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ABSTRACT OF THE DISSERTATION 
 
 
 
 
 

 Structural and Kinetic Studies of the FdsBG Subcomplex of the Cytosolic Formate 
Dehydrogenase FdsDABG From Cupriavidus necator 

 
 
 

by 
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 Dr. Gregor Blaha, Committee Chairperson 

 

 

Formate oxidation to carbon dioxide is a key reaction in one-carbon compound 

metabolism, and its reverse reaction represents the first step in carbon assimilation in 

the acetogenic and methanogenic branches of many anaerobic organisms. The 

molybdenum-containing dehydrogenase FdsDABG is a soluble NAD-dependent 

formate dehydrogenase and a member of the DMSO reductase family of 

molybdoenzymes and NADH dehydrogenase superfamily. Here, we present the first 

structure of the FdsBG subcomplex from the cytosolic FdsDABG formate 
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dehydrogenase from the hydrogen-oxidizing bacterium Cupriavidus necator H16 – 

both with and without bound NADH. The structures revealed that the two iron-sulfur 

clusters, Fe4S4 cluster B6 in FdsB and Fe2S2 cluster G7 in FdsG, are closer to the FMN 

than they are in other NADH dehydrogenases. Rapid kinetic studies and EPR 

measurements of rapid freeze-quenched samples of the NADH reduction of FdsBG 

identified a neutral flavin semiquinone, FMNH�, not previously observed to participate 

in NADH-mediated reduction of the FdsDABG holoenzyme. We found that this 

semiquinone forms through the transfer of one electron from the fully reduced FMNH-, 

initially formed via NADH-mediated reduction, to the G7 Fe2S2 cluster. This Fe2S2 

cluster is not part of the on-path electron transferring chain of iron-sulfur clusters 

connecting the FMN in the FdsB subunit with the active-site molybdenum center of 

FdsA. According to the NADH-bound structure, the nicotinamide ring stacks onto the 

re-face of the FMN; the structure of FdsDABG in Rhodobacter capsulatus shows a much 

further binding of the nicotinamide ring relative to the FMN. Regardless, NADH 

binding significantly reduced the electron density for the isoalloxazine ring of FMN 

and induced a conformational change in residues of the FMN-binding pocket that 

display peptide-bond flipping upon NAD+ binding in proper NADH dehydrogenases.
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1.0 Foreward 
 

 The Introduction is organized into three separate sections: a general overview 

of molybdenum and formate dehydrogenase FdsDABG, and two theory sections for X-

ray diffraction crystallography and electron paramagnetic resonance (EPR). There will 

be a heavier emphasis on X-ray diffraction crystallography theory. The citations for the 

two theory sections will be placed in References and not directly cited in the text for 

clarity. 	
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1.1  Introduction 

 

1.1.1  Brief history of early earth and the emergence of life 

When earth formed ~4,550 ± 10 million years ago (Mya) (Manhes, 1980), the 

molten crust was too hot to support liquid water. Evidence supports that about ~4,404  

± 8 Mya, the earth had cooled down enough to allow the formation of an ocean 

(Wilde, 2001). It is generally thought that the earth’s first organisms arose from earth’s 

primordial ocean(s). 

The most popular origin of life theory presently is that life emerged from an 

“RNA World” (Becker, 2016; Bernhardt, 2012; Higgs, 2015). A phylogenetic study 

published by Lake, et al. (2018) proposes that thymine and uracil were the very first 

biomolecules to be utilized by life, followed by cytosine and adenine, and finally 

guanine. From these bases, rRNA was the first of the RNAs to be utilized (implying the 

formation of a ribosome), followed by tRNA, mRNA, and a cell membrane – the exact 

order of the latter three was undetermined in the study. Others have proposed 

different theories, such as an RNA-peptide origin to life (Carter Jr., 2018), a lipid 

(membrane)-based origin (Deamer, 2017), an iron-sulfur-based origin (Russell, 1993), 

and a clay-based origin (Gu, 2013). However, there is still no indisputable evidence to 

prove any of these claims currently. 

The earliest life forms were quite simple and likely only utilized one or a few, 

basic pathways for metabolism and proliferation (Anet, 2004; Pereto, 2005). There is 

evidence of Earth’s first life forms possibly existing as early as 4,280 Mya (Dodd, 2017) 
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but definitely no later than 3,700 Mya. (Pearce, 2018) Over the course of hundreds of 

millions of years, life evolved to become more complex and incorporated many 

different metabolic pathways. It is commonly understood that at one point in the 

evolution of life, there was a branch point in which archaea and eubacteria (bacteria) 

diverged (Ouzounis, 2006; Penny, 1999; Weiss, 2018). This branching point is known as 

the last universal common ancestor (LUCA). Historically, the two-branch tree of life has 

replaced the three-branch (with the third branch being eukarya) as the most widely 

accepted tree, with the eukaryotic branch forming at some later point from the 

archaea branch (Baldauf, 1996; Hug, 2016).  

 

1.1.2  The last universal common ancestor (LUCA) 

The last universal common ancestor (LUCA) is thought to have existed as early 

as ~3,500 Mya (Glansdorf, 2008). Naturally, the environment of the time dictated many 

properties and limitations of LUCA. For instance, free oxygen would not be present in 

the atmosphere or oceans; large quantities of O2 would only come to exist several 

hundred million years after LUCA with the emergence of photosynthetic 

cyanobacteria around ~2,700 Mya (Schirrmeister, 2015). Many of LUCA’s metabolic 

pathways and enzymes reflect this in their sensitivity to aerobic environments. 

Additionally, the average temperature of earth’s ocean 3,500 Mya (55–85 °C) (NASA 

Astrobiology, 2017) was substantially higher than the oceans are today (15 °C). As such, 

LUCA is described as having a reverse gyrase, an enzyme specific to 

hyperthermophiles, in a study by Weiss, et al. (2016). In the same study, they note that 
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enzymes responsible for carbon- and nitrogen-metabolism were already present in 

LUCA. It was thus gathered that LUCA was anaerobic, thermophilic, and capable of 

autotrophic growth.  

 A large majority of all life on Earth today exists in a vastly different 

environment than that of the last universal common ancestor. Yet, many cofactors, 

pathways, and similar enzymes remain. In the above-mentioned LUCA study, it was 

deduced that cofactors including: ATP and GTP, flavin mononucleotide (FMN), 

nicotinamide adenine dinucleotide (NADH), molybdenum-containing cofactor (Moco), 

and FeS clusters – were utilized by LUCA. Most of these cofactors are still required for 

all current, living organisms. Additionally, specific enzymes, subunits, and partial 

complexes were found to genetically trace back to LUCA.  These complexes include 

the Moco-containing (SeCys-coordinating) dehydrogenase, the formylmethanofuran 

dehydrogenase (with a Mo/W-containing active site), the Moco-binding subunit of 

carbon monoxide or xanthine dehydrogenase, the aldehyde ferredoxin 

oxidoreductase (also with a Mo/W-containing active site), an FeS cluster-containing 

subunit from dehydrogenases, and the FAD-containing subunit of NADH 

dehydrogenases. Finally, metabolic pathways for the biosynthesis of the above 

mentioned cofactors and for carbon fixation (the Wood-Ljungdahl pathway in 

particular) were among the many different metabolic pathways determined to have 

been present in LUCA (Weiss, 2016). A more comprehensive description of the 

proposed metabolism and living conditions of LUCA is discussed by Weiss, 2016. 
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Although LUCA may be ancient and extinct, it is in no way outdated. Many of these 

enzymes, cofactors, and metabolic pathways have been passed down through 

millennia to today’s living beings.  

 

1.1.3  Molybdenum and tungsten in biological systems 

Once present in LUCA, the molybdenum cofactor (Moco) is still utilized by 

nearly every biological organism today (although in LUCA, W most likely substituted 

for Mo). The active site metal of Moco, molybdenum (Mo), is a second row transition 

metal present throughout nearly every biological system – from model bacteria such 

as Escherichia coli, to archaea, and to very complex eukarya, including Homo sapiens. It 

is also the most abundant transition metal found in our oceans (Bruland, 2003). All 

known aerobes utilize Mo. Those organisms that do not require Mo require tungsten 

(W) instead; these W-containing organisms are obligate (and often thermophilic) 

anaerobes (Hille, 2014). W is located one row below Mo in the periodic table and thus, 

the same electronic configurations are possible for both. Although first row transition 

metals are prevalent in biological systems, Mo and W are the only second and third 

row transition metals that possess biologically relevant catalytic potential. Capable of 

forming biological-relevant oxidation states of IV, V, and VI, Mo and W can perform 

both one- and two-electron chemistry (Holm, 1987; Mitchell, 1986). (Mo forms lower 

oxidation states as well, but these states are not relevant for this discussion.) This 

implies, and is in fact confirmed throughout biology, that W can catalyze the same 

type of reactions as Mo, although with different catalytic rates between the two. 
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Typically, active site W-containing enzymes are the faster between the two, but are 

also much more oxygen-sensitive (Niks, 2019) and temperature-dependent (Doring, 

2010). Some molybdoenzymes have even been found to substitute W for Mo in their 

active site, albeit at a decreased catalytic capacity, if any catalysis occurs at all (Buc, 

1993; Stewart, 2000). Additionally, since MoV and WV are paramagnetic, these oxidation 

states allow for probing of the active site metal using EPR spectroscopy. 

Before oxygen became readily available in the atmosphere, tungsten was most 

likely incorporated into active sites over molybdenum due to the warmer, anaerobic 

(see previous section), and weakly reducing conditions (Kasting, 2006) of early Earth 

(Hille, 2002). In light of this, Mo- and W- sulfides (MoS2 and WS2, respectively) over Mo- 

or W- oxides, with their low valence forms predominating in the reducing 

environment, were more likely to have been present at the time. Between the two, 

WS2 would have been more stable at the higher temperatures of hydrothermal vents 

and it is also more soluble at lower valence. Additionally, W-containing enzymes 

possess lower reduction potentials than their Mo-containing counterparts, making 

them potentially more useful for early organisms that had more limited redox 

capacities. As oxygen became readily available in the atmosphere and oceans, a 

transition from W to Mo likely occurred. The presence of oxygen led to higher valence 

states and Mo- and W- oxides (i.e. molybdate, MoO4
2–, and tungstate, WO4

2–) over Mo- 

and W- sulfides. Whereas the lower valence WS2 is more soluble than the MoS2 

counterpart, the higher valence MoO4
2– is more soluble than WO4

2–. On top of this, the 
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high oxygen sensitivity of tungstoenzymes made molybdoenzymes more suitable to 

an aerobic environment. Thus, the incorporation of Mo into aerobic organisms can be 

seen evolutionarily-linked to the emergence of oxygen in the atmosphere, as opposed 

to the many anaerobic (and often thermophilic) organisms that still utilize W in their 

active sites. 

 

1.1.4 The molybdenum cofactor (Moco) and its synthesis 

Active site molybdenum and tungsten are incorporated into proteins by 

coordination to a pyranopterin cofactor. Historically, this pyranopterin was 

abbreviated MPT for molybdopterin cofactor; however, upon discovery that this MPT 

cofactor can bind tungsten as well (Andreesen, 1973), MPT now often refers to 

“metallopterin” or “metal-containing pterin” to include both MPT and WPT cofactors 

(Chan, 1995). The combination of either Mo or W and MPT comprise the molybdenum-

containing (Moco) active site, equivalent to Mo-MPT and W-MPT for the general case, 

respectively. A pathway for MPT synthesis has been found in the genomes of every 

living organism and is thought to trace back all the way to LUCA (Weiss, 2016). 

Interestingly, the enzymes and overall process that synthesizes both Moco and Wco 

are similar amongst all domains of life. Escherichia coli is the most extensively studied 

in terms of biosynthesis and the following enzyme and gene names will be in 

reference to the E. coli system, specifically.  

Moco biosynthesis utilizes gene products of five distinct operons (not including 

isc operon since this gene is not specific to Moco biosythesis) and occurs over three 
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steps (Fig. 1) (Daubner, 2018; Hille, 2014; Magalon 2015). Step 1) consists of the 

conversion of one GTP molecule to cyclic pyranopterin phosphate (cPMP) and is 

catalyzed by gene products MoaA and MoaC. Step 2) involves the sulfuration of the 

newly created cPMP to form the enedithiolate moiety for the MPT cofactor by MoaD, 

MoaE, MoeB, and IscS proteins. The last enzyme, IscS, is a desulfurase used in other 

pathways as well – including FeS cluster formation (Blanc, 2015). Before the final step 

of Moco synthesis can occur, molybdenum in the form of molybdate (MoO4
2–) must be 

imported from the periplasm into the cytoplasm. An ATP-hydrolyzing transmembrane 

complex, ModAB2C, is required for molybdate transport. Gene product ModE, part of 

the modABCDE operon that also encodes the ModAB2C complex, has been found to 

act as a transcriptional regulator – not only of the mod genes – but of many other 

molybdoenzyme genes. The third and final step involves adenylation of the MPT by 

MogA and the incorporation of the molybdate into the MPT cofactor by MoeA. The 

resulting cofactor is fully assembled for a sulfite oxidase active site, but is modified 

further and inserted into the apo- DMSO reductase active site by MobA, or apo- 

xanthine oxidase active site by MocA. MobB was found to increase rate of Moco 

maturation in all three active site types, but was not necessary for it (Leimkühler, 

2011). Since the active site is typically covalently-bound to its respective 

molybdoprotein, the last step of Moco biosynthesis is involved in the regulation and 

synthesis of the apoenzyme. 
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Figure 1. Molybdenum cofactor synthesis pathway adapted from (Daubner, 2018). 
The names of the enzymes are in blue, the names of the molecules (including active sites) 
are in black. The structures for the DMSO reductase and xanthine oxidase family are 
included in Fig. 2. 
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1.1.5  Mononuclear molybdenum-containing enzymes – overview 

  As mentioned, active site Moco is typically incorporated into the active site of 

an enzyme with at least one coordinating MPT cofactor. Among these proteins, there 

exist three different families of mononuclear molybdenum-containing enzymes, 

categorized by the coordination of their active site Mo: xanthine oxidase (XO), sulfite 

oxidase (SOx), and dimethyl sulfidoxide reductase (DMSOR). The redox chemistry of 

these types of enzymes is thought to occur directly with the Mo or W of the active site. 

Another family of enzymes worth noting is the tungsten-containing aldehyde 

ferredoxin oxidoreductase family. This family has similar active site coordination to the 

DMSOR family of Mo-containing enzymes, but with a tungsten metal in place of 

molybdenum (Maia, 2015). Examples of the active sites for the three Mo-containing 

families and the aldehyde ferredoxin oxidoreductase family of enzymes can be seen in 

Fig. 2. The nitrogenase enzyme also contains Mo within its active site, but does not 

contain a pterin cofactor and is vastly different in its shape, coordination, and reaction 

chemistry at its active site Mo (Seefeldt, 2010). It will not be considered when 

discussing the mononuclear molybdoenzymes. 

 

1.1.6 Xanthine oxidase and sulfite oxidase families 

The xanthine oxidase (XO) family of molybdenum-containing enzymes is 

characterized by a LMoVIOX(OH) active site. It forms a square-pyramidal coordination 

geometry with an apical Mo=O. The four remaining bonds on the equatorial plane  
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Figure 2. Comparison of the active sites of the three mononuclear molybdenum and 
tungsten enzyme families.  A, Xanthine oxidase family active site exemplified by carbon 
monoxide dehydrogenase (PDB entry 1N63). Red box highlights R-group for carbon 
monoxide dehydrogenase; B, Sulfite oxidase family active site exemplified by sulfite 
oxidase (PDB entry 1SOX); C, Dimethyl sulfoxide (DMSO) reductase (left) family active site 
exemplified by dimethyl sulfoxide reductase (PDB entry 1DMS) and W-containing aldehyde 
ferredoxin oxidoreductase family active site (right) exemplified by formylmethanofuran 
dehydrogenase (PDB entry 5T5I). Red box highlights R1- and R2- groups of DMSO reductase; 
Blue box highlights R-groups of formylmethanofuran dehydrogenase. 
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come from the pyranopterin cofactor (denoted L for bidentate ligand, coordinated to 

the Mo via the two S atoms of the enedithiolate moiety of the pterin, as discussed 

previously), an acid-labile Mo-OH group, and one other coordination group (-X), which 

is most frequently a Mo=S, although -X is sometimes replaced by a Mo=O, Mo=Se, or 

Mo-S- Cu-S-Cys. It should be noted that “Mo-S-Cys” is representative of one cysteine 

residue forming a bond with its side chain S to the Mo. The Mo-S-Cu-S-Cys 

coordination is unique in that it forms a binuclear active site of Mo and Cu, but is still 

considered part of the XO family. These enzymes catalyze oxidative hydroxylation 

reactions in which electrons passed from the reduced MoIV site traverse a number of 

FeS clusters to the final electron acceptor. Some enzymes within the family also 

contain an FAD-cofactor, extending the electron transfer pathway from Moco to the 

final electron acceptor. Some examples of this family that have had their structures 

solved include xanthine oxidase and dehydrogenase, quinoline 2-oxidoreductase, and 

carbon monoxide dehydrogenase (CODH) (Brondino, 2006). 

The second family is the sulfite oxidase (SOx) family and is characterized by a 

LMoVIO2(S−Cys) active site coordinated in the same square-pyramidal geometry to that 

of XO family Moco enzymes. Similarly, the active sites of the SOx family are 

coordinated by an apical Mo=O and have two bonds to an equatorial pyranopterin 

cofactor, albeit with minor differences. Assuming the apical Mo=O faces up in XO, the 

corresponding Mo=O of SOx faces down; and the overall distortion of the MPT is 

greater in XO than SOx enzymes. The more apparent differences between SOx and XO 
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families lie in the coordination of the two other equatorial constituents. Whereas XO 

enzymes have varied coordinating groups to the active site, SOx family enzymes have 

only been found to have Mo=O and Mo-S-Cys coordination. A few examples in this 

family that have solved structures are sulfite oxidase (found in all three branches of 

life), sulfite dehydrogenase, and assimilatory nitrite reductases in eukaryotes (Feng, 

2007; Maia, 2016).  

 

1.1.7 DMSO reductase family 

The final family of the mononuclear molybdenum enzymes is the 

dimethylsulfoxide reductase (DMSOR) family, characterized by a L2MoVIXY active site. 

This family is the most diverse among the three families in terms of active site 

composition, reactions catalyzed, and overall enzyme structure (Maia, 2015). This class 

of enzymes has been found to catalyze reduction-oxidation (redox) reactions, oxygen-

atom transfer (OAT) reactions, and hydration and hydroxylation reactions. Unique 

among the three families, the DMSOR active site is coordinated by two equivalents of 

the pyranopterin cofactor (Q and P) binding at the equatorial positions, and an 

additional two other coordinating groups to form an overall trigonal prismatic 

geometry on the MoVI. The Q-pterin is proximal to a conserved Fe4S4 cluster and P-

pterin is distal to the cluster. Both pterin equivalents are bound in a similar orientation 

to that of the sulfite oxidase family on either side of the molybdenum as seen in 

Fig. 2 B and C. The other two coordinating groups (-X and -Y) vary drastically within the 

family. X represents either =O, =S, or =Se; whereas Y can be -S-Cys, -Se-Cys, -O-Asp, -O-
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Ser, or -OH. Typically, enzymes with Se-Cys coordination catalyze reactions quicker 

than S-Cys coordinated enzymes, but have very low oxygen tolerance. Some enzymes 

are capable of swapping S-Cys for Se-Cys, but at a decreased catalytic rate (Gladyshev, 

1994). It is common among this family for the MoVI to lose a coordinating group – 

typically the -Y group – upon reduction, changing to a square pyramidal MoIV 

coordination geometry (Pushie, 2013). Examples from this family of enzymes that have 

had their structure solved are dimethylsulfoxide reductase (DMSOR), various formate 

dehydrogenases (Fds, Fdh, Fdn), arsenite oxidase, and dissimilatory nitrate reductases, 

among many others. Interestingly, the eukaryotic, assimilatory nitrate reductase 

contains a SOx family active site coordination while the bacterial, dissimilatory nitrite 

reductase is a member of the DMSOR family. 

 

1.1.8 Aldehyde ferredoxin oxidoreductase family 

There is another family of enzymes that have similar active site coordination to 

the molybdenum enzymes but differ in active site metal with W replacing Mo. These 

W-dependent enzymes are named after the first enzyme to be solved in the family: the 

aldehyde ferredoxin oxidoreductase. All solved structures of this family have an active 

site coordinated by two pyranopterin cofactors (W-bis-MPT). However, unlike many 

Mo-dependent enzymes, the pterin of the W-MPT is not connected to a nucleotide. 

Regardless, these enzymes are sometimes grouped in with the molybdenum-

containing DMSOR family because of their bis-enedithiolate coordination of two MPT 

to the active site metal. These enzymes also contain the conserved Fe4S4 cluster 
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adjacent to the Q-pterin found in the DMSOR family. A few examples of these enzymes 

include the formylmethanofuran dehydrogenase, W-dependent formate 

dehydrogenases, and W-dependent aldehyde ferredoxin oxidoreductase. Many 

enzymes of this W-dependent family have Mo-containing analogues (only 

hyperthermophiles are obligate W-dependent organisms), however, W-dependent 

enzymes are expressed constitutively while Mo-dependent enzymes are induced in 

the presence of Mo. (L’vov, 2001) 

 

1.1.9 A Brief History of X-ray Crystallography 

The structures of the active site Moco/Wco from the three (four) families have 

been confirmed through a method known as X-ray diffraction crystallography. It is 

only through the extensive groundwork laid by previous researchers that this 

technique is viable today. 

Although likely not the first to experiment with X-rays, Wilhelm Röntgen was 

the first to extensively study and name it, and is generally credited with having 

discovered X-ray radiation. In 1895, while experimenting with filling a cathode ray 

tube (CRT) with various gases he came upon a particular type of radiation that could 

travel much further than that generated from a standard CRT.  He also noticed that 

these rays also had the particular quality of being able to pass through certain objects 

but not others. As an unknown type of radiation, Röntgen termed these: X-rays. In a 

demonstration, he took the first ever X-ray image of his wife’s hand – one of the most 

famous images of modern history. He would go on to win the first ever Nobel Prize in 
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physics in 1901 for his contribution in “recognition of the extraordinary services he has 

rendered by the discovery of the remarkable rays subsequently named after him.” 

(Nobel Media AB, 2020) 

X-rays became popular overnight and many groups began experimenting with 

them. Some scientists at the time proposed that this type of radiation was at a shorter 

wavelength than visible light, since these waves could pass through solid objects. In 

1912, Max von Laue set out to test this hypothesis by shooting X-ray beams at a crystal 

medium. The idea was that X-rays (being at a shorter wavelength relative to light) 

would have some sort of interference or diffraction with the crystal. After some initial 

experimentation, von Laue would eventually produce the first ever crystal diffraction 

pattern, proving that X-rays have shorter wavelength than visible light. There is some 

controversy over how much credit should be given to von Laue (Eckert, 2011); 

nonetheless, he was awarded a Nobel Prize in 1914 “for his discovery of the diffraction 

of X-rays by crystals.” (Nobel Media AB, 2020)  

Soon after von Laue’s discovery, a father-son duo would go on to produce a 

fundamental law of X-ray crystallography that is still applicable today. While observing 

crystal diffraction patterns, W. H. and W. L. Bragg noticed that the crystal lattice 

structure was directly related to the diffraction pattern and this behavior could be 

characterized by an equation known as Bragg’s Law (Nobel Media AB, 2020). This 

discovery won them a Nobel Prize in 1915, with Lawrence Bragg becoming the 

youngest Nobel laureate ever to be awarded at just 25 years old.  
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After the Braggs won the Nobel prize in 1915, another 39 other scientists would 

go on to win the award studying X-ray radiation with 24 of them making discoveries in 

the field of crystallography. These would be for: The purification and crystallization of 

a biological molecule (Northrop, Stanley, Sumner); Studies into the nature of the 

chemical bond (Pauling); Discovery of the double helix structure of the DNA (Crick, 

Watson, and Wilkins, but credit should also go to Rosalind Franklin as well); 

Discovering the necessity for hydrating macromolecules for X-ray diffraction 

(Hodgkin); and a multitude of other notable contributions. A more complete list of the 

scientists and accomplishments in the field of crystallography can be found in a review 

written by Jaskolski, et al. (2014). 

Nowadays, X-ray crystallography has become one of the most commonly used 

tools for solving macromolecular structures. Of the 165,422 models deposited on the 

Research Collaboratory for Structural Bioinformatics (RCSB PDB; as of 6/20/2020), 

147,020 of them (almost 90%) have had their structures solved by X-ray diffraction 

methods. The Nobel Laureates in X-ray diffraction and crystallography deserve 

recognition for developing the field into the extremely powerful tool that it is today. 

 

  



17 
	

1.2 FdsDABG introduction 

 

1.2.1 Carbon fixation and formate dehydrogenases 

Carbon dioxide levels are at their highest in recent history leading to a rise in 

global temperatures and sea level due to melting of polar ice caps, the acidification of 

the oceans, and a bevy of other environmental problems (Caldeira, 2003; Qin, 2018; 

Shepherd, 2018); thus a need for carbon remediation presents itself. Among many 

different solutions to this problem, harnessing and adapting biological carbon fixation 

processes remains very promising. One possible solution comes in the form of a 

soluble formate dehydrogenase. Historically, formate dehydrogenases were named for 

their forward reaction – the oxidation of formate to form CO2. However, it was 

discovered later that some of these soluble formate dehydrogenases – given the 

appropriate redox/experimental conditions – could actually catalyze the reverse 

direction, the reduction of CO2 to formate (Reda, 2018). Apart from the benefit of 

decreasing atmospheric CO2 levels, formate has numerous industrial uses. It can be 

used as a high-energy, single carbon fuel capable of donating a hydride due to its low 

reduction potential (equation below), or as a antimicrobial agent in livestock feed 

(Papatsiros, 2012).  

CO2 (g) + H+ + 2e– → HCOO– (aq); E° = –0.43 eV  

Formate derivatives also have numerous other applications – from leather tanning and 

dyes to fumigants (BASF; Muthu, 1984).  
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Other CO2-fixing systems are currently being deployed with varying degrees of 

success and worldwide application. One of the most popular forms of CO2 remediation 

comes in the form of carbon capture and sequestration (CCS) systems. Briefly, these 

systems capture CO2 in three steps: capture from the source (typically from large, 

industrial CO2 producers), transport (pipelines are common), and storage 

underground. These underground storage facilities are most often depleted oil fields, 

or some other geological formation. CCS systems typically capture about 90% of the 

CO2 from the industrial process to which they are associated (CCS Association, 2011). 

One of the biggest issues with this technology is that extensive pipelines are often 

needed to fix large quantities of CO2. Different groups have been exploring other 

means of carbon fixation. Some of these include fixing CO2 into combustion residues, 

concrete, and paper sources (Lim, 2010), and even fixing the CO2 during the treatment 

of cheese whey wastewater (Carvalho, 2013). However, these processes tend to be 

relatively slow or small in scale and often require high temperatures/pressure or an 

electrical input, making them energy-intensive and, overall, an inefficient means of 

carbon fixation. Conversely, certain formate dehydrogenases have been shown 

capable of functioning under ambient temperatures and pressures, and neutral pHs. 

Under the appropriate conditions, most (possibly all) formate dehydrogenases can 

catalyze the reverse physiological reaction and reduce CO2 to formate (Niks, 2019; 

Maia, 2015). Thus, formate dehydrogenases are excellent candidates for study due to 

their ability to remediate CO2, and convert it into a useful laboratory chemical. 
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1.2.2 Organism and formate metabolism 

Cupriavidus necator (C. necator; formerly Hydrogenomonas eutrophus, Alcigenes 

eutropha, Wautersia eutropha, and Ralstonia eutropha, (Vandamme, 2004)) is a gram-

negative gamma proteobacterium found in soil and freshwater environments. It is a 

facultative chemolithoautotroph, capable of survival in both the presence and 

absence of environmental oxygen. Genomic analysis of the full C. necator H16 reveals 

three genomic replicons: a Chromosome 1 (4,052,031 bp), Chromosome 2 (2,912,490 

bp), and a megaplasmid pHG1 (452,156 bp) (Pohlmann, 2006). 

Autotrophic growth on a substrate of formate (or oxalate) revealed the 

presence of two formate dehydrogenases: one soluble formate dehydrogenase (S-

FDH) and one membrane-bound (M-FDH) (Friedrich, 1979). Chromosome 1 contains 

the fds gene that encodes the soluble FDH, as well as the fdh gene that encodes a 

membrane-bound formate dehydrogenase. Another two formate dehydrogenases 

encoded by the fdo and fdw genes were found located on Chromosome 2. One (fdo 

gene product) is another membrane-bound FDH while the other (fdw) is potentially 

another soluble, but tungsten-dependent (hence w for tungsten) FDH (Pohlmann, 

2006). It was found that the fds gene is only expressed when induced by formate (or 

oxalate, as it can be broken down into formate), whereas the membrane-bound FDHs 

are expressed regardless of growth conditions (Cramm, 2009). It is worth noting that 

the genes fdw and fds have reciprocal activations – when fdw genes are active, fds 

genes are not and vice versa (Oh, 1999). The fdsGBACD gene product – a soluble, 
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molybdenum-containing, NAD+-dependent formate dehydrogenase (S-FDH or 

FdsDABG) – is the focus of this thesis.  

 

1.2.3 FdsDABG cofactor analysis, operon, and subunit composition 

Initial experimentation of S-FDH discovered the presence of a 0.64 mol Mo, 25 

mol Fe, 20 mol acid-labile S, and 0.9 mol FMN per mol of FdsDABG (Friedbold, 1993). 

This implies the presence of a single molybdenum-containing cofactor (Moco), seven 

FeS clusters, and a single FMN cofactor. A 0.64 mol Mo per 0.9 mol FMN ratio depicts 

cofactor saturation, as some active sites were devoid of Moco relative to the FMN. A 

recent cryo-EM structure confirmed the presence of these cofactors (Radon, 2020). 

Each FeS cluster is coordinated by four Cysteine side chains except for one Fe4S4 

cluster within the FdsA subunit, which is coordinated by three cysteines and a 

histidine. The FdsDABG enzyme is rare among Moco formate dehydrogenases in that it 

is localized in the cytosol and has multiple redox centers, including a FMN cofactor. 

Most other formate dehydrogenases are either membrane-bound (and insoluble) or 

do not have other redox centers apart from the Moco and its proximal Fe4S4 cluster 

(Pohlmann, 2006). 

The fdsGBACD operon resides on chromosome 1 of C. necator (bps 677827–

685299), as stated above (Pohlmann, 2006) (Fig. 3). This gene is regulated by a 1215-

bp fdsR gene product, which has been shown to bind to the operator region between 

the fdsR and fdsG genes. The fdsR gene itself is located on the opposite strand, and 

150-bp upstream of fdsGBACD operon. Presumably, the gene product of fdsR activates 
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Cupriavidus necator H16 
     Chromosome 1: bps 677827–685299 

   

Figure 3. fdsGBACD operon from Cupriavidus necator. Adopted from Supplementary 
Fig. 2 of Pohlmann, A., Fricke, W., Reinecke, F. et al. Genome sequence of the bioplastic-
producing “Knallgas” bacterium Ralstonia eutropha H16. Nat. Biotechnol. 24, 1257–1262 
(2006). https://doi.org/10.1038/nbt1244 

Figure 4. Cryo-EM structure of FdsDABG dimer. The seven FeS clusters and Bis-MGD and 
FMN of one monomer labeled on the right. Two monomers of FdsA form the dimer 
interface in grey and green. The FdsB subunits are colored in beige; FdsG subunits are 
colored in teal. FdsD can be seen on the right monomer (yellow) but is hidden on the other 
side of FdsA on the left monomer. The two A4 Fe4S4 clusters (A4 and A4’) are thought to 
allow for possible electron transfer between monomers. 
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the fdsGBACD operon, as its binding affinity to this region is increased in the presence 

of high formate concentrations. Conversely, fdsGBACD expression is repressed under 

low formate concentration conditions – signifying that the gene product of fdsR is 

used as both an activator and repressor of fdsGBACD gene expression (Oh, 1999). 

Four of the five gene products of polycistronic fdsGBACD operon encode the 

tetrameric monomer, FdsDABG, with two tetramers coming together to form the 

physiologically relevant dimer, (FdsDABG)2. Although not part of the holoenzyme, 

gene product of fdsC encodes an accessory protein that has been found necessary for 

FdsDABG activity/cofactor insertion (Böhmer, 2014). The aforementioned cryo-EM 

study of FdsDABG (Radon, 2020) confirmed the dimeric structure of the holoenzyme 

dimer (Fig. 4).  

The first gene product, encoded by fdsG (locus H16_A0640, bp 679192–

679722), is the smallest redox-active subunit of the holoenzyme at 19 kDa. Also known 

as FdsG or the gamma subunit, it contains one Fe2S2 cluster (G7) and no other redox 

centers. This cluster has been implicated in similar systems (i.e., NADH dehydrogenase 

complex) as having antioxidant properties by preventing the FMN cofactor from 

becoming too reduced (see Discussion). 

The second gene product, encoded by fdsB (H16_A0641, bp 679719–681281), 

is known as FdsB or the beta subunit. It is 55 kDa in size and contains two redox 

centers: one Fe4S4 cluster (B6) and one FMN cofactor. The beta subunit also contains 
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the site at which NAD+/NADH binds and interacts with reduced and oxidized FMN 

(forward and reverse direction, respectively). 

The third gene product, encoded by fdsA (H16_A0642, bp 681317–684196) is 

the largest subunit of the holoenzyme. FdsA, or the alpha subunit, is 105 kDa and 

contains six redox centers including four Fe4S4 clusters (A1, A2, A3, and A4), one Fe2S2 

cluster (A5), and a L2MoVIS(S-Cys) DMSOR family-type active site. The Mo is coordinated 

by two bidentate enedithiolate sulfurs (making up four of the six coordinating groups) 

from two equivalents of pterin guanine dinucleotide forming a molybdopterin 

guanine dinucleotide cofactor (MGD). The two remaining constituents of the 

coordination sphere on the molybdenum are an acid-labile sulfido group, and a 

coordinating Cys-378A (where the superscript A denotes the FdsA subunit) (Oh, 1998).  

Gene product FdsC (H16_A0643, bp 684212–685078, ~31 kDa) is thought to be 

involved in the active site maturation. It contains 26 and 52% sequence identity to the 

gene products of fdhD (part of the membrane-bound formate dehydrogenase) and 

B1470 of C. necator, respectively. Whereas B1470 is a gene product with unknown 

function, the fdhD gene product is part of the FdhD/NarQ family of enzymes. This 

family has shown to be involved as a sulfur carrier protein in the maturation of formate 

dehydrogenase enzymes in other bacterial systems and thus, FdsC is proposed to 

serve a similar role for the FdsDABG system (xBASE).  

The final gene product, fdsD encodes the delta subunit, FdsD (H16_A0644, bp 

685075–685299). This subunit is 8 kDa in size and contains no redox centers. It resides 
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on top of the alpha subunit as a sort of “cap” for insertion of the Moco. Although not 

completely necessary for proper enzyme function, genetic constructs with fdsD have 

increased cofactor saturation and catalytic rates compared to constructs without 

(Böhmer, 2014). 

 

1.2.4 FdsDABG reaction and electron transfer 

Formate dehydrogenase FdsDABG reversibly catalyzes the conversion of 

formate to CO2 while reducing NAD+ to NADH as follows: 

HCOO– + NAD+ + 2H+ + 2e– ⇌ CO2 + NADH 

Although debate remains, Niks et al. (2016) proposes that the above reaction proceeds 

via a simple hydride transfer at the molybdenum of the active site. In this mechanism, 

the forward reaction oxidizes formate – passing two electrons (in the form of a 

hydride) onto the active site molybdenum, reducing the MoVI to MoIV. During catalysis, 

the active site changes from L2MoVIS(S-Cys) to L2MoIV(SH)(S-Cys). EPR studies have 

observed the presence of a MoV state, indicating that the two electrons gained from 

the hydride are likely passed from the molybdenum sequentially, rather than 

simultaneously. 

In a kinetics study (Niks, 2016), the FdsDABG dimer was found to catalyze the 

forward reaction with a kcat, for = 201 s–1 for the native system and a kcat, for = 99 s–1 for the 

E. coli recombinant system. A rate-limiting kred, formate = 140 s–1 at 10 °C was determined 

for the reduction of enzyme by formate (and corresponding to 560 s–1 at 30 °C) with a 

Kd, formate = 82 µM. In a follow-up study (Yu, 2017), FdsDABG was shown to have the 
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ability to catalyze the reverse reaction (CO2 reduction) under the appropriate 

conditions. The study determined a kcat, rev = 11 ± 0.4 s–1 (4.8 s–1 for the recombinant 

system) and a Km, CO2 = 2.7 ± 0.3 mM and Km, NADH = 46 ± 4.3 µM for this reaction. This 

study also found that a bicarbonate (HCO3
–) substrate would not form formate under 

anaerobic conditions, indicating that bicarbonate is likely not an intermediate of 

catalysis. 

 The structure of FdsDABG confirms the presence of nine total redox centers 

within one monomer (and 18 redox centers in the dimer). Catalytic transfer is thought 

to occur over a distance of 76 Å. In the forward direction, electrons flow from the Mo 

active site to FMN (and vice versa in the reverse direction) via five intervening FeS 

clusters. The number in parenthesis following the redox center refers to the edge-to-

edge distance between the two stated cofactors, in accordance with the cryo-EM 

structure of FdsDABG from R. capsulatus (Radon, 2020). An electron on the reduced 

MoIV is first passed to the closest Fe4S4 cluster A1 (5.6 Å), forming an EPR-active MoV 

redox state. Electron(s) from A1 are then passed to Fe4S4 cluster A2 (11.9 Å), to Fe4S4 

cluster A3 (9.2 Å), to Fe2S2 cluster A5 (11.2 Å), and finally Fe4S4 cluster B6 (11.3 Å) before 

transferring to the FMN cofactor (6.6 Å). Clusters A4 and G7 lay off-path and are not 

considered part of the electron transfer pathway between Moco and FMN. The A4 

cluster has been implicated in electron transfer between the monomers of the 

holoenzyme with a 9.5 Å distance between the two A4 clusters of the dimer. The G7 



26 
	

cluster has been speculated to act to prevent the FMN from becoming over-reduced 

and producing a reactive oxygen species (ROS) (see Discussion). 

At present, electrochemistry studies of FdsDABG have only been able to 

definitively identify the reduction potential of two of the nine possible redox centers. 

In an effort to deconvolute the redox centers, Walker, et al. (2019) utilized three 

different systems: i) the recombinant holoenzyme FdsDABG (complete with Moco, 

seven FeS clusters, and an FMN cofactor), ii) a truncated FdsA subunit that only 

contained the Moco active site and the proximal Fe4S4 cluster, and iii) a truncated FdsA 

that solely contains the aforementioned Fe4S4 cluster but no Moco in the active site. 

The second and third systems were achieved using a truncation of the gene designed 

with and without fdsCD, respectively. The absence of the fdsCD genes in the third 

system prevents proper incorporation of the Moco active site. The measured reduction 

potentials of the second system show features at –265 mV and –455 mV vs. SHE, both 

features being present in the holoenzyme system. When the reduction potential was 

measured for the third system (without the Mo-containing active site), only one 

feature at –525 mV was present corresponding to the proximal Fe4S4. Thus, the feature 

at –265 mV corresponds to the molybdenum cofactor. The other seven redox centers 

remain undetermined.  

Formate dehydrogenase FdsDABG catalyzes the oxidation of formate to CO2 

while reducing NAD+ to NADH via a ping-pong mechanism (Axley, 1991; Niks, 2016). In 

this scheme, the oxidation of formate occurs at the active site regardless of NAD+-
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binding. Two electrons are first passed from the formate as a hydride group onto the 

MoVI, reducing it to a MoIV oxidation state. It is thought that, at this point, the CO2 is 

also released before electrons from the reduced MoIV are passed onto the FeS clusters, 

then FMN, and finally onto the NAD+ cofactor, as in Scheme 1 below: 

 

 

 

 

 

Scheme 1. Ping-pong mechanism of electron transfer in FdsDABG 

 

It should be noted that this scheme demonstrates the ping-pong mechanism and 

does not detail the intricacies of some of these electronic transitions (i.e. there is no 

MoV state although this is seen by EPR, no semiquinone state which is also seen by 

EPR, no electron transfer from MoIV/MoV to FMN via FeS clusters shown, etc.). 

 

1.2.5 Proposed active site mechanism 

In the molybdenum-containing enzymes of the DMSO reductase family two 

highly conserved active site residues sit above the active site Mo: His-379A and Arg-

579A (numbering based on FdsDABG sequence of C. necator). The structures that have 

been solved for this family show that these two residues have their R-groups pointed 

towards the Mo at the active site, implicating them in catalysis. Mutation of these 
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residues reduces either the activity of the enzyme (lower kcat) or the enzyme’s ability to 

bind formate (higher Km
formate), or both at the same time, further implying their catalytic 

importance (Hartmann, 2016). It has been found that the optimum catalytic pH for 

FdsDABG is ~7.5 (Niks, 2016). Thus, at this pH (and most physiological pHs for that 

matter) the Arg-579A R-group guanidino (pKa 12.5) will have a positive charge and 

could provide charge stabilization for the negatively charged dipole on the formate 

substrate (CHOO–). This would also orient the formate such that the hydride group is 

positioned towards the Mo to allow for the hydride to be transferred directly onto the 

Mo=S group, reducing the active site. The His-379A imidazole side chain will be mostly 

deprotonated (pKa = 6) at a pH of 7.5 and could act as a Bronsted-Lowry base and 

accept the proton from the reduced MoIV-S-H or MoV-S-H as electrons are passed down 

the FeS clusters. A potential reaction mechanism is shown in Fig. 5, adapted from Niks, 

et. al (2016). 

 

 

 

 

 
 

 

 
 
 
 
 

Figure 5. Proposed hydride transfer reaction mechanism for FdsDABG. Figure adapted 
from Niks D, Duvvuru J, Escalona M, Hille R. Spectroscopic and Kinetic Properties of the 
Molybdenum-containing, NAD+-dependent Formate Dehydrogenase from Ralstonia 
eutropha. J Biol Chem. 2016;291(3):1162-1174. doi:10.1074/jbc.M115.68845. Arg-579A and His-
379A have been added based on conservation and hypothetical function.  
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1.2.6 Homology to similar enzymes  

Subunits FdsB and FdsG have high sequence similarity (amino acids with 

similar side chain properties) and identity (exact amino acid) to subunits of NADH 

dehydrogenases from Thermus thermophilus (Nqo1+2) and Aquifex aeolicus (NuoE+F). 

Specifically, FdsB has 57% and 58% sequence similarity (42% and 42% identity) to 

Nqo1 and NuoE, respectively; and FdsG has 55% and 51% similarity (34% and 32% 

identity) to Nqo2 and NuoF, respectively.  

 The N-terminus of FdsA (residues 19–431) shows 44% sequence similarity (30% 

identity) to the N-terminus of subunit Nqo3 (residues 1–418) from the hydrophilic arm 

of NADH dehydrogenase (complex I of the electron transport chain) in T. thermophilus. 

Nqo3 does not possess a Moco active site and contains one less Fe4S4 than FdsA. These 

missing cofactors are likely to have been lost during the course of evolution, 

redirecting electron flow away from the FMN cofactor rather than towards it (Hille, 

2014). Thus, the forward reaction for NADH dehydrogenase is NADH oxidation to NAD+ 

while that of formate dehydrogenase is NAD+ reduction to NADH. The Moco-

containing C-terminus (residues 247–894) shows 58% sequence similarity (38% 

identity) to formate dehydrogenase FdhF (residues 5–565) of Escherichia coli. The two 

formate dehydrogenases contain a DMSOR type active site; however, FdhF has its 

active site Mo coordinated by a selenocysteine (SeCys-140F) rather than a cysteine 

(Cys-378A) in FdsA (Boyington, 1997).  
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1.3 X-ray Crystallography 

 

1.3.1 Crystal Properties 

A crystal is generally defined as being a repeating arrangement of molecules in 

space that can be described as:  

!""!#$%&%#' !" !"#$%&#$'  × !"#$%&#!'($#& !"##$%&  (Fig. X1) 

This arrangement is referred to as the crystal lattice and is composed of repeating 

parallelepiped with its edges parallel to the three directions of translation known as 

unit cells. In a perfect crystal system, these repeating unit cells span an infinite crystal 

lattice without gaps or overlaps. This crystal lattice structure provides a system 

analogous to that of a sine and cosine wave. In this simplistic analogy, the periodicity 

of the wave would represent the repeating crystal lattice, and the amplitude and 

phase of the wave describes the content of the unit cell. 

In a 3-dimensional crystal, unit cells are repeating parallelepipeds containing 

the most minimal amount of atoms/molecules that can be repeated by translational 

operation(s) to describe the entire crystal. Unit cells are distinguished by their 

dimensions: !, !, !, and angles: !, !, !. Angle ! is formed between ! and !; β is formed 

between ! and !; and γ is formed between ! and !. Since unit cells – like sine waves – 

repeat with a given frequency, any arbitrary point !,!, !  within the unit cell of size 

! × ! × ! will be repeated at all points ! + !",! +!", ! + !" , where !, !, and ! can 

theoretically be any integer and !, 0,0 , 0,!, 0 , 0,0, !  are positional coordinates 

along !, !, and !, respectively, such that:  0 < ! ≤ !, 0 < ! ≤ !, 0 < ! ≤ !. Within  
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each unit cell, there exists one or more asymmetric units (ASUs) – essentially the most 

minimal portion of the structure on which you can perform one or a combination of 

symmetry operations to fully describe the unit cell. Multiple ASUs in a unit cell need 

not necessarily represent a physiologically relevant oligomeric state of the structure, 

although it may provide insights into function of the structure. In a perfect crystal 

system, the unit cells are perfectly isomorphic (same dimensions) and repeat infinitely 

in three-dimensions over a perfectly regular lattice. For the rest of this theory section, 

we will assume such a perfect crystal system. 

In a 2-dimensional crystal (unit cell with dimensions: ! × !), there are four 

possible lattice systems (or crystal families) defined by the magnitude of a compared 

Figure X1. A crystal lattice of unit cells. A, The black and gray spots represent corners of 
the unit cell and also the primitive lattice. B, a single unit cell. The dimensions of any unit 
cell are given by ! × ! × ! along ℎ, !, and !, respectively. The angles !, !, and ! are formed 
from the intersection of ! and !, ! and !, and ! and !, respectively. 
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to !, and the angle between ! and !. These possibilities are monoclinic, orthorhombic, 

hexagonal, and tetragonal. The orientation of the unit cell about the lattice points (i.e., 

centering of the unit cell) gives rise to another possible lattice orientation. The 

orthorhombic system can have two different centerings: a primitive lattice (lattice 

points lying on the corners of the cell) known as rectangular, and a centered lattice 

(lattice points lying on the corners and center of the cell) known as centered 

rectangular. This creates five different lattice orientations, known as Bravais lattices. 

The four different crystal families also give rise to ten different crystallographic point 

groups – the group of symmetry operations that must be performed to place the 

lattice onto itself, while leaving one point on that lattice unmoved.   

In a 3-dimensional crystal (unit cell of dimensions: ! × ! × !), there are seven 

possible lattice systems. Four of these lattice systems are those previously mentioned 

in 2D, plus triclinic, rhombohedral, and cubic. These lattice systems form 14 Bravais 

lattices when combined with the different centerings possibilities: primitive, base-

centered, body-centered, or face-centered (Fig. X2). The allowed symmetry operations 

(rotations: 1, 2, 3, 4, 6, and reflections: 1, 2 (or !), 3, 4, 6) on the seven different lattice 

systems generate 32 possible crystallographic point groups. From the 14 Bravais 

lattices and 32 crystallographic point groups arise the 230 allowed crystallographic 

space groups. The space group is the complete set of symmetry operations in 3-

dimensions required to generate the full crystal pattern. In biology, we observe only 65 

possible space groups – known as the Sohncke groups or chiral groups – due to the  
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Figure X2. The 14 different Bravais lattice possibilities. These possibilities arise from the 
relationships between the axes (a, b, and c), the relationships between the angles (alpha, 
beta, and gamma), and the centering. All crystals fall within one of these Bravais lattice 
possibilities. Figure taken from https://www.xtal.iqfr.csic.es/Cristalografia/parte_03_4-
en.html 
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chirality of proteins (amino acids only occur naturally in the L-conformation). These 

groups only allow rotation, screw rotation, and translation symmetry operations. 

Inversions, reflections, rotoinversions, and glide planes are not allowed due to their 

inversion of stereocenters. 

 
 

Dimensions Lattice Systems Bravais Lattices Point Groups Space Groups Chiral Groups 

2 4 5 10 - - 

3 7 14 32 230 65 

Table X1. Crystallographic Statistics for 2- and 3-dimensional crystals. The numbers to the 
right of the Dimensions column represent the number of possibilities for each column. 
 
 
 
 

Practical space group determination based on X-ray diffraction data involves 

four steps. The first step requires finding the cell’s Laue group, one of the 11 

centrosymmetric point groups and their subgroups (since these become 

indistinguishable from their non-centrosymmetric point groups in a diffraction 

pattern). Step two requires determination of its Bravais lattice. Only a few space 

groups will fall within the criteria determined by the first two steps. From those 

groups, the next step is to select the appropriate space group based on its screw axis, 

which will result in either one or two enantiomorphs. If only one enantiomorph exists, 

this is the space group for the crystal. Otherwise, the fourth and final step is choosing 

the correct enantiomorph based on the chirality of biological structures, such as the 

right-handedness of alpha helices or L-conformation of amino acids. Correct 
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determination of the space group is critical in solving the structure of a protein in X-

ray crystallography. Assuming the wrong space group will lead to significant problems 

during structure determination. 

 

1.3.2 Diffraction and Real Space 

In an X-ray crystallography experiment, the X-ray beam generated from the 

synchrotron (or other X-ray source) is known as the incident beam before hitting the 

crystal. After contacting the crystal, the photons of the incident beam can do one of 

two things: 1) pass through the crystal and hit the detector without changing direction 

(direct beam), or 2) interact with the crystal and deflect the photon in a direction other 

than the direct beam (diffraction). Under the right conditions (to be discussed), the 

latter case can create what are known as diffraction spots, and the summation of these 

diffraction spots on a detector composes a diffraction pattern. When the crystal is 

rotated, a different diffraction pattern is generated. Given sufficient diffraction 

patterns and supplied “phase” information, a structure can then be built based on the 

properties of the crystal and the diffraction patterns it produced. Technically speaking, 

the second case should be divided into two separate cases, but this will be discussed 

in the “Phase Problem” section. 

An X-ray diffraction pattern is the result of the X-rays essentially deflecting or 

diffracting off of a discrete plane within the unit cell, known as a Miller plane. Each 

plane is identified by a set of three integers, also known as a Miller index. A Miller 

index ℎ!"  can be thought of as a “cut” or “division” through the unit cell, where ℎ is 
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the number of cuts through the !-axis of the unit cell, ! cuts through !, and ! cuts 

through !, and the values for ℎ, !, ! are within the subset of all integers. For the 

purpose of simplifying the explanation, only two dimensions ℎ!0  will be considered 

at first. It should be noted that square brackets ℎ!"  represent a Miller index; whereas 

parentheses ℎ, !, !  represent a diffraction spot. The 100  Miller plane would 

intercept the unit cell at ! once, but would not intercept ! (i.e. the plane runs parallel 

to !), whereas a 020  Miller plane would intercept b twice and run parallel to a. The 

110  Miller plane would intercept both ! and ! once, and so forth (Fig. X3A). A 

negative Miller index runs in the opposite direction (intercept is negative) and is 

represented with as ℎ!!  (e.g. 111 ).  

An important aspect of the Miller planes to consider is the interplanar 

spacing, !!!" . Simply put, interplanar spacing is the distance between two Miller 

planes of a Miller index. We find that the higher the order of the Miller index along a 

dimension, the smaller the interplanar spacing (i.e., !!!", !"" < !!!", !"" ). In 2-

dimensions, the normal is perpendicular to the Miller index and !!!"  can easily be 

visualized (Fig. X3A). In 3-dimensions, the interplanar spacing can be determined via 

calculation (equation sold separately). 

Since the Miller index is a property of the unit cell, it is thus a physical property 

of the crystal and referred to as being in “real space” (where ! × ! × ! represent the 

dimensions of a unit cell in real space). The initial lattice on which the unit cells are 

arranged is known as the “direct lattice”. The resulting diffraction pattern, however,  
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Figure X3. Two-dimensional crystal unit cell with dimensions a x b and its 
corresponding reciprocal lattice. A, The unit cell can be divided into discreet sections by 
planes known as Miller indices. The image depicts the [100] (blue), [020] (green), and [110] 
(red) Miller indices. These indices are properties of real space. B, the diffraction pattern 
given off by the 2D crystal above. The diffraction spots corresponding to the Miller indices 
at [100], [020], and [110] are depicted by the spots at the end of the blue, green, and red 
arrows respectively. Each of the diffraction spots at (1,0,0), (0,2,0), and (1,1,0) have their 
Friedel pair highlighted by the blue, green, and red circles on the diffraction pattern, 
respectively. The size of !∗ and !∗ are the same as the distance from the origin to (1,0,0) 
and (0,1,0), respectively. 
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lies on the “reciprocal lattice” in “reciprocal space” (where !∗ × !∗ × !∗ represent the 

dimensions of the unit cell of the reciprocal lattice). This reciprocal lattice related to 

the direct lattice by a Fourier Transform (to be discussed in a later section). Taking the 

reciprocal of the reciprocal lattice gives back the direct lattice, since the two lattices 

are related by Fourier Transforms of one another.  Mathematically, !∗, !∗, and !∗ can 

be calculated from the cross product of two axis other axes of the real lattice, taken 

over the volume of the unit cell, or:   

!∗ = ! × !
! ∙ ! × ! ,     !∗ = ! × !

! ∙ ! × ! ,     !∗ = ! × !
! ∙ ! × !  

A simple way of visualizing reciprocal space would be to compare the dimensions the 

unit cell in reciprocal vs. real space of a 2D crystal. If  ! > !  in real space, !∗ < !∗  

in reciprocal space. We find that the interplanar spacing between a Miller plane, !!!" , 

is inversely related to the distance to the diffraction spot from the origin on the 

reciprocal lattice, or !
!!!"

  (Fig. X3B). Thus, higher order Miller indices (smaller !!!") 

correspond to diffraction spots further away from the origin (larger !
!!!"

, or higher 

resolution). 

One of the most fundamental concepts in X-ray diffraction is Bragg’s Law. 

Bragg’s law states that a diffraction pattern will only occur when the Miller planes of 

the crystal and X-ray radiation abide by the following equation (1): 

!" = 2! sin! (1) 
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Figure X4. Bragg’s Law depiction adopted from X Rays and Crystal Structure by W. H. 
Bragg and W. L. Bragg, 1915. A, A!, A!, and A! represent successive wave fronts from an 
X-ray source with wavelength, !. Each of A, A!, A!!, and A!!! represent parallel X-ray waves 
such that they will hit the parallel Miller indices/planes, !, (with interplanar distance, !) at 
points B, B!, B!!, and B!!!, respectively. The acute angle created by ∠AB! = ∠A!B!! =
∠A!!B!!! = ∠A!!!B!!!! is known as the incident angle, or Bragg angle (denoted !). The 
resulting diffraction will also create an acute angle at ∠CB! = ∠CB!! = ∠CB!!! = ∠CB!!!! 
equal to that of the incident beam (!) in order for diffraction to occur. A line can be drawn 
perpendicular to the Miller plane (BD!!!!) such that it intercepts the next parallel X-ray wave 
A!B!. The line BD!!!! has a length of exactly 2!. When a line is drawn perpendicular to A!B! 
such that it intercepts point B (creating NB!!!!), another angle created by ∠NBD with the same 
angle as the incident and diffracted beams, !. We can thus derive Bragg’s law from the 

relationship: sin ! = !"!!!!!
!"!!!!, where BD!!!! = 2! and ND!!!! must be a related to the wavelength by 

!" in order for the wave to contact the Miller plane in phase with the incident X-ray. In this 
case, the resulting diffraction wave is exactly in phase with the incident wave (Rayleigh 
scattering, red). This ultimately gives us Bragg’s Law, !" = 2!!!" sin !. 
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where ! is the interplanar spacing (!!!"  in 3-dimensions), ! is the angle of the incident 

beam and the diffraction beam of the Miller plane (also referred to as the Bragg angle), 

! is an integer, and ! is the wavelength of the X-ray radiation. The application of 

equation (1) can be seen in Fig. X4. When Bragg’s Law is applicable, a diffraction spot is 

produced due to the constructive interference of all the X-ray beams diffracted off the 

planes with the same Miller index. When !" ≠ 2! sin!, diffraction will not occur due 

to the diffracted beams not being in phase to each other. This will result in non-

constructive interference and will appear as noise rather than any sort of diffraction 

peak.  

When Bragg’s Law is rearranged for reciprocal space, we observe equation (2) 

below:   

1
!!!"

= 2 sin!
!"  

This is known as an Ewald's sphere construction and its application is demonstrated 

in Fig. X5. The crystal (!, or !" from the German word, Kristal) is the origin of the 

sphere with radius !!. The origin of the reciprocal lattice (!) at 0,0,0  correlates to the 

direct beam !". If the incident beam !" interacts with the crystal and diffracts !" 

with the appropriate angle from the direct beam (2!) such that the point (!) in 

reciprocal space ( !
!!!"

 from !) lies on Ewald’s sphere, we get diffraction. Only the points 

of the reciprocal lattice that lie on this sphere of reflection will show up as diffractions.  

 

(2) 
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	! 

Figure X5. Ewald’s sphere construction taken from Kristalle und Röntgenstrahlen (p. 
105) by P. Ewald, 1923, with reciprocal space lattice superimposed (in blue). When 
Bragg’s Law is inverted (for reciprocal space), we get the relationship of: !

!!"#
= ! !"#!

!" . The 

sine function can be visualized as a sphere (in 3-dimensions) with radius, !!, and center at 
the crystal (!", !). The direct beam (!"!!!!) creates the diffraction spot at the origin (!) of the 
reciprocal lattice (!,!,!). When the incident beam contacts the crystal (!"!!!!), the diffracted 
beam (!"!!!!) “bounces” off of the Miller plane (!"!!!!) at an angle (!). If ! is the same between 
the Miller plane and diffracted beam (∠!"#) and the Miller plane and the direct beam 
(∠!"#), or ! = ∠!"# = ∠!!", then the point at ! of the reciprocal lattice lies on Ewald’s 
sphere and fulfills Bragg’s Law. The resulting diffraction point (!) can be recorded on the 
detector (!"#$$%) if it falls within the limiting sphere.Additionally, Bragg’s Law can be 
observed between the incident beam (!"!!!! = !

!) and line formed by (!"!!!!) forming the angle 

∠!"# = !. We now have a right triangle at ⊿!"# where !"#! = !"!!!!!
!"!!!! =

!(!"!!!!!)
! . Rearranging 

this equation gives !"!!!!! = ! !"#!
!  and thus !"!!!!! = !

!!"#
 by Bragg’s Law. 

 

	

! 

! 



42 
	

By looking at the equation (2) above, we observe that any possible diffraction point 

( !
!!!"

) need be less than or equal to (!!) since ! represents an integer number. Thus, this 

creates a sphere with radius !! that contains all possible diffraction points known as the 

limiting sphere.  

As the crystal is rotated, the underlying reciprocal lattice is rotated around its 

origin. This allows points in reciprocal space that were previously not on Ewald’s 

sphere to cross the sphere and be recorded. Similarly, points that were on Ewald’s 

sphere may have rotated off of it and will not be recorded. It follows that crystal  

rotation is necessary for capturing sufficient diffraction spots. The appropriate amount 

of rotation (both total rotation, and rotation between consecutive diffraction pattern 

collections) depends on: the crystal’s space group, the type of diffraction experiment 

(i.e. native, anomalous), and the quality of the crystal – among other considerations. 

On a practical note, small enough changes in rotation can lead to the same diffraction 

spot being recorded multiple times if it lies on Ewald’s sphere before and after the 

crystal is rotated. In this case, these equivalent diffraction spots are collectively 

referred to as a single reflection. 

 

1.3.3 Structure factor and electron density 

When the interaction between X-ray and crystal obeys Bragg’s Law, the 

resulting diffraction beam results in what is known as a “diffraction spot”. The intensity 

(I) of this diffraction is proportional to the square of the amplitude of the structure 
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(3) 

factor (!!"#), or ! ∝ !!!" !. This structure factor is a mathematical representation of 

the resulting diffraction wavefront (with an amplitude and phase) and is represented  

by the following equation (3):  

!!!" = !!! !!!" !!!!!"!!!"!
!

!!!
 

where !! ,!! , !!  are the fractional (positional) coordinates for atom ! relative to the 

length of the unit axis !, !, and !. The fraction is related to the positional coordinates 

where: !! ,!! , !!  = (location relative to origin in !-direction/length of !, location 

relative to origin in !-direction/length of !, location relative to origin in !-

direction/length of !). Thus, 0,0,0  and 2,0,0  correspond to corners of the unit cell 

two lattice points away from one another and !
! ,

!
! ,

!
!  represents the center of the 

unit cell. The constant !!  represents the atomic scattering factor for atom !. 

The previously mentioned atomic scattering factor is essentially the 

amplitude of the given atom’s scattering of the incident wave. The scattering can be 

summed up in an equation (4) with two correction factors as follows:  

! = !°+ !! + ! !!!  

where ! is the total scattering factor, !° is the normal scattering factor and !! and !!! 

are correction factors for the real and imaginary components, respectively. The ! !!!  

represents the anomalous scattering component since it is 90° phase-shifted from the 

normal scattering factor, whereas !! is the real scattering component offset by 180° 

from the normal scattering factor. The normal scattering factor, !°, is specific to each 

(4) 
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(5) 

element and can be calculated from a unique set of nine coefficients used in 

conjunction with the diffraction angle (θ) and wavelength (λ) (equation not shown). 

Typically, !° ≫ !! and !° ≫ !!! and therefore, both correction constants can be 

ignored in determining the total scattering factor. However, there are cases in which 

the wavelength of the X-ray is such that specific (larger) atoms significantly interact 

with the incoming radiation and !! and !!! becomes nonnegotiable. The correction 

factors for !! and !!! can then be exploited to solve the “phase problem”. This case is 

known as anomalous scattering/diffraction and will be discussed later. 

Electron density (!) is essentially the cloud of electrons surrounding all atoms 

contained throughout the molecule. The electron density is related to the structure 

factor (!!!") by an inverse Fourier transform of !!!"  taken over the unit cell. An 

equation (5) modeling the electron density is seen below:  

! !"# = 1
! !!!"

!
!!!"!!!"!!!!" !!!!"!!"

!!
 

where ! is the volume of the unit cell and Φ!!"  represents the phase of the scattered 

X-ray. In a perfect crystal system with the ability to detect everything, there will be an 

infinite number of reflections. Practically speaking however, the amount of reflections 

is not infinite and depends on the data collected as well as the wavelength that is 

being used in collection (λ). Importantly, we see a relationship between electron 

density, structure factor, and atomic scattering factor.  

To understand a Fourier Transform (FT), it is important to first understand the 

related Fourier Series. A Fourier Series is a discrete summation of exponentials or a 
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summation of sine and cosine waves (each with their own amplitude and frequency) 

used to describe any function with periodicity over a finite interval [−!,!]. When 

considering a Fourier Series, note that each successive sine or cosine wave added to 

the series estimates the function more closely. If necessary, an infinite amount of 

waves can be used to exactly trace the periodic function in its entirety. Now, consider 

electron density as a function over the entire unit cell. The FT would decompose this 

function into a summation of the structure factors. Using an inverse FT of the structure 

factors, we will get the electron density function. In the general case, an inverse FT will 

result in an integral function, but due to the periodicity of the crystal lattice, the 

resulting function can be written as a summation as seen in equation (5). 

To briefly summarize diffraction, the structure factor, !!!" , corresponds to a 

single diffraction spot, ℎ, !, ! , and that diffraction spot is related to the reciprocal of 

the Miller index ℎ!"  in real space. Diffraction intensity, !, at each diffraction spot is 

proportional to the square of the amplitude of the structure factor. More intense 

diffraction spots correlate to larger structure factors. Larger structure factors, in turn, 

correlate to more electron density. Thus, higher intensity diffraction spots roughly 

equate to a greater electron density through the Miller index ℎ!" . 

 

1.3.4 The Phase Problem  

Since electron density is continuous, its physical shape can be modeled by a 

Fourier Transform (FT, as seen previously). The FT depends on both amplitude and 

phase. When data is collected, the diffraction pattern is only representative of the 
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amplitude – the phases of these waves are lost in the diffraction pattern. This “phase 

problem” is the crux of crystallography: the phases must be determined in order to 

solve the structure. 

In an X-ray diffraction pattern, the two diffraction spots at ℎ, !, !  and ℎ, !, !  

are related, composing a Friedel pair. Friedel’s Law states that if the intensities of the 

Friedel pair are equal, then this pair obeys Friedel’s Law. Recall that intensity is 

proportional to the square of the structure factor, ! ∝ !!!" !, and !!!"  is dependent 

on the atomic scattering factors, which have both a real and imaginary component.  

The real component (!!) will be the same for a both !!!"  and −!!!" If the imaginary 

component (!!!) is zero or at least near zero, then !!!" = −!!!"  for that particular 

Friedel pair and it obeys Fridel’s law. Otherwise, when the imaginary component 

becomes non-zero, !!!" ≠ −!!!" . This is referred to as “breaking Friedel’s Law” and 

it is illegal. Just kidding. Only a few metals and heavy atoms, known as anomalous 

scatters, have absorption edges at the wavelengths used in X-ray diffraction 

experiments. It is at these absorption edges that Friedel’s Law is broken. These 

anomalous scatterers are usually in low abundance in biological samples and are often 

selectively introduced in order to exploit their scattering behavior for solving the 

phase problem.  

Anomalous scattering occurs due to the interaction of photons with electrons 

stimulating them to transition between different orbitals. In smaller atoms, such as C, 

N, and O, there is no significant X-ray radiation absorbed at the wavelength used in 
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diffraction experiments. The interaction between photon and the electrons from these 

smaller atoms will result either elastic or inelastic scattering. By definition, the 

inelastically scattered photons have a different wavelength than the incident beam 

and will contribute to the overall background noise of the X-ray diffraction data. These 

inelastically scattered photons will not be considered further. When the photons 

diffract at the same wavelength as the incident beam, this is known as elastic 

diffraction or scattering. In the case of small atoms, the wavelength of the photon 

does not match the resonance frequency of the electron transition, both !! and !!! 

correction factors can be ignored, and we are left with ! = !°. However, in larger 

atoms with electrons occupying higher quantum number orbits (e.g. Se, Hg, Fe, etc.) X-

rays can be significantly absorbed – especially at wavelengths near the atom’s 

absorption edge. When this occurs, the scattered photon will be phase shifted from 

the incident beam and !! and !!! are significant and can no longer be ignored. 

Importantly, the phase shift from the anomalous scattering causes a break in Friedel’s 

law, or !!!" ≠ −!!!" . 

 

1.3.5 Phase Determination/Structure Solving 

Once sufficient diffraction data is collected to decipher the space group and 

assign relative intensities to every reflection, the phases must be determined before the 

structure can be solved. This can be done in a number of ways, but only the Patterson 

method, molecular replacement (MR) and anomalous diffraction (particularly single-

wavelength) experiments will be discussed here.  
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(6) 

Arthur Patterson proposed the very first solution to the phase problem. Since 

the phases are lost in a diffraction pattern, direct determination of the electron density 

function is not possible. By taking the Fourier transform of the intensities rather than 

structure factors in a diffraction pattern, Patterson was able to modify the electron 

density equation to replace the phase component with the square of the structure 

factor instead. The result is known as the Patterson function and is shown in 

equation (6) below.  

!!"# = !
! !!!" ! ∙ cos 2! ℎ! + !" + !"!!"  

Thus, the Patterson function can now be used directly to determine the electron 

density function from the diffraction pattern. Graphically, the Patterson function can 

be mapped in real space onto something known as Patterson space (depicted by the 

Patterson map). The dimensions of the Patterson space unit cell are the same as the 

crystal’s unit cell. In the general case, the coordinates !, !,!  are related to the 

atomic coordinates of two atoms by: !, !,! = !! − !!,!! − !!, !! − !! ; and are 

proportional to the product of the two atomic numbers. In a two atom system, a 

Patterson map consists of three peaks: one at !! − !!,!! − !!, !! − !! , one at 

!! − !!,!! − !!, !! − !! , and one at the origin representing two overlapping peaks, 

or !! − !!,!! − !!, !! − !!  and !! − !!,!! − !!, !! − !! . When another atom is 

introduced, the number of peaks increases to seven peaks as demonstrated in Fig. X6. 

When a fourth atom is added, the number of peaks jumps to 13 peaks. The number of 

peaks is given by the equation ! ! − 1 + 1, where ! is the number of atoms in the  
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Figure X6. Visualization of the Patterson Map. A, a simple, three-heteroatom molecule 
where each atom has a different structure factor (although technically this is the square of 
the structure factor). B, a totally retro Patterson map construction of the three-heteroatom 
molecule. The number of Patterson peaks is seven for a three-atom molecule. In accordance 
with the color wheel, the orange peak represents a summation of the red and yellow atoms’ 
scattering. Similarly, the purple and green peaks represent a summation of the blue and red, 
and yellow and blue atoms, respectively. The direction and distance of each peak from the 
origin is determined by the orientation and distance of the two atoms relative to one 
another. It should be noted that the diagram shows the origin (black circle) as small 
compared to the rest of the peaks. In practice, however, the origin is the most intense peak – 
it is representative of the summation of every atom’s scattering onto itself.  
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unit cell and the additional peak (+1) comes from the origin. Importantly, as the 

number of atoms increases, the Patterson map becomes increasingly convoluted, 

making it practically impossible to solve larger structures just based in the Patterson 

map. However, since these Patterson peaks are proportional to the product of the two 

atomic numbers, larger heavy atoms will have strong (bigger) peaks on the Patterson 

map. This allows for determination of the arrangement of these larger atoms in the 

unit cell, which can be exploited in structure solving. This is the general concept 

behind single- and multiple- isomorphous replacement techniques (SIR, MIR – not 

discussed further). 

One of the most commonly used practices in solving the phase problem is 

molecular replacement (MR). When a similar model (MR model) exists to the protein 

of interest, the phases from the MR model can be used as an estimate for the phases 

for the diffraction data to generate a working model. This application is possible given 

high enough sequence identity - typically determined based on a sequence homology 

of 30% or higher. Molecular replacement is very unlikely with sequence homology 

lower than 30% threshold. More often than not, MR is the first thing that a 

crystallographer will use in his or her attempt to solve for the phases of the working 

model. Molecular replacement can also be used to augment other techniques, such as 

single anomalous scattering (SAD) experiments that do not have strong anomalous 

data. 
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Since MR is not always appropriate (i.e. less than 30% homology to a known 

structure), other techniques must be employed to solve the phase problem. Many of 

these techniques rely on the fact that heavy atoms absorb X-ray radiation near one of 

their absorption edges. These are known as anomalous dispersion experiments. 

There are a multitude of different experiments: single-wavelength anomalous 

dispersion (SAD), multi-wavelength anomalous dispersion (MAD), single isomorphous 

replacement with anomalous scattering (SIRAS), etc. which all rely on anomalous 

scattering of heavy atoms. In the isomorphous experiments, the native protein 

diffraction (without heavy metal) is compared to its isomorphous heavy metal 

derivative. A Patterson difference map can then be utilized to find the location of the 

heavy metal with respect to the unit cell. As the “isomorphous” part of the experiment 

name implies, the introduction of the heavy metal should affect the shape of the unit 

cell, space group, or structure of the protein itself only minimally, or – ideally – not at 

all. Otherwise, there is no isomorphism and the phases cannot be determined. On the 

other hand, single-wavelength and multi-wavelength anomalous dispersion (SAD and 

MAD) experiments rely on locating the heavy metal by changing the wavelength of 

the X-ray beam. In a single-wavelength experiment, a single anomalous dataset is 

collected at a single wavelength (typically very close to the anomalous scatterer’s 

absorption edge). Multi-wavelength experiments compare the native dataset to 

anomalous datasets taken at different wavelengths (typically, one at the scatterer’s 

absorption edge and one above and one below this edge). A native dataset is often 
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useful in phase determination for both SAD and MAD experiments. Ultimately, like the 

isomorphous experiments, the aim of the anomalous dispersion experiments is to 

locate the anomalous scatterer(s) within the unit cell. Once the scatterer(s) has/have 

been located, the phases for the rest of the electron density can then be estimated. 

Once the phases are determined (or at least estimated), the electron density 

function can now be determined (estimated) as well. From this initial electron density 

map, programs and techniques are employed to gather a more precise depiction of 

the electron density. These include solvent flattening to distinguish solvent from 

protein and ensure electron density is continuous, non-crystallographic symmetry 

(NCS) averaging of monomers in the asymmetric unit (ASU), etc. After these steps, an 

initial protein model can be generated and built. Typically, two models will be built 

with opposite handedness. Recognizing the chirality of proteins (L-amino acids and 

right-handed alpha helices), we can determine which of these two enantiomers is 

physiologically relevant. 

 Once the correct enantiomer is chosen, one must manually verify that the 

model now fits the density properly. This includes verifying that the torsion angles 

(phi, psi) of the backbone (most residues should fit in the allowed regions on a 

Ramachandran plot), the temperature factors (B-factors), the connectivity of the 

protein (i.e. covalent bonds to ligands, disulfide bridges), etc. are within reason, as well 

as assigning alternate conformation as necessary. The fit of the model is then 

compared against the electron density to determine the quality of data 
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(crystallographic R-factor, Rwork). The appropriate R-factor for a given data set is 

dependent on the resolution of the data. One issue lies in over-fitting the data to give 

a very low Rwork. Oftentimes, overfitting leads to artifacts (residues, bonds, or atoms) 

that are not present in the actual structure. Therefore, it is critical to set aside a set of 

data that is not used in refinement as a “control”. When this data is compared to the 

protein model, the R-factor generated is known as Rfree. It is important to monitor this 

Rfree value compared to the Rwork while attempting to refine the structure. Rwork should 

decrease as more iterations of solvent flattening, electron density refinement, and 

model refinement occur. Likewise Rfree should also decrease, as the model should start 

to represent the actual structure more closely. If Rwork and Rfree start to diverge between 

cycles of structure solving, this is indicative that the working model is starting to 

diverge from the actual structure. Ultimately, after enough cycles (of refinement) and: 

i) the difference in Rwork and Rfree is still comparable to each other, ii) the R-factor is 

sufficiently low for the given resolution, iii) and the appropriate bonds, angles, 

distances, alternate conformation (among other considerations) have been considered 

and implemented, the model is finished. It is then submitted to a deposition website 

for public access.  
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(7) 

(8) 

1.4 EPR Spectroscopy 

Electron Paramagnetic Resonance (EPR) is the study of unpaired electrons by 

probing the sample with microwave-frequency electromagnetic radiation in a variable 

magnetic field. To examine this phenomenon, one must first understand the basics of 

electron spin. An electron spin consists of two movements: 1) the orbit of the electron 

about the nucleus of the atom (or its orbital magnetic moment), and 2) the spinning of 

the electron about its own axis (or its spin magnetic moment). An electron’s magnetic 

dipole moment is mostly dependent on its spin magnetic moment. The following 

equation (7) relates an electron’s spin angular momentum (which is related to its spin 

magnetic moment) to its spin quantum number: 

!! = !
!! ! ! + 1  

Where !! is the spin angular momentum, ! is the spin quantum number, and ℎ is 

Planck’s constant. The values for the spin quantum number are: ! = !
! where ! is 

within the set of whole numbers. In the z-direction, the spin angular momentum can 

be simplified as in equation (8): 

!!! = !! ⋅ !!! 

The new term, !!, represents the spin of the electron and has 2! + 1  different 

values ranging from: +!, ! − 1 , ! − 2 , …, −!. In the simplest case, a free electron 

with a spin quantum number of ½ will have two different values for !!, a spin of +½ 

or –½, resulting in two different values for the spin angular momentum. The spin 
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(9) 

(11) and (12) 

(10) 

angular momentum can now be related to magnetic dipole moment of the electron, 

!! , by the equation (9):  

!! = −!!!!!! 

The constant, !! , is the free electron g-factor: a unitless proportionality factor 

necessary to relate magnetic dipole moment to spin angular momentum. The term, 

!! , is the Bohr magneton - a constant relating the magnetic dipole moment and the 

magnetic quantum number of the electron (equation not given). The magnetic dipole 

moment is negative to depict that it is antiparallel to the directionality of the spin of 

the electron. When an external magnetic field is applied, you get the following 

interaction between magnetic dipole moment and the applied field, !, described by 

the equation (10): 

! = −!! ∙ !  

In an applied field along the z-axis, the magnetic dipole moment of the electron also 

orients in the direction of the z-axis and the !!  term can be written in terms of !! 

instead. Now, recall that there a free electron has two values for !!!  (arising from the 

two different spin states). We get the following equations (11) and (12) below:  

!!!! = −!!! !
! ∙ !  and  !!!! = !!! !

! ∙ ! 

The separation of energy states based on spin is known as Zeeman splitting as 

visualized in Fig. E1. As should be apparent, when the external magnetic field is zero, 

! = 0, we get !!!! = !!!! = 0 as well. When the external magnetic field is non-zero,  

  



56 
	

 

  

Figure E1. Zeeman energy level splitting for electron with spin MS = ±½. The applied 
magnetic field is given by B0. Absorption occurs when ℎ! = !!! ∙ ! . 

Figure E2. Hyperfine splitting for an electron with spin MS = ±½. The vertical dotted 
lines represent the location of absorption without any nuclei in the system. The two vertical 
solid lines represent the location of absorption due to hyperfine splitting. Thus, there will 
be two signals for this particular system. Taken from EPR Lecture Series (Hille, 2015, 
personal communication). 

Applied Magnetic Field 
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(13) 

(14) 

(15) 

! ≠ 0, you get a separation of energy levels with a difference shown by the following 

equation (13):  

∆! = ℎ! = !!! ∙ ! 

 Where ! is the frequency of the microwave radiation. Thus at the appropriate 

microwave frequency, ℎ!, and applied field, !, or when ℎ! = !!! ∙ !, absorption of 

microwave photons occurs. Most often, the frequency is held constant and the applied 

magnetic field is varied in EPR experiments. 

Often in an EPR experiment, the electron systems will have both spin (!) and 

orbital (!) angular momentum contributing to the total angular momentum (! = ! +

!). Thus, a scaling factor, or g factor, must be applied for the coupling between the 

two. This is given by the equation (14):  

!! = !! ! !!! !! !!! !! !!!
!! !!! + !! ! !!! !! !!! !! !!!

!! !!!  

Where !! represents the spin g-value and !!  represents the orbital g-value. In most 

systems, !! ~ 2 and !!  ~ 1, giving us the Landé formula (15) below: 

!! ≈ !
! +

! !!! !! !!!
!! !!!  

As we can see with a free electron (spin quantum number, S = ½, and orbital quantum 

number, L = 0), where the approximations for !! and !!  hold true, the resulting g-

value is ~2 (or more exactly, 2.002319304386). In systems that have a lone, unpaired 

electron highly delocalized over multiple atoms – such as in transition metal 

complexes – the spin-orbit coupling becomes much more impactful and the g-factor 

can vary greatly. Due to the interaction between the electron in the (directional) 
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external magnetic field vector, the g-values vary depending on the direction. Thus, the 

g-values can be thought of as tensors in the x, y, and z directions, and gives rise to 

three separate g-values (g1,2,3 or gz,y,x) for three dimensions. In an isolated system, an 

EPR spectrum will yield up to three g-values (for a rhombic system). However, when 

unpaired electrons come into close enough proximity to a magnetic nucleus, the 

magnetic momentum caused by the spin from both the electron and nucleus interact. 

The result is known as hyperfine coupling and will split the signal depending on the 

number and spin state of the surrounding magnetic nuclei. This effect is similar to that 

of the Zeeman splitting effect caused by the induced magnetic field from the 

magnetic dipole moment of the nucleus (Fig. E2). Taken together, the location of the 

g1,2,3 and effect of hyperfine splitting are used to determine the electronic environment 

of the paramagnetic species.  
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2 Experimental procedures 

 

2.1 Cloning, protein expression, and protein purification of FdsABG holoenzyme 

and FdsBG subcomplex 

The fdsGBACD operon with a His6-linker-His6 tag fused to the N-terminus of the 

FdsG subunit was cloned into a pTrcHisB vector to construct the pTrc12HLB-

FdsGBACD plasmid as described previously (Yu, 2019). 

For protein expression, the plasmid was transformed into E. coli DH5α cells. By 

varying expression conditions, protein synthesis was optimized for production of 

FdsBG complex at the expense of FdsDABG holoenzyme. For the optimized procedure, 

a 50-ml starter culture of Luria broth medium with 100 mg/ml ampicillin was 

inoculated from a glycerol stock of the DH5α transformed cells and grown overnight 

at 37 °C. The overnight culture was used to inoculate three 6-liter Erlenmeyer flasks, 

each containing 2 liters of TB medium supplemented with 100 mg/ml ampicillin and 

grown at 30 °C and 200 rpm to an OD600 ~0.4, at which time they were induced with 

0.25– 0.5 mM isopropyl 1-thio-β-D-galactopyranoside. The induced cells were grown 

for an additional 44–48 h until OD600 reached ~10. Harvested cells were frozen in liquid 

nitrogen and stored at –80 °C until further use. 

The plasmid pTrc12HLB-FdsGBACD was modified by removing the gene 

encoding the FdsA subunit to yield pTrc12HLB-FdsGBCD. The pTrc12HLB-FdsGBCD 

plasmid was transformed into E. coli DH5α cells, and the protein FdsBG was expressed 

using the same procedure as described above. In addition, the plasmid pTrc12HLB-
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FdsGBCD was further modified by replacing the His6-linker-His6 tag with a Twin-Strep® 

tag (IBA, Gottingen, Germany; Twin-Strep tag sequence: 

WSHPQFEKGGGSGGGSGGSAWSHPQFEKSG) to yield pTrc-strep-FdsGBCD. The 

construction of this plasmid was outsourced (Epoch Life Science, Sugar Land, TX). 

For overexpression of the FdsBG complex, the pTrc-strep-FdsGBCD plasmid 

was transformed into E. coli DH5α cells. A 50-ml starter culture of Luria broth medium 

supplemented with 100 mg/ml ampicillin was grown overnight at 37 °C. The overnight 

culture was used to inoculate two 6-liter Erlenmeyer flasks, each containing 2 liters of 

TB medium supplemented with 100 mg/ml ampicillin and grown at 30 °C and 200 rpm 

to an OD600 of 0.4, at which time they were induced with 0.25 mM isopropyl 1-thio-β-D-

galactopyranoside. The induced cells were grown for an additional 16 h at 30 °C and 

160 rpm (final OD600 ~12–16). Harvested cells were frozen in liquid nitrogen and stored 

at –80 °C until further use. 

Purification of His6-linker-His6–tagged FdsBG complex—All steps were performed 

on ice or at 4 °C. Frozen cells were thawed and suspended in 40 mM KPO4, 10 mM 

KNO3, pH 7.2, in the presence of lysozyme, DNase I, 0.5 mM PMSF, 1 mM benzamidine 

HCl, and 1 mM NaF. The resuspended cells were passed 1–2 times through a French 

Press at 10,000–15,000 p.s.i. Cell debris was removed by centrifugation for 45 min at 

200,000 × g. 

For the initial purification, a 20– 40% (NH4)2SO4 cut was performed. The 

collected (NH4)2SO4 cut was dissolved in 40 mM KPO4, 10 mM KNO3, pH 7.5, containing 
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15 mM imidazole, 0.5 mM PMSF, 1 mM benzamidine HCl, and 1 mM NaF. The 

supernatant was incubated for 1 h with nickel-nitrilotriacetic acid–agarose beads 

(Qiagen, Germantown, MD). The beads were then transferred into an empty column 

and washed with five column volumes of resuspension buffer containing 45 mM 

imidazole. The FdsABG holoenzyme and FdsBG complex were eluted from the column 

with 300 mM imidazole. Ammonium sulfate was added to the eluent to 50% 

saturation, and the precipitate was collected. To reduce the contact time (~1.5 h) 

between FdsBG complex and the nickel-nitrilotriacetic acid resin, the chromatography 

was performed with a head pressure of ~2 p.s.i. of N2. 

The ammonium sulfate precipitate was treated in one of two ways. For 

preparations containing only FdsBG complex (the product of the overexpression of 

pTrc12HLB-FdsGBCD plasmid), no further purification was performed. The precipitate 

was resuspended and buffer-exchanged into 10 mM HEPES-NaOH, pH 7.2, with a PD-

10 column (GE Healthcare) or by ultrafiltration with an Amicon Ultra with a molecular 

weight cut-off (MWCO) of 50,000 Da (MilliporeSigma, Burlington, MA). 

For preparations containing a mixture of FdsABG holoenzyme and FdsBG 

complex (the product of the overexpression from pTrc12HLB-FdsGBACD plasmid), the 

ammonium sulfate precipitate was dissolved in resuspension buffer containing 150 

mM NaCl. The FdsBG complex was separated from FdsDABG holoenzyme by gel 

filtration (Superdex 200 PG, GE Healthcare). The concentration and quality of FdsBG 

complex for each fraction of the gel filtration chromatography were assessed by the 
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ratio of the absorption at 280 and 450 nm; pure FdsBG complex has a 280/450 nm 

ratio of 3.4. Fractions of sufficient purity and quality were combined, concentrated by 

ultrafiltration, and buffer-exchanged into 10 mM HEPES-NaOH, pH 7.2, with a PD-10 

column or by ultrafiltration with an Amicon Ultra with an MWCO of 50,000 Da. The 

concentrated protein from both preparations was aliquoted, flash-frozen in liquid 

nitrogen, and stored in liquid nitrogen until further use. 

Purification of Twin-Strep–tagged FdsBG complex—All steps were performed on 

ice or at 4 °C. Frozen cells were thawed and resuspended in 40 mM KPO4, pH 7.5, in 

the presence of lysozyme, DNase I, 0.5 mM PMSF, 1 mM benzamidine HCl, and 1 mM 

NaF. The resuspended cells were passed 1–2 times through a French Press at 10,000–

15,000 p.s.i. Cell debris was removed by centrifugation, and the clarified supernatant 

was loaded onto a 10-ml Strep-Tactin® XT Superflow® column (IBA, Gottingen, 

Germany) with a 2.5-cm diameter at 0.5 ml/min. The flow-through was loaded an 

additional time over the Strep-Tactin® column before washing the column with 40 

column volumes of resuspension buffer. FdsBG complex was eluted with resuspension 

buffer containing 50 mM biotin. The eluent was concentrated by ultrafiltration and 

buffer-exchanged into 10 mM HEPES-NaOH, pH 7.2, with a PD-10 column or by 

ultrafiltration using an Amicon Ultra with an MWCO of 50,000 Da. The protein was 

aliquoted, flash-frozen in liquid nitrogen, and stored in liquid nitrogen until further 

use. 
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2.2 Structure determination of the FdsBG complex by X-ray crystallography 

Crystallization—His6-linker-His6–tagged FdsBG complex was crystallized under 

anaerobic conditions by vapor diffusion in a sitting-drop format. 3 μl of FdsBG 

complex at 2.5 mg/ml were mixed with 1 μl of reservoir solution and set up over 500 μl 

of reservoir solution. Oxygen was removed from all solutions used for crystallization by 

bubbling ISP-grade nitrogen through them. 5 mM DTT was added to the FdsBG stock 

solution prior to the removal of the oxygen. Crystals for native and anomalous data 

collection were grown over 5– 6.5% (v/v) isopropyl alcohol, 0–1.25% (v/v) n-propanol, 

1.6 M (NH4)2SO4, pH 7.5, at 16–18 °C and appeared within 2 days. Twin-Strep®–tagged 

FdsBG complex was crystallized over 2–3% (v/v) isopropyl alcohol, 1.4 M (NH4)2SO4, pH 

7.5, at 14 °C and crystals appeared within 3 days. 

Crystals were stabilized by the successive addition of reservoir solution 

containing no isopropyl alcohol but increasing concentrations of glycerol to a final 

concentration of 24% (v/v). The thus stabilized crystals were mounted and flash-frozen 

in liquid nitrogen. For NADH-bound FdsBG complex, stabilized Twin-Strep®–tagged 

FdsBG crystals were soaked for an additional 45 min in final stabilization solution 

containing 10 mM NADH, before mounting and flash-freezing in liquid nitrogen. 

Data collection—X-ray diffraction data of native FdsBG crystals were collected 

at the Se-absorption edge (0.97–1.00 Å) on the 5.0.1 and 5.0.2 beamlines at the 

Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory (LBNL) and on 

the 24 ID-C and 24 ID-E beamlines at the Advanced Photon Source (APS) at Argonne 
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National Laboratory (ANL). Anomalous X-ray diffraction data were collected at the Fe 

absorption peak wavelength of the intrinsic iron-sulfur clusters at 1.7388 Å on the 5.0.2 

beamline at ALS at LBNL, on the 24 ID-C beamline at APS at ANL, and on the BL7-1 

beamline at the Stanford Synchrotron Radiation Lightsource (SSRL) at the SLAC 

National Accelerator Laboratory. Collected data were processed with HKL-3000 

(Otwinowski, 1997), DIALS (Winter, 2018), XDS (Kabsch, 2010), and Mosflm (Leslie, 

2007). 

Structure determination—The structure was solved to a resolution of ~3.5 Å by 

single anomalous diffraction–molecular replacement using the Crank2-SAD/MR 

pipeline (Skubák, 2013) as implemented in CCP4 (Winn, 2011). The search model for 

molecular replacement was generated based on the homology of FdsB and FdsG to 

Nqo1 and Nqo2 from NADH dehydrogenase of T. thermophilus (chain 1 and 2 in the 

2FUG PDB file (Sazanov, 2006)) using the SWISS-MODEL web server (Waterhouse, 

2018). To improve the completeness of our high-resolution data set, two native data 

sets of equivalent diffraction limit were combined using the “blend” program as 

implemented in CCP4. The initial phases generated by single anomalous diffraction–

molecular replacement were extended and refined to 2.3 Å of our high-resolution 

native FdsBG dataset using AutoBuild and Refine as implemented in the PHENIX 

program suite (Adams, 2010; Terwilliger, 2008). 

The solution of the X-ray structure shows two molecules of FdsBG complex in 

the asymmetric unit, which are related by an improper noncrystallographic rotation 
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axis of ~179°. This improper rotation axis is nearly perpendicular (~92°) to the 

crystallographic 2-fold axis (Fig. 7A). 

The model of the FdsBG complex was built into the high-resolution phased 

electron density with COOT (Emsley, 2010) and refined with the PHENIX Refine 

subroutine (Adams, 2010). The restraints for the FMN and the Fe2S2 cluster were 

generated with eLBOW as implemented in the PHENIX program suite. The restraints 

file for the noncubane Fe4S4 cluster was taken from the GeoStd restraints file library 

(https://sourceforge.net/projects/geostd/ (Moriarty, 2019)). The distance and angle 

restraints for the covalent bonds between the iron-sulfur clusters and the cysteine 

residues of their binding sites in the FdsBG complex were derived from high-

resolution structures of well-characterized iron-sulfur complexes. Iterative cycles of 

building and refining were performed until R-factor values converged to an Rwork of 

18.2% and Rfree of 22.3% (see Table 1 for detailed data and refinement statistics). 

The data set of the NADH-soaked crystal was solved by molecular replacement 

using the above-solved FdsBG structure as a starting model. Iterative cycles of building 

and refining were performed until R-factor values converged to an Rwork of 15.9% and 

Rfree of 19.9% (see Table 1 for detailed data and refinement statistics). 

Structure alignments were performed using secondary structure matching as 

incorporated in COOT, and all molecular structure figures were prepared with PyMOL 

(version 1.7.4, Schrödinger LLC). 
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2.3 Inductively coupled plasma-optical emission spectrometry (ICP-OES) 

ICP-OES (Optima 7300DV (PerkinElmer Life Sciences) at the Environmental 

Sciences Research Laboratory, University of California, Riverside) was used to identify 

the metal ions present in a sample of FdsBG. Approximately 220 μl of 240 μM FdsBG 

complex was buffer-exchanged into 5 mM triethanolamine, pH 7.7, and then diluted 

with nitric acid to 65% (v/v). The sample was boiled for 10 min and then diluted to 15 

ml for analysis (final nitric acid concentration ~2–3%).  

 

2.4 EPR spectroscopy 

EPR spectra were recorded using a Bruker EMX spectrometer equipped with a 

Bruker ER 4119HS high-sensitivity X-band cavity and gaussmeter, operated with 

WinEPR version 4.33 acquisition software. Temperature was controlled using a Bruker 

variable temperature unit and liquid nitrogen or liquid helium cryostat. For purposes 

of comparison, all spectra were adjusted to a microwave frequency of 9.3871 GHz. 

Detailed instrument settings are included in the figure legends. Samples were made 

anaerobic at 4 °C and transferred to argon-flushed, septum-sealed EPR tubes. Samples 

prepared in this way were subsequently frozen in an ethanol/dry ice bath and 

transferred to liquid nitrogen. Further details of sample preparation are included in the 

figure legends. Simulations were performed using the EasySpin 4.5.5 software package 

(Stoll, 2006). Prior to simulation of the composite spectrum described in Fig. 6A, 

parameters for the Fe/S5 signal were estimated by graphically subtracting the 

spectrum of Fe/S1. During simulations, g-values for the Fe/S5 were not allowed to vary 
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by more than 0.005, whereas anisotropic line broadening (simulated as HStrain in the 

EasySpin software package) varied by no more than 20 MHz. Every multicomponent 

simulation also included a “weight” term, which could be used to estimate the relative 

contribution of each component to the composite spectrum. Rapid freeze-quench EPR 

experiments were carried out using an apparatus described previously (Kim, 1993) 

except that the sample was not quenched by an isopentane bath at –140 °C. 

Instead, the reaction mixture was sprayed unto rotating silver-plated wheels 

immersed and equilibrated in liquid nitrogen (–196 °C) and driven by a DC motor. The 

large surface area of the wheels served to efficiently freeze and simultaneously grind 

the reaction mixture for subsequent packing into an EPR tube. The quenching time of 

the experiment was determined as described by Ballou and Palmer (Ballou, 1974), 

taking advantage of the well-characterized pseudo-first-order kinetics of the reaction 

of equine metmyoglobin with azide, the Mb�N3 complex being readily detected by 

EPR. Double-integration of the EPR signal yields the total spin density for the Mb�N3 

complex, which is then correlated with the expected kinetics. Under our experimental 

conditions, the quenching time was estimated to be 40 ms. 

 

2.5 UV-visible absorbance measurements 

Activity measurements and absorbance spectra were performed using a 

Hewlett-Packard 8452A diode array spectrophotometer equipped with a temperature-

controlled cell holder. Reductive titrations were performed with 20 mM buffered 

sodium dithionite and 50 µM enzyme in 100 mM KPO4, pH 7.0, at room temperature 
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using a custom fabricated anaerobic cuvette with sidearms (Niks, 2018). The level of 

flavin saturation was determined as described previously, by treatment of protein with 

5% TCA and quantification of released flavin at 446 nm using ! = 11,100 M–1 cm–1 for 

acidified FMN (Chapman, 1999). 

 

2.6 Rapid-reaction kinetics 

The reaction of oxidized FdsBG complex with NADH was followed using a SX-

20 stopped flow spectrophotometer (Applied Photophysics Ltd., Leatherhead, Surrey, 

UK) equipped with a photodiode array and a photomultiplier tube detection and 

operated with ProData SX 2.2.5.6 acquisition software. Time courses for the reaction 

were monitored at 450 nm at 5 °C and fitted to a single-exponential equation by 

nonlinear least squares regression analysis using the software ProData Viewer 4.2.0 

(Applied Photophysics Ltd., Leatherhead, Surrey, UK).  

Only the first 15–120 ms of each time course was analyzed. The observed rate 

constants, kobs, were plotted against substrate concentrations to obtain the limiting 

rate constant for reduction, kred, and the dissociation constant, Kd, using the following 

equation. 

kobs = kred[S]/(Kd + [S]) 

For analysis of the second-order disproportionation reaction (the slow phase of the 

reaction of the enzyme with NADH), a 60 s trace collected at 450 nm was used to first 

estimate the end point of the reaction. A background value was then subtracted to 

bring the beginning of the second-order process to zero. The trace was then 
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subtracted from the end point value, and a ∆! = 7200 M–1 cm–1 was estimated 

empirically, assuming all 5 μM of NADH were converted to the neutral semiquinone at 

the end of the fast phase and that disproportion proceeded to completion by the end 

of the slow phase. The data were then converted to molar concentrations using the ∆! 

calculated above, and time versus reciprocal concentrations was plotted. The second-

order rate constant was calculated by linear regression analysis of the data in the 2–5-s 

range. 

 

2.7 Data availability 

All atomic coordinates and structure factors can be found in the Research 

Collaboratory for Structural Bioinformatics Protein Data Bank under accession 

numbers 6VW8 for the FdsBG complex and 6VW7 for the NADH-bound FdsBG 

complex. All data are included in the article.  
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3 Results 

 

3.1 FdsBG expression 

During expression of the full-length FdsDABG recombinant system in 

Escherichia coli, significant quantities of a stable, stand-alone subcomplex was also 

produced (Yu, 2019). This subcomplex consists of only the beta and gamma subunits 

(FdsBG) of the holoenzyme and composes the NADH dehydrogenase portion of the 

enzyme (as opposed to the formate dehydrogenase portion at the active site). A 

similar observation is seen during the expression of recombinant FdsDABG in 

Rhodobacter capsulatus, as well (Hartmann, 2013). The FdsBG subcomplexes are 

homologous to another stand-alone complex consisting of subunits Nqo1 and Nqo2 

from of the proton-translocating NADH-quinone oxidoreductase (complex I) of 

Paracoccus denitrificans. When isolated, this Nqo1+Nqo2 subcomplex has shown the 

capacity for NADH oxidation (or diaphorase activity) (Yano, 1996). Thus, two different 

affinity-tagged constructs of the FdsBG from Cupriavidus necator were created to 

streamline the expression and study of this system. The first system was designed with 

a His6-linker-His6 tag, and the second system was designed with a Twin-Strep®-tag. 

Each construct produces an FdsBG complex which are substantially identical in their 

NAD+/NADH redox activity and their ability to crystallize. A detailed description of the 

two constructs and the purification of the overexpressed FdsBG complexes is provided 

under “Experimental procedures.” 
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3.2 Characterization of the two iron-sulfur clusters of the FdsBG complex 

One benefit of isolating the FdsBG subcomplex is that it brings the number of 

redox centers down from nine to three: two FeS clusters (G7 and B6) and the flavin 

mononucleotide (FMN) cofactor. Upon extended incubation of the enzyme with 

dithionite, the FMN cofactor theoretically becomes reduced to its hydroquinone form, 

FMNH–, and produces no EPR signal. The oxidized form also will not produce a signal, 

but the semiquinone intermediate does. Thus, the resulting EPR spectra becomes 

much more simplified than that of the holoenzyme as only the two FeS clusters are 

EPR-active (Fig. 6A, black trace). 

The first signal appears at liquid nitrogen and is still observed at higher 

temperatures (into the 200 K regime). The signal has g-values of g1,2,3 = 2.000, 1.948, 

and 1.920 and line widths of 1.4, 1.7, and 1.6 mT, respectively. These values are in good 

agreement with the previously designated Fe/S1 of the holoenzyme (Fig. 6B, blue 

dashed trace) (Niks, 2016). 

A second signal is only detected at liquid Helium (below 20 K) temperatures. 

This signal has g-values of g1,2,3 =  2.039, 1.955, and 1.891 and line widths of 4.5, 1.4, 

and 5.3 mT, respectively (Fig. 6B, red dashed trace). As this signal is not directly 

observed in the holoenzyme (Niks, 2016), it will be given a new designation as Fe/S5.  

In homologous FdsBG complexes from NADH dehydrogenases (NuoEF and 

Nqo1+2 from A. aeolicus and T. thermophilus, respectively), there is only one EPR signal 

above 77 K corresponding to the Fe2S2 cluster (N1a in NADH dehydrogenases and G7  
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Figure 6. EPR spectra of the iron-sulfur clusters of the FdsBG complex. A, observed 
iron-sulfur EPR spectrum (black trace) and simulated composite spectrum (red trace) of the 
dithionite-reduced FdsBG complex, collected at 9 K with modulation amplitude of 8 gauss 
and microwave power of 2 microwatts. The sample was prepared by incubation of 125 μM 
of FdsBG complex in 100 mM KPO4, pH 7.0, with 2 mM buffered sodium dithionite under 
anaerobic conditions for 1 h at room temperature prior to freezing. B, the individual 
component spectra resulting from the simulation of the composite spectrum in A: the 
spectrum corresponding to the previously assigned Fe/S1 (blue dashed trace (Niks, 2016)) 
and an additional Fe/S5 signal (red dashed trace) resolved only in the FdsBG complex. C, 
superposition and graphical alignment of the spectrum presented in A (red trace) with the 
spectrum of dithionite-reduced FdsDABG collected at 20 K (blue trace, expanded to match 
the amplitude of the g1 feature in the Fe/S1 component of the FdsBG spectrum; reprinted 
with permission (Niks, 2016)). Dashed lines mark the location of g1 and g3 features of the 
Fe/S3 component of the FdsDABG holoenzyme spectrum. 
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in FdsBG), whereas the Fe4S4 cluster (N3 in NADH dehydrogenases and B6 in FdsBG) 

only appears below 50 K (Ohnishi, 2018). The g-values for the signal given off by the 

N1a cluster of the 24-kDa FdsG homolog from respiratory complex I in bovine 

mitochondria, g1,2,3 =  2.004, 1.945, and 1.917, are in agreement with the Fe/S1 signal 

(Reda, 2008). The signal for Fe/S1 was originally assigned to the His-coordinated Fe4S4 

cluster within the FdsA subunit of the holoenzyme; however, the presence of this 

signal in the FdsBG subcomplex means that it cannot be assigned to any cluster in the 

FdsA subunit. Additionally, the g-values for the signal for cluster N3 of NADH 

dehydrogenase, g1,2,3 = 2.037, 1.945, and 1.852, are in agreement with the Fe/S5 signal. 

Thus, the Fe/S1 signal can be assigned to the G7 Fe2S2 cluster of the FdsG subunit and 

the Fe/S5 signal can be assigned to the B6 Fe4S4 cluster of FdsB.  

The Fe/S5 signal from FdsB has similar g-values to that reported for Fe/S3 but 

with much broader line widths (compare g1 and g3 values between red and blue 

spectra in Fig. 6C. However, the Fe/S3 cluster is assigned to the Fe4S4 cluster proximal 

to the Moco due to its magnetic coupling with the cofactor meaning the Fe/S5 signal 

corresponds to a previously unidentified signal. It is likely that the large line widths of 

Fe/S5, in conjunction with the relatively low level of reduction and overlapping g-

values with Fe/S3, obscured its detection in previous work with the holoenzyme. If not 

overlapping with the Fe/S3 signal, the Fe/S5 signal may not be present at all in the 

holoenzyme. This absence can be attributed to the structure of the enzyme. As seen in 

Fig. 4, Fe4S4 cluster B6 lies on the electron transfer pathway from molybdenum to FMN,  
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Figure 7. Arrangement of the two FdsBG complexes of the asymmetric unit and 
electron density map of representative regions. A, placement of the two FdsBG 
complexes of the asymmetric unit within the crystallographic unit cell. The view is down 
the ~179° rotation axis between the two FdsBG complexes of the asymmetric unit. 
Crystallographic axes are in blue, with the b-axis being the crystallographic 2-fold. The 
angle between the ~179° rotation axis and the crystallographic 2-fold (i.e. b-axis) is ~92°. B–
E, the (2Fo – Fc)-electron difference map for different regions of the final model. B, the α-
helical region between residues 234B and 244B (superscript B indicates that residues belong 
to FdsB) contoured at 1.0 σ and carve radius of 2.0 Å; C, the FMN bound to FdsB contoured 
at 1.0 σ and carve radius of 1.5 Å; D, the Fe2S2 cluster of FdsG contoured at 1.0 and 6 σ and 
carve radius of 2.5 Å; E, the Fe4S4 cluster of FdsB contoured at 1.0 and 6 σ and carve radius 
of 2.0 Å. The electron difference map contoured at 1.0 and 6.0 σ are shown as light blue and 
blue meshes, respectively. 
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adjacent to the FdsA subunit. It is possible that the presence of additional, higher-

potential clusters in the FdsA subunit prevents the reduction of the Fe/S5 cluster in the 

holoenzyme. 

 

3.3.1 Crystal structure of the FdsBG complex: Overview  

We further characterized the FdsBG complex by determining its structure by X-

ray crystallography to 2.3 Å resolution (Fig. 7, B–E). The final phased electron density 

allowed for nearly all residues of the FdsBG heterodimer to be built (data and 

refinement statistics included in Table 1). The heterodimer has dimensions of 

82 ✕ 64 ✕ 62 Å, with two heterodimers related by a pseudo 2-fold symmetry rotation 

(or a 179° “noncrystallographic symmetry” rotation1) forming the asymmetric unit (Fig. 

7A). The axis of rotation passes through the interface formed by the N-terminal 

thioredoxin-like domains of the two FdsB molecules of the asymmetric unit (residues 

3B–104B, where the superscript B indicates that the residue belongs to FdsB). The 

unusual orientation of the two FdsBG complexes in the asymmetric unit 

notwithstanding, their structures are nearly identical, with an RMSD of 0.35 Å for all 

the atoms from the core (661 residues) of the FdsBG complex (735 residues). Each 

FdsBG complex contains two iron-sulfur clusters (one Fe2S2 and one Fe4S4 cluster), one 

FMN, and one K+ ion. The final model also contains 498 water molecules.  

For the detailed analysis of the structural differences between FdsBG complex 

and its homologous subcomplex from NADH dehydrogenase, we compared our 

structure to the recently published, high-resolution structure from A. aeolicus, NuoEF   
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Table 1: Data collection and refinement statistics  
 
Dataset Native Single anomalous Native with NADH 
Crystal parameters    
Space group C2 C2 C2 
Cell dimensions a, b, c (Å) 132.66 x 127.05 x 99.84 132.56 x 128.64 x 99.63 132.56 x 127.78 x 99.84 
β (°) 123.50 123.55 123.68 
Data collection    
Wavelength (Å) 0.97741 1.7388 1.00001 
Resolution range (Å)a 48.63 – 2.30 

(2.36 – 2.30) 
83.81 – 2.93 
(3.10 – 2.93) 

48.56 – 2.00 
(2.03 – 2.00) 

Total reflectionsa 374937 (23427) 162623 (7697) 475014 (24341) 
Unique reflectionsa 61209 (4497) 27931 (3136) 93063 (4607) 
Rmerge

a, b 0.119 (0.418) 0.210 (0.718) 0.057 (0.375) 
Rmeas

a, c 0.144 (0.522) 0.230 (0.902) 0.071 (0.475) 
Rpim

a, d 0.080 (0.307) 0.092 (0.535) 0.043 (0.286) 
CC½

a, c 0.985 (0.915) 0.986 (0.585) 0.999 (0.936) 
Average I/σ(I)a 8.9 (3.3) 7.4 (1.0) 15.4 (3.9) 
Completenessa 99.9 (99.5) 83.4 (27.3) 99.9 (100.0) 
Refinement    
Resolution Range (Å)a 48.53 – 2.30 

(2.38 – 2.30) 
83.81 – 2.93 
(3.10 – 2.93) 

48.53 – 2.00 
(2.07 – 2.00) 

Rcryst/Rfree R-factor 0.182/0.223 0.31/0.37 0.199/0.235 
Figure of merit  0.8443  
Rfree test set 1996 reflections (3.27%) 1397 reflections (5.0%) 2982 reflections (3.22%) 
  Atoms in asymmetric unit    
    Protein 9913  10027 
    Ligand 98  141 
    Water 498  714 
  Wilson B values (Å2) 25.4  27.0 
  Average B factor 32  40.4 
  Deviations from ideal 
  geometry 

   

    Bond distances (Å) 0.01  0.01 
    Bond angles (°) 1.06  1.06 
    Ramachandran plot    
      Favored (%) 96.44  97.5 
      Allowed (%) 3.18  2.2 
      Outlier (%) 0.36  0.3 
 
a Values in  parenthesis are for highest resolution shell 
b Rmerge = ! ℎ!" ! − ! ℎ!"! /!!" !! ℎ!" !!!"  

c Rmeas = !
!!! ! ℎ!" ! − ! ℎ!"!

!!! /!!" !! ℎ!" !!!"  

d Rpim = !
!!! ! ℎ!" ! − ! ℎ!"!

!!! /!!" !! ℎ!" !!!"  
e CC½ is a correlation coefficient between intensities from random half datasets. 
f Signal-to-noise ratio of intensities 
g R = !!!"!"# − !!!"!"#! / !!!"!"#!!"!!"
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complex (Schulte, 2019): the NuoE subunit homologous to the Nqo1 and FdsG 

subunits, and the NuoF subunit homologous to the Nqo2 and FdsB subunits (Fig. 8, A 

and B). 

1 (IUCr, 2017): Noncrystallographic symmetry refers to a symmetry operation 

that is not allowed by the crystal periodicity (i.e. some operation other than 1, 2, 3, 4, 

or 6). It is an operation on the unit cell itself. However, in macromolecular 

crystallography (such as in this case), this is often used to describe the relationship 

between two similar subunits of an asymmetric unit. This is an operation within the 

unit cell itself. 

 

3.3.2 Structure of the FdsB subunit of the FdsBG complex 

With the exception of the N-terminal thioredoxin-like domain (residues 3B–

104B), the FdsB subunit structure is highly similar to that of the NuoF subunit of the A. 

aeolicus NADH dehydrogenase (RMSD of 1.48 Å for 394 Cα atoms). Like NuoF, FdsB 

contains a Rossmann-like fold (residues 138B–332B, also classified as Complex I_51K 

domain (Marchler-Bauer, 2017)), a ubiquitin-like domain (residues 338B–423B), and a 

four-helical bundle (residues 426B–511B, NADH_4Fe-4S domain).  

The Rossmann-like fold contains the FMN-binding site and the C-terminal four-

helical bundle contains the Fe4S4 cluster, B6 (Hinchliffe, 2005) (Fig. 8A). This cluster is 

located in a hydrophobic environment close to the surface and is coordinated by Cys-

443B, Cys-446B, Cys-449B, and Cys-489B (Fig. 7E). The N-terminal thioredoxin-like  
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Figure 8. Domain structure of FdsB and FdsG and their sequence and structure 
alignment with NuoE and NuoF. A, primary structures of FdsB, Nqo1 from T. thermophilus, 
and NuoF from A. aeolicus. The domains are indicated as boxed regions. The FdsB-specific N-
terminal thioredoxin-like domain (Txr-like), N-terminal region of Nqo1, Rossmann-like fold, 
ubiquitin-like domain, and four-helical bundle (4-HB) are shown in brown, light green, 
white, green, and beige. B, primary structures of FdsG, Nqo2, and NuoE. The N-terminal 
four-helical bundle and the thioredoxin-like domain (Txr-like) are shown in brown and light 
green. C and D, structures of FdsB and FdsG subunits with domains color-coded according 
to A and B. E, superposition of FdsB (beige) and NuoF (light green) subunits, of FdsG (brown) 
and NuoE (green) subunits, and of FdsBG (beige and brown) and NuoEF complexes (light 
green and green). 
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domain of FdsB – not found in NuoF – is structurally similar to the C-terminal 

thioredoxin-like domain of FdsG (RMSD 1.97 Å for 71 Cα atoms of the core of the 

domain). However, unlike the domain in FdsG, FdsB has lost its capacity to bind a Fe2S2 

cluster due to mutation of the corresponding cysteines to proline, alanine, serine, and 

phenylalanine, respectively (Pro-10B, Ala-15B, Ser-45B, and Phe-49B). 

In the Rossmann-like domain, the main structural differences between the FdsB 

and NuoF subunits are in the solvent-exposed loops. The only loop with a structural 

difference that is buried in the complex is positioned between the bound FMN and the 

Fe2S2 cluster of the FdsG subunit (183B–190B loop). This difference positions the Fe2S2 

cluster, G7, 0.2 Å closer to the FMN in the FdsBG complex than in the NuoEF complex 

(Fig. 9A). Additionally, the ubiquitin-like domain of FdsB is tilted toward the FMN 

contained in the Rossmann-like domain. This domain tilt toward the FMN propagates 

to the four-helical bundle domain, resulting in an 0.2 Å closer distance between the 

FMN and the Fe4S4 cluster compared to that seen in the NuoEF complex (Fig. 7B). 

 

3.3.3 Structure of the FdsG subunit of the FdsBG complex 

The structure of the FdsG subunit is also highly similar to the NuoE subunit of A. 

aeolicus NADH dehydrogenase. Like NuoE, FdsG consists of an N-terminal four-helical 

bundle (residues 29G–74G) and a C-terminal thioredoxin-like domain (residues 79G–

159G). The domains are separated by a 4-amino-acid-long linker, around which the two 

domains are hinged. The angle between the two domains differs by 26° compared to  
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Figure 9. Structural comparison of the FdsBG and NuoEF complexes. A and B, effect of 
the structural difference in the 183B–190B loop of the Rossmann-like domain on the 
positioning of the Fe2S2 cluster (A), of the ubiquitin and four-helical bundle domains, and of 
the Fe4S4 cluster (B). The Rossmann-like, ubiquitin, and four-helical bundle domains of FdsB 
are displayed in white, green, and brown, and the C-terminal domain of FdsG is shown in 
gold. The corresponding domains of NuoF and NuoE are shown in gray, light green, beige, 
and pale yellow. C, difference in the C- and N-terminal domain arrangement of FdsG (brown 
and green) and NuoE (beige and light green). D, hinging of FdsG’s C-terminal domain toward 
the Rossmann-like domain of FdsB compared with NuoE’s C-terminal domain. E and F, 
overall arrangement of the Fe2S2 cluster, Fe4S4 cluster, and FMN in FdsBG (E) and NuoEF (F). 
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the two domains of NuoE. This domain arrangement is stabilized by a K+ ion, which is 

held in place by residues from either domain (His-71G, His-112G, and Glu-123G; Fig. 9C).  

Although the N-terminal domains of FdsG and NuoE each consist of a four-

helical bundle, the first helix of FdsG packs in parallel to the second and third helix, 

whereas this helix in NuoE runs across the interface formed by these two helices (Fig. 

9C). The C-terminal thioredoxin-like domain of FdsG is structurally similar to the N-

terminal thioredoxin-like domain of FdsB but contains a spinach ferredoxin-like Fe2S2, 

cluster (Hinchliffe, 2005). The Fe2S2 cluster is located in a hydrophobic environment 

close to the surface of FdsG and is coordinated by Cys-86G, Cys-91G, Cys-127G, and Cys-

131G (Figs. 7D and 8B). Compared with Nqo2 from T. thermophilus, FdsG’s and NuoE’s 

thioredoxin-like domains are truncated at their C-termini and are missing a disulfide 

bond (Fig. 8B). 

 

3.3.4 The interface between FdsB and FdsG in the FdsBG complex  

The first two helices of FdsG’s N-terminal four-helical bundle interact with the 

surface of the Rossmann-like domain of FdsB – similar to the interaction seen in the 

NuoE and NuoF interface (Fig. 9D). The C-terminal thioredoxin-like domain of FdsG 

also binds to the same surfaces of the ubiquitin-like domain and Rossmann-like 

domain of FdsB as in the NuoEF complex. However, the different positioning of the 

ubiquitin-like domain and the 183B–190B loop of the Rossman-like domain results in 

the Fe2S2 cluster of FdsG being located an additional ~1.0 Å farther from the Fe4S4 

cluster compared with the respective clusters in the NuoEF complex (Fig. 9, E and F). 
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Figure 10. FMN-binding site. The binding site of the flavin ring (A) and of the ribityl-
phosphate moiety (B and C) of FMN are displayed. The Fe4S4 cluster of FdsB is rendered in a 
space-fill representation, whereas FMN, residues of the binding site, and coordinating 
water molecules are rendered in a ball-and-stick representation. FMN, selected residues of 
FdsB, and water molecules are shown in gold, beige, and red, respectively. 

Figure 11. 2D representation of the FMN-interactions with FdsB as seen in the FdsBG 
crystal structure. FMN and residues that hydrogen bond to FMN are displayed in ball-and-
stick representation. The atoms of both are displayed as CPK colored balls and the bonds of 
FMN and the hydrogen bonded residues as purple and beige sticks, respectively. Residues in 
close contact to FMN are displayed as half circles with lines radiating from them towards 
the atoms of FMN with which they are in close contact. Hydrogen bonds are indicated as 
dashed green lines with distances shown in Ångströms.  
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With an edge-to-edge distance of over 20 Å, direct electron transfer between the Fe2S2 

cluster and Fe4S4 cluster is unlikely to be kinetically significant. However, both clusters 

are within ~12 Å of the isoalloxazine ring system of FMN (Fig. 9E), which evidently 

mediates electron equilibration between the two iron-sulfur clusters. Whereas the 

Fe4S4 cluster of FdsB is clearly a part of the electron transfer pathway between the 

molybdenum center in FdsA and the FMN bound to FdsB, the Fe2S2 cluster of FdsG lays 

off-path and appears to function as a temporary repository for electrons in the course 

of electron egress from the FMN (see “Discussion”). 

 

3.4.1 The FMN-binding site of the FdsB subunit – overview  

The FMN cofactor is bound by a network of interactions in an extended, 

solvent-accessible cavity that also accommodates NAD+/NADH binding. The 

isoalloxazine ring system is positioned within ~12 Å of each iron-sulfur cluster with the 

C8-methyl of the dimethylbenzene moiety oriented toward the Fe4S4 cluster, and the 

N5/O4-containing edge point towards the Fe2S2 cluster. The ribityl phosphate tail 

extends away from both iron-sulfur clusters (Fig. 9E).  

The direct and water-mediated interactions between the isoalloxazine ring 

system and the ribityl phosphate tail on the FMN with Rossmann-like fold of FdsB are 

highly conserved in the high-resolution structures of other members of the NADH 

oxidoreductase family: NuoEF from A. aeolicus and NAD+-reducing [NiFe]-hydrogenase 

from Hydrogenophilus thermoluteolus (Schulte, 2019; Shomura, 2017) (Fig. 10, A–C). A 

2D representation shows these interactions in detail (Fig. 11). For comparison, we also  
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Figure 12 and 13: 2D representation of the FMN-interactions with NuoF as seen in the 
NuoEF crystal structure (top, (Schulte, 2019)) and with HoxF as seen in the HoxFUYH 
crystal structure (bottom, (Shomura, 2017)). The same coloring and indicators are used 
as in Fig. 11.  
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provide the 2D representation of the FMN interactions with the NADH dehydrogenase, 

NuoF, and the NAD+-reducing hydrogenase, HoxF, as Fig. 12 and 13, respectively. 

These 2D representations of the interactions were prepared with LigPlot version 2.1 

(Wallace, 1995)). The majority of the interactions between the FMN and protein, and 

protein-water mediated interactions are hydrogens bonds. Unless otherwise 

mentioned, the residues and water molecules coordinating the FMN cofactor are 

conserved between the three enzymes but the residue numbering corresponds to 

FdsB, specifically.  

 

3.4.2 Isoalloxazine ring system coordination to FdsB 

The dimethylbenzene ring of the isoalloxazine moeity of FMN is positioned 

adjacent the Fe4S4 cluster B6 of FdsB by two loops forming a hydrophobic pocket, 

allowing for electron transfer between the two redox centers (Fig. 10A). The first loop, 

belonging to the Rossmann-like fold domain, stabilizes the re-face of the 

dimethylbenzene (270B-YVCGEE-275B in FdsBG and HoxF; Ile replaces Val-271B in 

NuoEF). The second loop (489B-CAM-491B FdsBG; CGL in NuoEF; CGF in HoxF) belongs 

to the 4-helical bundle domain and positions the methyl groups on the flavin towards 

the B6 cluster of FdsB. The conserved Cys-489B coordinates the cluster. Unique to 

FdsBG is a Leu-388B, which comes into close proximity to Ala-490B and the Cα of Met-

491B and contributes to hydrophobicity of the pocket. There is no equivalent residue 

in either NuoEF or HoxF. The side chain phenyl ring of Tyr-270B (Fig. 10A, top) lies close 

to the ring of the dimethylbenzene towards the direction of the C6 carbon and C7M 
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methyl. Its backbone is located approximately in-plane with the flavin with its phenyl 

side chain group tilted upwards towards si-face, facilitating π-bonding interactions. 

From the flavin, on the opposite side of the Tyr-270B, a highly structurally conserved 

Phe-437B has its side chain phenyl pointing towards the Tyr-270B phenyl ring, 

facilitating π-bonding interactions with this Tyr-270B. Thus, the dimethylbenzene ring 

of FMN and the phenyl groups of Tyr-270B and Phe-437B essentially form a π-bonding 

“sandwich” with the phenyl group of Tyr-270B in the middle. Following Tyr-270B is 

another non-polar residue, Val-271B (substituted for another aliphatic amino acid, Ile, 

in NuoEF), which contributes to the hydrophobicity of the pocket. Conserved residues 

Gly-273B and Glu-274B line the bottom (re-face) of the hydrophobic pocket. The Cα, Cβ, 

and Cγ of Glu-274B lie directly underneath the dimethylbenzene ring while its polar 

carboxylate group faces away from the pocket (Fig. 10A, below flavin). Lying adjacent 

to Tyr-270B and more-or-less in-plane with the flavin are two hydrophobic residues of 

the 4-helical bundle domain: a smaller Ala-490B and larger Met-491B. The carbons (Cα, 

minimally) of the Ala-490B lie within van der Waals contact distance to stabilize the 

positioning of the C8M methyl group, and the Cα and Cβ atoms of Met-491B stabilize 

the C7M methyl (Fig. 10A, left). A similar pattern is seen in the other systems: the 

smaller hydrophobic residue (Gly) comes into van der Waals contact distance to the 

C8M methyl and the larger hydrophobic group’s Cα and Cβ (Leu in NuoEF, Phe in 

HoxF) comes into contact with the C7M methyl group.  
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The remaining portion of the isoalloxazine ring system (pyrazine and 

pyrimidine rings) is relatively polar and coordinated by a conserved loop, 182B-

NADEGD-187B; side chains of Asp-193B and Asn-310B; the backbone between Tyr-270B–

Val-271B; and two structurally conserved water molecules. These two water molecules 

(HOH-743B, HOH-795B) are positioned by hydrogen bonds off of N3 and N5 nitrogens 

of the flavin ring, respectively. The first coordinated water off of the N3 (HOH-743B) is 

also stabilized by hydrogen bonds to backbone carbonyl of Asn-182B–Ala-183B and the 

carboxylate group of Asp-193B (Fig. 10A, red sphere at right). In FdsBG and NuoEF, the 

backbone amine group of Asp-184B–Glu-185B coordinates this water as well. In the 

structure of HoxF, the angle of backbone amine is distorted some ~15–45° from the 

plane of the water due to the preceding backbone carbonyl group (Asp-232F–Glu-

233F) interacting with the N5-coordinated water instead. This distortion prevents the 

amine group from donating a hydrogen bond, but simultaneously places the carbonyl 

group suspiciously close to another partially negatively charged group in the 

pyrimidine O4. The second water (HOH-795B) is coordinated by a hydrogen bond to N5 

(HOH-795B) and by another hydrogen bond to the O4 of the flavin. Two functional 

groups from the protein, the carbonyl on the backbone of Tyr-270B–Val-271B and the 

carboxylate from the R-group of Asp-184B, are within hydrogen bonding distance to 

this water as well, creating a water-mediated interaction between the protein and the 

N5/O4 of the flavin (Fig. 10A, red sphere at center). O4 of the isoalloxazine is directly 

coordinated by a hydrogen bond to the amine of Glu-185B–Gly-186B in both FdsBG 
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and HoxF (Fig. 10A, top right) but not in NuoEF. Instead, this group forms a hydrogen 

bonding interaction with the NADH nicotinamide amide oxygen. This can be 

attributed to either of two distinct possibilities, which are either: i) the replacement of 

Gly by Ser does not allow same phi-psi rotation, preventing appropriate orientation of 

backbone amine group for H-bond with the water, or ii) the loop on which this group 

resides is shifted slightly away from the FMN to accommodate NADH-binding above 

the flavin (re-face). A final, direct interaction between the flavin O2 and Asn-310B side 

chain amide -NH2 group completes the isoalloxazine ring system coordination to 

protein (Fig. 10A, bottom right). The side chain of this residue is oriented by another 

hydrogen bond from its amide oxygen to the side chain carboxylate group of Asp-

193B. 

 

3.4.3 Ribityl and phosphate moieties coordination to FdsB 

The remainder of the FMN is positioned by a series of conserved residues 

supporting the bottom (si-face side) of the ribityl and phosphate groups, by a 

conserved 154B-GRGGAAFPT-162B loop directly above (re-face side) the phosphate 

group, and by three conserved water molecules coordinated to the phosphate group 

of FMN (Fig. 10, B and C). A trio of conserved residues, 182B-NAD-184B, winds from 

below the flavin ring upwards towards the direction of N3. Lying directly below the 

pyrimidine group of the isoalloxazine ring system, Asn-182B is positioned by a series of 

hydrogen bonds to other residues within the protein. These bonds emanate from: i) its 

side chain amide oxygen to the backbone amine of Ala-183B–Asp-184B; ii) its side chain 
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amine -NH2 to the backbone carbonyl group of Gly-273B–Glu-274B; and iii) its 

backbone amine and carbonyl on either side of the residue to the backbone carbonyl 

of Asn-309B–Asn-310B and backbone amine of Asn-310B–Val-311B, respectively.  The 

side chain amide -NH2 of Asn-182B directly coordinates the O4’ of the FMN ribityl via 

hydrogen bonding as well (Fig. 10B, center left). (In HoxF, the side chain amide -NH2 

hydrogen bonds with O3’ instead, due a rotation about the C2’ – C3’ bond, essentially 

swapping the position of O3’ and O4’). Next to the side chain of Asn-182B and 

positioned under the center pyrazine ring of the isoalloxazine ring system is another 

conserved trio of residues, 273B-GEE-275B. As previously stated, the backbone carbonyl 

group of Gly-273B–Glu-274B is positioned by a hydrogen bond to the side chain amine 

of Asn-182B. This placement orients the backbone amide group of Glu-274B–Glu-275B 

close enough to act as a hydrogen bond donor to O2’ of the FMN ribityl moiety. 

Opposite the trio of residues is a loop supporting the bottom of the FMN, 308B-INNVIS-

313B (Fig. 10C, top). This loop starts from the underside of the phosphate moiety (si-

face side) and winds towards the direction of the pyrimidine ring. The phosphate 

group of FMN is directly interacting with the side chain amide -NH2 Asn-309B via 

hydrogen bonding. The following backbone amine group, between Asn-309B-Asn-

310B, also directly interacts via hydrogen bond to the phosphate group. The side chain 

of Asn-310B has already been shown to stabilize the FMN on the pyrimidine O2; and 

subsequent backbone amine of Asn-310B–Val-311B shown forming a hydrogen bond 

to the backbone carbonyl of Asn-182B–Ala-183B to orient the side chain of Asn-182B 
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such that it hydrogen bond to the FMN ribityl O4’. Following the loop towards the C-

terminus, the backbone amine of Val-311B–Ile-312B comes within hydrogen bonding 

distance to the side chain carbonyl of Asn-310B, thus positioning the side chain amine 

towards the flavin O2. The successive residue, Ser-313B, has its side chain positioned 

such that hydroxyl hydrogen points towards the phosphate group – enabling the 

formation of a hydrogen bond. In both NuoEF and HoxF, the Ser-313B is substituted for 

a Thr residue. Importantly, Thr also contains a hydroxyl group to facilitate a similar 

hydrogen bond with the phosphate group in NuoEF. (Although this Thr residue is 

present in HoxF, no similar interaction takes place between the hydroxyl group and 

phosphate of FMN). Adjacent the phosphate group on FMN is a basic Lys-165B residue 

(Fig. 10B, bottom right). The side chain of this residue points towards the direction of 

the FMN to allow a salt-bridge to form between the positively charged epsilon amine 

and negatively charged FMN phosphate. This epsilon amine group is positioned to 

form this ionic interaction by a hydrogen bond to the backbone carbonyl of Ile-308B–

Asn-309B. Ile is swapped for Val in NuoEF and HoxF, although this does not affect the 

coordination of the Lys-165B since the bond occurs with the non-unique backbone.  

Located above (re-face side) the phosphate group of FMN is a well-conserved 

loop, 154B-GRGGAAFPT-162B (Fig. 10B, top right and Fig. 10C, bottom right). The 

majority of the residues composing this loop have their backbone amine group facing 

the same direction – towards the phosphate group. The result is a partial positive 

dipole moment on the loop, which provides a stabilizing interaction with the 
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negatively charged phosphate group. Starting from the N-terminus of the loop, it is 

seen that the backbone amine of Gly-154B–Arg-155B forms a hydrogen bond with the 

side chain hydroxyl group from Ser-313B, which itself directly interacts with the 

phosphate. The successive residue’s backbone amine (between Arg-155B–Gly-156B) is 

seen forming a hydrogen bond directly to the phosphate group. Further along the C-

terminus of the loop are four water-mediated hydrogen bonding interactions from 

three conserved waters (Fig. 10B, red spheres; left to right: HOH-781B, HOH-764B, HOH-

806B) to the phosphate group. These interactions occur between: the backbone amine 

of Gly-157B–Ala-158B and HOH-781B; the backbone amine of Ala-159B–Phe-160B and 

HOH-764B; the backbone carbonyl of Phe-160B–Pro-161B to HOH-806B; and finally, the 

side chain hydroxyl on Thr-162B to HOH-806B. As stated, these waters interact directly 

with the phosphate group of FMN. One water in particular, HOH-781B, has been shown 

to interact with another coordinated water (HOH-764B), but also directly with the 

ribityl O3’ as well. 

 

3.5 Biochemical characterization of bound FMN 

In the absence of the FdsA subunit, the UV-visible spectrum of the isolated 

FdsBG complex is dominated by the spectral features of the FMN centered around 350 

and 450 nm (Fig. 14A, red spectrum). In addition, a feature around 550 nm, attributed 

to the Fe4S4 B6 and Fe2S2 G7 clusters of the FdsBG complex, is significantly more 

pronounced due to the lack of interference from the five additional iron-sulfur clusters 

and molybdenum active site present in the FdsA subunit of the FdsDABG holoenzyme   
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(Niks, 2016). Removal of the FMN via trichloroacetic acid (TCA) precipitation indicates 

that the FdsBG complex is ~50% saturated with FMN. This level of saturation is 

comparable to the level of flavin saturation in the isolated holoenzyme.2 Incomplete 

FMN saturation in FdsBG suggests that we are visualizing an average of at least two 

Figure 14. Reductive titration of FdsBG complex at pH 7.0. A, oxidized (red) and sodium 
dithionite-reduced (blue) spectra. B, change in absorbance as a function of reduction. The 
inset plots the relative absorbance change at 550 nm (y-axis) against relative absorbance 
change at 450 nm (x-axis) with the diagonal reflecting strict proportionality in the 
absorbance change between two wavelengths. The titration was performed at room 
temperature in 100 mM KPO4, pH 7.0, under anaerobic conditions. 
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kinds of FdsBG in our crystal structures: one with FMN-bound and one without 

(deflavo-FdsBG). 

A reductive titration with sodium dithionite results in a systematic bleaching of 

the absorbance throughout the UV-visible region (Fig. 14A, blue spectrum). The 

bleaching in the 550-nm region is incomplete towards the end of the titration, 

suggesting that the cluster principally responsible for the residual 550-nm absorption 

is the Fe4S4 cluster that does not become fully reduced by dithionite. A plot of the 

fractional absorbance changes at 550 nm against the changes occurring at 450 nm 

provides information about the relative order of reduction during titration. The 

changes at 550 and 450 nm are dominated by the reduction of the iron-sulfur clusters 

and FMN, respectively. A concurrent reduction of both iron-sulfur clusters and FMN 

will result in a diagonal in this plot. A deflection of the diagonal to the top left suggests 

an earlier reduction of iron-sulfur clusters, whereas deflection to the bottom right 

suggests an earlier reduction of FMN (Olsen, 1974). The inset of Fig. 14B shows a 

deflection to the top left from the diagonal, indicating that at least one iron-sulfur 

cluster is reduced more readily than the FMN during titration with dithionite. This 

indicates that the FMN has a lower reduction potential relative to at least one of the 

FeS clusters of FdsBG. 

2 D. Niks and R. Hille, unpublished data 
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3.6 NADH binding to the FdsB subunit: Overview 

To establish the NAD+/NADH-binding site of the FdsBG complex, we solved the 

structure of FdsBG with bound NADH. To this end, pre-formed and stabilized FdsBG 

crystals were soaked with NADH at a final concentration of 10 mM in stabilization 

solution for 2 hours, before flash freezing in liquid nitrogen (See Methods). The crystal 

structure was solved to 2.0 Å by molecular replacement using the above-described 

structure of the FdsBG complex as the initial search model. (See Table 1 for diffraction 

and refinement statistics.) Electron density for the adenosine diphosphate moiety of 

NADH is clearly visible in the unbiased (Fo – Fc)-map of both FdsBG complexes of the 

asymmetric unit (Fig. 15A, green mesh). The overall protein structures of the FdsBG 

complexes are virtually identical – regardless of NADH-binding (RMSD 0.19 Å for the 

1435 Cα atoms shared between the FdsBG complex without NADH-bound and FdsBG 

complex with NADH-bound).  

Similar to the FdsBG structure by itself (without NADH-bound), the two NADH-

bound FdsBG complexes of the asymmetric unit are highly similar to one another 

(RMSD 0.34 Å for the 660 Cα atoms shared between the two). A difference presents 

itself in the density for the isoalloxazine ring system of FMN in each of two FdsBG 

complexes of the asymmetric unit. In one FdsBG complex, the majority of the FMN 

molecule has significantly lower electron density (roughly ~50% occupancy, on 

average) than its terminal phosphate (Fig. 15A, light blue versus blue meshes); whereas 

the other FdsBG complex shows the full electron density for the FMN (~100%  
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Figure 15. NADH binding site. A, the unbiased (Fo – Fc)- and (2Fo – Fc)-electron difference 
maps for FdsBG crystals soaked with NADH. The final models for FMN and the adenosine 
diphosphate of NADH are displayed in ball-and-stick (gold and cyan). The (Fo – Fc)-electron 
difference map contoured at 3.0 σ with a carve radius of 1.8 Å and the (2Fo – Fc)-electron 
difference map contoured at 1.0 and 3.0 σ with a carve radius of 1.8 Å are shown in pale 
green, light blue, and blue meshes, respectively. B, steric overlap between the Asp-184B–Glu-
185B peptide bond with FMN in crystals of FdsBG complex soaked with NADH. The position 
of the Asp-184B–Glu-185B peptide bond shown was determined for FdsBG complex without 
FMN bound. C, comparison of the NAD+/NADH positions relative to the FMN of the NADH-
bound FdsBG and the NAD+-bound NuoEF complex. Shown are the FMN and NAD from the 
NuoEF complex (pale cyan and light yellow; PDB entry 6HLI) and the NADH of the FdsBG 
complex (cyan). D, binding site of adenosine diphosphate of NADH. Displayed are FMN, 
NADH, and the adenosine-binding site on FdsB in gold, blue, and beige. Residues Val-295B–
Ala-297B and Lys-292B are omitted from this view for clarity. 
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occupancy). This implies that there exists a conformation of FdsBG with no FMN 

bound. In light of our crystallization conditions, we speculate that there is a sulfate 

bound in the position instead of the terminal phosphate group of FMN in this 

conformation.  

 

3.7 FMN binding to FdsBG in the presence of NADH 

Comparing the FMN-binding pockets of two FdsBG complexes in the 

asymmetric unit suggests that the peptidyl bond between Asp-184B and Glu-185B 

rotates into the binding pocket when FMN is not bound. The FdsBG complex of the  

asymmetric unit with full electron density for the FMN shows the carbonyl group of 

the peptidyl bond positioned pointed away from the O4 of the isoalloxazine ring 

system (recall that this residue has been shown to participate in a water-mediated 

Hydrogen bond to N3 and O4 of isoalloxazine ring system without NADH bound). In 

the FdsBG complex with low electron density on the ribityl and flavin ring, this 

carbonyl of the peptide bond from the Asp-184B shows similarly low electron density. 

Removing the low electron density FMN from this FdsBG complex during refinement 

results in the placement of this carbonyl oxygen into the FMN-binding pocket such 

that it would encroach on the O4 of the isoalloxazine (Fig. 15B). This suggests that the 

change of the peptide bond position of Asp-184B and Glu-185B is correlated to the loss 

of FMN. It is not clear whether the FMN “pushes” this carbonyl out of the binding 

pocket, or if the carbonyl must swing out of the pocket in order for FMN to bind. 
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3.8.1 NAD+/NADH-binding site on FdsBG complex: The adenosine diphosphate 

moiety 

The electron density for the adenosine diphosphate (ADP) of NADH is clearly 

defined; however, the nicotinamide portion is not. This observation implies that the 

nicotinamide moiety of NADH contributes less to NADH affinity to FdsBG.  

The β-phosphate of the adenosine diphosphate moiety of NADH is held in 

place by a salt bridge to Lys-292B, and two hydrogen bonds from one of its non-

bridging oxygens to the O2' and O3' hydroxyl groups of FMN’s ribityl moiety (Fig. 15D). 

The adenine base of NADH binds into a hydrophobic pocket which is lined with 

residues Leu-295B, Pro-296B, and Ala-297B on top of the adenine ring and closed at the 

bottom by Phe-160B (which lies parallel to the adenine ring of the ADP, allowing π-

stacking interactions to take place), by Val-307B and Ile-308B and by the long aliphatic 

portion of the side chain of Lys-165B. The ε-amine of this Lys-165B hydrogen bonds 

with the O3' hydroxyl group of adenosine. On the opposite side of the O3' hydroxyl is 

the carboxylate group of Glu-275B, which is in hydrogen bond distance to both the O3' 

and O2' hydroxyl group. This effectively places a negative charge right next to the O2', 

ensuring FdsBG’s specificity for NAD+/NADH over NADP+/NADPH (Chánique, 2018). 

The specificity for the adenine base is brought about by the hydrogen bond 

from the side-chain hydroxyl group of Thr-168B, which is specific to FdsB. In the NADH 

dehydrogenase subunit, NuoF, and NAD+-reducing hydrogenase, HoxF, the threonine 

is replaced by either phenylalanine or leucine. This hydrogen bond interaction 
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between adenine base and threonine contributes to the more than 0.5-Å distant 

binding of the ADP relative to the flavin of the FMN compared with its binding in NuoF 

(Fig. 15C). 

 

3.8.2 Binding of the nicotinamide nucleotide of NADH relative to the isoalloxazine 

moiety of FMN and structural homology with NuoEF and HoxF 

Although only weak electron density is present for the nicotinamide nucleotide 

of NADH in the structure of both FdsBG complexes of the asymmetric unit, the 

direction of the two phosphates of the adenosine diphosphate in the electron density 

suggests that the nicotinamide is projected toward the solvent-exposed re-face of the 

isoalloxazine ring system of FMN. We therefore suggest that the nicotinamide moiety 

of NAD+/NADH stacks onto the re-face of the isoalloxazine moiety during the actual 

electron transfer step, similar to what is observed in the NuoEF complex with bound 

NAD+ and NADH (Fig. 15C) (Schulte, 2019).  

The ADP portion of NAD+/NADH in FdsBG is shifted 0.5 Å further from the FMN 

in FdsBG than in NuoEF as seen in Fig. 15C. Consequently, this would suggest that the 

nicotinamide moiety of NADH of FdsBG will similarly be displaced over the 

isoalloxazine moiety during the electron transfer reaction as compared to NuoEF.  

 

3.9 Overlap between the NAD+/NADH and the FMN binding sites 

Due to the overlap in the binding sites of NAD+/NADH and FMN, several residues 

participate in the interaction of both. For example, the positively-charged ε-amine of 
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Lys-165B forms a salt bridge with the FMN phosphate while simultaneously forming a 

hydrogen bond to the O3’ hydroxyl group of NADH. The backbone amine of Glu-274B–

Glu-275B forms a hydrogen bond with the FMN ribityl O4’ while the side chain 

carboxylate group of Glu-275B forms hydrogen bonds to the O2’ and O3’ of the 

adenosine of NADH. Finally, the backbone carbonyl of Ala-159B–Phe-160B is 

coordinated to the phosphate group of FMN by a water-mediated hydrogen bonding 

interaction, while the aromatic ring of the Phe side chain forms a π-stacking 

interaction with the aromatic adenosine ring of NADH (Fig. 16C). Since the electron 

density on the nicotinamide portion of NADH is quite low, there may be other residues 

that participate in both FMN and NAD+/NADH – namely residues within the conserved 

loops interacting with the ribityl and pyrimidine ring of FMN, 154B-GRGGAAFPT-162B 

and 182B-NADEGD-187B, respectively, as seen in the NADH-bound structure for NuoEF. 

 

3.10 Rapid-reaction kinetics of the electron transfer reaction of the FdsBG 

complex 

Due to the high velocity of the electron transfer reaction, it was necessary 

to perform the rapid-reaction kinetics of FdsBG reduction by NADH at 5 °C. Although 

reduction by NADH is the reverse of the physiological reaction for the formate 

dehydrogenase, it is the forward direction reaction seen in NADH dehydrogenases and 

most other members of this enzyme family. As illustrated in a representative kinetic 
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Figure 16: Detailed view of the NADH binding site. A, The binding site of adenosine 
diphosphate of NADH to FdsB. Displayed are FMN, NADH, and the adenosine binding site 
on FdsB in gold, cyan, and beige, respectively. Residues Val-307B and Ile-308B that form the 
bottom of the adenosine binding site are omitted for clarity. B, Adenosine diphosphate 
binding as in A but rotated by 90 °. Residues Val-295B–Ala-297B and Lys-292B are omitted 
from this view for clarity. C, Residues of FdsBG which simultaneously engage in interactions 
with both FMN and NADH.  

Figure 17. Single-wavelength pre-steady-state kinetics for the reduction of FdsBG 
with NADH. Shown is a plot of kobs (black circles) versus NADH concentrations. Hyperbolic 
fits (solid line) yielded a kred of 680 s–1 and Kd of 0.19 mM. Each point is the average of 3–5 
measurements, and the error bars are the S.D. of these measurements. The inset shows a 
typical trace for the reaction of 9 μM FdsBG complex with 14 μM NADH monitored at 450 
nm. All reactions were performed at 5 °C in 100 mM KPO4, pH 7.0, under anaerobic 
conditions. 
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trace (inset of Fig. 17), the reaction is biphasic. The fast phase of the reaction is 

complete within 120 ms. A plot of the observed rate constant for the fast phase as a 

function of NADH concentration is hyperbolic (Fig. 17), yielding a limiting kred of 680 s–1 

at high concentration of NADH and a Kd
NADH of 190 µM. Assuming a doubling of the rate 

constant for every 10 °C increase in temperature, this corresponds to a limiting kred of 

3850 s–1 at 30 °C, a rate that is more than 6-fold faster than the limiting rate of 

reduction of FdsDABG holoenzyme at high concentration of formate, ~20-fold faster 

than the kcat of the FdsDABG holoenzyme for formate oxidation (Niks, 2016) and 350-

fold faster than the kcat for CO2 reduction (Yu, 2017). 

 

3.11.1 Formation of a neutral FMNH� semiquinone intermediate in the course of the 

reaction of FdsBG complex with NADH 

At the completion of the fast phase of the reaction of 10 µM FdsBG complex 

with 5 µM NADH, the transiently observed UV-visible spectrum exhibits absorption in 

the 500–550-nm region consistent with the appearance of a neutral flavin 

semiquinone (FMNH�) (Fig. 18A, red 0.3 s spectrum). This species, not seen with the 

FdsDABG holoenzyme, is the result of the transfer of a single electron from the fully-

reduced flavin hydroquinone formed in the initial reaction with NADH to one of the 

iron-sulfur clusters, leaving an FMNH� semiquinone behind; as described further 

below, this iron-sulfur cluster is the Fe2S2 cluster of FdsG giving rise to the Fe/S1 EPR 

signal (see also Scheme 2).  
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Figure 18. Rapid-reaction kinetics for the reaction of FdsBG with NADH. A, selected 
traces for the reaction of 10 μM FdsBG complex with 5 μM NADH at 5 °C in 100 mM KPO4, 
pH 7.0, performed under anaerobic conditions and monitored with a photodiode detector. 
The oxidized spectrum was obtained by diluting FdsBG complex with buffer in the 
stopped-flow instrument. The inset shows a time course extracted at 450 nm. B, difference 
spectra from the data presented in A. 

Scheme 2. Proposed electron transfer in FdsBG upon NADH reduction. 
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On a longer timescale, the system disproportionates to some degree in a 

second-order process (Fig. 18A, blue 10-s spectrum), with an electron passing between 

two equivalents of FdsBG2e– to form one equivalent of FdsBG1e– and FdsBG3e–. The 

FdsBG1e– will have its Fe2S2 cluster (Fe/S1) reduced and FMN oxidized, while FdsBG3e– 

will have both Fe/S1 and FMN reduced. The reaction shown in Fig. 18A was carried out 

with substoichiometric NADH so that the FdsBG1e– formed will not be further reduced 

by a second equivalent of NADH. The inset of Fig. 18A displays the kinetic time course 

obtained at 450 nm (extracted from the full data set collected with a photodiode array 

detector), showing both the fast reduction and the much slower disproportionation 

reactions.  

We note that FdsBG may also involve a comproportionation reaction of 

FdsBG2e– with the deflavo form of FdsBG complex (which accounts for ~50% of the 

total protein, as described above). Whereas the deflavo form cannot be reduced by 

NADH due to the absence of the FMN, it can accept electrons from the fully 

constituted and reduced FdsBG2e–, resulting in one equivalent of FdsBG1e– with an 

oxidized FMN and reduced Fe/S1 and a deflavo FdsBG1e– containing only a reduced 

Fe/S1.  

As the two processes are expected to proceed on approximately the same time 

scale,  an excess of enzyme containing more oxidized than reduced flavin will remain 

at the end of the redox reaction. An analysis of the slow phase of the reaction 

(described under “Experimental procedures”) yields a second-order rate constant for 
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this redox reaction on the order of 105 M–1 s–1. It is noteworthy that (particularly at 

higher NADH concentrations) the amplitude of the dis-/com- proportionation phase 

decreases as the oxidized FMN thus generated becomes re-reduced by reaction with a 

second equivalent of NADH (data not shown). 

 

3.11.2 Characterization of the neutral semiquinone intermediate, FMNH� 

The spectral signature of a neutral semiquinone, FMNH�, has not been 

characterized previously in the FdsDABG holoenzyme. It can be best observed in the 

difference spectra presented in Fig. 18B. The completion of the fast phase is described 

by the absorbance difference between the spectrum of the fully oxidized enzyme 

subtracted from the spectrum collected at 0.3 s after the initial reaction of FdsBG with 

NADH (black difference spectrum). A positive feature – consistent with the formation of 

the FMNH� – is observed in the 500–650-nm region, although this feature is 

attenuated by the concurrent reduction of the iron-sulfur clusters. A complex negative 

feature in the 300–500-nm region is dominated by the loss of absorbance associated 

with iron-sulfur reduction as well.  

The disappearance of the FMNH� is evident in the end of the second, slow 

phase of the reaction (and is even more distinct, being unaffected by any further 

reduction of the iron-sulfur clusters). In the difference spectrum obtained by 

subtracting the spectrum collected at 0.3 s from that at 10 s after initial reaction with 

NADH (red difference spectrum), the 500–650-nm region is defined by two broad peaks 

centered at 570 and 605 nm. These features are characteristic of the presence of  



105 
	

  

Figure 19. EPR of the neutral flavin semiquinone, FMNH� of FdsBG. A, sample was 
prepared by rapid freeze-quench of a reaction of 40 μM enzyme with 0.8 mM NADH at 0 °C 
(quenching time 40 ms). The EPR spectrum was collected at 150 K with modulation 
amplitude of 8 gauss and microwave power of 0.4 milliwatts. B, sample was prepared by 
mixing 160 μM FdsBG with 60 μM NADH at room temperature for 10 s prior to freezing. The 
EPR spectrum was collected at 9 K with modulation amplitude of 8 gauss and microwave 
power of 2 microwatts. All samples were prepared in 100 mM KPO4, pH 7.0, under 
anaerobic conditions. 
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FMNH� (Edmunson, 1983), whereas negative features reflect the disappearance of the 

FMNH�. 

Further evidence for the presence of a neutral semiquinone intermediate 

FMNH� is provided by EPR measurements. To capture the transiently formed FMNH�, 

the enzyme was reacted with NADH at 0 °C and rapid freeze-quenched with a 

quenching time of 40 ms. Fig. 19A shows the resulting spectrum collected at 150 K. 

The 150 K EPR spectrum includes contributions from both FMNH� and Fe/S1, 

demonstrating that it is the Fe2S2 cluster of FdsG that has been reduced. Graphical 

subtraction of the Fe/S1 signal from the measured EPR spectrum yields an isotropic 

EPR signal with a giso = 2.003 and a line width of ~1.9 mT – indicative of a neutral rather 

than an anionic semiquinone (Edmunson, 1981; Palmer, 1971). Integration of both the 

scaled Fe/S1 spectrum and the FMNH� spectrum from the graphical subtraction yields 

a spin density ratio Fe/S1:FMNH� of 1:0.7, consistent with the formation of FMNH� and 

reduction of a single iron-sulfur cluster at the end of the fast phase of the NADH 

reduction of the FdsBG complex. No additional iron-sulfur signal was seen at 9 K, 

either (data not shown). 

To ascertain whether reduction of the Fe/S5 cluster occurred during the slow, 

second phase, an additional sample was prepared by incubating FdsBG complex with 

an excess of NADH for 10 s under anaerobic conditions. The resulting spectrum 

recorded at 9 K is shown in Fig. 19B. The spectrum illustrates that only the spectrum 

corresponding to a single iron-sulfur cluster, Fe/S1, is present at the end point of the 
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second, slow phase of the NADH reduction reaction. Taken together, these results 

indicate that the reduced FMNH– initially formed by reaction with NADH breaks down 

via electron transfer of a single electron to the Fe2S2 cluster (Fe/S1) and the second 

electron remains in the FMNH� thus formed. The Fe4S4 cluster (Fe/S5) remains oxidized 

throughout (see Scheme 2). 
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4 Discussion 

 

4.1 Functional relevance of the N-terminal thioredoxin-like domain of FdsB  

The N-terminal thioredoxin-like domain of FdsB has structural similarity to the 

thioredoxin-like Fe2S2 ferredoxin domain from A. aeolicus (Marchler-Bauer, 2017) 

(RMSD of 1.67 Å of 89 Cα atoms between both domains). This domain in A. aeolicus is 

known to participate in dimerization. The largest contact interface between the two 

FdsBG complexes within the asymmetric unit is formed between the two thioredoxin-

like domains of FdsB. This suggests the possibility that the thioredoxin-like domain 

contributes to the dimerization of the FdsDABG holoenzyme. We suggest, however, 

because of (a) the relative small size of 560 Å2 of the buried area, (b) the presence of 

only a few interactions across the interface (Fig. 20, A–D), (c) the low conservation of 

the residues at the dimer interface (Fig. 20, E and F), and (d) the absence of a dimeric 

form in solution during purification (data not shown), that the dimer formation in the 

asymmetric unit is merely due to crystal packing (Bliven, 2018; Krissinel, 2007) and 

FdsB does not participate in the dimerization of the FdsDABG holoenzyme. 

Additionally, the cryo-EM structure of the FdsDABG dimer shows the dimerization 

domain located on the FdsA subunit and the two FdsB monomers do not come into 

contact with one another in the holoenzyme dimer. 

Although the N-terminal thioredoxin-like domain of FdsB is absent in other 

members of the NADH dehydrogenase family, it may nevertheless contribute to the 

stability of FdsB within the FdsDABG holoenzyme. Protein stability is apparently a  
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Figure 20. Dimer interface of the two molecules of FdsBG in the asymmetric unit. A–D, 
closeup views of the interface, with A and B displaying the water-mediated hydrogen 
bonds and C and D displaying the van der Waals interactions across the dimer interface. E 
and F display the conservation of surface residues of FdsB where the darker the purple, the 
more conserved. Also displayed as cartoons are the FdsG (green) and the second copy of 
FdsB (beige) of the asymmetric unit.  
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concern for some members of the family, as FdwB and HoxF have their FdsG and FdsB 

homologs fused. The linker connecting the FdsB-FdsG homologs overlaps structurally 

with the N-terminal thioredoxin-like domain of FdsB. The absence of the Fe2S2 cluster 

in the FdsG homologous region of FdwB and HoxF might destabilize this region to 

such an extent that its stability is only maintained by the fusion to their FdsB 

homologous regions. Finally, we cannot exclude the possibility that the N-terminal 

thioredoxin-like domain provides an interface for an unknown partner, which may 

either participate in the redox reaction or provide a connection to the cell’s metabolic 

status, such as the acyl carrier protein (ACP) does in NADH dehydrogenase systems 

(Runswick, 1991; Sackmann, 1991). 

 

4.2 Electron transfer mechanism in FdsBG 

In the FdsDABG formate dehydrogenase of C. necator, reducing equivalents 

from the oxidation of formate are passed through a chain of seven iron-sulfur clusters 

from the molybdenum center in FdsA to the FMN in FdsB, which ultimately reduces 

NAD+. The stand-alone FdsBG subcomplex can perform this ultimate step of reducing 

NAD+, as can the corresponding subcomplexes from both NADH dehydrogenase 

(Yano, 1996; Schulte, 2019; Galante, 1979) and NAD+-reducing hydrogenase 

(Lauterbach, 2011). 

In our FdsBG structure, the B6 Fe4S4 cluster of FdsB is in close proximity to the 

C8-methyl of FMN and to surface residues that are involved in the interaction of FdsB 

with FdsA (i.e., Glu-441B–Ser-487B, Ile-451B–Gly-452B, and Lys-292B–Leu-298B). This is 
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consistent with the B6 cluster being on-path between the FMN and the molybdenum 

center of the FdsDABG holoenzyme. The Fe2S2 cluster of FdsG, on the other hand, is 

much farther away from the on-path A5 Fe2S2 cluster in FdsA and is also too far from 

the B6 Fe4S4 cluster of FdsB to directly take part in electron transfer from the 

molybdenum center to the bound FMN. 

Nevertheless, it is clear from the evidence presented here that the initial 

electron transfer event out of the FMN upon reduction by NADH is to the off-path G7 

Fe2S2 cluster (having the higher reduction potential) rather than to the on-path B6 

Fe4S4 cluster (with much lower potential), as shown in Scheme 2. It should be noted 

that the reduction potentials of the off-path Fe2S2 in NADH dehydrogenase vary 

between species, indicating that the B6 equivalent cluster would be reduced first in 

systems that have a low reduction potential Fe2S2 cluster. Regardless, this process has 

not been observed previously in the reduction of either the FdsDABG holoenzyme or 

the NADH dehydrogenase by NADH. It is thought that a similar off-path electron 

transfer minimizes the formation of reactive oxygen species (ROS) in NADH 

dehydrogenase by minimizing the accumulation of neutral flavin semiquinone, FMNH� 

(Hinchliffe, 2005; Kudin, 2004). In the case of FdsBG, the on-path electron transfer from 

the fully reduced flavin hydroquinone to the Fe4S4 cluster (to the extent that it occurs) 

leaves a neutral flavin semiquinone, FMNH�. This semiquinone would then rapidly 

transfer the second electron to the Fe2S2 cluster, thereby minimizing accumulation of 

the neutral semiquinone in the NADH dehydrogenase. 
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4.3.1 Location of nicotinamide nucleotide of NADH based on structural homology 

to NuoEF and HoxF 

Although the adenine and two phosphate groups of the NADH showed full 

electron density, there was little to no density for the remaining nucleotide (ribose) 

and nicotinamide groups in FdsBG. A conserved flexible region, Gly-156B–Gly-157B–

Ala-158B (67F-GGA-69F, where F denotes the structure of NuoF), positions the 

nicotinamide nucleotide of NADH directly over the re-face of the flavin in the 

homologous NuoEF structure (Fig. 21). The carbonyl group of Gly–Gly peptide bond is 

positioned directly over N1 of FMN and is shown to facilitate hydrogen bonding with 

the NADH nicotinamide -NH2 in NuoEF (Schulte, 2019). The structure places the 

succeeding carbonyl of the Gly–Ala peptide bond in another hydrogen bond to the O3 

hydroxyl of the nucleotide moiety of the nicotinamide nucleotide of the NADH.  

Another conserved loop, 182B-NADEGD-187B (92F-NADESE-97F), is involved in 

the binding of FMN and contributes to the binding of NADH in NuoEF. Specifically, 

Asn-182B (Asn-92F) forms a hydrogen bond with the ribityl on the FMN (as described in 

Results) and consecutive backbone amine groups of 185B-EGD-187B (95F-ESE-97F) act 

as hydrogen bond donors to the nicotinamide amide oxygen. Gly-186B is conserved in 

HoxF (Shomura, 2017) but replaced by a Ser-96F residue in NuoEF. However, the 

orientation of the backbone appears to be more important than the composition of 

the R-group, as the amide group of the backbone forms the hydrogen bond and the 

side chain faces away from the NADH.  
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Figure 21. Proposed NADH-binding modes to FdsB. A and B, Superposition of FMN 
groups of NuoF from A. aeolicus (PDB entry 6HLA) and FdsB from R. capsulatus (PDB entry 
6TG9) onto FMN of FdsB from C. necator (PDB entry 6VW7). The ADP, FMN, Fe4S4 (B6) cluster, 
and cartoon belong to FdsB (carbons colored cyan). A, the substitution of Asp-187B (where 
superscript B represent the numbering for FdsB of C. necator; the numbering of FdsB in R. 
capsulatus differs slightly) for Glu-97F (where superscript F refers to NuoF) could result in 
the displacement of the ADP moiety of the NADH away from the FMN in FdsB compared to 
the ADP moiety in NuoF as seen in Fig. 15C. The Asp-187B appears to protrude into the 
potential NADH-binding pocket in FdsB. An alternate explanation is that the positioning of 
the Asp-187B over the pocket occludes the nicotinamide nucleotide moiety’s binding over 
the FMN flavin. B, the R. capsulatus equivalent 156B-GGA-158B appears to obstruct the 
ribosyl moiety on the NADH from entering the NADH-binding site seen in NuoF in A. 
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A final indication of NADH binding above the re-face of the FMN is the 

placement of the nicotinamide ring group near the structurally conserved Tyr-270B 

(Tyr-180F). The amide group of the nicotinamide is positioned over the polar 

pyrimidine ring of the isoalloxazine moiety, while the aromatic/hydrophobic ring sits 

directly above the dimethylbenzene ring. This places the nicotinamide aromatic ring 

favorably within the hydrophobic pocket that stabilizes the dimethylbenzene ring of 

the flavin and close enough to facilitate a π-stacking interaction with the phenyl side 

chain of Tyr-270B (which has already been stated to form π-stacking interactions with 

the flavin ring, see Results). Importantly, in NADH dehydrogenase, this Tyrosine 

aromatic group is proposed to have a role in electron transfer between NADH and 

FMN (Saura, 2019). In FdsBG, a carboxylate group of the side chain of Asp-187B forms a 

hydrogen bond with the Tyr-270B hydroxyl group above the re-face of the flavin, 

positioning the Tyrosine’s phenyl group such that it faces the dimethylbenzene ring of 

the FMN (and presumably, the nicotinamide ring of the NADH). This Asp-187B is 

replaced by a Glu in NuoEF and HoxF but, importantly, still possesses the negatively 

charged carboxylate group to act as a hydrogen bond acceptor for the Tyr-270B 

hydroxyl. This Asp/Glu group has also been implicated in having a role in proton 

transfer to and out of the FMN/FMNH– (Saura, 2019). 

As stated in the Results, the ADP portion of NAD+/NADH in FdsBG is shifted 

0.5 Å further from the FMN in FdsBG than in NuoEF (Fig. 15C), suggesting that the 

nicotinamide moeity of NADH of FdsBG will similarly be displaced over the flavin. 
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However, this displacement should not reposition the nicotinamide and adjacent 

ribose group so far away as to disrupt any stabilizing hydrogen bonding interactions 

to the conserved backbone amine groups of 185B-EGD-187B and carbonyl groups of 

156B-GGA-158B, nor alter the location of the nicotinamide relative to the conserved Tyr 

and Asp/Glu such that they would no longer be able to perform chemistry on the 

nicotinamide.  

 

4.3.2 Alternate location of nicotinamide nucleotide based on NADH binding in 

FdsDABG from R. capsulatus 

In the structure of NADH bound to FdsDABG in R. capsulatus, the ADP portion 

of the NADH is in approximately the same location as in both my model of FdsBG and 

in NuoEF, but shows a different nicotinamide nucleotide location than in NuoEF (Fig. 

21) (Radon, 2020). In the R. capsulatus structure, the nicotinamide nucleotide lies more 

towards the B6 cluster (7.0 Å from C4 of the nicotinamide of NADH) than the flavin ring 

(7.3 Å from C4 of NADH to C8M methyl and 12.9 Å to N5 of FMN). In the Nqo1 portion 

of the NADH dehydrogenase, electron transport from NADH to FMN occurs via a 

proposed hydride mechanism from the C4 of the nicotinamide group on the NADH to 

N5 of the FMN (Saura, 2019). The large distance between these groups in the R. 

capsulatus FdsDABG structure would prevent any such hydride transfer from taking 

place. Regardless, the -NH2 of the amide group of the nicotinamide in FdsDABG is 

stabilized by hydrogen bonds to the carbonyl groups of the peptide bond of Lys-

466R.cap B and Ser-469R.cap B. The serine (Ser-487B) is conserved and the lysine is 



116 
	

substituted for a leucine (Leu-484B) in FdsB of C. necator, but importantly, the carbonyl 

groups of each are structurally conserved such that they could facilitate hydrogen 

bonds with the NADH in the conformation seen in the R. capsulatus structure. 

Although the large majority of FdsBG from C. necator and R. capsulatus show 

significant structural homology (RMSD = 0.944 for all atoms of FdsBG), the 156B-GGA-

158B flexible region of FdsB sitting above the ribityl group of the FMN reveals a 

divergence in the two structures. Whereas this region in C. necator is nearly identical to 

the same region of NuoF, the phi and psi rotations of the second Gly in R. capsulatus 

position this loop closer to the FMN and potential NADH binding pocket. This 

repositioned loop now encroaches upon the location of where NADH binding in 

NuoEF occurs. Thus, this loop may have occluded the nicotinamide group from ever 

entering the potential NADH binding pocket. 

Given the different orientations of the nicotinamide nucleotide in both R. 

capsulatus FdsDABG and NuoEF, there exists the possibility that there are multiple 

modes of NADH binding to FdsBG. This could possibly explain why there is no full 

electron density for the nicotinamide and adjacent ribose group in the C. necator 

structure. The different orientations may include a re-face binding such as in NADH 

dehydrogenases, a similar binding site to that seen in R. capsulatus, and possibly other 

conformations not seen in other system yet. However, based on the proposed hydride 

transfer mechanism seen in NADH dehydrogenase, it is likely that only a re-face 

binding of the nicotinamide group allows for electron transfer and catalysis. 
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4.4 Implications for electron transfer in other members of the NADH 

dehydrogenase superfamily 

Detailed structural analysis of the reduced and oxidized NuoEF complex from 

A. aeolicus revealed that the peptide bond between Glu-95F and Ser-96F of NuoF 

undergoes a reversible flip, depending on the oxidation state of the protein (Schulte, 

2019). In the oxidized state, the carbonyl group of Glu-95F points to the FMN, whereas 

in the reduced state, the carbonyl points to the Fe2S2 cluster (Fig. 22D). 

The equivalent peptide bond in the FdsBG complex (Glu-185B–Gly-186B) adopts 

the same orientation in either oxidized or reduced states (i.e. FdsBG as isolated versus 

FdsBG in the presence of NADH, respectively; Fig. 22C). However, in a subpopulation of 

the reduced FdsBG complex, the peptide bond prior to the oxidation state–sensitive 

peptide bond (the backbone carbonyl between Asp-184B–Glu-185B) is pointing toward 

the isoalloxazine ring of FMN to the point where it is encroaching on the O4 carbonyl 

oxygen. However, we have attributed this encroachment to the partial FMN 

occupancy of the NADH-reduced FdsBG rather than a redox state-induced 

conformational change.  

We note that this region where this peptide flip occurs is not particularly well 

conserved between NuoF and FdsB (94F-DESEP-98F versus 184B-DEGDS-188B; the 

residues of the peptide that reorients dependent on the oxidation state in NuoEF are 

shown in boldface type; see also Fig. 22B). The equivalent region in HoxF (232F-DEGEP-

236F) appears to be flexible as well. As HoxF is devoid of an Fe2S2 cluster (one cysteine  
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Figure 22. Sequence and structure comparisons of FdsBG, NuoEF, and HoxF. A, 
comparison of the domain structure of FdsB, FdsG, NuoE, NuoF, and HoxF. B, sequence 
alignment of the FdsB, NuoF, and HoxF regions for which an oxidation state–dependent 
peptide flip has been reported in NuoEF. C, structure comparison of FdsBG in the presence 
and absence of NADH. D, structure of NuoEF by itself (PDB entry 6HL2) and in oxidized form 
with bound NAD (PDB entry 6HL3). E, structure of HoxFUHY in reduced form (PDB entry 
5XFA) and oxidized form (PDB entry 5XF9). Shown is the main chain in the region of 
interest for each protein. The “reduced” and “oxidized” form of each protein is shown in 
beige and brown, respectively. Also indicated (– FMN) is the absence of FMN in the NADH-
bound FdsBG and H2-reduced HoxFUHY structures. 
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coordinating the Fe2S2 cluster is an alanine, and another cysteine is a serine), it is more 

likely that the absence of FMN in the reduced state of the Hox complex allows this 

peptide region to undergo the conformational change (Shomura, 2017). These 

observations highlight the inherent flexibility of this region but also suggest that the 

oxidation state– dependent flipping of the peptide bond may be unique to the proper 

NADH dehydrogenase and not shared across the family. 
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5 Conclusion 

In the present work, we have determined the X-ray crystal structure of the 

FdsBG portion of the FdsDABG holoenzyme and characterized its interaction with the 

ADP moiety of NADH. The flexible region between the FMN and the Fe2S2 cluster in 

NADH dehydrogenase has recently been reported to undergo a conformational 

change dependent on the oxidation state in proper NADH dehydrogenases; however, 

an oxidation state–dependent conformational change is not seen here with the 

formate dehydrogenase. Additionally, there is a minimum of two proposed modes of 

binding for NADH to FdsB, based on structural homology to high-resolution NADH 

structures and the cryo-EM structure of FdsDABG from R. capsulatus. Although the 

structure of FdsB from R. capsulatus is nearly identical to that of C. necator, a differing, 

flexible loop region appears to obstruct the nicotinamide nucleotide from binding the 

re-face of the flavin ring. The displaced nicotinamide nucleotide positions the 

proposed hydride-transferring C4 nearly 13 Å away from the other proposed hydride-

transferring group on the FMN N5, and is thus not considered capable of 

electron/hydride transfer between FMNH–/FMN and NAD+/NADH. 

In addition, we see for the first time the formation of a neutral semiquinone, 

FMNH�, in the course of reduction by NADH as a result of an electron transfer from the 

fully reduced flavin hydroquinone to the Fe2S2 cluster. The hydroquinone is generated 

upon reaction with NADH. The electron transfer to the Fe2S2 cluster is off-path with 

respect to the electron transfer pathway to the molybdenum center, where the 
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enzyme reduces CO2 to formate in the FdsDABG holoenzyme. The electron transfer to 

the Fe2S2 cluster occurs over a distance of some 12 Å, with a rate constant that must 

exceed that for the NADH concentration–dependent rate of FMN reduction. The rate 

of FMN reduction is the rate-limiting step for electron transfer and occurs with a rate of 

at least 680 s–1 at 5 °C. This electron transfer process to the Fe2S2 cluster, observed here 

for the first time, has previously been proposed to play a role in limiting reactive 

oxygen species (ROS) generation in the case of NADH dehydrogenase. 

In a broader view, utilizing biological avenues of carbon fixation are becoming 

more appealing as carbon dioxide levels in the atmosphere continue to rise at 

alarming rates. Ironically, the answer to our current problem may lie in studying 

enzymes and systems that have existed for billions of years, particularly formate 

dehydrogenases. The soluble formate dehydrogenase, FdsDABG from C. necator, is of 

particular interest for its ability to catalyze the reduction of CO2 to formate and its 

relative oxygen-stability compared to other formate dehydrogenases. FdsDABG is 

composed of a molybdenum-containing cofactor (Moco), multiple FeS centers, and an 

NADH dehydrogenase-like subunit; all of which are components thought to have been 

present in the last universal common ancestor (LUCA). As humans, we can benefit 

from the study of these early enzyme components to gain a better understanding of 

the biological mechanisms behind carbon fixation. 
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