp) (n = 2), formate dehydrogenase D (fdhD) (n = 2), a 

homolog of HydA termed HydS (n = 17), and Sp (n = 28). HydS contains an additional 

sensory domain (i.e. PAS [45]) at its C-terminus that is not present in canonical HydA. 

These results are consistent with previous informatics studies which revealed the genes 

flanking hydA included hydS and sp in C. thermocellum DSM 1313 [37,62] and T. 

maritima [35,37]. In addition, ETP and FdhD, the latter of which has a NADP+ binding 

site, have been shown to form a complex with G2 Hyds in C. autoethanogenum [40]. 

This multimeric complex is involved in the reversible reduction of CO2 in the presence of 

H2 to formate and also in the reversible reduction of Fd and NADP+using formate. 

Interestingly, six of the 155 G2 Hyds were found to have fused HydB and HydC subunits 

and one G2 Hyd (Nyctotherus ovalis; AAU14235) was found to have fused HydABC 

subunits. These observations provide additional evidence that these three proteins 

function synergistically, as has been observed in numerous other cooccurring enzyme 

systems, including Hyd maturases [1,63–67]. 

Lastly, hydA-containing gene clusters that encode for HydBCD were classified 

into G3 enzymes (n = 76). Interestingly, 71% of the G3 Hyds (58 of 76) also encoded an 

Hkl protein that was present within the hyd gene cluster. The identity of Hkl proteins was 

confirmed based on the presence of a HATPase_c motif (PF02518) which is the ATP 

binding site of the ATPase domain [68,69]. This motif composition differs from 
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canonical histidine kinase proteins. Canonical histidine kinase typically has an additional 

two motifs including the HAMP motif [histidine kinase, adenylyl cyclase, methyl-

accepting protein and phosphatase (PF00672)] which is a phosphoacceptor domain that 

acts as a cytoplasmic intermediate linker connecting the phosphoryl transfer (HisKA) 

motif [68,70–74] with the sensor domains outside of cytoplasm [70,75,76]. Biochemical 

characterization of the G3 Hyd in A. woodii indicates that it forms a tetrameric complex 

that includes HydBC and a Fd-like HydD protein that contains a [2Fe-2S] cluster [21]. 

Like representatives of G2 Hyds, the tetrameric HydABCD enzyme of A. woodii 

has been shown to bifurcate and also to require two electron carriers, Fd and NADH, for 

activity [21]. However, unlike the trimeric G2 Hyd identified in T. maritima [35], which 

is involved in fermentative H2 production, the tetrameric G3 Hyd identified in A. woodii 

is involved in oxidation of H2 [35]. It has been proposed that electrons are transferred 

from HydA to HydC and then to HydB where the electrons are bifurcated simultaneously 

to reduce Fd and NAD+ [21]. This mechanism, like that proposed for trimeric G2 Hyd 

[35], implies an important role for HydBC in electron transfer. The function of HydD in 

G3 Hyd and its role in bifurcation and in reaction directionality is still unknown. 

Importantly, in several instances, HydBCD were not present in this arrangement, but 

rather, were interspersed among other genes in the 20 protein encoding genes flanking G3 

hydA. Examples include Hyd from Desulfarculus baarsii DSM 2075 (Deba_1523), 

Desulfobacterium autotrophicum HRM2 (HRM2_16550), and Kosmotoga olearia TBF 

19.5.1 (Kole_0172). Thus, it is unclear if these Hyds have the capability to bifurcate. In 

addition to HydBCD and Hkl, genes flanking a number of G3 Hyds encoded various 
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regulatory genes including Stk proteins (n = 39 HydA), and/or transpeptidase proteins (n 

= 20 HydA). 

In support of the group designations identified by Apriori algorithm classification, 

PCA ordination of a matrix describing the dissimilarity in the composition of proteins 

encoded by genes in flanking regions of hydA formed clusters that largely corresponded 

to the same group designations (Supplementary Fig. 1). A network map was also used to 

confirm the extent to which proteins encoded by genes in flanking regions of hydA 

correlated with group designation (Fig. 5). Based on the Apriori analysis, regulatory 

genes including Sp and HydS were enriched in G2 Hyds while Hkl, DRTGG, a PHP 

domain-containing protein and Stk were enriched in flanking regions of G3 Hyds. The 

difference in regulatory gene association between the two groups indicates that G2 and 

G3 Hyds may be subject to different modes of PTM and/or that these PTM enzymes 

exhibit specificity for target Hyd proteins allowing for their differential regulation if both 

types of protein are present in the same organism. 

The HydA copy number per genome varied as a function of taxonomy (Table 1). 

Moreover, the HydA copy number per genome, when broken out by group designation, 

also varied (Supplementary Fig. 2A). Multiple copies (isoforms) of G1 Hyd in the same 

genome was the most common pattern identified (n = 117 of 287 genomes). Several 

genomes contained three or more copies of HydA, with a maximum copy 

number/genome of seven HydAs (Desulfotomaculum carboxydivorans CO-1-SRB, DSM 

14880). Fifty-two percent of the HydA-encoding genomes encoded for at least two 

different types of Hyd (Supplementary Fig. 2B). For example, 77 genomes encoded for 
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G1 and G2 Hyds, 44 encoded for G2 and G3 Hyds, and 17 genomes encoded for all three 

groups of Hyds. The co-existence of G2 and G3 Hyds with G1 Hyds potentially suggests 

they have different functional roles within the organisms and again is consistent with data 

presented above indicating that they may be regulated at the post-translational level by 

different PTM enzymes. 

Hyd variants were distributed unequally among bacterial phylum level lineages. 

G1 Hyds were prevalent in the Bacteroidetes, Firmicutes, Proteobacteria, Spirochaetes 

and Thermotogae phyla while G2 Hyds were enriched in Choloroflexi and Thermotoga 

phyla. G3 Hyds were enriched in Firmicutes and Spirochaetes phyla (Table 1). Two of 

the three eukaryotic phyla that contained homologs of Hyd encoded G1 Hyds: 

heterokonts with one genome (i.e. Thalassiosira pseudonana) and chlorophytes with 3 

genomes. One of the three eukaryotic phyla encoded a G2 Hyd: Ciliophora with one 

genome (i.e. Nyctotherus ovalis). Multiple copies of HydA were often encoded in 

chlorophyte genomes and these were all classified as G1 Hyd. Interestingly, HydA 

identified in the ciliate Nyctotherus ovalis [77–79] forms a fused complex with HydB-

like and HydC-like subunits, which begs the question as to whether this enzyme can also 

bifurcate electrons as it meets the minimal requirement of gene complements (i.e., 

encodes HydABC) hypothesized to afford bifurcation activity. 

  

3.2 Structural composition of HydA (H-, F- and C- cluster).   

 

Various biochemical [2,11,29,30] and bioinformatics studies [14,16,32,34,61] 

indicate substantial variation in the iron-sulfur cluster content of the F- and C-clusters of 
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HydA, which are hypothesized to act as electron transfer conduits for the various Hyds. 

Thus, the composition of iron-sulfur cluster binding domains in the F- and C-clusters of 

HydA was characterized in order to determine if variations in these clusters correlated 

with Hyd group designations. Based on the presence or absence of cluster binding motifs 

and other identifiable motifs defined in the CDD, the 714 HydA homologs were 

categorized into modular structures according to the scheme of Calusinska et al. [14]. A 

total of 12 modular structures were identified and these were nearly equally represented 

across all groups of Hyd (Fig. 6). Out of 12 modular structures, 10 were predicted to 

ligate two [4Fe-4S] clusters in the F-cluster domain. More than 50% of HydA in G2 and 

G3 exhibited the M2i modular structure which were predicted to ligate two [4Fe-4S] 

clusters or the M3a modular structure which comprised multiple iron-sulfur clusters (i.e. 

[2Fe-2S], histidine substituted [4Fe-4S] and 2[4Fe-4S]) in the F-cluster domain.  

Likewise, more than 50% of the HydA lacked C-clusters and of those that did have C-

clusters, most were classified as the non-bifurcating G1 Hyds. 

We also examined the variation in the three amino acid sequence motifs (i.e. L1, 

L2 and L3 [14,16]) that are involved in ligating the H-cluster in relation to group 

designations (Fig. 7). The majority of the alignment positions were comprised of residues 

that did not vary substantially in amino acid usage for any single group. However, two 

positions in each of the three motifs contained residues that differed among groups. For 

example, in the L1 motif region, the 4th residue, cysteine, is more common in G1 and G2 

Hyds while serine is more common in G3 Hyds. Similarly, glycine is commonly 

observed in the 6th position of the L1 motif in G2 and G3 Hyds, whereas alanine is more 
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commonly observed at this position in G1 Hyds. Within the L2 motif region, methionine 

is more common in the 1st position in G2 and G3 Hyds, whereas glycine is more 

common in G1 Hyds. Within the L3 motif region, glycine and valine in the 2nd position 

is more common in G1 Hyds while valine and isoleucine are more common in G2 and G3 

Hyds. Finally, proline and glycine are more common in the 13th position of the L3 motif 

in G1 Hyds whereas glycine is more common in G2 and G3 Hyds. 

We also examined the variation in the three amino acid sequence motifs (i.e. L1, 

L2 and L3 [14, 16]) that are involved in ligating the H-cluster in relation to group 

designations (Fig. 7). The majority of the alignment positions were comprised of residues 

that did not vary substantially in amino acid usage for any single group. However, two 

positions in each of the three motifs contained residues that differed among groups. For 

example, in the L1 motif region, the 4th residue, cysteine, is more common in G1 and G2 

Hyds while serine is more common in G3 Hyds. Similarly, glycine is commonly 

observed in the 6th position of the L1 motif in G2 and G3 Hyds, whereas alanine is more 

commonly observed at this position in G1 Hyds. Within the L2 motif region, methionine 

is more common in the 1st position in G2 and G3 Hyds, whereas glycine is more common 

in G1 Hyds. Within the L3 motif region, glycine and valine in the 2nd position are more 

common in G1 Hyds while valine and isoleucine are more common in G2 and G3 Hyds. 

Finally, proline and glycine are more common in the 13th position of the L3 motif in G1 

Hyds whereas glycine is more common in G2 and G3 Hyds.  

The lack of consistency between F-, C-, and H-cluster and Hyd group 

designations indicates that bifurcation capability is more likely to be predicated by the 
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presence/absence of accessory subunits, in particular the flavin binding subunit HydB. 

Moreover, these results may suggest that variations in F-, C-, and H-cluster domains are 

refinements to enzymes that are primarily under selection for bifurcating versus non-

bifurcating abilities. Biochemical characterization of Hyds from A. woodii, C. 

autoethanogenum, M. thermoacetica and T. maritima all showed the ability to bifurcate 

and all the Hyds identified in these species were either trimeric or tetrameric 

[21,35,36,40]. Conversely, the monomeric Hyd from C. pasteurianum [2, 11, 36] and C. 

reinhardtii [27, 29, 30] indicate that they are unable to bifurcate electrons. These findings 

suggest that the other G1-group Hyds also likely do not bifurcate, including the ‘dimeric’ 

Hyd from D. desulfuricans which forms a complex with a truncated HydB that lacks a 

flavin binding site (Malki et al, 1995; Nicolet et al, 1999). A few additional putative 

dimeric forms of Hyd were identified that contained full length HydB with a flavin 

binding motif, but due to lack of biochemical characterization of an enzyme with this 

configuration, they were classified as G1 enzymes. For example, the HydA encoded in 

the Coprococcus catus GD/7 genome (locus tag: CC1_10640) also encoded for HydB in 

its flanking region but lacked genes encoding for HydC. Hence, based on available 

biochemical data, we hypothesize that the enzymes that lack either of the subunits i.e. 

HydB or HydC do not have the capability to bifurcate.  

 

 3.3 Post translational modification of bifurcating G2 and G3 Hyds 

 

 Among the more intriguing and novel findings from our bioinformatics work was 

the identification of genes encoding proteins that could be involved in PTM in the gene 
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neighborhoods of G2 and G3 Hyds. Identified proteins included Hkl and Stk in G3 Hyds 

while Sp was commonly observed in G2 Hyds. Despite both having an ATPase domain 

and exhibiting ~25% homology with ~40% pairwise sequence coverage, an alignment of 

our identified Hkl and Stk proteins indicated they are distinct (Supplementary Figure 

3). Protein kinases have been a subject of extensive study which have demonstrated their 

involvement in various regulatory processes. Among those most widely studied are Hkl 

and Stk which have been biochemically shown to target histidine (H) and 

serine/threonine (S/T) for phosphorylation, respectively [70, 80-83]. The presence of Hkl 

and Stk in the gene neighborhood of G3 hydA indicate that these kinases and 

phosphatases may be involved in reversible phosphorylation of H, S and T residues.  By 

extension, this may suggest conservation of these residues in Hyd subunits.  

Multiple sequence alignments (MSA) of all the sequences for the Hyd subunits, 

i.e. HydA, HydB, and HydC from G1, G2, and G3, revealed few or no conserved (i.e. ≥ 

90% conservation) H, S, and T residues. We therefore screened alignments of only HydA 

and its subunits in gene clusters that also encode Sp (G2), Stk (G3), and Hkl (G3) in the 

flanking region, which resulted in a total of 18 and 46 sequences, respectively. When 

HydABC that were not flanked by Hkl or Stk were removed from MSA, several 

conserved H, S, and T were identified (Supplementary Figure 4, 5, and 6). HydB 

subunits also harbored conserved (i.e. ≥ 90% conservation) H and S/T residues regardless 

of whether they were classified as G2 or G3 Hyds (Supplementary Figure 5). HydC in 

G2 harbored multiple conserved (i.e. ≥ 90% conservation) H and T residues while G3 

harbored multiple conserved T residues only at the same position (Supplementary 
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Figure 6). Lastly, HydD in G3 also harbored conserved (i.e. ≥ 90%) H and T residues 

(Supplemental Figures 7). However, the extent of conservation of H, S, and T residues 

in HydD did not vary substantially in enzymes that were not flanked by Hkl or Stk versus 

those that were flanked by these proteins. While the presence of conserved H and S/T 

residues does not, by itself, indicate that those conserved sites are post-translationally 

modified, they do provide potential targets for in vitro studies. To provide further 

evidence for PTM of Hyd, we undertook a biochemical assay to probe PTM using the G2 

Hyd from T. maritima and the G3 Hyd from Caldicellulosiruptor bescii.   

Sequence analysis of the G2 HydA from T. maritima indicates that it comprises 

multiple iron-sulfur cluster (i.e. 2[Fe-2S], histidine substituted [4Fe-4S] and 2[4Fe-4S]) 

binding motifs in the F-cluster and a [2Fe-2S] cluster binding motif in the C-cluster and 

thus is classified within the 3c modular structure (Fig. 6). The structural proteins 

identified in T. maritima G2 Hyd (i.e. HydABC) and a homolog of Sp (TM1423) have 

been identified in the flanking region of the trimeric Hyd complex (TM1424-TM1426). 

Similarly, sequence analysis of HydA from C. bescii indicates that it also contains 

multiple iron-sulfur cluster (i.e. 2[Fe-2S], histidine substituted [4Fe-4S] and 2[4Fe-4S]) 

binding motifs in its F-cluster and is thus classified as having the M3a modular structure, 

which is a common structure associated with G3 Hyds (Fig. 6). The structural proteins 

identified in C. bescii G3 Hyd (i.e. HydABCD) are encoded in an apparent operon 

(YP_002573168 to YP_002573172). Homologs of Hkl (YP_002573169) and Stk 

(YP_002573164) were also identified in the gene neighborhood of hydA in C. bescii. The 

presence of Hkl and Stk in the flanking gene neighborhood of hydA in C. bescii and Sp in 
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the flanking region of hydA in T. maritima suggests that phosphorylation of these Hyd 

proteins may occur.  

To test the possibility for PTM, purified Hyd protein complexes from T. maritima 

and C. bescii were analyzed by SDS-PAGE followed by phospho-specific protein 

staining. Image analysis showed strong signals for HydA/B proteins (68/72 kDa for T. 

maritima and 63/64 kDa for C. bescii) as well as for HydD (14 kDa) from C. bescii (Fig. 

8, left panel). Positive (casein, Cas from Bos taurus) and negative (transhydrogenase, 

Nfn1 from Pyrococcus furiosus) controls for phospho-staining were included on the gel 

for reference. To further establish the presence of phosphorylation, protein samples were 

treated with calf intestinal phosphatase (CIP). A reduction in phosphorylation intensity 

was observed for high molecular weight Hyd subunits from T. maritima and casein. 

Incubation of C. bescii Hyd complex with CIP did not lead to a significant change in 

fluorescence. The same gel was then stained with Coomassie Blue to verify protein 

loading (Fig. 8, right panel). T. maritima HydC (18 kDa) was poorly visualized, as 

observed by the less than stoichiometric band intensity. Coomassie stain showed that 

HydC (17 kDa) and HydD (14 kDa) from C. bescii were present at an equal ratio, as 

expected, in contrast to their signal when visualized for phosphorylation. 

Mass spectrometry was used to further investigate Hyd subunit modification. 

High-resolution mass analysis of intact proteins is a sensitive method for observing 

heterogeneity. Purified Hyd complexes were subjected to size-exclusion and reverse-

phase chromatography to remove salts and buffers prior to electrospray time of flight 

mass analysis. All Hyd subunits, except for HydC from C. bescii, were observed as a 
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mixture of several predominant forms.  HydB from T. maritima showed significant 

heterogeneity, with all of the forms being 300-400 Da greater than the expected 

molecular weight of 68,551 Da, based on the amino acid sequence (Fig. 9, top panel). 

HydC from T. maritima had three distinct forms separated by 98 Da (Fig. 9, middle 

panel). Analysis of C. bescii proteins showed that HydD was present as two dominant 

forms (1:3 ratio), separated by 80 Da (Fig. 9, bottom panel).  

Phosphorylation is often difficult to confirm by mass spectrometry due to sub-

stoichiometric modification and loss of the attached phosphate during sample processing 

and electrospray ionization. Attachment of a phosphate group (HPO3) adds 80 Da to the 

protein for each phosphorylated amino acid [84-87]) as we observed for HydD from C. 

bescii. In contrast, a difference 98 Da (H3PO4) is indicative of an ionization induced loss 

of phosphorylation specific to serine and threonine residues [86, 88, 89]. This result 

suggests modification of serine and threonine residues of T. maritima HydC, although 

phosphorylation at the peptide level will be necessary to confirm the specific sites of 

phosphorylation. Together, the SDS-PAGE and LCMS analysis strongly suggest that 

HydAB and HydC of T. maritima G2 Hyd are phosphorylated. Along with our 

bioinformatics-based analysis, this provides strong evidence that Hyd proteins are likely 

to be post-translationally modified. This is an attractive mechanism for regulating the 

activity of bifurcating G2 Hyd complexes. Similarly, SDS-PAGE and LCMS analysis 

strongly suggest that the HydAB and HydD subunits of C. bescii G3 Hyd are 

phosphorylated. Interestingly, HydC in C. bescii G3 Hyd was not modified. Since G3 

HydC lacked conserved H residues but G3 HydABD all contained a number of conserved 
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H residues, this result suggests that Hkl is potentially responsible for phosphorylating the 

H residues in G3 HydA. Future biochemical studies are needed to identify the specific 

sites that are putatively involved in phosphorylation activity, their effects on modulating 

hydrogenase activities, and the specific enzymes involved in PTM activities.  

 

4. CONCLUSIONS 

 

Our bioinformatics-based analysis of the gene neighborhood of hydA revealed 

three major groups of Hyd (G1, G2, and G3) that are differentiated on the basis of the 

presence of HydBC (G2) or HydBCD (G3). The G1 enzymes appear to be monomeric 

and based on biochemical data are predicted to not bifurcate while G2 and G3 Hyds are 

in trimeric and tetrameric forms, respectively. Based on bioinformatics analysis and 

albeit limited biochemical data, G2 and G3 enzymes are predicted to bifurcate. Variation 

in the F- and C-clusters and the residues that ligate the H-cluster of HydA do not vary in 

a systematic manner with respect to Hyd group designations, indicating that they are 

under different selection and unlikely to delineate the ability of enzymes to bifurcate 

electrons. 

Our analysis also identified regulatory genes in the flanking regions of hydA, 

including Sp (in G2 Hyds), Stk (in G3 Hyds), and an Hkl (in G3 Hyds), all of which we 

hypothesize to play a role in PTM regulation of Hyds. Indeed, our MS and biochemical 

data indicate that examples of G2 and G3 Hyds are phosphorylated alluding to the role of 

the aforementioned proteins in potentially regulating Hyd. That PTM proteins associate 

with G2/G3 Hyd but not G1 Hyd is consistent with the prevalence of G1 Hyd in genomes 
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that encode for G2/G3 Hyd, necessitating mechanisms to differentially regulate the 

activities of these enzymes. Moreover, the presence of different PTM proteins in the gene 

neighborhoods of G2 and G3 Hyds and differences in the protein subunits that were 

apparently phosphorylated is consistent with the co-occurrence of G2 and G3 Hyd in the 

same organisms and their need to differentially regulate these enzyme complexes. 

Collectively, these results show that the vast inferred structural diversity of Hyds can be 

classified into only three fundamental groups, and variations within them allude to their 

various functions in microbial metabolism. The classification scheme reported herein 

provides the first framework for prioritizing biochemical and mutagenesis studies of 

Hyds aimed at furthering our understanding of the functional role of this surprisingly 

cohesive group of enzymes.    
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Supplementary Table 1. The 32 unique combinations of genes that flank hydA identified 

using frequent pattern mining algorithm, as conducted with the Apriori algorithm. Only 

those patterns that had a confidence value of 0.95 or higher are presented.  

 

Supplementary Table 2. Complete database including proteins encoded in the +/- 10 

flanking gene regions of hydA (n=714), F- and C- cluster composition of HydA, and 

HydA H-cluster (L1, L2, and L3) residue composition.   
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Table 1. Taxonomic distribution of HydA homologs in 2921 complete archaeal, 

bacterial, and eukaryal genomes. The total number of genomes for each phylum is 

indicated along with the number of genomes within that phylum that encode for HydA. 

The average number of HydA in genomes that encode HydA is indicated along with the 

number of HydA in each of the 3 defined Hyd groups (see results and discussion section 

for a description of the group designations). 

 

 
  

Total 
number of 
genomes 

Total 
number of 
genomes 
with HydA 

Average 
# of 

HydA in 
the 

genomes 

Total number of Hyd in each 
group 

Domain Phylum 
Group 

1 

 
Group 

2 
 

 
Group 

3 

Archaea Crenarchaeota 50 0 0 0 0 0 

 Euryarchaeota 110 0 0 0 0 0 

 Korarchaeota 1 0 0 0 0 0 

 Nanoarchaeota 1 0 0 0 0 0 

 Thaumarchaeota 5 0 0 0 0 0 

Bacteria Acidobacteria 7 0 0 0 0 0 

 Actinobacteria 301 6 1.5 9 0 0 
 Aquificae 14 1 1 1  0 0 
 Armatimonadetes 2 0 0 0 0 0 

 Bacteroidetes 94 10 1.5 11  2 2 
 Caldiserica 1 0 0 0 0 0 
 Chlamydia 109 0 0 0 0 0 
 Chlorobi 11 0 0 0 0 0 
 Chloroflexi 24 8 1 0 8  0 
 Chrysiogenetes 1 0 0 0 0 0 
 Cloacimonetes 1 1 1 0 0 1 
 Cyanobacteria 79 0 0 0 0 0 

 Deferribacteres 4 0 0 0 0 0 

 Deinococcus-Thermus 21 0 0 0 0 0 
 Dictyoglomi 2 2 2 2  2 0 
 Elusimicrobia 1 1 1 0 1 0 

 Fibrobacteres 2 0 0 0 0 0 
 Firmicutes 622 165 2.9 347 92 52 
 Fusobacteria 11 2 4.5 4 5 0 

 Gemmatimonadetes 1 0 0 0 0 0 

 Ignavibacteriae 2 2 3.5 2 5 0 
 Nitrospirae 4 1 2 2 0 0 
 Planctomycetes 8 0 0 0 0 0 

 Proteobacteria 1240 39 1.5 44  7 6 

 Spirochaetes 65 22 2.5 31  14 11 

 Synergistetes 5 2 1 0 1  1 
 Tenericutes 89 0 0 0 0 0 
 Thermodesulfobacteria 2 1 4 4 0 0 

 Thermotogae 18 17 2.3 20 16  3 

 Verrucomicrobia 5 1 1 0 1 0 

Eukaryota Heterokonts 1 1 1 1 0 0 

  Chlorophyta 3 3 1.7 5  0 0 
 Ciliophora 1 1 1 0 1 0 
 Ascomycota 14 0 0 0 0 0 
 Microsporidia 1 0 0 0 0 0 
 Euglenozoa 1 0 0 0 0 0 
 Mognoliophyta 1 0 0 0 0 0 
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 Chordata 2 0 0 0 0 0 
 Nematoda 1 0 0 0 0 0 
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Fig. 1. Relative frequency of encoded proteins that were identified among genes 

flanking 714 hydA homologs (+/−10 genes). For simplicity, only those proteins that were 

encoded in ≥6% of the 714 gene neighborhoods are shown. The identity of all proteins 

that flank each individual HydA can be found in Supplementary Table 2. 
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Fig. 2. Network map depicting the dominant patterns in proteins encoded in the genes 

that flank hydA (+/−10 genes), as identified by the Apriori algorithm (18). Each unique 

pattern is given as a node and the edges between nodes represent significant correlations 

between those nodes (confidence value of ≥0.95). Node color represents the betweenness 

centrality (a measure of the ‘connectedness’ of each gene to the total network) that 

connects multiple groups (i.e., are shared in multiple groups). Node size represents the 

number of patterns/genes significantly associated with other patterns/genes. The force 

directed organic layout within Cytoscape was used to visualize the correlation in the 

network. Patterns in the distribution of genes flanking hydA, as revealed by this network, 

were used to classify the 714 HydA homologs into 3 categories (described in text). For 

simplicity, only nodes with betweenness centrality of 0.06 or greater are labeled. 
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Fig. 3. Network map depicting the correlation of proteins encoded by genes flanking 

(+/−10 genes) hydA. Each unique protein is given as a node and the edges between nodes 

represent significantly correlated proteins (p < 0.05). Node color represents the 

betweenness centrality that connects proteins (a measure of the ‘connectedness’ of each 

gene to the total network) while edge color represents the Pearson correlation describing 

the co-distribution of proteins encoded in flanking regions of hydA. Node size represents 

the number of proteins encoded by genes flanking hydA that exhibit significant 

associations with other proteins in these flanking regions. 
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Fig. 4. Classification of HydA (n = 714) homologs based on the composition of proteins 

encoded in flanking gene neighborhoods (+/−10 genes). The number of HydA homologs 

that fall within each group is indicated in parentheses. The percent of HydA homologs 

within a specified group that exhibit the exact gene neighborhood as depicted is given as 

a percentage. An organism and the locus tag for a representative gene cluster for each 

specified group are indicated. Asterisks denote Hyd homologs that have been 

biochemically characterized (see Results and discussion section for details). Those with a 

red asterisk have been biochemically shown to bifurcate while those with a black asterisk 

have been biochemically shown to not bifurcate. 
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Fig. 5. Network analysis of proteins encoded by genes flanking (+/−10 genes) hydA. 

Only proteins (n = 22) encoded in the flanking regions of >10% of the each HydA group 

(i.e. relative frequency of >10%) were considered in this analysis. Here, node color 

represents the betweenness centrality (a measure of the ‘connectedness’ of each gene to 

the total network) while edge color represents the relative frequency of each protein in 

each group. The force directed organic layout was used to visualize the correlation in the 

network. The average pattern associated with each of the 3 defined Hyd groups was 

included in this analysis [indicated by Group 1 (G1), Group 2 (G2), and Group 3 (G3)]. 
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Fig. 6. Inferred domain composition of the F- and C-clusters associated with HydA 

homologs. Homologs and modular structures are organized by Hyd group designations 

given on the left side of the figure. The number in the parenthesis next to the modular 

structure designation represents the number of HydA homologs out of 714 that have the 

specified modular structure. An example of a HydA in an organism and its associated 

locus tag with each modular structure is indicated on the right side of the figure. Hyd 

homologs that have been biochemically characterized are denoted with an asterisk. Hyd 

homologs with a red asterisk have been biochemically shown to bifurcate while those 

with a black asterisk have been biochemically characterized but are not known to 

bifurcate.  
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Fig. 7. Schematic diagram indicating the extent of conservation in residues comprising 

the H-cluster motifs (L1, L2, and L3, as outlined by [11]) in HydA as organized by Hyd 

group 
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Fig. 8. Phosphoprotein-specific staining. Purified Hyd were separated using SDS-PAGE 

and stained with a fluorescent dye that is specific for phosphoproteins (left panel) 

followed by Coomassie staining (right panel) to observe protein abundance. Samples 

were run with and without treatment with calf intestinal phosphatase (CIP). The G2 Hyd 

from Thermotoga maritima (Tm) and the G3 Hyd from Caldicellulosiruptor bescii (Cb) 

were positive for phosphorylation. Casein (Cas) from Bos taurus and transhydrogenase 

(Nfn1) from Pyrococcus furiosus served as positive and negative controls for 

phosphorylation, respectively. 
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Fig. 9. LCMS analysis of Hyd subunits from T. maritima (Tm) and C. bescii (Cb). Intact 

protein analysis of G2 and G3 Hyd separated by SEC-ESI-Q-TOF shows heterogeneity  

of proteins. The HydB (G2) and HydC (G2) subunits have three prominent forms, 

expected MW = 68,551 Da (top panel) and expected MW = 18,193 Da (middle panel), 

respectively. The HydD (G3) subunit (expected MW = 14,688 Da, bottom panel) was 

found in two major forms spaced by 80 Da. 
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Supplemental Figure 1. Principal Component Analysis (PCA) ordination of a matrix 

describing the dissimilarity in the proteins encoded by genes flanking hydA (+/- 10 

genes). Only proteins (n = 40) that were encoded in the flanking regions of >2% of the 

hydA homologs were considered in this analysis. The amount of variation explained by 

each axis is given in parentheses. 
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Supplemental Figure 2. Distribution of 714 Hyd groups among the genomes that encode 

for HydA (n=287). Total number of genomes that encode for one, two, three, four or five 

isoforms of HydA in each of the three specified groups (A). Different combinations of 

Hyd groups encoded in Hyd encoding genomes (B). 
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Supplemental Figure 3. Multiple sequence alignment of a segment of histidine kinase-

like (Hkl) and serine/threonine kinase (Stk) proteins confirms they are different proteins. 

The top five sequences represent Htk proteins (represented as HK at the end of each 

sequence id) while the bottom 5 sequences represent Stk protein (represented as SK at the 

end of each sequence id) in both top and bottom box. 
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Supplemental Figure 4. Multiple sequence alignment of HydA of two multimeric Hyd 

groups. A. G2 HydA (represented as G2 at the beginning of each sequence id) with serine 

phosphatases (Sp) in the flanking region. B. G3 HydA (represented as G3 at the 

beginning of each sequence id) with serine/threonine kinase (Stk) or histidine kinase-like 

(Hkl) in the flanking region. For simplicity, only 18 and 40 aligned sequence for G2 

HydA and G3 HydA, respectively, are shown here. Conserved (>90%) serine (S), 

threonine (T) and histidine (H) residues are highlighted with red boxes.  

A) 

B) 
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Supplemental Figure 5. Multiple sequence alignment of HydB from both groups that 

encoded for HydB (i.e. G2 and G3). A. HydB encoded by G2 Hyd (represented as G2 at 

the beginning of each sequence id) that have serine phosphatase (Sp) in the flanking 

region. B. HydB encoded by G3 Hyd (represented as G3 at the beginning of each 

sequence id) that have serine/threonine kinase (Stk) or histidine kinase-like (Hkl) in the 

flanking region. For simplicity, only 19 and 40 aligned sequences for G2 HydB and G3 

HydB, respectively, are shown here. Conserved (>90%) serine (S), threonine (T) and 

histidine (H) residues are highlighted with red boxes.  

A

) 

B) 
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Supplemental Figure 6. Multiple sequence alignment of HydC from both groups that 

encoded for HydC (i.e. G2 and G3). A) HydC encoded by G2 Hyd (represented as G2 at 

the beginning of each sequence id) that have serine phosphatase (Sp) in the flanking 

region. B) HydC encoded by G3 Hyd (represented as G3 at the beginning of each 

sequence id) that have serine/threonine kinase (Stk) or histidine kinase-like (Hkl) in the 

flanking region. For simplicity, only 19 and 40 aligned sequences for G2 HydC and G3 

HydC, respectively, are shown here. Conserved (>90%) threonine (T) and histidine (H) 

residues are highlighted with red boxes.  

A) 

B
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Supplemental Figure 7. Multiple sequence alignment of HydD from the groups that 

encoded for HydD i.e. G3 (only a subset of the sequence alignment i.e. n=40 are shown 

here for simplicity). Conserved (>90%) threonine (T) and histidine (H) residues are 

highlighted with red boxes. : Fast algorithms for mining association rules. Proceedings of 

the 20th Very Large Databases (VLDB) Conference; Santiago, Chile. 
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